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Abstract We characterize the closure with respect to Mosco or I'-convergence of
the set of diffusion functionals in the one dimension case. As commonly accepted
we find this closure is a set of local Dirichlet forms. The difficulty is to identify
the right notion of locality. We compare different possible definitions. We give a
representation theorem for the elements of the considered closure.
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1 Introduction

We are interested in the characterization of the different limits which can be reached
by a sequence of diffusion functionals, i.e. of functionals of the kind

F,(u) := / a(X)|Vu(x)|> dx , (1.1)
Q

where the positive diffusion coefficient « belongs, like its inverse, to L*°(£2).

These functionals belong to the set of Dirichlet forms. As this set has been proved
[16] to be closed for the I'-convergence, it is the natural framework of our study.

In dimension greater than two, well-known examples [14, 15, 18, 19] given by
homogenization theory show that the limit functional can be non isotropic: it is then
described by a diffusion matrix A(x) and the limit functional takes the form:

/ Vu(x) - A(x) - Vu(x) dx . (1.2)
Q
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It has been proved [17] that the limit of functionals Eq. 1.1 takes the form Eq. 1.2
when the sequence of diffusion coefficients («,,) and their inverses (,, ') are bounded
by a fixed real M. This is still true under weaker assumptions [8] but not in the
general case.

In dimension greater than three, examples have been given (cf. [2, 3, 8, 16]), [7, 10]
in which non local interactions arise at the limit. These interactions are represented
by a non-negative measure y on 2 x 2 and the limit functional F contains the non-
local term or jumping term :

/ w(x) — u(y)*y (dxdy). (1.3)
QxQ

Other examples [17] have been given in which the limit functional contains a so-
called killing term of the form

/waﬁwmx (1.4)
Q

where v is a non-negative measure on 2. Let us notice immediately that we
only consider in this paper functionals which vanish on constant fields c, or in an
equivalent way, which are invariant when adding a constant :

VeeR, Fu+c¢) = F(u). (1.5)

We call “objective” the functionals which satisfy this property. Any limit of a
sequence of such functionals will inherit this property and we do not have to consider
killing terms.

Recently, it was proved [9, 11] that, in dimension greater than three, the closure of
the set of diffusion functionals coincides with the set of all objective Dirichlet forms.

In dimension two the characterization of the closure is still an open problem: very
recently some fundamental differences between the two dimension case and greater
dimension cases has been pointed out [6].

In the one dimension case it is a fact commonly accepted that any limit remains
local. The goal of this paper is to establish this fact rigorously. In the literature
there are many different ways for defining locality but we need to introduce a new
definition adapted to our purpose. At the end of this paper we discuss the relations
between the different notions of locality.

The paper is organized as follows: in Section 2 we describe the framework of
objective Dirichlet forms and of Mosco or I'-convergence. We set precisely the
closure problem. We also give a simple example which shows the necessity of dealing
with non regular Dirichlet forms.

In Section 3 we propose a new definition of locality and we state our main results.
First we give a representation theorem for any local Dirichlet form. Then our main
result states that this locality property characterizes the closure of the set of diffusion
functionals. The proofs of these two theorems are rather long. There are splitted
in several parts. In Subsection 3.2 we establish some characterizing properties of
local Dirichlet forms. Subsection 3.3 is devoted to the proof of the representation
theorem : many steps are necessary, the longest one being the construction of the
underlying measure. Subsection 3.4 is devoted to the proof of the closure theorem.
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The major difficulty lies in the density result. The previous representation theorem
plays here a crucial role.

In Section 4 we discuss the different notions of locality which can be found in the
literature and we compare them by considering examples. These examples are based
on the existence of “essential partitions” of the interval (0, 1), that is, partitions such
that the intersection of any open interval with any piece of the partition has a non
vanishing Lebesgue measure. We show that all the considered notions of locality are
indeed different (and also different from the one we propose). We also prove that
none of them are closed for the Mosco-convergence.

2 Notations

As this paper is concerned only by the one dimension case, Q2 denotes a bounded
open interval € := (0, 1) ¢ R and L*(2) is the usual space of square integrable (class
of) functions with respect to the Lebesgue measure on . Note that in this whole
paper, unless differently specified, the considered measure is the Lebesgue measure.
We recall that the support of u € L*(RQ) is the smallest closed subset ¥ of € such that
u(x) = 0 for almost every x € Q \ X.

Let us first, following [13] introduce the set of Dirichlet forms.

Definition 1 We call Dirichlet form any functional on L?(2) satisfying the following
property
i) Fis non negative: it takes values in [0, +00].

ii) F is quadratic: its domain D(F) := {u € L*(Q) : F(u) < +00} is a linear sub-
space of L?(2) and there exists a positive semi-definite bi-linear form B such
that F(u) = B(u, u) for every u in D(F).

iii) F is lower semi-continuous: it satisfies, for any u € L?(2) and any sequence (i,,)
converging to u :

liminf F(u,) > F(u) . (2.1)

n—oo
iv) Fis Markovian: it satisfies for any u € L*(2)
F(u) < F(u), (22)

where u denotes the truncated function u := max (0, min(1, u)).

Remark 1 By proposition 11.9 of [12], Property (ii) is equivalent to the fact that, for
any u and v in L2(Q) and any ¢ > 0,

F(u) >0, F(tu) < #Fu), F(u+v)+ Fu—v) < 2F(u)+2F(v). (2.3)

Remark 2 Note that Property (ii) ensures that the domain D(F) is non empty. In
the present definition of Dirichlet forms the domain D(F) is not necessarily dense
in L?(Q). We emphasize that, unlike many authors (e.g. [5]), we do not assume
this density property. Indeed, as we will see later (see Example 1), this property is
not preserved when passing to the limit with respect to the considered convergence
of functionals.
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Definition 2 We call objective Dirichlet form any functional satisfying in addition to
properties (i)—(iv),

v) Fis objective: it satisfies F(c) = 0 for any constant function c.

We denote Q the set of all objective Dirichlet forms.

