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Abstract

In this paper, we study darning of general symmetric Markov processes by shorting some
parts of the state space into singletons. A natural way to construct such processes is via Dirichlet
forms restricted to the function spaces whose members take constant values on these collapsing
parts. They include as a special case Brownian motion with darning, which has been studied in
details in [1, 2, 5]. When the initial processes have discontinuous sample paths, the processes
constructed in this paper are the genuine extensions of those studied in Chen and Fukushima
[2]. We further show that, up to a time change, these Markov processes with darning can
be approximated in the finite dimensional sense by introducing additional jumps with large
intensity among these compact sets to be collapsed into singletons. For diffusion processes, it is
also possible to get, up to a time change, diffusions with darning by increasing the conductance
on these compact sets to infinity. To accomplish these, we give a version of the semigroup
characterization of Mosco convergence to closed symmetric forms whose domain of definition
may not be dense in the L2-space. The latter is of independent interest and potentially useful to
study convergence of Markov processes having different state spaces. Indeed, we show in Section
5 of this paper that Brownian motion in a plane with a very thin flag pole can be approximated
by Brownian motion in the plane with a vertical cylinder whose horizontal motion on the cylinder
is a circular Brownian motion moving at fast speed.
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1 Introduction

K. Tto [18] introduced the notion of Poisson point process of excursions around one point a in the
state space of a standard Markov process X. He was motivated by giving a systematic construction
of Markovian extensions of the absorbing diffusion process X° on the half line (0, 00) subject to
Feller’s general boundary conditions [19]. Ito had constructed the most general jump-in process
from the exit boundary 0 by using Poisson point process of excursions. Recent study [14, 6, 2]
reveals that Ito’s program works equally well in the study of Markov processes transformed by
collapsing certain compact subsets of the state space into singletons. These processes are called
Markov processes with darning in [2]. (When the underlying process is a Markov chain on a discrete



state space, such a procedure of collapsing subsets of state space is also called shorting in some
literature.) However, in order to use excursion theory, it is assumed in [14, 6, 2] that the original
Markov process enters these compact subsets in a continuous way. This condition is automatically
satisfied for diffusion processes but not for general symmetric Markov processes that may have
discontinuous trajectories.

The purpose of this paper is two-folds. First, we extend the notion and construction of Markov
processes with darning to any symmetric Markov process, without assuming that the processes
enter the compact subsets to be collapsed in a continuous way. In this generality, we can no longer
use Poisson point process of excursions for the construction. We will use instead a Dirichlet form
approach, which turns out to be quite effective. The second goal is to investigate approximation
schemes for general Markov processes with darning by more concrete processes, which can be used
for simulation. For this, we present a version of Mosco convergence of closed symmetric forms
whose domain may not be dense in the underlying L?-space. This is because due to the collapsing
of the compact holes, the domain of the Dirichlet form for the Markov process with darning is not
dense in the L?-space on the original state space. We now describe the content of this paper in
some details. For basic definitions and properties of symmetric Dirichlet forms, we refer the reader
to [2, 13].

Let E be a locally compact separable metric space and m a Radon measure on F with full
support. Suppose (£, F) is a regular Dirichlet form on L?(E;m) in the sense that C.(E) N F is
dense both in C.(E) with respect to the uniform norm in F and with respect to the Hilbert norm

&1 (u,u) = \/E(u, u) + (u, u)2(g;m)- Here and in the sequel, we use := as a way of definition and
C.(FE) is the space of continuous functions on E with compact support. Every f in F admits an
&-quasi-continuous m-version, which is unique up to an £-polar set. We always take such a quasi-
continuous version for functions in F. There is an m-symmetric Hunt process X on E associated
with (£, F), which is unique up to an E-polar set. It is known that for any regular Dirichlet form
(€,F) on L?*(E;m) it admits the following unique Beurling-Deny decomposition (see [2, 13]):

1

£ u) = E(u,u) + /EXE(u(:c) ()2 (dz, dy) + /Eu(m)%(d:ﬁ), weF

where £€ is a symmetric non-negative definite bilinear form on F that satisfies strong local property,
where J(dx,dy) is a o-finite measure on E x E'\ diagonal, and & is a o-finite smooth measure on
E. The measures J(dz,dy) and k(dz) are called the jumping measure and killing measure of the
process X (or equivalently, of the Dirichlet form (&, F)). Indeed, if we use (N (z, dy), Ht) to denote
a Lévy system of X, where N(z,dy) is a kernel on Ey := EU{0} and ¢t — H, is a positive continuous
additive functional (PCAF) of X, then

J(dz,dy) = N(z,dy)pm(dx) and k(dz) = N(x,{0})pm(dx).

Here ppr is the Revuz measure of the PCAF H and 0 is the cemetery point for X added to F as a
one-point compactification.

