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AVERAGING PRINCIPLE FOR DIFFUSION PROCESSES VIA
DIRICHLET FORMS

FLORENT BARRET AND MAX VON RENESSE

ABSTRACT. We study diffusion processes driven by a Brownian motion with
regular drift in a finite dimension setting. The drift has two components on
different time scales, a fast conservative component and a slow dissipative
component. Using the theory of Dirichlet form and Mosco-convergence we
obtain simpler proofs, interpretations and new results of the averaging principle
for such processes when we speed up the conservative component. As a result,
one obtains an effective process with values in the space of connected level sets
of the conserved quantities. The use of Dirichlet forms provides a simple and
nice way to characterize this process and its properties.

Subject classifications: 60J45, 34C29, 70K70.
Keywords: Averaging principle, stochastic diffusion processes, Dirichlet forms, Mosco-
convergence.

1. INTRODUCTION

Our aim in this article is to introduce a new method, to obtain new results and to
prove averaging principles for stochastic diffusion equations. We consider standard
It6 diffusions in a finite dimensional setting with drifts on different time scale.

We study the diffusion equation in R2, defined for o, ¢ > 0 by
(1.1) dX; = AVH(X;)dt — ae(X;)dt + V2aed B,

where AV is the symplectic gradient. H is the Hamiltonian and e is the drift
and plays the role of a friction term (hence the minus sign in front of this term in
Equation (I))). On the time scale O (1), ¥, = X is a solution to the following
equation: ’

(1.2) dy; = lAVH(Xt)dt — e(X;)dt + v/2edB;.
«

We want to consider the limit @ — 0, for which we obtain an averaging along the
orbits of the Hamiltonian system

(1.3) i(t) = AVH (x(t)).

In fact, one can make the observation that since H is preserved by the Hamiltonian
vector field, the process H(Y;) satisfies

(1.4) H(Y,) _H(Y0)+/Ot—VH(YS)~e(YS)+5AH(YS)ds+/Ot VH(Y,)-dB,

which does not depend on a. Then one could expect that the law of of the process

H(Y) will converge. However, we cannot obtain a convergence for H(Y) itself if H

is not injective but for a projection of Y on the “orbit space” I' defined as the space

of connected level sets of H. Previous convergence results have been obtained,
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notably by Freildin and Wentzell in several papers (see the new edition of their
book [6] for a review, and the previous articles [9] [§]).

The main novelty of this paper concerns the method we use to prove this results
and that it leads to new, more general results. Freidlin and Wentzell prove their
results using the martingale formulation of the diffusion H(Y'). As « goes to 0, they
prove the convergence of the martingale problem and deduce the unicity of the limit
and the equation satisfied by the solution. Existence is proven via tightness of the
laws.

This paper is a nice application of the theory of convergence of Dirichlet form.
We rely on the theory of non-symmetric Dirichlet forms (as exposed in the book
[I7] by Ma and Rockner). We prove convergence, in a suitable sense, of a sequence
of Dirichlet forms associated to the process defined in Equation (II). As a con-
sequence, we obtain convergence of the resolvants and therefore of the associated
semigroups. In probabilistic terms, we prove convergence of the finite dimensional
marginals of the process. Associated to the tightness of the sequence of laws, this
proves the convergence in law.

We use results by Hino [I0], and Télle [2I] about the convergence of non-
symmetric Dirichlet forms. Note that in our case, the functional space also changes
along the convergence, and we refer to Kolesnikov [13] who investigated such cases.
We refer also to Kuwae and Shioya [16] for a quite complete exposition of spectral
structures and their relations (semigroups, resolvants, Dirichlet forms and genera-
tors).

The use of Dirichlet forms is very quick and simple, despite giving an indirect
description of the limiting process (or its infinitesimal generator). However, with
the use of the coarea Formula, we can recover the infinitesimal generator and its
domain, therefore achieve a complete description of the process.

We assume that we can define a nice Dirichlet form with a reference measure
which is preserved under the accelerated flow. The other assumptions we make are
quite general and could probably be greatly relaxed.

In this paper, we also prove convergence of the Dirichlet forms for higher dimen-
sional diffusions on R™ defined by

1
(1.5) aY;, = —u(Y;)dt + u(Y)dt + V2z0(Y;)dB;.
(0%

We consider the limit of the Dirichlet forms, as « goes to 0, for the process G(Y)
where G is a R™-valued function (with m < n) conserved along the flow of the vector
field v. We only sketch the computation of the limiting infinitesimal generator
since a complete computation would need a very detailed description of the space
T (defined as the quotient space for the connected level sets of G) which is beyond
the scope of this article.

Averaging principles for higher dimensional diffusions have been investigated in
several papers. In [7], Freidlin and Wentzell show an averaging principle for a
diffusion where the fast component concerns only the first two coordinates. In [4]
by Freidlin and Weber, the fast component contains a Brownian term and there is
only one first integral (m = 1 in our notation). In [5], the same authors investigate
the perturbation of an Hamiltonian system with only one first integral but draws
conclusions on the PDE counterpart of the averaging.
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We give now more details for the Hamiltonian two-dimensional case. We choose
a reference measure p and define the (pre-)Dirichlet form, denoted E,, associated
to the infinitesimal generator, denoted L., of the diffusion given by Equation
in L?(u): for f,g two C? functions with compact support

(1.6) Ea(f.9) = — (Lafs8) pan = — /R Lefodn

Under suitable conditions on pu, E, is a Dirichlet form and characterizes completely
the infinitesimal generator L,,.

The projected Dirichlet form, denoted &, is constructed by restricting the set of
test functions : we consider functions constant on connected level sets of H. We
do it rigorously by considering the connected level sets of H as equivalence classes.
We denote I' the quotient set, and 7 the canonical projection onto I'. Naturally, we
can associate a L2(T") function space to the space I (containing functions f defined
on I' such that f o is in L?(u1)). The projected Dirichlet form £ is defined as: for

f:9
(1.7) E(f,g) =Eas(fom,gom).

Due to the choice of u, we prove, and this is the most important remark, that £
does not depend on « and is, in itself, a nice Dirichlet form on L?(T).

Moreover, we prove that, in a Mosco-convergence sense, the sequence of Dirichlet
forms E,, and their domains, converges to £. The convergence in law of the process
follows by using the tightness.

The convergence of Dirichlet forms is quite abstract but powerful since it can
be applied to very general cases (see Section B). However, in order to have a
more intuitive description of the limiting process, we have to write the infinitesimal
operator £ (and its domain) associated to the Dirichlet form as

(1.8) E(f,g)=— <‘Cf79>L2(F) = —/Rz(ﬁf) omg o mwdy.

To this aim, we need a better understanding of the space I, it can be easily done
in the Hamiltonian case on R?, but it is much more involved in higher dimensions.

In R2, the space I is a graph with vertices and edges, on each edge the averaging
process is a classical diffusion whose drift and diffusion coefficients could be easily
computed. However, at a vertex (a point gluing together several edges), we obtain
a so-called gluing condition giving a restriction on the domain of the operator and
therefore on the behavior of the process when (or if) it reaches this vertex.

The limiting diffusion is therefore a process on a graph and is described by

e an infinitesimal generator on each edge (a second order differential opera-
tor);

e a gluing condition at each vertex.
Analysis of such processes could be done based on one-dimensional diffusions (see
Feller [2] or Mandl [18]), we also cite the work by Kant, Klauss, Voigt and Weber
[12] which investigates such processes from a Dirichlet-form point of view and more
recently the work of Kostrykin, Potthoff and Schrader [I4]. Large deviations for
diffusions process on graphs have been proven in [3].

The infinitesimal generator is solution of Equation (L8). We compute the infin-

itesimal generator in two steps:
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(1) using the coarea Formula, we compute the measure m,p on I' (projection
of p on I') and we write the Dirichlet form as an integral on T';
(2) we use a integration by part on each edge to transfer the derivatives on g
to f.
The identification of the two sides of Equation (L8] is made separately on the edges
and the vertices on I'. On the edges, we obtain a second-order differential operator:

(1.9) Lu = au” + bu’

whereas at a vertex O, we obtain a gluing relation:

(1.10) — BLu(0) = yu(0) + Z o; Diu(0)

where v, 8, «; are constants, the sum is made on all edges incident to the vertex i
and D;u is the one-sided derivative of u at O along the edge 3.