Remark 3 Property (v) is equivalent to
YueL}(Q), VeeR, Fu+c)=Fu). (2.4)

To check this equivalence, it is enough to remark that, when F(u) is finite, the
quantity F(u + ¢) — F(u) — F(c) is linear in ¢ and lower-bounded by — F(u).

Definition 3 We say that F € Q is a diffusion form if there exists o € L®(2, R™)
with a~! € L*®(Q, R™), such that

Joa@ @ (x)*dx ifue H(Q,R),

Fu) = {+oo (2.5)

otherwise.

We denote D the set of all diffusion forms.

Definition 4 A sequence (F,) in Q@ Mosco-converges to F if and only if it satisfies the
following two properties:

i) Lower-bound inequality : For any sequence (u,) converging weakly to some u in
L%(R), the following lower-bound inequality holds :

liminf F,,(u,) > F(u) . (2.6)

ii) Upper-bound inequality : For every u in L?*(R), there exists an approximating
sequence (u,) converging to u strongly in L?(£2) such that

limsup F,(u,) < F(u). (2.7)

n—o0

Definition 5 Let 4 be a subset of Q, we call Mosco-closure of 41 and denote 4 the set
of all possible Mosco-limits of all sequences in .

Our goal is then to characterize D.

Remark 4 As the properties (i), (iii), (iv), (v) and also (ii) in the form Eq. 2.3 easily
pass to the limit, the set Q is closed for the Mosco-convergence: Q = Q. The set Q is
actually a good framework for our problem.

Remark 5 Mosco-convergence in the L?(Q) topology is clearly a stronger notion
than T'-convergence for the strong topology of L?(Q) (refer to [12] for definition
and properties of I'-convergence). Then the Mosco-closure of a set is contained in its
I'-closure, i.e. in the set of all I"-limits of all sequences in 4. However, the previous
closure result remains true even if one uses the I'-convergence in the strong topology
of L?(2) [16]. Therefore our results can be interpreted in terms of I'-convergence for
the strong topology of L?(2).
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Though we will deal essentially with non regular Dirichlet forms, it is not useless
to introduce the set O, of regular Dirichlet forms: let Co(R) (or C}(£2)) denote the set
of continuous (resp. continuously differentiable) functions with compact support in
Q. The form F is said to be regular if there exists a subset of D(F) N Cy(£2) dense in

Co(R2) for the uniform norm and in D(F) for the norm ||u||22(9) + F(u). The Deny-

Beurling formula [4] states that any regular and objective Dirichlet form admits on
CJ(Q) the following representation (in which n is a non negative Radon measure on
@ while y is a symmetric non-negative Radon measure on € x € which does not
concentrate on the diagonal):

F(u) = /Q W/ (x))*n(dx) + /

Qx

Q(u(x) —u(y)?y (dxdy). (2.8)

One refers usually to the first term of this representation as the “diffusion term” or
“local term” and to the second one as the “jump term” or “non-local term”.

The set D of diffusion forms is clearly included in the set of regular forms. This is
not the case for the researched closure D. To illustrate this fact let us consider the
following simple example.

Example 1 Let us consider the sequence of diffusion functionals (F,) in D
defined by

Fow - [fQ @, ()W (0)2dx ifu e H'(Q,R),
+00

otherwise.

where

-1 111
(xn(x): n 1 lfxe(?,i—l—;),
otherwise.
We let the reader check that this sequence Mosco-converges to the functional F € Q
defined by

Fluy — (a—b) ifu=acR aein (0,3), u=beR, ae.in (3,1),
" ]+ otherwise.

In this example D(F) is a subspace of L*() of dimension 2. It is not a dense

subspace. The functional F which belongs to D is definitively not a regular
Dirichlet form.

3 Main Results

3.1 Statement of the Main Results

1

100 () if there is a real number,

Recall that x € Q is called a Lebesgue point of u € L
let us call it &t(x), such that

x+e
lim - / lu(t) — ii(x)|dt = 0. (3.1)

—&
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The Lebesgue points of u are thus points where u does not oscillate too much, in an
average sense. As well known, almost every x € Q is a Lebesgue point of u.

Let us introduce a notion of locality which is suitable for characterizing the closure
of the set of diffusion forms.

Definition 6 For any F € Q, any compact K C € and any open interval / C © we set
F(u, K) := inf{ F(v); v =ua.e. on some open set O D K}, (3.2)
F(u, I) := sup{F(u, K); K compact, K C I}. (3.3)

We say that a form F € Q is local if and only if, for any u € L*(R2), there exists a
Borel measure u,, such that u,(I) = F(u, I), for any open interval I C € and such
that for any open set O C 2 and any Lebesgue point x of u,

mu(0) = uy (O \ {x})

The set of all such forms is denoted L.

The following theorem gives an integral representation for such local forms.

Theorem 1 Let F € L. Then there exists a unique closed subset S of Q and a unique
Radon measure u on Q\ S such that, for every u in the domain of F, the derivative
u' of u in the sense of distributions in Q\ S can be written u' = (‘%)du with % in

L? and
I\ 2
Flu) = / (di> du (3.4)
Q\S du

%
This representation theorem is a key point for the proof of our following main
result.

Theorem 2 The closure D of the set of diffusion functionals coincides with the set
of local Dirichlet forms L.

3.2 Characterization of Local Forms

The following proposition gives a criterion to decide whether a functional F belongs
to £ or not. For each Lebesgue point x of u € L} (), define

Loc
ﬂﬁ = Ltl(().x) + ﬁ(x)l(xﬁl) and EC = th(x)l(o,x) + Ltl(xyl). (35)
Proposition 1 A Dirichlet form F € Q belongs to L if and only if
F(u) = F(u}) + F(,). (3.6)

for every u € L*(Q) and every Lebesgue point x of u.