Let ' = U;VZIKJ' be the union of N disjoint compact subsets K of positive £-capacity. Set D :=
E\ F. In this paper, we will construct a new Markov process X* from X by darning (or shorting)
each hole K into a single point a;‘f. This new process has state space E* := DU {af,--- ,a}} and
is m*-symmetric, where m* := m on D and m*(E* \ D) := 0. Moreover, the jumping measure J*



and the killing measure k* of X* on E* should have the properties inherited from J and x without
incurring additional jumps or killings; that is,

J'=Jon DxD, J'({a;},dy) = J(Ki,dy) on D, J*({a;},{a}}) = J(K;, Kj) for i # j, (1.1)

k*=k onD and k*({aj})=r(K;)for 1 <j<N. (1.2)

We will show that such X* always exists and is unique in law. This process X™* coincides with the
Markov process with darning introduced in [2] under the assumption that X enters each Kj in a
continuous way, that is, X;,— € F on {7p < (}; see [2, Theorem 7.7.3]. Here ( is the lifetime of
X and 7p :=inf{t > 0: X; ¢ D} is the first exit time from D by the process X. Thus we will call
X* the Markov process obtained from X by darning (or shorting) each K into a singleton a;, or
simply, Markov process with darning. Note that as a consequence of the m*-symmetry assumption,
X* spends zero Lebesgue amount of time on E*\ D = {a},--- ,a}}.

The (new) Markov process with darning X* will be constructed from X via Dirichlet form
method. Since in applications, £(u, u) can be interpreted as energy of a potential u € F, intuitively
speaking, restricting £ to those v € F that are constant £-q.e. on each K; exactly represents
shorting each K; into a single point a}f. Our Theorem 3.3 of this paper shows that, after a suitable
identification, this approach indeed works in great generality, without any additional assumptions.
We will further show in Theorem 3.4 that it is unique in distribution. When X is a Brownian
motion in R™ and F' = K is a compact set, the above Dirichlet form method of constructing X*
was carried out in [1, 5] and we call X* Brownian motion with darning (BMD). When E is the
exterior of the unit disk in R?, F = 9F and X is the reflecting Brownian motion on E, BMD X*
has the same law as the excursion reflected Brownian motion appeared in [24] in connection with
the study of SLF in multiply connected planar domains. Planar BMD enjoys conformal invariance
property, see [2]. In [5, 3, 4], BMD has been used to study chordal Komatu-Loewner equation and
stochastic Komatu-Loewner equation in standard slit domains in upper half space.

The second goal of this paper is to present approximation schemes for general symmetric Markov
processes with darning X* in the finite dimensional sense, which can also be used to simulate the
darning processes. We note that the construction of X* either by Dirichlet form method as in this
paper or by Poisson point process of excursions when the process X enters the holes in a continuous
way as in [2, 6, 14] does not provide a practical way to simulate X*. Our approach of this paper is
to introduce additional jumps among each K; with large intensity. Intuitively, when the jumping
intensity for these additional jumps increases to infinity, the new process can no longer distinguish
points among each K, which would result in shorting (or darning) each K into a single point aj.
To be precise, for each j, let ;1; be a probability smooth measure whose quasi-support is K; and
having bounded 1-potential G p; (that is, there is a bounded function h € F, denoted as G1pj and
is called the 1-potential of i, so that & (h,v) = [ v(z)u;(dx) for every v € F). Since the compact
set K is of positive £;-capacity, such a probability smooth measure always exists; see [2, 13]. For
each )\ > 0, consider the following Dirichlet form (€™, F) on L?(E;m):

N
EN(u,v) = E(u,0) +AY /K - (u(z) = u(y))(v(x) = v(y))p;(de)p;(dy) (1.3)

J=1

for u,v € F. It is easy to see that (€™, F) is a regular Dirichlet form on L?(E;m) and thus by [13],
there is a m-symmetric Hunt process XM associated with it. The process X is the superposition



of X with jumps among points within each K;. The process X (M) can also be obtained from X
by the following piecing together procedure. Let X be the subprocess obtained from X through
killing via measure )\Z;‘Vﬂ . More precisely, let A% be positive continuous additive functional
(PCAF in abbreviation) of X with Revuz measure ;. Then the law of X° is determined by the
following: for every positive function f on F,

Eo [f(X0)] =E. [e P25 4 1(Xy)] .

Denote by ¢° the lifetime of X°. For each starting point € E, X can be obtained from X°
through the following redistribution and patching procedure. Run a copy of X starting from x
and set Xt(’\) = X? for t € [0,T}), where Ty = (¥ is the lifetime of X© starting from z. If ({ = oo
or X%‘l = 0, then we define Xt()‘) = 0 for t > T;. Otherwise, X%l € F, say X%l € Kj,. Select
x9 € K, according to the probability distribution p;, and define X%‘l = x3. Run an independent
copy of X? starting from x9, whose lifetime is denoted as (3. Define X%\)th = X} for t € [0,¢9) and
set Ty = TI—I—CS. If Ty = oo or X;;\)_ = 0, then we define Xt()‘) = 0dfort > Ty. Otherwise, X};\)_ eF,

say Xrg‘)_ € Kj,. Let x3 € K}, according to the probability distribution p;, and define X:(,,;\) = x3,

and so on. The above described patching together procedure is a particular case discussed in [17].
The resulting process is a Hunt process on E. It is easy to verify that the Dirichlet form associated
with XM is (EX) F).