The remaining part of this paper is organized as follows. In Section 2l we present
the Hamiltonian case in R2, the main assumptions, we define the Dirichlet form
E,, and the orbit space I'. In Section Bl we prove the convergence in law of the
projected process to a limiting process defined by the projected Dirichlet form &£.
In Section @ we compute the infinitesimal generator and draw some consequences
about the behavior of the limiting process on I'. Lastly, in the last section (Section
), we generalize our method to diffusions in arbitrary dimension.
Acknowledgements. We thank an anonymous referee for pointing out the fact
that condition ([2I5) of Assumption 23] could probably be relaxed to V- (hF') < ¢
for some positive constant c. In this case, one should work with lower bounded semi-
Dirichlet forms (see e.g. [19]). However, we ask for condition (Z15]) in order to work
with simple Dirichlet forms (and thus simplify the Mosco-convergence results).

2. TWO DIMENSIONAL CASE WITH ADDITIVE NOISE

2.1. Properties of the process. We consider the solution (Y;) of equation (I2)).

Assumptions 2.1. We assume that e is a C' bounded vector field. We suppose
that H is C?, bounded from below and has compact level sets. We also assume
that H has bounded second derivatives.

Remark 1. The assumption on e (and the fact that H must have bounded second
derivatives) ensures the existence of a solution Y to Equation (I2). The bound-
edness of the second derivative of H is a technical assumption (also made in [6])
which ensures an easy proof of the tightness of the process.

We follow Ma-Rockner [I7]. The Dirichlet form is defined through the infini-
tesimal operator L., which is a closed, densely defined operator. We define this
operator and its domain D(L,) via the transition semigroup of Equation (L2):

(2.1) D(La) = {f € Cu(R?),t" (E.[f(Y2)] — f(-)) converges uniformly as t — 0}
(2.2) LafzéAVH-Vf—e-Vf—i—EAfforfeCf(Rz).

We consider a measure du = h(z)dx, where h is C? and strictly positive. We define
the Hilbert spaces L?(u) and H'(u) as the weighted L? and H' sets with their
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scalar products (-, ) r2(,) and (-, ) g1,

(2.3 20 = { .46 D)oo = [ £ < 40

(2.4) Hl(u):{f7<f7f>H1(M):/f2+|vf|2dﬂ<+oo}-
Let us define the vector field I as

(2.5) F=e+ %Vh.

We have first the following Lemma
Lemma 2.2. Let us consider the bilinear form, for f,g € DN Ce(R?)
(26) Ea(fvg) = - <Lo¢fvg>L2(#)

The bilinear form E, can be uniquely decomposed in two parts: one symmetric, EY,
and one antisymmetric, ES:

Eo(f,9) = E5(f,9) + Ea(f.9)
(2.7)

Bsf.9) =< [ VI Vodu— 5 [ 59 (WP fodu+ oo [ 9 (bAVH) o
(2.8)

ES(f,9) = —% /RQ AVH -[gVf = fVgldu + % /F [Vfg—Vgfldu.

Proof. The lemma follows from an integration by parts. For f,g € C?(R?), we get
(2.9) /Afgdu = —/Vf -V(gh)dz = —/Vf -Vgdu —/%Vh -V fgdpu.
Also, for any regular vector field G € C%(R?,R?), we have

(2.10) /G Vfgdu = %/G (Vfg—Vgf)du — %/%V - (hG) fgdp.

Using Equations (Z9) and (2I0), we obtain Equations (Z7) and 23] for f,g
sufficiently regular with compact support. By density of smooth functions in D N

C.(R?), we get the lemma. O

Using Ma-Rockner, we will extend the bilinear form E, as a Dirichlet form. We
denote

(2.11) Ey(f.9) = Ea(f.9) + (£, 9) 12,
(2.12) EYN(f,9) = ES(f.9) + (f,9) 12
Let us recall ([I7] Definition 4.5 p.34) that the bilinear form E, with a domain 2
dense in L?(p) is a Dirichlet form if:
e E? is positive definite on Z;
o (E4, 2) is closed (i.e. 2 is closed and complete w.r.t. E$! or equivalently
(2, E5') is a Hilbert space);
e (E,, ) is coercive i.e. there exists K > 0 such that for all f,g € 2

(2.13) |EL(f.9)| < KES'(f. [)Y2ES (g, 9)"%
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e for all u € ¥, we have the contraction properties:
(2.14) min(uy,1) € 2 E,(u~+ min(uy, 1), v — min(uy,1)) >0
E,(u —min(ug,1),u + min(uy, 1)) >0
where uy = max(u,0) is the positive part of .
A Dirichlet form is said to satisfy the local property if for any f,g € 2 such that
supp fNsuppg = &, Eo(f,g) = 0. The Dirichlet form is said to be regular if C.N%
is dense in (2, ES1) and dense in C,. with respect to the uniform norm.
We complete our set of assumptions.

Assumptions 2.3. We assume that there exists a function A constant on connected
level sets of h such that
(2.15) V- (hF) <0

i.e. the h-divergence of F' is non positive (F' is defined by Equation [235)). We
also assume that the vector field F is bounded on R?, and that its divergence (with
respect to h, i.e. =1V - (hF)) is also bounded.

We make several remarks on these assumptions.

Remark 2. These assumptions allow us to extend the bilinear form F,, as a Dirich-
let form. We need the condition (2.I5) to ensure that ES! is a positive bilinear
form. The condition that h is constant on connected level sets ensures us that the
symmetric part (27) does not depend on «. Lastly, the symmetric form E31 is
a norm equivalent to the H'(u) norm thanks to the assumption that F and its
h-divergence are bounded.

Remark 3. Note that Condition ([2.I5) simplifies in
(2.16) eAh+V - (he) =eAh+Vh-e+hV-e<0.

Therefore if V- e < 0, we can choose h to be constant and then p can be the
Lebesgue measure. Moreover, our assumption implies a necessary condition on e.
In fact, we ask for h to be constant on connected level set, therefore, on the interior
of {VH =0}, e must satisfies V - ¢ < 0. Finally, note that if e = Vf where f is
a real-valued potential constant on connected level sets of H, one can choose the
Gibbs measure i.e. h = e~ f/¢.

Remark 4. Let us also remark that the adjoint L} (w.r.t. the usual scalar product
in L?) of L, is, for f € C?

(2.17) Lif =eAf+ V- (fe) — év (fAVH).

Thus the fact that Vh- AVH = 0 (since h is constant on connected level sets) and
the condition ([2.I5]) implies that

(2.18) Lih = eAh+ V- (he) — ~V - (hAVH) = eAh+V - (he) = V - (hF) < 0.
(6%

Therefore h must be the density of a supermedian measure for the transitions
probabilities of Equation (L2)) (cf. [17] p.62) i.e. for any t > 0, and f € C(R?)

(2.19) B (0] = [ Eulf00ldn(o) < [ fau

Note that this is precisely the condition needed in order to define a Dirichlet form
from a diffusion process (|I7] Section IV.2 p.92).
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Proposition 2.4. Under the set of assumptions[Z1 and[2.3, E, is coercive, clos-
able and can be extended into a Dirichlet form, also denoted E,, on L?*(u) with
domain 9(E.) = H'(n) defined as the completion in L*(u) of 2(La). Moreover
E, is regular and has the local property. The Dirichlet form is then E.(f,g) =
ES(f,9) + E2(f.9)

220) Eif.9)== [V Vodu5 [ 59 (hF)fed

21) Ei(f0) =55 | AVH-[4Vf - fVdan+ g [ F-[9f9—Varlan
Proof. The domain Z(E,) is defined as the completion of Z(L,) with respect to
the positive bilinear form E$! and it defines a coercive closed bilinear form ([17]
Theorem 2.15 p.22). The contraction properties ([ZI4]) are proved in [I7] Section
I1.2.d. (p.48) under some conditions (Equations (2.16) p.48) which come as a
consequence of our assumption (ZI5)).

The fact that the domain is H'(x) comes from the fact that, under the assump-
tion 23] F and V - (hF) are bounded, E5! and [l g7,y are equivalent norms.

The regularity is obvious from the properties of the sets H'(x) and C.. The local
property is also obvious from Equations (271) and (23). O

2.2. Orbit space. We need to construct our new state space from the Hamiltonian
H. We define a graph, with a set of vertices V, and edges (with their length). In
the rest of the section we denote C(z) the connected level set of H containing x.
We define a vertex O as a connected level set of H containing a stationary point.
We denote V this set to which we add a artificial vertex O = co. Let us recall that
we assume that H is bounded below (Assumption 21]).
In order to define the edges, we prove a lemma.