Proof Let F € L, u € L2(Q) and x be a Lebesgue point of u. The functional v —
uy((s, 1)) is quadratic and objective for every open interval (s, 1) C € which implies

.
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that, if v = ¢ a.e. in (s, ¢) for some constant ¢ then pu,((s, ?)) = 0. Since x is also a
Lebesgue point for z’ and u’, we have

F@) = () = (2 \ 1) = (0, 1)) + pa((x, 1))
= 1 (0, 0) + par (6, 1)) = e (2 \ D) + pg (2\ {x})
= 1z () + pa () = F (@) + F ()

Conversely, assume that F € Q is such that Eq. 3.6 holds. Let u € L*(Q) and x € Q
be a Lebesgue point of u. For each § > 0, there are two Lebesgue points a; € (0, §),
xs € (x — 8, x) of u such that

8 X
li(as)| < é/ lu@®ldr and |a(xs) —u(x)| < é/ |u(r) — a(x)ldr.
0 x—8

This implies that there exist two sequences (a,,), (x,) of Lebesgue points of u such that
(a,) decreases to 0, (x,,) increases to x, lim,, a,, (ﬁ(an))2 = 0 and lim,, |ti(x,,) —i(x)|=0.
Then i, —u, + i(a,) =ua.e.in (a,, x,) and w, —u, + ii(a,) converges to iy with
respect to the L?(€2) norm. Hence

F(u, (0,x)) > liminf F (@, —u, +i(ay)) > F(u) > F (u, (0,x)). (3.7)

In the same way, one can prove that F(u, Q) = F(u) and F(u, (x, 1)) = F(). Then
for every Lebesgue points x < y of u,

F(u, (0,x)) = F (at), Fu, (x,y) = F(ﬁ‘; —ub), Fu,(y,1) = F(@,).  (3.8)

Define the subset S, of Q by
S,y ={xeQ:0<s<x<t<l= F(u,(s, 1) =+00) }. (3.9)

Let I be any connected component of the open set 2\ S, and x; < ... <Xx, be n
Lebesgue points of u in 1. By Eq. 3.8, we have

n—1
Fu, (x1, %)) = Y Fu, (i, Xi41) (3.10)
i=1
Then choose a Lebesgue point x of « in I and consider the non decreasing function
fr from [ to R defined by f;(¢) := F(u, (x,1)) if t > x, fi(t) := —F(u, (t,x)) if t < x.
Thus f;(t) — fi(s) = F(u, (s, 1)) for every Lebesgue points s < ¢ of u.
Let now y € I be any Lebesgue point of u and let us choose two sequences (s;)
and (#,) of Lebesgue points of u such that (s,) increases to y, (t,) decreases to y,
lim,, |ii(s,) — &(y)| = 0 and lim,, |a(t,) — @(y)| = 0. Using Eq. 3.10 we obtain

F(u, (s, y)) + F(u, (y, t1)) = F(u, (s1,5,)) + F(u, (54, t,)) + F(u, (t,, 1)) < +oo.

Since liminf, F(u, (s1,s,)) = F(u, (s1, y)), liminf, F(u, (t,, t,)) > F(u, (y,t)), we
get lim, F(u, (s,, t;)) = 0. Then f; has no jump at any Lebesgue point of u. This
implies that there exists a unique Radon measure p; on [ such that for every
Lebesgue points s < ¢t € I of u, u;((s, 1)) = fi(t) — fi(s) = F(u, (s, t)). Then for every
s < t (Lebesgue points or not) such that [s, 7] C I we have

wi((s,0) = F(u, (s, 1). (3.11)

.
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Define the measure p,, on the o-field of Borel sets B C 2 by

+00 ifBNS, #0

3.12
S, ui(BNI) it BNS, =0 (3-12)

mu(B) = {

where the sum is taken over all the connected components of 2 \ §,.

Now let us check that u,, is suitable. If (s, ) N S, # @ then F(u, (s, t)) = 400 which
implies w, ((s, 1)) = F(u, (s, 1)). If (s,1) N S, = @ then there exists a unique connected
component / of Q \ S, such that (s, #) C I which implies (by Eq. 3.11) that u,((s, 1)) =
F(u, (s, 1)). Then for every (s, f) C 2, we have

pu((8, 1) = F(u, (5, 0).

Let x € Q be a Lebesgue point of u. If x € @\ S, then w, ({x}) = pn;({x}) = 0 where 1
is the connected component of @ \ S, containing x. If x € S, then p, ({x}) = +00 and
1, (O) = +oo for every open set O C Q such thatx € O. Then F € L. O

The next proposition shows that minimization of any F in £ can be achieved by
monotone functions. We do not know if this property characterizes the set L.

Proposition2 If Fe £, u e 1?(Q) and x < y are two Lebesgue points of u then
there exists v € L2(Q) satisfying (i) v = u a.e. in Q \ [x, y), (ii) v is monotone in (x, y),
(iti) v € [(x), i(y)] a.e. in (x, y), (iv) F(v) < F(u).

Proof Without loss of generality, let us assume that i(x) < i(y). By induction,
we construct a sequence of subdivisions ¢": f{j = x < <--- <5, = y with a step
size s, 1= sup; | | — '] tending to zero and an associated sequence of functions
(u,) satistying (a) u, = u a.e. in Q\ [x, y], (b) each ! is a Lebesgue point of u,,
() a(t) < un = a(tf,;) in (¢, 1), (d) Flun) < F(u).

For n =0 we consider the trivial subdivision x < y and the associated func-
tion u, defined by uy =: min (ﬁ(y), max (u ﬁ(x))) in [x, y] and up :=u in Q\ [x, y].
Proposition 1 and Markov property ensure that F(uy) < F(u).