When the intensity A — oo, process X behaves like X outside F' but can not distinguish
points in each K;. In other words, in the limit, each Kj is collapsed into a single point a;f. So if
the limit exists, the limiting process should be Markov process with darning of X but up to a time
change. This is because m is a symmetrizing measure for each XM so under stationarity, each
X®) spends time in F at a rate proportional to m(F). Let Y be the Hunt process on E* obtained
from X* through a time change via Revuz measure p = m|p + Eévzl m(Kj)(S{a;}. That is, Y is a
sticky Markov process with darning, which spends m(K;)-proportional Lebesgue amount of time
at a}'f over time duration. We show in this paper that as A — co, X converges to Y in the finite
dimensional sense; see Theorem 4.3 below for a precise statement.

When X is a diffusion process on E and each compact set K is connected, it is possible to get
the diffusion with darning X* on E*, up to a time change, by increasing the conductance on each
K to infinity. This is illustrated by Theorem 4.4.

An effective way of establishing finite dimensional convergence for symmetric Markov processes
is the Mosco convergence of Dirichlet forms [26]. However, the state space E* of X* is different
from that of XM — there is a sudden collapsing of the state space right at the limit A = oco.
This is in stark contrast with cases considered in [7, 21, 26], where the weak converges and Mosco
convergence are studied for processes and for Dirichlet forms on different state spaces. In these
papers, the state spaces are changing in a continuous way as n — oo. From the Dirichlet form
point of view, the domain F* of the Dirichlet form (£*, F*) associated with our X*, viewed as a
subspace of L?(E;m), is exactly those in F that are constant quasi-everywhere on each K;. So
it may not be dense in L?(E;m) in general while the domain of the Dirichlet form for X is F
for every A > 0. Thus the existing theory of Mosco convergence [26, 21, 7] can not be applied
directly. In Section 2 of this paper, we extend the characterization of L?-convergence of semigroups
for Mosco convergence to closed symmetric forms whose domains may not be dense in L?-space;
see Theorem 2.3 and the remarks proceeding it on its connection to [16, Theorem 3.5] and [23,



Theorem 2.1]. This result may be of independent interest. The approximation schemes mentioned
above for Markov processes with darning are established by applying Theorem 2.3.

The idea and approach of this paper can also be used to study approximation for other darning
related processes. In Section 5, we illustrate how to use the ideas of this paper to approximate
Brownian motion in a plane with a very thin flag pole studied recently in [10] by Brownian motion
in the plane with a vertical cylinder whose horizontal motion on the cylinder is a circular Brownian
motion moving at fast speed.

2 Mosco convergence of general closed symmetric forms

One way to establish the finite dimensional convergence is via Mosco convergence [26]. However,
the characterization of convergence of symmetric semigroups in [26] is formulated only for those
closed symmetric forms whose domains of definition are dense in the L?-spaces. In this section, we
study Mosco convergence of general closed symmetric forms whose domains of definition may not
necessarily be dense in the corresponding L?-spaces.

Let E be a locally compact separable metric space and m a Radon measure on F with full
support. Suppose (£, F) is a closed symmetric form on L?(E;m); that is, F is a linear subspace of
L?(E;m), € is a non-negative definite symmetric form defined on F x F such that F is a Hilbert
space with inner product &;. Here for o > 0,

ga(fvg) = g(f?Q) +a(f7g)L2(E;m)7 [LgeF.

Note that here we do not assume F is dense in L?(E;m). Throughout this paper, we use the
convention that we define E(f, f) = oo for f ¢ F. Given a closed symmetric form (£,F) on
L?(E;m), by Riesz representation theorem, for every f € L?(E;m) and a > 0, there is a unique
Gof € F such that

Ea(Gafrg) = (£.9)r2(mm) for every g € F. (2.1)

These linear operators {Gq,a > 0} on L?(E;m) is called the resolvent of (€, F). It is known that
the resolvent {Go,a > 0} of (€, F) is strongly continuous (that is, lima—e0 |[@Gaf = fll2(Emm) = 0
for every f € L2(E;m)) if and only if F is dense in L2(E;m). If F is dense in L?(E;m), then there
is a unique, strongly continuous semigroup {P;,t > 0} associated with the strongly continuous
resolvent {Gy, @ > 0}, and hence with (€, F).

If F is not dense in L?(FE;m), denote by F the closure of F in L?(E;m). Then (£, F) is a
closed symmetric form on F. The following facts are known; see [2, pp.2-4] or [25]. There is a
unique strongly continuous contraction symmetric resolvent {@a; a > 0} on F associated with it:

Ea(éaf,g) = (f,9)12(gsm) for every g € F. (2.2)

It in turn is associated with a unique strongly continuous contraction symmetric semigroup {th; t>
0} on F via

Gof = / e P, fdt, feF.
0



The correspondence between (€, F), {@a, a > 0} and {ﬁt, t > 0} on F are one-to-one. In particular,
| ~
F = {u € F : lim —(u — Py, u) r2(gym) < oo} ,
t—0 t ’

1 ~
E(u,v) = %i_r)r(l);(u—Ptu,v)Lz(E;m) for u,v € F.