Lemma 2.5. Given any v € R? such that C(x) does not contain any stationary
point (i.e. C(z) is not a vertexr), there exists a unique closed interval I of R of
the form I = [m_,m.] or I = [m_,+o0| such that z € H=(I) and the connected
domain Ay of H=Y(I) containing = satisfies
e H '(m_)N Ay is a vertez, denoted O ;
o if my < 400, H Y (my) N As is also a vertex denoted OF (with the con-
vention Of = oo if my = +00).

Moreover for any m € I, Ay N H=(m) is a connected level set of H.

Proof. Let us consider # € R? such that C(x) does not contain a stationary point,
and denote mg = H(x). For a < mg and b > my, let us denote C(a,b) the
connected domain of {x, H(z) €]a,b[} containing C(x). Note that since H is C*
and by assumption C(x) is compact, there exists 7 > 0 such that C(mg—n,mg+1n)
does not contain any stationary point. Then let us denote,

(2.22) m_ = min{a < mg,Vz € C(a,mo + 1), VH(z) # 0}
(2.23) my = max {b > myg,Vz € C(mo —n,b), VH(z) # 0} < +00.
We have m_ < mo —n and my > mo + 1. Then, we see that I = [m_, my]| (or

I = [m_,+oo[ if my = +00) satisfies our properties. The facts that x € H~1(I)
and that H=*(m_) N Ay (resp. H *(my) N Aj) contains a vertex are obvious.



8 FLORENT BARRET AND MAX VON RENESSE

To prove that for all m € I, Ay N H~!(m) is a connected level set, we consider
the flow ¢; induced by the differential equation
(2.24) g(t) = ~HW®)

IVH(y(1))|
Remark that this flow is well defined until the orbit reach a point for which VH (z) =
0. Then it is well defined on A; N H~*(I) and that, for all y in this set, H (¢ (y)) =
t+H (y), for t such that ¢, (y) is not a stationnary point for any s. Then ¢,(C(z)) is a
connected level set of H for all ¢ € I and by definition of A7, we get Ay NH ™! (m) =
Gm—mo (C(z)). Therefore, it is a connected set for all m € 1.

O

Remark 5. Given a point x and the interval I associated to it by Lemma 2.5
fory € Ar N H_l(IO), the interval associated by the lemma is also I. For all z,
we denote (I(z),07 (z),07 (x)) the interval and the two vertices associated to x
through Lemma Under the Assumption 11 the set S = (I;,0;,0;]); of
distinct triplets given by Lemma is countable, therefore the set of indices 7 is
countable.

We are ready to define our graph.

Definition 2.6. Let consider the set S = (I;,0;,0;);. Our graph T, is given by
the collection of edges I;, the collection of vertices V. An edge I is related to the
vertices O™, 07 such that (I,0~,0%") € S.

We also define the projection 7 from R? to I'. For z € R?, we define 7(z) = O
if C(z) is the vertex O, otherwise m(x) = (H(z),i(z)) where i(x) is defined as the
index such that I(z) = I;().

We equip I" with the minimal topology making 7 continuous.

Remark 6. The space I' is therefore a disjoint countable union of interval (I;); of
R glued together by one or two of their extremities (Oy) associated to stationnary
points of H. i(x) is a discrete first integral for the system but is defined only in
the interior of the edges. At a vertex we can choose one the indices of the incident
edges (e.g. the lowest integer). Note also that I" is a tree (i.e. it does not have any
cycle).

Let us now consider the equivalence relation ~ on R? defined by
(2.25)
x ~y <z and y are in the same connected component of a level set of H.

Proposition 2.7. We have
(2.26) I =R?/~.

Proof. We construct a bijection ¢ from R?/ ~ to I'. Given a connected level set in
C in R?/ ~, if there is a stationary point = € C, then by definition of T, C is a vertex
and ¢(C) = C € V. If C does not contain any stationary point, then, according to
Lemma [Z5] there exists a unique edge I; and ¢(C) = (H(C),i) where H(C) is the
common value of H along C. ¢~ ! is also well defined since, according to B.5] for
any i and h € I, the set w1((h,7)) is a connected level set of H, therefore a unique
equivalence class in R?/ ~. (]

We define C;(m) the connected level set
(2.27) Ci(m) ={x,H(zx) =m,i(z) =i} = {z,n(z) = (m,4)} .
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A; is the domain of R?
(2.28) A; = {:v,i(x) =i, H(z) € IZ} = | ci(m).
mei

Remark 7. Let h be a smooth function constant on connected level sets (such as
the density of the measure p satisfying Assumption [23]). Note that on each A;,
there exists a function 1; such that h = 1;(H). Then, we get, on each A;,

(2.29) V- (hAVH) =V - (¢;(H)AVH) = 0.

Since for a point & which is not in any A;, VH(z) = 0, we have V - (hAVH) =0
on the whole space R2.

We introduce a decomposition of R? into disjoints sets. Let us first introduce a
partition of the vertices:

(230) V. ={0€eV,u(x(0)) >0} Vo ={0 €V, u(x"(0)) =0}.

Lemma 2.8. We have the following decompositions, and for f € L'(u)

(2.31) R*=JAiu |J =~ 'O)u |J = '(0)

oeVv, (OIS
(2.32) /R fdp = Z/A fdu+ Y /ﬁ fdu.

oev, /710
We also have VH = 0, identically on 7=1(O), for O € V,.

2.2.1. Examples. We give in this section some examples of the space I' obtain for
some given H and some examples of vertices. In the following we denote, for
(1,22) € R?, r = 2% + 3.

Example 1. The simplest example is maybe given by

<
(™)

Hl({El,.IQ):— Hy

0 (0,0)

The space T' has a unique edge Iy = Ry and one vertex O = (0,0). The connected
level set associated to Hy = m € Iy is the circle centered on (0,0) with radius v/2m.
The vertex O is a simple point.

Note that if we choose for H:

0 ifr<1
(r—1)2  otherwise.

(2.33) Hy(z1,29) = {

The orbit space I' is the same but the vertex O is the whole ball of radius 1. This
is an example of a vertex having some positive mass.
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Example 2. Let us consider the function Hy defined by Ha(x1,22) = % — 12—? + 12—3
T 00
Hy=0 (0,0)
H2 = _% (_170) (130)

The space T is composed of three edges glued together at a point representing the
connected level set of the saddle (0,0). This connected level set is the internal vertex
and does not have any mass. However, as in the first example, the vertex could have
some mass (see Figure[dl and Figure[3).

FiGure 1. Connected Ficure 2. Connected
level set associated to level set associated to
the internal vertex for an internal vertex with
Hs. some mass.

4
Example 3. Let us consider the function Hs defined by Hz(x1,x2) = 2—1 — %? +

4 2
2—2 — 1—22 The space T' is composed of five branches glued together at a point O

representing the connected level set of the saddles (+1,0), (0,+1):

00
H; =0 (0,0)
— _1 \
H3 P / Ol
H3:_% (_13_1) (_171) (13_1) (131)
In this case the internal vertexr at Hs = —1/4 has a more complex structure.

3. CONVERGENCE OF THE PROCESS

3.1. Projected Dirichlet form. We make the following remark: we see that if
we evaluate F, on functions which are constant on connected level sets of H, then
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S

FIGURE 3. Connected level set associated to the internal vertex for Hs.

the a-dependence in the antisymmetric part (Equation (Z8])) of the Dirichlet form
vanishes. More formally, the projection 7 defines a pull-back 7, on the functions
onl:

m R — RF
(3.1) u—T=uomw=u(H,i)

The space I' has a topological structure (induced by 7). We define the L? and
H*! Hilbert space by using this pull-back:

(3.2) L2(0) = 77 (L2 () = {w,w € L*(u)}
(33) (1) ey = (@) gy = | T

(3.4) HY(T) = m (HY () = {u,7 € H (1)}
(3.5) (W, 0) iy = (W) ) = /R2ﬂ5+ Va - Vudpu.

Let us denote II the subset of functions on R? which are constant on connected
level set: T = . (RD).