Assume that (6", u,) is suitable. We define o+ by setting t”“ =1 and by
choosing for £} a Lebesgue point of w, in (32! + 17, 1"+ 2 l+1) For such a

2i+1
couple (6", u,) we denote

ontl
ﬁn+l = ulQ\[x,y] + Zﬂn(t?+l)l(ﬂil,ﬂ+l)
1
2’l+1

Uy = ulgyey) + Zﬁn(ff_ﬁl)l(ﬁlwl)
1

» Zn+1
Proposition 1 and Markov property ensure that F(u,4;) < F(u,). On the other

hand, u, and u, are non decreasing in (x, y), u,, 4, belongs to [i(x), #i(y)] a.e. in
(x, y). Moreover

Then we define w4y := min (41, max (u, u,,,,)).
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a.e.in @, and

2

||ﬂ,,+1 Upy ”L‘(Q) =3 ||u,, -

En”Ll(sz)'

Then u, converges to some v € L?(Q) with v monotone in (x, z). Moreover v €
[ti(x), i(y)] a.e.in (x, y),v = u a.e.in Q \ [x, y] and F(v) < liminf, F(u,) < F(u). O

The characterization of £ given by proposition 1 enables us to state the following
lower-semi-continuity result.

Proposition 3 Let F € L and (u,) be a sequence in 12 (Q) strongly converging to some
u. Then liminf, F(u,, (s,t)) > F(u, (s, t)) for every open interval (s, t) C Q.

Proof Without loss of generality, assume that u, converges to u a.e. in Q and
liminf, F(uy,, (s,t) = lim, F(u,, (s,1)) < +oo. Let s’ < ¢ two points in (s, t). Choose
x € (s,8) and y € (¢, ¢) such that x and y are Lebesgue points of u and of every u,
and such that lim,, i, (x) = éi(x) and lim,, &i(y) = @(y). We have

tim (o) — Gy ) = () — @) ey = 0.
Hence
o o —t —t
lim inf F (. (s, 1)) > hmlan((un)y — (w),) = F(@ — ) = Fu. 151D,
The proposition is proved as the previous inequality holds for any [s', #] C (s, ). O
3.3 Proof of the Representation Theorem
3.3.1 Construction of the Set S

Let us introduce the set S where, roughly speaking, the value of F(u) does not
provide any control on the variation of u.

Proposition 4 To any F € O, we associate the set
= {x e Q: F(](x,l)) = 0} (313)

If F e L, ueL*R), let u, be the measure associated to F and u by Definition 6 and
(s, t) an open interval of Q such that p,(s,t) < +o0o. Then

(s, )N S) = 0. (3.14)

Remark 6 Clearly @\ S is an open set. Indeed, if (x,) is a sequence in § converging
to some x € 2, we have lim,, ||1(y,.1y — 1. 1yll2@ = 0. The lower semi-continuity of
F implies F(1(,1)) < liminf, F(1(,.1)) < 0. Thus x belongs to S. Proposition 4 shows
that energy never concentrates on S.

Proof of Proposition 4 Let x € S. For every a, B € R we have

Flaloy +Blen) = (B —a)F(len) =0. (3.15)
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Let x € SN (s, 1). Let (s,) and (#,) be two sequences in (s, ) of Lebesgue points of u
suchthatx — 1 <s, <x <t, <x+ . and

x X+
sl <n [ ol and i <n [ i

n

Jensen’s inequality implies that lim, (x —s,)|i(s,)]> =0 =lim, (4, — x)|at,)|>.
Define u,, := ulo,) + t(sn) L(s, ) + () 1) + Ul 0)-
Since lim, ||u — u,|l72(0) = 0 we deduce from Proposition 3 that

pa (8, O\ {x}) = 1im e (G, 50)) + e ((tns 1)
= lim F(u, (s, sp)) + F(u, (tn, 1))
= lim F(uy, (s, 1))
= Fu, (s, 1) = pu((s, 1)
Since pu,((s, 1)) < +o0o we conclude that
Vxe SN, 0 pu({x) =0. (3.16)

Let S, be the set of these x € S such that SN]x — ¢, x + ¢ [= {x} for some ¢ > 0. Since
S, 1s at most countable, we deduce from Eq. 3.16 that

a((s, ) N S,) = 0. (3.17)

Let & > 0 and consider a subdivision s =%y < ... <,y =1t of (s,?) such that |, —
ti1l < h and ¢y, ..., t, are Lebesgue points of u. Denote [; :=]#;, ¢ [ and let J be
the set of these i € {1, ...,n — 1} such that I; N (S\ S;) # @. If i € J then I; contains
at least two points s} < s? of S. Define v, € L?(Q) by

u(t;) if x € (t,’, Sl!),
v (x) = {¢ if x € s}, s7], (3.18)
U(ti1) ifx € (s tis1),
if x € I; for some i € J, vy (x) := u(x) otherwise. Here ¢; is a real tuned in such a way
that || L udt = / ;, vn(Ddt.
As h tends to zero, the sequence (v,) converges to u in L?*(Q2) then, by

Proposition 3, liminf o F(vs, (s, 1)) > F(u, (s, )). On the other hand, using Eq. 3.15
we have, for any i € J, F(vy, I;) = 0. As, for anyi ¢ J, F(vy, I;) = F(u, I;), we have

(8.0 N (S\'S;)) < Flu, Ip) + F(u, L) + Y F(u, I)
ieJ
S F(u5 (S5 t)) - F(U]’h (S5 t)) + F(u5 IO) + F(Ll, In)
Passing to the limsup as 4 tends to zero, we get

pu((s, 0N (S\ Sy)) <0. (3.19)

Proof of Proposition 4 is completed recalling Eq. 3.17. O



Closure of the set of one dimensional diffusion functionals 345

3.3.2 Construction of the Measure 1

Proposition 5 Lets < tin Q. Let A(s, t) be the set of these u € L*(Q2) such that u < 0
ae.inQN0,s)andu > 1ae in QN (t, 1). Foreach F in Q, define

m(s, t) ;= inf{F(u) : u € A(s,1)}. (3.20)

If F € L then there exists a unique Radon measure i on Q\ S such that

u(ls, 1) =

1
m(s, t)

for every closed interval [s,t] C Q\ S.

We need to state several properties for m(s, f) before proving Proposition 5.

Lemmal Let F € L. Then

) S:=xeQ:Vs5,teQ@s<x<t=— m(st)=0)}.
il) Letx € , for every sequences (s,) in (0, x) and (t,) in (x, 1) converging to x,

limm(s,, t,) = m(x, x).
i) If[s, 1] C Q\ Sthen m(s,t) > 0.