Denote by (E, D(E)) the generator of {PZ, t > 0} in the Hilbert space F (equipped with the L?-inner
product from L%(E;m)). Then u € D(L) if and only v € F and there is f € F so that

E(u,v) = —(f,v)12(mymy for every v € F;

in this case, Lu = f. We have Go(F) = D(£) and P,(F) C D(L).
Let II be the orthogonal projection operator from L?(E;m) onto F. Then we have from (2.1)
and (2.2) that
Gof = Go(I1f) for every a > 0 and f € L*(E;m). (2.3)

Definition 2.1 A sequence of closed symmetric forms {(£", F™)} on L*(E;m) is said to be con-
vergent to a closed symmetric form (€,F) on L?>(E;m) in the sense of Mosco if

(a) For every sequence {un,n > 1} in L?(E;m) that converges weakly to u in L*(E;m),

liminf E" (up, un) > E(u, u).

n—o0

(b) For every u € L*(E;m), there is a sequence {u,,n > 1} in L?>(E;m) converging strongly to u
in L?(E;m) such that

lim sup " (up, un) < E(u,u).

n—o0

Denote by {Gq,a > 0} and {G%,« > 0} the corresponding resolvents of (£,F) and (€™, F™),
respectively. When F and F" are dense in L?(E;m), the associated semigroup will be denoted by
{P;,t > 0} and {P[*,t > 0}, respectively.

The following result is known (see Theorem 2.4.1 and Corollary 2.6.1 of [26]).

Proposition 2.2 Let (£, F) and {(E™,F™),n > 1)} be a sequence of closed symmetric forms on
L?(E;m). The following two statements are equivalent:

(i) (&™, F™) converges to (€,F) in the sense of Mosco.

(ii) For every a > 0 and f € L*(E;m), G*f converges to G f in L*(E;m) as n — oo;
When F™ and F are all dense in L*(E;m), then (i) is equivalent to the following:

(iii) For everyt >0 and f € L*(E;m), P'f converges to Pf in L*(E;m) as n — oo.

The next result addresses the case when F” and F may not be dense in L?(E;m). It is possible
to prove it by using [23, Theorem 2.1] and its part (i) is a particular case of [16, Theorem 3.5]. We
give a direct alternative proof here for readers convenience.



Theorem 2.3 Let (£, F) and {(€™, F"),n > 1)} be closed symmetric forms on L*(E;m). Let F "
and F be the closure of F™ and F in L?>(E;m), respectively. Suppose that F'o>F for everyn > 1.
Let (ﬁt”; t >0} and (Pi;t > 0} be the semigroups on F ' and F associated with (E", F) and (€, F),
respectively. Then the following hold.

(i) If (€™, F") converges to (€, F) in the sense of Mosco, then for everyt > 0 and f € F, P"f
converges to Ptf in L?(E;m) as n — co.

(ii) Suppose that the closed subspace F converges to F in L*(E;m) in the sense that

lim [[TI" f — TLf|z2(gsm) = 0 for every f € L*(E;m),
n—00 ’

where II" and I denote the orthogonal projection operators of L*(E;m) onto F" and F,
respectively. If P'f converges to Pif in L*(E;m) for everyt > 0 and f € F, then (", F")
converges to (€, F) in the sense of Mosco.

Proof: Let {G;a > 0} and (G” « > 0} be the resolvents on L?(F;m) and on F ', respectively,
associated with the closed symmetric form (€™, F™) via (2.1) and (2.2). Similar notations {G4; a0 >
0} and (Gqa; o > 0} will be used for (£, F). We know from Proposition 2.2 that (£”, F™) converges to
(€, F) in the sense of Mosco if and only if G? f converges to G,.f in L?(E;m) for every f € L?(E;m).

(i) Suppose that (€7, .7-"”) converges to (£,F) in the sense of Mosco,. Then in view of (2.3)
and the assumption that F = O F, we have for every a > 0 and f € F, Gn n f converges to Ga fin
L?(E;m). We claim this implies that Pt”f converges to P, f in L?(E;m) as n — oo for every t > 0
and f € L?(E;m). The proof is similar to that for [20, Theorem IX.2.16]. For reader’s convenience,
we spell out the details here.

Denote by L7 and L the generators of the strongly continuous semigroups {ﬁt”;t > 0} and
{ﬁt; t > 0}, respectively. Note that

d ~ ~ P

%PtG = PtEGa = Pt(OéGa — I),

d ~ PN U
ZPBGy = PILGl = Pl(aGl— ).

Thus in view of F C F ', we have

d

£13t"_ G'P.G, = —P' (aG" —I)P,G,+ P ,G"P,

Integrating in s over [0, ¢] yields
~ AN AN A~ A~ —~ t —~ A~ A~ A~
GLP.Gy — P'G.Gy = / P! (Go — G)Psds.
0
Hence for every f € F,

t
lim [|G2(P = P)Gof | r2(mim) < nlggo/O 1P s(Ga = Ga) Ps fll 22 (;m)ds = 0.

n—o0

7



Since Go(F) is L-dense in F, we have for every u € F,

Jim 1GE (P = Pl pa(zmy = 0.