The pull-back naturally provides a identification (since it is an isometry by def-
inition of L*(T") and H(I)):
(3.6) LAT) ~ L*(p) NI HYT) ~ H' (p) N1 = H(p) N LA(T).

Lemma 3.1. The spaces L*(T') and H'(T') are Hilbert spaces, and H'(T) is dense
in L?(T).
Proof. The pull-back 7, is continuous since it is an isometry by definition, then

L?(T') and H(T') are closed (relatively to L?(u) and H'(u)). Therefore L*(T") and
HY(T') are complete (for their respective norms induced by the norms on L?(u) and

H ().
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To prove that H(T') is dense in L?(T"), we want to show that
(3.7) HY(I)7m = {0}
where the orthogonal is taken in L?(T"). Then, by definition
HY(T) oo = HYT) A L2(T) = (H ()= U 20 5) 1 13(T)

(3.8) = LX) nL*I) ={0}.
We used that H'(u) (as a subspace of L?(u)) is dense in L?(u) i.e. H(u)t =
{0}. O

The limiting form is defined by projection (Equation (7)) but may, a priori,
depend on «. We denote &, the projection of E, and define its domain 2(&,,): for
U, v
(3.9) Ea(u,v) = Eq(uom,vom)

(310) (€)= {ue L*),Ei(uomuom) < +oo} =, ' (H'(n) = H'(T).
Theorem 3.2. The form &, does not depend on o and defines a Dirichlet form
on L*(T') with domain HY(T), denoted €. Moreover, £ is reqular and has the local

property. We decompose € = E° + £ into its symmetric and antisymmetric parts,

for all u,v € H(T)

(3.11) &%(u,v —EZ/ |VH|? 9rudrodu

i€l
- —Z/ (hF)uodp — = Z / - (hF)uodu
OEV
(3.12) &%u,v) = —Z/ F -VH [vdiu — udyv] d.
i€l

Using this theorem, we can associate to &, a continuous Hunt process ([17]
Theorem IV 3.5, section IV 4. a), Theorem V 1.5). Let us denote by (2, F, (Z;):)
this process.

Proof of Theorem[3.4. We compute the projection of the antisymmetric part of &,.
Let us recall that for a function v on I', @ = v o 7 denotes its pull-back on R2. For
u,v € HY(T), we have, from Equation (Z.2I)) and Lemma 2.8

(3.13)

AVH-[vVu —uVo|dy = Z/ AVH - [w(H,i)Vu(H,i) — uw(H,i)Vo(H, )] du
R2 i€l

+ > / AVH - [v(H,i)Vu(H,i) — u(H,i)Vo(H,)] d
oev, /71 (0)
Then, from Lemma[28 VH = 0 on 7~ 1(0) for O € V.. We obtain that
(3.14) AVH - [oVa —avoldu =Y / AVH - VH [v0u — udrv] dp = 0.
R? el
We also have

(3.15) / - [oVu —uVo)du = Z/ F-VH [v0ju — udyv] dp

el
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Therefore, we have

(3.16) E&(u,v) Z/ F-VH [v0ju — udyv] dp

i€l

Note that for the symmetric part €5 from (Z20), the same calculation holds

(3.17) &E5(u,v —EZ/ |V H|? 3yudyvdu

el

__Z/ ~V - (hF) uvdu—— Z/ - (hF)uvdp.

icl OGV 1(O>

Thus &, is a bilinear form defined on H*(T') and does not depend on « (thus
denoted &£). We have to prove that (£, H!(T)) is a Dirichlet form following the
definition recalled before Assumption 23l Let us denote £ and €% the forms E.
and E%! (defined by Equations ([2.I1)) and (ZI2)) projected on H(T).

Since E$ is positive definite on H'(u), £° is also positive definite on H*(T).
From Lemma B0l we know that H(T') is dense in L?(T"). (£, H'(T")) is closed on
L?(T) since (£%1)/? is a norm equivalent to [l 71 (ry- The coercivity of € is also
inherited from the coercivity of F,. The contraction property is satisfied since it
is satisfied by E, and that, for u € H'(T")

(3.18) min(u4,1) o = min((uo )4, 1).

The local property is also trivially satisfied since F, has the local property and
if u,v € HY(T') are such that suppu Nsuppv = &, then

(3.19) supp (u o m) Nsupp (vow) C ' (suppu Nsuppv) = .

It now remains to show the regularity of the Dirichlet form. Since C. N H*(u)
is dense in H'(u1), we have (C. N H*(u))* = 0 where the orthogonal is taken with
respect to the H'-scalar product. Then we have:

(Ce(T) NHNI)) 2@ = (Cen H (p) 0 HY(T))" N HY(T)
= ((Ccn HY(w))* UHYD)L) N HY(D)
(3.20) =HY(D)"NnHY(T)=0

which prove the density of C.(I') N H*(T') in H'(T'). The fact that C.(T') N H(T)
is dense in C,(T") (for the uniform norm) is a consequence of the Stone-Weierstrass
theorem. g

3.2. Mosco-convergence. We would want to prove the averaging principle by the
Mosco convergence of the Dirichlet form (E,, H' (1)) on L?(u) to (€, H*(T")) defined
on L3(T) as o — 0. We then define (following [10]) weak and strong convergence
for elements in L?(p1) to elements in L*(T).

Definition 3.3 (Convergence). The sequence (u,) in L?(u) strongly converge to

2 L*(T) :
u € L*(T"), noted uy, W if
n—r-+0o0

(3.21) lun —womllpzy ———>0.
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2
The sequence (u,,) in L?(u) weakly converge to u € L*(T), noted u, Lgf)\ u, if
n—+00

sup [[unl| p2(,) < 00
n

(3.22)
(Uns 0 O T) 120, R (wom wom) s,y = (U, V)2, Vv € LA(T).

We have the following proposition.

Proposition 3.4. We have the equivalence:

L2(r)
2 Un u
(3.23) Un L—f)> = n-too
n——+00
unll 2y s lwo mllzagy -

Proof. This proposition is the transposition of the usual equivalence in L?(p). O

Definition 3.5 (Mosco-convergence [10]). For a sequence (o) converging to 0,
E,, Mosco-converges to &£ if the two following conditions hold:

(1) for any sequence (uy) in L?(u) weakly converging to u € L*(T') and such
that

(3.24) sup E5 ! (un) < 400

then u is in H(T).

(2) for all v € HY(T'), and all sequences (u,) € H'(u) weakly converging in
L?(p) to w € HY(T'), there exists a sequence (vy,) strongly converging to v,
such that

(3.25) Eq, (Un,vy) — E(u,v)

n—-+o0o

The second condition could however be replaced by a weaker condition (see [10]
Section 3, Condition (F’2)): we ask that for all subsequences (ay, ), all sequences
(ux) weakly convergent in L?(u) to u € H(T) such that

(3.26) sup E;nlk (ug) < 400

and for all v € H(T'), there exists a sequence (vy) strongly converging to v such
that

(3.27) limkinf Ea,,, (uk,vp) < E(u,v)

Theorem 3.6. For all sequence (o) converging to 0, E,. Mosco-converges to £.

Proof. We have to check that the sequence E,,, satisfies the condition of the defi-
nition

Let us check the first condition. Let (u,) be a sequence in L?(u) weakly con-
verging to w in L?(I") and such that E5!(u,) is bounded. Then since E5! does not
depend on a (Equation (2.20)) and is equivalent to the norm in H'!, the sequence
(uy) is bounded in H'(u). Therefore there exists a subsequence converging weakly
in H'(u), thus converging weakly in L?(u). By uniqueness of the limit, we deduce
that wom is in H*(u).

For the second condition, we prove the alternate form (Equation [B:27)). We
fix a sequence (u,) weakly convergent in L?(R?) to v € H'(T') and bounded in
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H'(R?). Let us consider the constant sequence v, = v o m, then the Condition

B27) becomes
(3.28) limkinf Ea,,, (ug,vom) < E(u,v).

Since (ug) is bounded in H!(u), it is weakly precompact in H'(u). Let w € H*(p)
be a weak accumulation point of (uy) in H'(u), then it is also a weak accumulation
point in L?(p), thus u o 7 = w. Therefore uj weakly converge in H'(u) to uo 7.