Proof Point (i) is obvious. For each integer n, owing to the properties of Dirichlet
forms, there exists a minimizer u,, € A(s,, t,) such that u,, =0 a.e. in (0, s,,), u,, = 1
a.e.in (¢, 1). and F(u,) = m(sy, t,,). Since lim,, ||u, — 1(x,1)llL2() = O we have

m(x, x) > limsup, m(s,, t,) > liminf, m(s,, t,)
> liminf, F(u,) > F(14,1y) = m(x, x).

Assume that [s, t] C 2\ S and m(s, t) = 0. By Proposition 2 there is a non decreasing
u € A(s, t) such that F(u) = 0. Owing to (i), for each x € [s, t] there exist Lebesgue
points of u such that s’ < x < ¢ et m(s', ') > 0. Since F(u) > (a(’') — ﬁ(s’))zm(s’, ),
u(t) = u(s'). Since u is non decreasing, u is constant in a neighborhood of [s, #] which
contradicts u € A(s, t). O

Lemma 2 Let Fe L and I be a connected component of Q\S. If s<s' <t <tel then

1 1 1
> + .
m(s,t) — m(s,s’) m(t,t)

(3.21)

Proof There exist u € A(s,s’) and v € A(t,t') satisfying : u =0 a.e. in (0,5), v=0
a.e.in(0,¢),u=1lae.in(s,1),v=1ae.in(t 1), F(u) = m(s,s") and F(v) = m(t, ).
Any x € (s', 1) is a Lebesgue point of the function w € A(s, t) defined by

w,_( F(v) >u+( F(u) )v
"\ Fu) + F(v) Fuw+ FQu) /)
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Then m(s, f) < F(w) and by Proposition 1,
FwFw)  m(, sm(t', 1)
Fu)+ F(v)  m(s,s) +m(,t)’
which leads to Eq. 3.21. O

Fuw) = F () + F () =

Lemma 3 If F € L then the set {x € Q\ S : m(x, x) < 400} is at most countable.

Proof Let I be a connected component of Q \ S, n be a positive integer and s < ¢ in
I.1f xy, .., x,, are p elements of the set {x € [s, ] : m(x, x) < n} then Lemma 2 give us
the estimate

p
n
< .
- ; m(xi, x;) ~ m(s, 1))
Thus {x € [s, {] : m(x, x) < n} is a finite set. O

Lemmad4 Let F € L and I be a connected component of Q\ S. Then

i) foreverys <tin I, there exists a Lebesgue measurable set If; , C (s, t) such that
[(s, 0)\ I(S ol =0, m(x, x) = +o0 for every x € I 5 and

L _ ! + ! + S ! (3.22)
m(s,0)  om(s,x1) - m@ ) o mx, X '
for every x| < ... < x, belonging to I, .
il) there exists a Lebesgue measurable set I* C I such that |I\ I*| =0, m(x, x) =
+o0 for every x € I and

n—1

(3.23)

m(xl , xn) m(xu Xit1)

i=1

for every x| < ... < x,, belonging to I*.

Proof Lets <tin I and w € A(s, t) be such that F(w) = m(s, t). Define
I(*S,,) = {x e (s, 1) : m(x, x) = 400, x is a Lebesgue point of w}.

By Lemma 3 |(s, ) \ I )| = 0. Letxi, ..., x, € I{; , be such that x; < ... < x,. Denote

X0 =S, Xpy1 =1, m; = m(x;_y, x;) if 1 <i<n+1, a; :=w(x1), Ay :— 1 —w(x,)
and «; := w(x;) — w(x;_),if 2 < i < n. Using Proposition 1, identity Zl , @ =1land
Cauchy-Schwarz inequality, we obtain

n+l1 n+1 -1
1
F(w) = F (i, +§:F x,])zE:(aifle(Zm) |
i=1 i=1
which leads to

1 n+l 1

Z - (3.24)
m(s,t) ~ m(xi_1, x;)
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For each i € {1, ..., n}, there is w; € A(x;_1, x;) such that F(w;) = m(x,_;, x;). Let
(x”) be a sequence of Lebesgue points of w; increasing to x;. By Proposition 1
we have

i1 x) = F(wpgn) + F((w)

(@ () m it ") + (1= i(x”)) (" x1)
m(x, X V’))m( 2 Xz)

= m(Xz X (p))+m( (p) x»)'

Using Lemma 2 we obtain

v

n+1 1 1 n 1

= +
Zm(xi_l,xi) M(Xn, Xpt1) ;m(xi_l,xi)

i=1
@p) +Z (p) )

n

1 +Z

<
m(Xy, Xnt1) i1 m(xl 1, X

1 - 1
= m(s, t) + Z ( () Xi)

_1 mix

Using Lemma 1 and passing to the limit as p tends to oo in the above inequality,
we obtain

n+1

: Z _ (3.25)
m(s, t) — m(xi—1, X;)

which together with Eq. 3.24 leads to Eq. 3.22.
Since we also have

1 1 1 1
m(s, x1) * m(xy, X,) * m(x,, 1) m(s,t)

we obtain Eq. 3.23. The proof of Lemma 4 is completed by using sequences (s4), (¢;)
such that (s;) decreases, (#;) increases, I:=Uq(sq, ty) and defining [* :=ﬂq ITS(,J(,)'
]

Proof of Proposition 5 Let I be any connected component of the open set 2 \ S and
I* be a Lebesgue measurable set as in point (ii) of Lemma 4. Choose x € I* and
define f; from I to R by

mx, )~ ift> x,
fi®): =40 if t = x,
—m(, x)"" ift<x.