On the other hand, by the L2- contraction property of Pt and that Ptu € ]-" we have for u €
f C ]: G Ptu — PtGau = (G” G )Ptu — 0 in L?(E;m) as n — oo, and G"P”u — P Gau =
PG — Go)u — 0 in L2(E;m) as n — oo. It follows then

lim H( Pt) aUHLZ (B:m) = 0 for every u € F.
n—o0

Since Go(F) is L2-dense in F, we have limy, o0 || (PP — ﬁt)uHLQ(E;m) = 0 for every u € F.
(i) Conversely, assume F converges to F and lim,_,o ||(P — Po)ul| 2(E;m) = 0 for every

u € F. Denote by II" and II the orthogonal projection operator of LQ(E m) onto F" and F,

respectively. We have by (2.3) and the L?-contraction property of Pt and Pt that for every o > 0
and f € L?(E;m),

T [GLf ~ Gofllpa(pay = lim [ GRT"F) — GalILf) | p2(5m)

< lim (H(GZ — Go) (TS| 2y + |G f — Hf)HL?(E;m))
< [lim a M f = TLf | L2y = O
It follows from Proposition 2.2 that (€™, F™) converges to (€, F) in the sense of Mosco. O

3 Markov processes with darning

Suppose (€, F) is a regular symmetric Dirichlet form on L?(E;m). In particular, F is a dense
linear subspace of L?(E;m). Let X be the Hunt process on E associated with (£, F). As we
mentioned earlier, in this paper we use the convention that every f € F is represented by its quasi-
continuous version, which is unique up to an £-polar set. Suppose that Ki,..., Ky are disjoint,
non-&-polar compact subsets of E. Let F = U;-VZIK jand D = E'\ F. We short (or collapse) each
K into a single point a;. Formally, by identifying each Kj; with a single point aj, we can get an
induced topological space E* := DU {aj,...,ay} from E, with a neighborhood of each a; defined
as (UN D) U {aj} for some neighborhood U of K; in E. Let m* =m and D and set m*(F™*) = 0,
where F™* := {a},...,a}y}.

Definition 3.1 A strong Markov process on E* is said to be a Markov process with darning
obtained from X by shorting each Kj into a single point a7, or simply a Markov process with
darning, is an m*-symmetric strong Markov process X* on E* such that

(i) the part process of X* in D has the same law as the part process X in D for £-q.e. starting
point in D;

(ii) The jumping measure J*(dz, dy) and killing measure «* of X* on E* have the properties inher-
ited from X without incurring additional jumps or killings, that is, they have the properties
(1.1) and (1.2).



Remark 3.2 Note that if X* is a Markov process with darning of X, it follows from Definition
3.1 that

Po(X7: = aj) =Po(X7, € Kj) for qe. z €D, (3.1)

where 77, == inf{t > 0: X ¢ D} and 7p := inf{t > 0: X; ¢ D}. Hence each {aj is of positive
capacity with respect to the process X* because K is of positive £1-capacity. In particular, each
{aj} is regular for itself; that is, Pa;(aa;_ = 0) = 1, where Oar 1= inf{t > 0 : X/ = aj}. Thisis
due to the general fact that for any nearly Borel measurable set A C E*, A\ A" is semipolar for
process X* and hence £*-polar. Here A" denotes all the regular points for A with respect to the
strong Markov process X*.

We will show in this section that Markov process with darning X* from X always exists and is
unique in distribution.

For 1 < j < N and a > 0, define
oV (z) 1= Pp(Xyp € K;) and ud) (z) =K, le *F; X,, € K;].

Here op :=inf{t > 0: X; € F'}. Let H, be the linear span of {ug),j =1,---,N}, and (£, Fp) the
Dirichlet form for the part process X of X killed upon exiting D. Since each K j is compact and
(€, F) is a regular Dirichlet form, there is a function f; € C.(E) N F such that f; =1 on K; and
fj = 0 on Up+;K;. Consequently, ug)(m) = E,[e” " f;(Xs)] is the E,-orthogonal projection of
fj to the complement of Fp, where

Ealu,v) := E(u,v) + a(u,v)2(gym) for u,v e F.
So in particular, ug ) € F for every a > 0 and 1 < j < N. Define
F*=Fp ® Ha. (3.2)

It is easy to see that the above definition of F* is independent of o > 0. The space Fp is exactly
the collection of functions in F that vanish £-quasi-everywhere (€-q.e. in abbreviation) on D€,
while u&j) = 1 on &£-q.e. on K; and vanishes £-q.e. on K for [ # j. Hence by regarding each ug)
as a function defined on E*, F* can be viewed as a dense linear subspace of L?(E*;m*). Define

E*(u,v) = E(u,v) for u,v e F*. (3.3)

We will show in Theorem 3.3 below that (£*, F*) is a regular Dirichlet form on L?(E*;m*). Con-
sequently, it uniquely determines an m*-symmetric Hunt process X* on E*.

As we saw from the above, F* = Fp®H, can be identified with functions in F that are constant
&-q.e. on each K. For f € F, define HL f(z) = E, [eF f(Xy,)]- Note that f — HLf € Fp and
H}pf is &1-orthogonal to Fp.

Theorem 3.3 (£*, F*) is a regular symmetric Dirichlet form on L?(E*;m*) and its associated
Hunt process X* on E* is a Markov process of darning obtained from X by shorting each K; into
a single point a;'f.