Since by AssumptionZ3, h~!V-(hF) is bounded, we have the convergence of the
symmetric part (2:220). The convergence of the antisymmetric part (22I)) comes,
for the term with F', from the fact that F' is assumed to be bounded (Assumption
2.3). For the other term, with AV H, using (2.I0), we have that

1 1

20,

/AVH A(up VT — oV )dp = /(AVH - VU )urdp

Nk

1 1 —
S, /EV - (hAV H)u,vdp.

(3.29) +

The first term vanishes because Vo = VHO;v. The second vanishes since Vh -
AV H = 0 by Assumption O

3.3. Convergence of finite dimensional marginals. Let us denote Y¢ the pro-
cess defined by Equation (I2)). It is associated to the Dirichlet forms E,.

An important consequence of the Mosco convergence of the Dirichlet form is
the strong convergence of the semigroup, resolvent and generator associated to the
form.

Definition 3.7. Let (B,), be a sequence of bounded operators on L?(;1) and B a
bounded operator on L?(T), then:

e (B,,) strongly converge to B if for every sequence (u,) strongly converging
to u, (Bpuy,) strongly converge to Bu,

e (B,,) weakly converge to B if for every sequence (u,) weakly converging to
u, (Bpuy) weakly converge to Bu.

The following Theorem ([I0], Theorem 3.5, [2I], Theorem 2.53) gives us the
convergence of the Cy-contraction semigroups and resolvants associated to FE,,
and €&.

Theorem 3.8. Let T", T be the Cy-semigroups and G, G be the Cy-resolvents
associated to E,, and E. We have the following equivalence:

(1) Ty strongly converges to Ty for all t > 0;
(2) G% strongly converges to Gy for all A > 0;
(3) E,, Mosco-converges to £.

Remark 8. Let us consider f, strongly converging to f, the strong convergence of
T f, implies that
(3.30) T} frn — thHLQ(#) — 0.

We now consider the convergence of finite dimensional distributions of the pro-
cesses 2% = (m(Y*")),. We suppose that the law of the initial condition v, =
ZL(Yy™) has a density g, with respect to p and g,, converges weakly in L?(u) to
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g € L*(T) with (g, 1) r2(n) = 1. Then vy, converges weakly to the probability mea-
sure gdp which defines a probability measure  on I'. In particular, it means that
for all f,, € Cy(R?) converging strongly uniformly to f

(3.31) fodyy ——— fgdu = / fdv.
R2 n—-+oo R2 T
We consider Z the Markov process on I' associated to the Dirichlet form £ with
initial law v.

Proposition 3.9. We consider (Yo) the processes with initial distribution vy,
and the process Z with initial distribution v. Under the condition that v, converges
weakly to v, the finite dimensional distributions of (Z%) = (w(Y*")) converge as
n goes to infinity to the finite dimensional distributions of Z.

By this proposition, we mean the following: for all N > 0, 0 < t; <ty < --- <
ty,and f1,--- fn € Cp(T") then

(3.32) Ky, [f1(Zy) f2(Z5)) - IN(Z07)] P Eu[f1(Zs,) f2(Zsy) - - fN(Zey )]

Proof. Let us prove the proposition for N = 2, for the sake of simplicity. We use
the Markov property of the process Y~ for all n. Then

By, (250 Fa Z2)) = Bu, [TV TaV)] = Buy, RO By (0]
=B (RO OG0 = [ T P

— Ttl(flTb*tlfQ)gd:u:/Ttl(flTb*tlfQ)dV
R2 T

n—-+oo

(3.33) =By [f1(Z1,) f2(Z1,))-

The convergence comes from the fact that g, weakly converge to g and the fact
that

(3.34) Th (AT -4, fo) e Tu(fiTe-u f2)
strongly in L2(u) by a repeated application of Equation (3.30). O

3.4. Convergence in law. The tightness of the law of (Z%),, follows from the
Lemma 3.2 of Chapter 8 of [6] for the case e = 0. With Proposition B0 it gives the
weak convergence of the law of the processes as o, goes to 0.

Proposition 3.10 (Tightness, Freidlin Wentzell Lemma 3.2 Chapter 8). The fam-
ily of distributions of (Z**), in the space C(R1;T) is tight.

The proof follows usual ideas to prove the tightness, and comes ultimately from
Ascoli-Arzéla Theorem. The first argument is given by: for all T > 0 and § > 0,
there are Hy and ng, such that:

(3.35) n=ng = P, max H(Y,"™%) > Ho] < 6.

The equicontinuity condition comes from Stroock-Varadhan [20]. Let us first

precise the metric used on I': the distance p(y,y’) is the minimum distance of the
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paths on I'. If y = (Hy, i) and y' = (H|, (), if v is a path from y to y’ passing
through the vertices O1,Os ... Oy, we denote p the length of this path:

-1
(836) () = |[Ho = H(ON)|+ Y _|H(0:) = H(Oipx)| + [H = H(O)].

Then p(y,y’) is simply the minimum of the lengths of all such paths.

The equicontinuity then follows from this: for all compact K of I" and all §
sufficiently small there exists a constant As such that for every a € K there exists
a function f¢ with f¢(a) =1, f§(z) =0 for p(z,a) > J, and 0 < f§ < 1, such that,
for all n, f&¢(Z;™°) + Ast is a submartingale.

Note that their proof use the fact that H has bounded second derivatives. Using
our Assumption [Z1] on e, the generalization is straightforward.

We can then conclude by the convergence of the law of the processes (Z°"),, to
the law of the process Z.

Theorem 3.11. For all g,, weakly converging in L? to gow, and such that g, and
gom are densities (with respect to ) of probability laws in R?, then the processes
(m(Y ™)) where Yy is distributed as gndp, converge in law to the process Z¢
with initial law given by gd(m.p).

Proof. The theorem follows from Proposition and Proposition B.10) O

4. IDENTIFICATION OF THE LIMITING PROCESS

We want to identify the limiting process on the space I' by identifying the infini-
tesimal operator and its domain associated to the Dirichlet form £. The domain of
the operator £ associated to the Dirichlet form could be defined as ([I7] Proposition
12.16 p.23):

4.1) 2(L) = {u € HY(T'),v — &(u,v) is continuous w.r.t. [l p2¢r) on Hl(F)} .

Accordingly, the infinitesimal generator applied to a function u € Z(L) is given as
Lu = w where w € L*(T") is the unique function such that, for all v € H'(u)

(4.2) E(u,v) = = (W, V) p2py -

In fact, we need to write the Dirichlet form as an integral with respect to the
projected measure.

We denote 0 the function defined on I' such that h =6 o 7.

For all 4, for all m € IOZ-, we define

di 1 dl
(4.3) T(m,i) = ]( — dWm.i) = m— =
coomy IVH] (mD = P, i) [VH]

Note that T'(m, i) is the period of the orbit of the Hamiltonian flow along the orbit
Ci(m) and w(,, ) is the invariant measure of mass 1 for this flow on C;(m), we
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would call it the normalized Liouville measure. Let us also define

1
(4.4) S2(m, i) :]{ IVH? dw(pm ) = 7% |VH|dlI
Cy(m) (D = T(m, 1) Ci(m)
(4.5) Bo(mi)——f e VHdw -——#7{ c.vHE-_
. ) Ca(m) (m,i) T(m,l) Ci(m) |VH|

1 dl
(4.6)  B(m,i) :]{ AHdw(m = 7% AH-S
Cy(m) (D T (m, 1) cimy  |IVH]|

We define, for all vertices O and all edges I; incident to O,

(4.7 a;(0) = lim / |VH|dl, ~v(0) = —/ V - edz.
Ci(m) ©=1(0)

m—H(O),mel;

Note that due to Assumption 23] v(O) is positive. We consider J(O) the set of
edges incident to O. We define the partition of J(O) into two sets

(4.8) J4+(0) = {ili € J(O),m > H(0),¥m € I},
(4.9) J_(0) = {ili € J(O),m < H(O),¥m € L} .

NV

For a function u on I', we denote u; = uy, its restriction on the edge I; (which
is a real interval). We have the main theorem of this section.

Theorem 4.1. The domain 9(L) C H*(T) is the set of real-valued functions u on
I" such that:

(1) u is continuous on T, for all i, u; is in H*(I;),

(2) for all (m,i) in the interior of an edge (i.e. m € I,), the differential operator

(4.10) Liui(m) = eStu! + (BY + B} )u!,

defines a continuous function on Iol-,
(3) these functions Liu; have a common limit at a common vertex O, denoted
Lu(0),

(4) at a vertex O, we have the relation

(411) ¥(Ou(0) +e| > ai(0)Dwu(0)— > ai(0)D;iu(0)
i€J4(0) i€J_(0)

=~ [x(0)| £u(0),

where |7=1(0)| is the Lebesgue measure (area) of 7=*(O)
(5) Lu is in L*(T).