Clearly f; is non decreasing, then there exists a unique Radon measure p; on I such
that f;(t7) — fi(s7) = us([s, t]) for every s < ¢ in I. By Lemma 1, f; has no jump
at any point of I* then Lemma 4 implies that w;([s, {]) = m(s, £)~! if s, ¢ in I*. Let
x € I and choose two sequences (s,) and (f,) in I* such that (s,) increases to x, (t,)
decreases to x. By Lemma 1

pr((xh) = lim ey ([sn, ta) = limmsy, )~ = m(x, )7
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Lets < zin [ and [{; , be a Lebesgue measurable set as in part (i) of Lemma 4. Choose
two sequences (s,) and (¢,) in I;*m N I* such that (s,,) decreases to s, (t,) increases to
tands, < t,. We have

m(s, l‘)f1 = lim m(s, s,,)f1 + m(s,, tn)*1 + m(t,, t)fl
= limm(s, $2) " A w1 ([Sn, ta]) + mlty, 7
=m(s, )" + (s, 1) + m(t, 0"
= pr({sh + (s, 1) + (e}
= pr([s, 1])

In order to complete the proof of Proposition 5, we define the measure u on the
o-field of Borel sets B C 2\ S by

W(B) =) (BN D).
1
where the sum is taken over all the connected components of 2 \ S. O

3.3.3 Proof of Theorem 1

Lemma5 Let F e L, u € L*(Q) and (s, t) be an open interval of Q. If F(u, (s, t)) <
400 then u € BV@OC((S, H\ S) and there exists f € Li((s, 0\ S) such that

/ w0 (D)dx = — f pfdu
Q\S Q\S
forevery ¢ € CX((s, )\ S).

Proof Let I be a connected component of Q \ S and 4 > 0 be such that [x — &, x +
h] C (s, 1) \ S for every x belonging to the compact support of . There are xy < x; <
.. < Xpe1in I N (s, ¢) such that h = x;; — x; and (xg, x,,41) D I Nsupporty. Denoting
U =h! f;ﬁl u(f)dt we have

n+1

/w’(x)u(x)dx =e()+ ) (px) — 9xi)) U

Y i=1

=eh) — Y 9x)Uii — Ui) = Y 9(x)Uis1 — U) (3.26)

i even i odd

For each even i € [1, n] choose #; € (x;_1, x;) and #;1; € (x;, x;+1) Which are Lebesgue
points of u, u({t;}) = n({tix1}) = 0 and (@(f41) — l:t([i))2 > (Uip1 — Ui)z. For each odd
i € [1,n] choose s; € (xj_1, x;) and s;4; € (X;, xi+1) which are Lebesgue points of u,

.
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pw({si) = n({sir1}) = 0 and (G(siy1) — L“t(si))2 > (Uipr — U,~)2. Using Cauchy-Schwarz
inequality we obtain

2
( Z Px) (Uit — Ui)) < Z @) (1 tigr 1)
3 (@) — @) m, t).

i even

then

2
( > 9t — Ui)) < Fu, (5,0) Y o)’ u(1t, tiga ).
i even i even
Similar estimate holds for odd i. Then passing to the limit in Eq. 3.26 as & | 0
leads to
2

‘/w (Mu(x)dx| = 2Fu, (s, 1)) ||<p||Lz(,),

which is enough to complete the proof. O

Lemma 6 Let F e L, u € L*(Q) and (s, t) be an open interval of Q. If F(u, (s, t)) <

+o0 then
du'\?
Fu, (5,1)) > / (l> du
(5,H\S du

where Z—Z denotes the derivative of u' in the sense of Radon-Nikodym in (s, t) \ S.

Proof By Lemma 5, u € BVy,.((s,1) \ S). Let [x, y] C (s,¢) \ S such that u({x}) =
n({y}) = 0. This implies that x and y are Lebesgue points of u. Then we have

() — i(x) = / du
(xy) dp

Let I be a connected component of 2\ S, ¢ € CF((s,H)\ S) and xp < x; < ... <
x, such that I Nsupport(e) C [xg, x,] C IN(s, 1), and pu({x;}) = 0. Denoting h =
max;{x; — x;_1} and choosing points s; € (x;—1, x;) we have

—du =e(h) + Z(p(s, ) (@ (x;) — @(xi)).

(Xi—1,X) i=1

Using Cauchy—Schwarz 1nequa11ty we obtain

du’ SR s
(/;SDdM ) < ;QD(&‘) m(lxi1. xi 1)

x Y (@) — i(xi-1) m (i1, x)

i=1

< Fu, (s.0) > _(p(s))* ([ xi1. x:1).

i=1
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Then passing to the limit as / tends to 0 leads to

*du

< Fu, 5. 0)lelg -
which is enough to complete the proof. O

Lemma7 Let F e L, u € L>(Q) and (s, t) be an open interval of Q. If F(u, (s, t)) <

400 then
du'\*
(5,)\S du

where denotes the derivative of u' in the sense of Radon-Nikodym in (s, t) \ S.

Proof Let I be a connected component of 2\ S and [x, y] € I N (s, ) with u({x}) =
nw({y}) =0. Let x:=xp <..<x,:=y in IN(s1t) be such that pu({x;}) =0 and
denote & := max{x; — x;_;}. By Lemma 5, x; is a Lebesgue point of u. By Proposition
2, there exists u; such that (i) u; is monotone in (0, 1), (ii) u; = @i(x;_;) a.e. in (0, x;_1),
(i) u; = w1(x;) a.e. in (x;, 1) and (iv) F(u) = (@(x;) — ﬁ(xi_l))zm(xi_l, x;). By Jensen

inequality we have
du'\*
Flu) < / (l> du. (3.27)
(Xi-1,X;) d'u

Let u, € L>(Q) be such that wu,:=u ae. in )\ [xy,x,] and uy,:=u; ae in
(xi—1, x;). Since u € BV[x, y] we have limy, o lu — up |12y = 0. Then we deduce from
Proposition 3 and Eq. 3.27 that

pu((x, y)) = F(u, (x,y)) < li%%an(um (x, )

< hmlnfz F(up, [xi_1, xi])

i=1

n
< “%g‘fz F(ui, [xi-1, xi])
i1

< hm 1nf2 F(u;)
i=1

du’ )2
< dp
/(x,y) < du

Using Proposition 4, the above inequality and Lemma 6 we conclude that

I\ 2
(d” ) du < F(u, (s, 1)). 0

F(u, (s,0) < pu((s,0) < pu((s, 0\ S) < / J
"

(s,0)\S

Proof of existence of (S, ) in Theorem 1 is complete. Uniqueness is ensured by
the fact that, when F is a functional represented as in Eq. 3.4, then § has to satisfy
Eq. 3.13 and u has to satisfy the condition of Proposition 5.