Proof: Let C = {u € FNC(E) : uis constant on each K;}. By defining u(aj) to be the value
of u on Kj, we can view C as a subspace of F* N C.(E*). Since C is an algebra that separates
points in E*, C is uniformly dense in C (E™) by Stone-Weierstrass theorem. Next we show that C
is &f-dense in F*. For this, it suffices to establish that each ug.l)(:c) =E,[e77"; X,, € Kj] can be
&i-approximated by elements in C. Let f; € F N C.(E) so that f; =1 on K; and f; = 0 on K; for
i # j. Note that u§ ) = =HLf; = fj — (fj —HLf;) and f; — HLf; € Fp. Since (€, Fp) is a regular
Dirichlet form on L?(D;m), there is a sequence {gx,k > 1} C Fp N C,(D) that is £-convergent to
fi— H}J fj- Let vy, :== f; — gi, which is in C and £f-convergent to ug»l). Thus we have established
that (£*, F*) is a regular Dirichlet form on L?(E*;m*).

Let X* be the symmetric Hunt process on E* associated with the regular Dirichlet form (£*, F*)
on L?(E*;m*). Clearly the part process of X “D of X* in D has the same distribution as the part
process of X in D because the part Dirichlet forms of (£*, F*) and (£,F) on D are the same.
Denote by J*(dz,dy) and «* the jumping measure and killing measure of (£€*,F*). For every
f € F*, by the Beurling-Deny decomposition of (£*, F*),

EUN=EUN+5 [ (@)= 1) ey + [ fe (),

where £%¢ is a non-negative definite symmetric bilinear form on F* that has strong local property.
On the other hand, by (3.2), each f € F* can be regarded a function in F that is constant on each
K; and

J

&N = D) =D +5 [ (@)= F)P e d)+ [ fafr(da)

Comparing the above two displays yields £*(f, f) = E°(f, f) and J* and x* satisfy (1.1)-(1.2).
This proves that X* is a Markov process with darning for X. O

The next result gives the uniqueness of the Markov process with darning for X.

Theorem 3.4 Suppose X* is a Markov process with darning for X in the sense of Definition 3.1.
Then the Dirichlet form for X* on L*(E*;m*) is the one (E*,F*) given by (3.2)-(3.3). Conse-
quently, Markov process with darning for X is unique in distribution.

Proof: Let (5 F) be the quasi-regular Dirichlet form of X* on L2(E*;m*) (cf. [2, 12]). We want
to show (£, F) = (€%, F*). By Definition 3.1(i), (£, Fp) = (&, Fp), where Fp and Fp denote
the part Dirichlet form of (£, F) and (£, F) on D, respectively. Let F* := {a},...,a}} and
o* == inf{t > 0: X} € F*} By the & - orthogonal projection (see [2, Theorem 3.2.2]), for every
ue F, Hj.u(z) :=E, [e 7 u(X})] € F and u — Hh.u € Fp = Fp. It follows from Definition
3.1 (cf. (3.1)) that for x € D,

(J)

Mz
Mz

_UF.
u(a i Xop €

Jj=1 Jj=1

HL.u(z) = Zu(a;)E { XA =a } u(a
j=1

As by Remark 3.2, each {a;} is of positive gl—capacity, hence non—g—polar, we have
{la)), .. u(ay)); ue F} =R
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and so F = F* by (3.2).

Foru € F = F *, let ﬁ?u) and ,u‘{w be the energy measure of u corresponding to the strongly
local part £ and E*¢ of the corresponding Dirichlet forms (g F ) and (E*, F*), respectively. Since
(&, Fp) = (€,Fp) = (E*,F}), we have

i (D) = s (D).

On the other hand, for every bounded u € F , since the energy measures ﬁ?u) and ,u’{;’) of u do not
charge on level sets of u (cf. [2, Theorem 4.3.8]), we have

5,y ({al}) = 0= ify ({a?})  for every 1<j < N.

Consequently,
N

N
Al (ET\ D)= Higy({aih) =0=3_ uin({aj}) = w5 (E*\ D).
j=1 j=1

We conclude from the above two displays that

o 1 * 1 * * *

Eu,u) = Sy (B7) = S uiyy (E7) = €7(u, u)
for every bounded u € F and hence for every u € F. Since X* is a Markov process with darning
for X, we have from Definition 3.1 that the jumping measure J and the killing measure & of (£, F)
is the same as J* and x* prescribed by (1.1)-(1.2). Hence by the Beurling-Deny decomposition of
(€,F), we have for every u € F = F*,

fu) = Eww+y [ G- (0P Ty + [ PR
= &u,u) +1/ (f(x) = f()* T*(da,dy) + | f(x)?K*(da)
2 Jprxpr E*
= &(u,u).
This proves that (£, F) = (£*, F*). O

4 Approximation of Markov processes with darning

We continue to work under the setting of Section 3. Let X* be the Markov process with darning
obtained from X by shorting (or darning) each K; into a single point a;-. In this section, we study
its approximations, whose scheme can be used to simulate X*. For this, we first need to introduce
sticky Markov process with darning obtained from X* by a time change to possibly prolong the
time spent on each a;.