Remark 9. This theorem shows that the underlying process is specified on two
different domains : on the edges, we have a diffusion given by the restriction of the
infinitesimal generator (Equation (£I0)); at each vertex, we have a gluing condition
(Equation (£I1])), deduced from the domain, defining the properties of the vertex.

e Let us notice that the process Z does not depend on the choice of the
measure . This confirms that p is only a convenient tool we use to define
the Dirichlet form.

e The coefficients of the diffusion on each edge are averages, with respect to
the measure dw, of, respectively, |VH |2 ,—e-VH and AH on each connected
level set C;(m).
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e This Theorem also gives a way to construct the reference measure pu. In
fact on each edge, we have a one dimensional diffusion therefore a natural
candidate for a invariant measure which has a density with respect to the
Lebesgue measure. Due to the tree-like structure of I'; we obtain a invariant
measure on G by adding suitable constants to these densities on each edge,
then the lift on R? give us a suitable candidate for p.

First we derive from the Dirichlet form, the infinitesimal generator and its do-
main. Then we deduce the diffusion process on the edges and its behavior when it
reaches a vertex.

4.1. Proof of Theorem 4.1l In order to compute the different coefficients of the
generator, we need a lemma.

Lemma 4.2. For a vector field G of class C* on A;, we have

d VH dl

(4.12) — ——dl = f{ V.-G

For a function g, of class Cl on A;, we have

dl

d
4.13 —]{ g|VH|dl :]{ Vg-VH + gAH| ——.

The second property ([@I3)) is given in [6] (Lemma 1.1 p.265). We formulate a
short proof.

Proof. This lemma can be proved by using the co-area formula and the divergence
theorem on a domain D;(mg,m) = {z € C;(m’),m’ € [(mo, m)]}. Let us suppose
that mo < m. First, let us remark that the unit vector n = % is a normal

vector to the curve C;(m') which points towards the exterior of the domain along
C;(m) and inwards along C;(myg). Therefore, using the divergence Theorem on the
domain D;(mg, m) for the integrand V - G, we obtain:

/ V-de:/ G - dnegt
D;(mo,m) dD;(mo,m)

VH VH
4.14 :j{ G-—dl—% G- ——=dl.
(4.14) cimy  |IVH] Cimo)  IVH|

Using the co-area formula on the same integral, we have:

4.15 / V. de—/ ]{ dldm
( ) D;(mg,m) mo m') |VH|

The same holds if m < mg. Thus the integral fCi G ‘gg‘ dl is differentiable at

mgo and we obtain the result.
or ([AI3), we remark that

VH
IVH]

and apply [@I2) to G = gV H. We obtain the result since V - [¢gVH] = Vg-VH +
gAH. O

(4.16) g|VH| = gVH
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Proof of Theorem[].1] First, we compute the generator for functions which are in
C?(T"). Let us consider functions u,v in C?(T"). For the symmetric part, Equation

EID). we get

ﬁmm—;Aﬁwﬁwmﬂm—%vmmmmmmw

1 1
(4.17) - Z/ —V - (hF)uwdp.
Gev, Jr10) B

We use the coarea formula (since |[VH| # 0 on each 4;), to obtain

£ (u,v) = Z/ eul(m)v(m) fCi(m) |VH| hdl

iel
1 7{ V- (hF)
— u; (m)v;(m) = ———~=dldm
1
~3 Z u(O)U(O)/ V- (hF)(z)dx
O€V. H0)
_ ;. 1 1

(4.18) = Z/ ea;uividm — 3/ ciujvdm — 3 Z Y(0)u(0)v(0).

iel v i oeV.
We have denoted a and c¢ the quantities
(4.19) a(m, i) = 7{ \VH| hd, o(m, i) = 7{ Vo (hE)

Ci(m) cim)  |VH|

For the antisymmetric part, Equation [BI2), we get, using also the coarea for-
mula

1
(4.20) E%u,v) = 3 Z/ b; [viu; — uv] dm
ier 7 1i
where b denotes the quantity

dl

4.21 b(m, i :f hF - VH——.

Then, since we assume that u € C?(I"), we have for all i

(4.22) /aiugvgdm: lim (a;ujv;)(m) — lim (aiugvi)(m)—/ (a;u}) vidm
I;

m—m; m—m; I;

where we denote I; = [m;",m; | (from Proposition 7). Then, we get that

7

(4.23) mlir?n.* a;(m) = 60(0)a;(0)

where O is the vertex incident to I; at mi. The same holds at m; .
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By summing the integrals (£22)) over the edges of I', we rewrite the first part as
a sum over the vertices. Since v has a unique value at each vertex we get

; /11 a;uv;dm = — ; /11 (azu;) vidm
(424)  +> 0(0) [ > 0(0)(0)Diu(0) = > 6(0)a:(0)D;u(0)

oev i€J4(0) ieJ_(0)

We do the same calculation for the integral (£.20) and get

Z/bulvdm— Z/ buZ v;dm

i€l

(4.25) +ZU(O)U(0) Z Bi(0) — Z Bi(0)

oV i€J4(0) i€J_(0)
where §;(0) is defined as

(4.26) B8i(0) = i b(m, i).

Without loss of generality, we suppose for a moment that H(O) = 0. Let us
choose 0y > 0 such that, for all § < dg, the connected domain, denoted s, of
H~Y(] — 4,6[) containing 7~1(0), satisfies

(4.27) VH(zx)#0 for all z € Q5 \ 77 1(0).

Let us apply the divergence formula on 25 to the vector field hF":

(4.28) / V- (hF)dz = / hF - dneg:.
Qs

Qs

Using the same method as in the proof of Lemma [4.2] we have

o Z 7{ P Z 7{ Fero

i€Jy
(4.29) = Z b(o,i) — Y (—5,i).
i€J4(0) i€J_(0)

Since H is C', we get that

(4.30) V.- (hF)dx — V- (hF)dz = —60(0)7(0).
Q 6—0 —1(0
5 (0)
We deduce from (29

(4.31) 0(0)7(0) = Z Bi(0) — Z Bi(0)

i€J4(O) ieJ_(0)
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Therefore, after simplification, the whole Dirichlet form is

(4.32)

1
- Z/ v; [aaiu;’ — (b; — eal)u; + 5(01 — b;)uz} dm
i i

+ Y 6(0)(0 g( > ai(0)Du(0) - > ai(O)Diu(0)>

oey i€J4(0) ieJ_(O)

+u(0)y(0)].

We need to identify the projected measure dm.u: for v € C.(T'), by definition,
T = v o is continuous with compact support, thus integrable. We get, using also

the coarea formula
/ vhdx
©=1(0)

/dew*,u:/ vdp = Z/ vhdx+oev
:Z/ ](C( |VH|dldm+ 3 o (0))

OeV.,
(4.33) = Z / vididm + Y o 1(0)]
OeVv.
where d denotes
h
4.34 dm,i:f ———dl = 0;(m)T;(m).

To identify the operator £, we solve ([.2) for any v € C*(T"). Using Equations
(#32) and [@33), which are valid for any test functions v, therefore we see that w
must satisfy

1
(4.35) w;d; = eau — (b — eal)u), + 5(01 — b))y

(4.36)
w(0)0(0) [771(0)| = (0)7(0)u(0)

—2000) [ > @(0)Diu(0)— > a;i(0)D;u(0)

i€J4(0) i€J_(0)

Thus by definition, the domain of the operator is the set of functions u such
that, on each edge I;, we can define w; = L;u;, using Equation ([€35])

We deduce that u € H2(I;) for every edge I;, therefore u has at the boundary
of each edge limits of the first derivatives. The value of w on each vertex is given
by continuity. Therefore, these limits must coincide and satisfy Condition ([Z.36]).
Then we can define w = Lu. The restriction is that w must be in L?(T")

(4.37) 2(L)={ue H'(T),Luec L*T)}.