.
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3.4 Proof of the Closure Result
3.4.1 Locality is a Closed Notion

Proposition 6 The set L is closed.

Proof Let (F,) be a sequence in £ and F € Q. Assume that, for any sequence
(u,) converging strongly in L*(Q) to some u, liminf, F,(u,) > F(u). Assume also
that for any u € L*(Q) there exists (u,) converging strongly to u and such that
limsup,, F,,(u,) < F(u).

Let u € L2(Q) and x be a Lebesgue point of u. There exists a sequence (i)
in L?>(Q) such that lim, Ju — uplli2 =0, lim, F,(u,) = F(u) and such that (u,)
converges to u almost everywhere in Q. Choose two sequences (s,) and (¢,) in €,
such that (s,) increases to x, (z,) decreases to x, s, and ¢, are Lebesgue points of
1 and of all u, and such that lim,, i, (s,) = i(s,), lim, i1, (¢,) = i(t,) and lim, ii(s,) =
lim, @i(t,) = ii(x). As F, belongs to £, we have by Proposition 1

Fotu) = Fy(Gny, ) + By, = Gy ) + Fu (G, ).

. —

The choice we made for the sequences (s,) and (¢,) ensures that (u,,)sp converges
— e —t —t

strongly to (u),,, as n tends to infinity and that (u), converges strongly to (u),, as p

tends to infinity. The same holds for (u,l);. Then
F) > liminf (nm inf F,,((u,,)f ) + liminf F, ((un)f ))
V4 n °p n 14
> lim inf Fag) + lim inf F(a)
> F(uy) + F(u}).

On the other hand, there exist (v,) and (w,) such that lim, Wﬁ — V2 =0,

lim, F,,(v,) = F (ﬁi) and (v,) converges to ﬁfc almost everywhere in €, lim, ||, —

Wy ll12@) =0, lim, F,(w,)=F@) and (w,) converges to i, almost everywhere in .

Choose two sequences (s,) and (¢,) such that (s,) increases to x, (¢,) decreases to
x, all s, and ¢, are Lebesgue points of u, v, and wy, lim, v, (sp) = i(sp), lim, W, (t,) =
ii(tp) and lim,, ii(s,) = lim, ii(t,) = ti(x). We have

F(@) + F(@,) =lim (Fan) + Fawy))

= liminf (liminf (7, (@), ) ) + F, (o), )

P n

> 1iminf<1iminf F, (m“ + ), ))
P n Sp P
> lim inf Fag, +1 )

> F(ul +u})

> F(u).

Proposition 1 then implies that F € L. O
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Remark 7 In fact we have proved a stronger result, namely: the set £ is closed for
the T-convergence in the strong topology of L?(2).

3.4.2 Proof of the Density Result

Let F be a diffusion form as defined in Eq. 2.5. It is easy to check that u € H'(Q)
if and only if #} € H'(Q) and @, € H'(R2). We then deduce from Proposition 1 that
F € L. In this particular case, the set S and the measure x which, owing to Theorem
1, represent F are respectively the empty set and u(dx) = a~!(x) dx. Hence D is a
subset of L.

Proposition 7 Let F € L. Then there exists a sequence of diffusion forms (F,) which
Mosco-converges to F.

Proof Let (S, ) associated to F by Theorem 1. For any integer n and any i €
{1,...,n}, let us denote I the interval I} := (%, o), st = 2’2;1 its center, A} the
function defined on (0, 1) by

n(x—st ) ifs?, <x <st,

n

hl(x) == {n(s? | —x) ifs} <x <si,,

i+1
0 otherwise,

and o the quantity defined by

n’ otherwise.

1 {n—l +n [y ghide 52 HE C @\ S
o

n
13
Denoting a, the piecewise constant function o, := Y ., a1 , we define F,, € D by

Jo () andx ifue H'(Q),
+o0 otherwise.

F,(u) .= {

Now let us prove that the sequence (F,) Mosco converges to F. For any ¢ €
C°(2\ S) and for n large enough, we have

p) 1 )
/szan(x)dx “n /Q\S‘p(x)dH Z/Q<" /1; w(t)dt>h,~ (0 p(dx).

Hence

lim / 90 4y = f 00 (dx). (3.28)
noJo Q\S

o (x)

Let (u,) be a sequence converging to u with respect to the weak topology of L?(2)
and such that liminf, F,,(1,) = M < +oc0. By Cauchy-Schwarz inequality, we have,
forany ¢ € C*(Q\ S),

2

2
=< Fn(un)/ ((p(X)) dx
o op(x)

/ un (X)¢' (x)dx
Q
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Then, passing to the limit as n tends to infinity and using Eq. 3.28, we obtain

2
‘/ u(x)¢’' (x)dx
Q

<M / (p(0)’ ().
Q\S

By Theorem 1, we deduce

du'\?
Fw) =/ (d ) du < M,
Q\s\au

which proves the lower-bound inequality.

Letu € L2(Q) be such that F(u) < +oo.Foranyi € {1, ..., n},let us denote m} =
nf & u(f) dr. We have, when [=2, 1],

i i

S du! du’
= h —dp = f hy du
/A du Q\S du

Using Cauchy-Schwarz inequality, we obtain

(i — mil) (f h”du> (/ (CZM)sz). (329)

Let u,, be the continuous function on [0, 1] which is affine on each /' and satisfies
un(0) =my, u,(1) =m!_, and u,(t) =m} for 1 <i<n—1. We have lim, [lu —
Ul 2@ = 0. Using Eq. 3.29, Theorem 1 and Jensen inequality, we obtain

s 1 s [+, d /
mi —m} =n/ (u(t—i-f)—u(t)) dt=n/ / —udu dt
sty n sty t d/'L

n—1

F,(u,) = Znan(si)(m? - m?fl)z

=2

<Z/

Q\S

n—1
( ) du+ — Z(M? —mi))’
i=2
4 2
< F(u) + f/ (u(x))” dx
nJo
The upper-bound inequality is obtained by passing to the limit. O

Proof of Theorem 2 is concluded by collecting the closure result of Proposition 7
and the density result of Proposition 7.