Define pp = m™* + Z;VZI m(K j)5a;, where dq- is the Dirac measure concentrated at the point aj.
The smooth measure p determines a positive continuous additive functional A* of X*. In fact,

N
* a;
Al =t AC + ) m(Kj)L,
j=1
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where (* is the lifetime of X™* and L% is the local time of X* at a}'f having Revuz measure (5a;.
Let 7y := inf{s > 0: AY > ¢} and ¥; = X*. Then the time-changed process Y = {Y¥;;¢t > 0} is
p-symmetric and has Dirichlet form (£*, F*) on L?(E*; u); see [2, 13]. The process Y is a sticky
Markov process with darning, as it may spend positive amount of Lebesgue time at each a}.
Conversely, starting with a sticky Markov process with darning Y on E* associated with the
regular Dirichlet form (£*, F*) on L?(E*; ), one can recover in distribution the Markov process
with darning X* on E* through a time change as follows. Let A, = fg 1p(Ys)ds, which is a positive
continuous additive functional of Y having Revuz measure m*. Define its inverse 7 = inf{s >
0: A, > t}. Then X, = Y7 is an m*-symmetric strong Markov process on E* whose associated
Dirichlet form is (£*, F*) on L%(E;m*) (cf. [2, 13]). In other words, X has the same distribution
as X*.
Let
F={f€F:f=constant E-q.e. on Kj for each 1 < j < N}. (4.1)
Note that (£, F) is a closed symmetric Markovian bilinear form on L2(E;m) but F is not dense in
L?(E;m) in general since each K; has positive &1-capacity. To emphasize its dependence on the
domain of definition, we write (£, F) for (£, F). The quadratic form (€, ) is a Dirichlet form in
the wide sense; cf. [13, p. 29]. Denote by II the orthogonal projection of L?(E;m) onto the closure
.7-" of F in L2(E; m). Let {Gu, o > 0} be the resolvent associated with (€, F) on L2(E; m), and
{Pt,t > 0} and (Ga; o > 0} the semigroup and resolvent of the closed symmetric form (£, F) on

F, respectively. We know from (2.3) that Gaf = Ga( f). We now identify P, and G, as well as
II.

The following map T establishes a one-to-one and onto correspondence between the closed
symmetric form (€,F) on F C L2(E;m) and the regular Dirichlet form (£*, F*) on L2(E*; y1): for
every f € F,

Tf=f onD and Tf(a;)=f(K;) for1<j<N. (4.2)
(For g € F*, T 1g(x) = g(z) for x € D and T 'g(z) = g(a ;) for z € Kj.) The map T has the
property that for every f € F ,

E(f. /) =&TF,TF) and ||fllr2mm) = ITFlr2(mp)- (4.3)

In other words, T is an isometry between (€, F) on Fc L?(E;m) and (£*, F*) on L?(E*; 1) both
in € and in the L? sense. Denote by {G%;a > 0} and {P};t > 0} the resolvent and semigroup
associated with the regular Dirichlet form (8* F*) on L?(E*; ), and {Ga, a >0} and {P;t > 0}

the resolvent and semigroup on F associated with the Dirichlet form (€, F) on L2(E; 1) in the wide
sense.
For every f € L?(E;m), we can define a function f* on E* by setting f* = f on D and

Fat) = {fK m(dy)/m(K;) when m(K;) >0,

7 when m(K;) = 0. (4.4

Clearly, f* € L?>(E*;p) for f € L>(E;m) and Tf = f* for f € F. For an E*-quasi-continuous

function g on E*, we define
T1g(x) = {g(w) for x € D,

g(aj) forz € Kj.

12



Clearly,

TOT?lg =g and HTﬁl.gHLQ(E;m) = ||9HL2(E*;M)'
Since T' extends to be an isometry between Fc Lj(E;m) and L?(E*; ), the above defined 71
extends to be an isometry between L2(E*; ) and F C L2(E;m). We conclude that

F= T-YL*(E*;u)) = {f € L*(E;m) : f is constant m-a.e. on each K;}.
Theorem 4.1 (i) For f € L*(E;m), If =T f* m-a.e.
(ii) Gof = T-1GEf* for f € L2(E;m).

(iii) Forfe.?, t>0 and a >0,

Bf =TT P (f") and Gof =T7'GL(f7). (45)
Proof: (i) Let C be the set defined in the proof of Theorem 3.3, which has shown to be £f-dense in
F*in L2(E*; ). So in particular C is L%-dense in L?(E*; u). Consequently, T~1C is L?(E; m)-dense
in F. On the other hand, it is clear that for f € L?(E;m),

(fs T 9) 2(mmy = (T f*, T g) 12(pm) for every g € C.