To finish the proof we need to compute the coefficients of the generator in Equa-

tion ([@35). Using Equation ({I3) for a (given by (£19)) and Equation [@I2]) for
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b (given by (£ZI) from Lemma L2 we have

dl dl
(4.38) ai(m) :% [Vh-VH + hAH] ——, bi(m) :j{ V- (hF) ==
Ci(m) |VH|’ Ci(m) |VH|

Then we see that b, = ¢; (given by Equation ([@I9)) on each edge I;.
Since h = 0, the vector field F is

(4.39) F=ec+ E?VH
Therefore, we have, from Equations [I9) and (@21
(4.40) a;(m) = Gi(m)% |VH|dl
Ci(m)
(4.41) a(m) = Hi(m)]{ J; L )]f VH|dl
Ci(m) |VH| Ci(m)
dl
(4.42) bi(m) = Gi(m)% e-VH +¢e0;(m )% |VH|dI.
Ci(m) [VH] Ci(m)
The coefficients of the generator (Equation ([@35])) could then be written
ai(m) 1 2
(4.43) % [VH|dl = 57 (m)
dl(m) ( ) C;(m)
(44d)  —— (bi(m) — ca!(m)) = — ]f EAH — ¢ VH] 9L
' di(m) * ’ T;(m) Je,m) |VH|
=eB;(m) + B} (m)
which give us the result. ([

4.2. Local behavior. Theorem [£1lis sufficient to define and describe the process
Z*. However we would like to give a more intuitive description of the process. Note
that for any vertex O, we have:

(1) if [x=1(O)| = 0 then v(0) = 0;

(2) the coefficients «;(O) are such that

(4.45) Y a0)= > ai(0).

i€J4(0) i€J_(0)

From Theorem 4] we see that on each edge, the process is a continuous diffusion
whose characteristics are explicitly given as averaging along the connected level sets
of the Hamiltonian H. However at the edges, the gluing conditions are not so clear
could give several different behavior.

Note that at the vertices two issues must be addressed in order to successfully
describe the behavior of the process :

e is the vertex accessible and from which edges ?
e what happend when the process reach the vertex ?
We can determine the different gluing conditions we can have.

e For an exterior vertex O (e.g. a vertex with only one incident edge), we get
two types of boundary conditions
(1) no gluing conditions if 7~1(0) is a null measure set (i.e. a single point),
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(2) or the boundary condition
(4.46) |7 H(0)] Lu(0) = v(O)u(0).

e For an interior vertex O, we could have again two types of boundary con-
ditions (with the relation (4.43]))
(1) purely first order gluing condition if 7=1(O) is a null measure set

(4.47) > ai(0)Du(0) = > ai(0)D;u(0) =0,

i€J4(0) i€J_(0)

(2) mixed gluing conditions
(4.48)
|77 H(0)| Lu(0) = v(0)u(0) — Z a;(0)D;u(0) + Z a;(0)D;u(0).
i€J1(0) i€J-(0)

Detailed analysis of such process has been conducted by several authors as Feller
[2] or Mandl [I8]. We also refer to [12] and [I4].

5. GENERALIZATION

In this last section, we present a generalization of our previous results for more
general diffusions. However, we only sketch the computation of the generator of
the diffusion from the limiting Dirichlet form.

Consider the diffusion defined on R™ by

(5.1) ay; = év(Yt)dt +u(Yy)dt + V2e0(Y;)dB,.
The vector field v plays the role of the AVH for the 2-dimensional case and u
plays the role of a friction term. Since we do not suppose that v is given by
some Hamiltonian, we assume instead existence of some m first integrals G =
(Gy,--+,Gp,) for the flow defined by v. We wish to derive the convergence in law
of the process G(Y') as a goes to 0.

In this part, for a vector Y or a matrix a, we denote by Y* or a* the transposition
of these elements. In particular a scalar product between two vectors X and Y could
be written

(5.2) XYV=X-Y=>» XV

where the usual matrix product takes place in the left-hand side expression.

Let us denote a = oo™ the diffusion matrix which is a symmetric matrix. For
the function G : R™ — R™, we define the matrix DG by
G - OnGh
(5.3) DG = : ;
We make the following assumptions.

Assumptions 5.1. We assume that v,u and ¢ are Lipschitz bounded functions
and that a is uniformly elliptic.. The function G satisfies

(5.4) DGv = 0.
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We suppose also that G has compact level sets. We assume that there exists a C!
function h strictly positive, which satisfies

(5.5) V*[uh] =0
(56) —V*[Uh] +e Z 61']‘ (aijh) < 0.

2%
We define the measure dpy = hdzx.

Remark 10. The assumptions on v, u and ¢ ensure the existence of a strong solu-
tion to the stochastic differential equation (I2)). Equation (54) ensures that G is
conserved along orbits of the flow of v. The function h is, as in the first part, the
density of a measure . Equation (B.5]) ensures that p is also preserved by the flow
generated by v. To define a proper Dirichlet form, p must be supermedian (for the
infinitesimal generator of the diffusion (&) see [I7] pp.62 and 98), Equation (5.0)
ensures that.

5.1. Dirichlet form. This first proposition gives the Dirichlet form for the diffu-

sion (B)).

Let us denote the vector fields &, ®,:

(5.7) = u— (V" (ah)*
(5.8) O, = ém—@: év—ku— %(V*(ah))*.

The infinitesimal generator, L,, could be written, for f € CZ(R™)

1 1
(5.9) Lof = av*Vf +u*Vf +Ezaijaijf = av*Vf +u*Vf+ea: Vif
2%
where a : b denotes the Frobenius product of the two matrices and V2f is the
matrix of the second derivatives of f.

We consider the Dirichlet form E, associated to L, in L*(u). For f,g € C2, we
have

(5.10)
Eall.9) = = (Lafg), =~ [N~ [T Pgdu—= [(@: 9 Pgan

Proposition 5.2. Under the set of assumptions[5.1, E, is coercive, closable and
can be extended to a Dirichlet form E, on L*(u) with domain 2(E,) = H'(u)
defined as the completion in L*(11) of P(La). Moreover Eq is reqular and has the
local property. The Dirichlet form is then Eo(f,9) = E5(f,9) + E%(f,9)

(:11) Bi(f9) =< (0" VE.o'Va), + 5 [ 3V (@h)fd

512 B = [#:1Ve-oVilan=g [ (Zv@) Vs gviian
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Proof. Let us first consider f,g € C2(R™). The first and second integrals in Equa-
tion (5.I0) are treated as in (2ZI0). For the third integral, we get

—/(a : V2 f)gdu = —Z/(aij&jf)gh = Z/ajfai(az‘jgh)
:Z/aij(ajfaz‘g)h+Z/az‘(h)@ijajf9+2/3jf3i(aij)gh

(5.13) :/(U*Vf)*(J*Vg)h+/[(th)*Vf]g—F/[(V*a)Vf] gh.

Then we can decompose this bilinear form in (f, g) in a symmetric and antisymmet-
ric part using similar computations as in (ZI0). Thus, Equation (5I3) becomes

- /(a V2 [gh = (0" £,0°Vg),, + 3 /(th +(V*a)'h)* [gVf — fV]
1

~3 / [V*(aVh) + hV*((V*a)") + (VR)* (V*a)*] fg

2 2

Putting all the terms together we obtain the announced Dirichlet form.

The domain 2(FE,) is defined as the completion of Z(L,) with respect to the
positive bilinear form E2! and it defines a coercive closed bilinear form ([I7] Theo-
rem 2.15 p.22). The contraction properties ([2.I4]) are proved in [I7] Section I1.2.d.
(p-48) under suitable conditions (Equations (2.16) p.48) which come as a conse-
quence of our assumption ([G5.6]).

The fact that the domain is H' (1) comes from the fact that, under the assump-
tion 5.1 ®, and V - (h®) are bounded and a is uniformly elliptic. Therefore E3*
and ||-|| H1(n) AT€ equivalent norms. The regularity is obvious from the properties

G.1) = (@"VL0 Vo), 4 [ (V@) gV - 199 - 5 [ 975 @h)] 1o

of the sets H*(u) and C.. The local property is also obvious from Equations (G.11])

and GI2). O

5.2. Projected Dirichlet form. We consider the projection 7 associated to the
equivalent classes defined by

x ~y <= and x,y are in the same connected component of a level set of G.

The space I' = R™/ ~ is the new state space. However, a complete description
of this state space is quite complicated and not really necessary for the Mosco-
convergence. As in the first part, for all f defined on I, we define f = f o, its lift
on R".