4 About Locality

Owing to Deny-Beurling formula, it is quite clear what a local regular Dirichlet form
is: in the representation formula Eq. 2.8 the measure y should vanish.

In this section we discuss the extension of this notion of locality to non regular
forms. Different criterions have been proposed in the literature which all coincide

.
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when applied to regular forms. We compare these different notions and we prove
that none of them are preserved when passing to the limit with respect to Mosco or
I'-convergence.

Definition 7

i) We denote V the set of all forms F € Q which satisfy: for any ¢ and ¢ in C°(R)
with disjoint supports and any u € D(F),

F(pou+you) = F(pou)+ F( ou). 4.1)

ii) We denote S the set of all forms F € Q which satisfy: for any # and v in L?(Q)
with disjoint supports,

F(u+v) = F(u) + F(v). (42)

iiil) We denote M the set of all forms F' € Q which satisfy: there exists a mapping
w which associates to any u € L?(Q2) a Borel measure p,, such that

F(u) = 1y (R2) and p,(B) = o (B) (4.3)

whenever u and v coincide on an open set O containing the Borel set B.

iv) We denote R the set of all forms F € Q which satisfy: there exists a mapping p
which associates to any u € L2(£2) a Borel measure y,, such that, for every open
interval I C Q,

pu(d) = F(u, I) (44)
where F(u, I) is defined by Eqgs. 3.2-3.3.

Definition (i) can be found in [5] while definition (ii) can be found in [1] or [13].
There are closely related : indeed any u defines a new quadratic and Markovian
form ¢ > F(¢ o u). Definition (i) means that these new forms satisfy definition (ii).
Roughly speaking, definition (ii) forbids interactions between distant zones: indeed
as the supports of u and v are closed, assuming that there are disjoint means that
their distance is positive.

Definitions (iii) or (iv) like our Definition 6 associate to any function u € L*(R)
an energy density (a measure) u,. Note that this measure is not necessarily finite on
compact sets. Definition (iii) simply asks that the measure u, depends in a “local
way” on u. The mapping u corresponds to the functional introduced a priori in
definition 15.21 of [12] and the property, u,(B) = ,(B) whenever u and v coincide
on an open set O C B, is precisely the characterization of locality given in [12].
Definition (iv) is more precise: it asks u, to coincide on every open interval / to
the relaxed energy on I. In our definition 6 we ask, in addition, that p, does not
concentrate on the Lebesgue points of u.

The relations between these different notions of locality are made precise by the
following proposition.

Proposition 8
i) We have the following strict inclusions
DCLCRCMCS and DCVCS.

ii) R, M,V and S are not closed with respect to the Mosco convergence.

.
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All inclusions in point (i) are almost direct consequences of definitions. To check
that these inclusions are strict and to prove (ii) it is enough to consider suitable
examples.

In Example 1 we exhibited a functional F which is the limit of a sequence of
functionals in D. It belongs to £ = D. We let the reader check that it does not belong
to V. This example proves that £ is not included in V and that V is not closed.

The theory, established in the case of functionals G with dense domain [5], states
the existence of a measure o* satisfying G(¢ o u) = fR @' (1) a¥(dt) for every ¢ €
Cl(R). Here it cannot be applied to F (the domain of F is not dense in L?(Q)!).
Moreover, one can directly check that F cannot be represented in this way.

Proving the other assertions needs more sophisticated examples. To construct
these examples we need the following lemma

Lemma 8 Let n € N and let {o;}1<i<, be a family of positive reals with ) i o; = 1.
Then there exists a partition { A;}1<i<, of [0, 1] made by Borel sets A; satisfying | A;| =
a; and |A; N 1| > 0 for every i and every non empty open interval I C [0, 1].

For lack of space, we skip the proof of this lemma which is obtained by an in-
duction argument. When n = 2 a construction analogous to the classical construction
of Cantor set is used. In the following we refer to partitions satisfying Lemma 8 as
essential partitions.

Example 2 Let A C Q and G 4 be the functional defined by

0 ifu=al b1 fi b R
GA(u):< Hu=aly+0lgalorsomea,b €Nk,

+o00 otherwise.

We let the reader check that, when { A, 2\ A} is an essential partition, the functional
G 4 belongs to R\ L.

Example 3 Let {A,, 2\ A,} be a sequence of essential partitions satisfying |A,| =
(n + 1)~!. Let us define

1 11 2 1
Byi=-AU[-+-4,)u(Z+-4 45
370! (3+3 ) <3+3 1) (45)
and
1 2 1
Bo:=-AU(Z+-A 4.6
A (5+3a) (+6)

Note that {B,, 2\ B,} is still an essential partition while it is not the case for
{Bso, 2\ Bx}. We let the reader check that i) the sequence of functionals G g, Mosco
converges to Gp_ ii) the limit functional Gp_ does not belong to S. This example
proves that neither R, nor M, nor S are closed.

Example 4 Let {A, Q\ A} be an essential partition. Define F by

F(u) := /Q (@GN + /N + (v(x) = w(@)?) d, (4.7)
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ifu=vly+wlg 4 ae. in Q, for some v, w in H'(Q) and F(u) := +oo otherwise.
We let the reader check that F belongs to M \ R.

Example 5 Let us consider an essential partition {A;, A,, A3} and the functional F
defined by

f (ur(x) — uz(y))2 dxdy, fu=uila, +ula, +usly,,
0,Hx(3.D

u € R, u, e L2(Q), uz € R,

F(u) .=
(@) and (1) < up <uzoruz < uy; < uy),

+00, otherwise.

We let the reader check that F belongs to S \ M.
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