In order to have a Mosco-convergence of the Dirichlet form E, as a — 0, we
have to make the terms in Equation (5.12)) depending on « vanishing, i.e. we want

(5.15) v [fVg—gVf]=0.

This is achieved by the choice of test functions and is equivalent to a projection of
the Dirichlet form.

Lemma 5.3. For all f € C*(T), we have
(5.16) v*Vf =0.
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Proof. Let us consider the flow ¢, generated by the vector field v. We define, for
all z,t

(5.17) F(z,t) = f(¢u(x)).

By definition, we have G(¢:(z)) = G(x) for all ¢, therefore ¢;(z) stays in a unique
equivalence class for all ¢ € R. Then F(z,t) is a constant function in ¢, thus

(5.18) O F (2,t) = v*V f(¢i(z)) =0, for all ¢.
Putting ¢t = 0, we get the lemma. ([l

We test the Dirichlet form FE, on fi = fiom, fa = fo om. Using the previous
lemma, we see that E,(fi, f2) defines a bilinear form, for functions in C}(T") which
does not depend on a. We denote it &:

(519)  E(fi.f2) =< / (V) aV Fadu

n

2

We have the following Proposition.

! / ¥ (VT - TV ] du+ L / V(@) Fadlp

Proposition 5.4. The form & define a Dirichlet form on L*(T) with domain
HY(T'). Moreover, £ is regqular and has the local property.

Remark 11. This proposition allows us to define a process Z on I' associated to the
Dirichlet form, &.

Proof. The proof follows exactly the proof of Theorem O

5.3. Mosco-convergence and convergence in law. Let us denote Y* the pro-
cess solution of the diffusion equation (L)) with o > 0. We denote Z the process
associated to the Dirichlet form £.

We have the following Theorem.

Theorem 5.5. For all sequence o, converging to 0, for all g, weakly converging in
L? to gow, and such that g, and gow are densities (with respect to j1) of probability
laws in R™, the sequence of processes Z%» = w(Y *") where Yy is distributed as
gndp, converges in law to the process Z with initial law given by gd(m.p).

The proof follows exactly as in the first part (Theorem BII]) by proving two
facts: the convergence of the finite dimensional marginals of the processes (Z)
(which follows itself form the convergence of the associated Dirichlet forms), and
the tightness.

Proposition 5.6. For all sequence («,) converging to 0, E,, Mosco-converges to

E.
Proof. The proof follows exactly the proof of Theorem O

We consider Z the Markov process on I' associated to the Dirichlet form £ with
initial law v.

Proposition 5.7 (Tightness). The family of distributions of (Z%"),, is tight in the
space C(R*;T).



28 FLORENT BARRET AND MAX VON RENESSE

Proof. By the same proof of Proposition[3.I0, we prove that each family of processes
G;(Y%n) is tight, thus, using Corollary 3.33 p.317 in [11] the family of processes
G(Y ") is tight. Therefore Z is also tight since all bounded continuous function
on I' could be decomposed as a countable sum of bounded continuous functions
depending only on G. O

Proof of Theorem [5.4. From Proposition 5.6l we deduce as in the proof of Propo-
sition the convergence of the finite dimensional marginals. The theorem follows
from the tightness proved in Proposition B.7 O

5.4. Identification of the limiting process. The process Z is only defined
through the Dirichlet form £. In order to obtain a more intuitive representation
of this process, through a stochastic diffusion equation for example or its infini-
tesimal generator, L., one should write the Dirichlet form as a scalar product in
L?(T"). In this last section, we would like to expose what one should expect and
how computations could be made.

The equation is therefore the following, we wish to find w € L*(T") such that, for
allv e HY(T)

1 1 /1
E(u,v) = a/ (Va)*aVudu + 3 /<I>* [uVT —oVa]dy + 3 / EV*((I)h)mdu

(5.20) = —/wvdw*u.
r

In order to do this identification, one has to do several things:

e write the Dirichlet form £ as an integral on T;
e write the image measure of i via the projection 7 on T'.

5.4.1. Orbit Space. As in the two dimensional case, I' is decomposed into several
connected submanifolds of R™. This decomposition is done by using the minimal
rank of the Jacobian JG along a connected level set of G. This rank is the dimension
of the submanifold. Each submanifold of dimension higher than one has a boundary
made of a union of submanifolds of dimension strictly lower. We describe I'" by
this collection of manifolds ordered along their dimensions and by the relations
describing their boundaries.

We denote IF the collection of submanifolds of dimension k and R¥ the preimage
associated to the submanifold IF.

5.4.2. Image measure. On each submanifold, we need to do a change of variable
to transfer an integral on the preimage of a submanifold R¥ (which is a domain in
R™) to a integral on this submanifold I* (a domain in R™).

We denote dHy, for k > 0, the k-dimensional Hausdorff measure.

For k = m, this change of variable is just the coarea formula. The integrals on
subsets of rank strictly lower than m must be treated carefully. In these cases, we
need a coarea formula from a domain R to I, a submanifold in R™ of dimension
k.

We introduce a k-dimensional Jacobian Ji,G ([I5])

(5.21)
5605) = { L2EWP)

, for P a k-dimensional parallelepiped in R" 5 .
Hi( P) p P1p }
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Remark that for the usual Jacobian we have JG = J,,G. We obtain

_ f()
(5.22) RS /l dHy(g) /G I o

This allows us to make the change of variable (and also identify the image mea-
sure T on I'). Let us choose a function f integrable (w.r.t. ) on R™ and then,
for p = (g,k,i) we have

(5:23) |t =33 [ o).

k=0 1 i

The average function f is defined on T, for g € RF, by

(524) f_(gvkal) = /Gl( JARE %d%nk(z)

5.4.3. Projected Dirichlet form. We have to decompose all the integrals of the left-
hand side of Equation (520) and apply the coarea formula, in order to obtain
integrals on the components of T'. For the first integral of Equation (520), we
obtain

(5.25)
/n Vi aVodp = Y Z /ﬂc dHila) /Gl( )ARE Vﬂ(x)*a(x)va(x)h(x)%'

k<m 1

On the set R¥, we have () = u(G(z), k, i), then let us denote D,u the derivative
of u with respect to the first variable. Note that this derivative has value in the
respective tangent space of the submanifold i.e. R*. This is a derivative along the
submanifold I¥ in R™. If we omit the constant quantities (k,i), we get

(5.26) (Vu)*aVv = Dyu*(DGaDG*)D4v

Note that since a = oo*, the matrix DGaDG* = (DGo)(DGo)* is also symmetric
and non-negative. Let us also define the average quantity ac defined on I'

(5.27) oallo.hi) = [ (DGaDG )

dHn .
crgnrs  JKG

The integral (5:25) becomes

(5.28) /JVE)*@V@dM = Z Z/Ik (Dgu)*agDyvdHy = /F(Dgu)*angv.

k<m 1

The second and third integrals in (.20]) are treated accordingly. We denote, for
p=(9:k1)

DGoh

(5.29) va(p) = [ L UNTYRN
a-rgnrr kG
V*(®h

(5.30) Fg(p) :/ ( )dHn_k.
c-rgnrs  JkG

Therefore, we get the following formulation for the projected Dirichlet form

1 1
(5.31)  E(u,v) = a/(Dgu)*aGng + 3 / o7 [uDgv — vDgu] + 3 / Fouv.
r r r
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5.4.4. Identification of the infinitesimal generator. In order to solve Equation (520,
we need to write the integrals in Equation (5.31]) where v does not have any de-
rivative. This can be obtained, at least formally, via some integrations by parts

We need to identify the integrals for each I¥. We only have boundary terms if
k < m, therefore let us first give the generator on the sets I;". From Equation
(5:31)), we obtain on each I},

1 1
(5.32) Lou= p eDy(agDgu) + (®c)" Dgu + B (Dy®a — Fg)u| .

Note that since all sets IF, for k < m, are contained in the boundary of a domain
.
J

Collecting the boundary term along every submanifold gives gluing conditions,
this is the same process as the 2-dimensional case. Heuristically, these gluing con-
ditions connect the value of the generator restricted on a submanifold I¥ to the
limiting values of the generator at the boundary of the submanifolds I J]-H'l such

that Iy C IF.

Remark 12. For an explicit computation of the generator, defined by Equation
(B32), one would need a lemma analogous to the Lemma2] to compute the deriva-
tives of the averaging ag and .
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