Thus we have IIf = T~! f* m-a.e. N
(ii) Let f € L?(E;m). For every a > 0 and g € F, it follows from (4.3) that

EulCatis) = [ Fag@midn) = [ f@Tylan(d

— (G o [ 6@ Tgutdn)

= E(T7'GLf",9)-
Here in the last equality, we used (4.3). We thus conclude that G f = T-1G% f*.
(iii) This follows immediately from (i), (ii) and (2.3) that for f € F,
Gof =Gof =T 'GEf*.
It is clear that Tif := T~1P} f* defines a symmetric strongly continuous contraction semigroup

on F C L2(E;m), as {P;;t > 0} is a strongly continuous contraction semigroup on L2(E*;m*).
Moreover, for every a > 0, fo e T fdt = TIGEf* = af Thus T; = Pt O

We now study an approximation scheme of Markov processes with darning by introducing
additional jumps over each K; with large intensity. For each j, let p; be a probability smooth
measure whose quasi-support is K; and having bounded 1-potential Gp;, which always exists.
For A > 0, consider the symmetric regular Dirichlet form (W, F) on L?(E;m) defined by (1.3).
Observe that by [29] for every u € F,

N

3 /K () )P a)

j=1

IN

sz] / )2, (dz)

IA

24/@ G145l (1, ).
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Thus there is a constant Cy > 0 so that
E(u,u) < EM(u,u) < (1+ CoA)&(u,u)  for every u € F.
It follows that for every A > 0, (EW), F) is a regular Dirichlet form on L?(E;m).

Theorem 4.2 For any increasing sequence {\,,n > 1} of positive real numbers that converges to
infinity, the Dirichlet form (), F) is Mosco convergent to the closed symmetric form (€,F) on
L*(E;m).

Proof. Let {un,n > 1} be a sequence in L?(E;m) that converges weakly to u in L%(E;m)
with liminf, ., € (’\“)(un, u,) < 00. By taking a subsequence if necessary, we may and do assume
that £ (u,,,u,) converges, SUp,>1 El(A")(un, uy) < 0o and that the Cesaro mean sequence {v, :=
Yoo ug/nyn > 1} is 8{1)—convergent to some v € F. (The last property follows from Banach-Saks
Theorem, see, for example, Theorem A.4.1 of [2]). As in particular, v, is L?(E;m)-convergent to

v, we must have v = u m-a.e. on E. Hence u € F has a quasi-continuous version which will still
be denoted as u. Thus for every k£ > 1,

oo > liminf EM (up,un) > lim EM) (v, v,) > lim EM) (v, v,) = EM) (u, )

n—o0 n—o0 n—oo

Kj XK]'

N
= Sl Ny [ () - ul) P ). (4.6)
j=1
Letting £ — oo in above inequality, we conclude that for each j =1,--- |, N,
| (@) — )Pyt = o
Kj XKj

This implies that u is constant pj-a.e. on K and hence by [2, Theorem 3.3.5] g.e. on Kj, because
K is a quasi-support of p;. Thus u € F and by (4.6)

lim inf €M) (uy,, un) > E(u, u),

n—oo

which establishes part (a) for the Mosco convergence.
To show part (b) of the Mosco convergence, it suffices to establish it for u € F (for u ¢ F,
& (u,u) = oo and so the property holds automatically). Note that F C F. We take u, = u for
every n > 1. Then
EO (upy un) = E(u,u) = E(u,u)  for every n > 1.

This completes the proof of the theorem. O

Let X" = {X}",t > 0;P2,x € E} be the Hunt process associated with the regular Dirichlet
form (EX) F) on L?*(E;m). Recall that Y is the sticky Markov process with darning associated
with the regular Dirichlet form (£*, F*) on L?(E*; u).

Theorem 4.3 For every 0 =ty <t; < --- <t < oo and bounded {f;;0 < j <k} C ?,

k k
Tm B[ | =B (TT5 0|
j=0 j=0

where f7 is defined by (4.4) with f; in place of f.
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Proof: For simplicity, we prove the theorem for k = 2; the other cases are similar. Note that the
semigroup {P*;t > 0} associated with the regular Dirichlet form (£*n) F) on L?(E;m) is given
by P f(z) = EZ[f(X{")], while, in view of Theorem 4.1, the semigroup {F;;t > 0} associated with

the closed symmetric form (£, F) on F C L2(E;m) is given by
Pf=T7'P f*, where P/ f*(z) =E, [f*(V})],

for f € ; By Theorems 4.2 and 2.3, P*f converges to ]3t [ for every [ € ? and t > 0. It follows
that f1 P, fo converges to f1]3t2_t1 fo in L?(E;m). Since flﬁt2_t1f2 e F, it follows

Jim ([P (LB, f2) = P (frPio—n f2)ll L2 (im)
< lim (HPZi(fngftlfz — APty )l 2(m) + 1P (F1 Pry—ty fo) — ﬁtl(flﬁtz—tlh)”LQ(E%T”))
= nth;O 1P, f2 — flpt2—t1f2HL2(E;m) =0.

Hence we have

k
Jm BT A0 | = Jim [ @RGP ) @m(do)
j=0
= [ )P (P ) )
= /. fo (@) B (f1 Py, f2) (@) p(de)
= E; |[[[500)]
j=k
where in the third inequality we used Theorem 4.1(iii) and (4.3). O

Theorem 4.3 says that X™ converges to the sticky Markov process with darning Y in the finite
dimensional sense for all the testing functions that are constant on each Kj.

When (€, F) is a local Dirichlet form (or, equivalently, when X is a diffusion on ) and each K
is connected and has positive measure, it is possible to approximate sticky diffusions with darning
by increasing the diffusion coefficients on each K to infinity. This provides a very intuitive picture
for shorting of each K; — achieved by increasing the conductance on Kj; to infinity. We illustrate
this by the following slightly more general example for which we allow A,(z) to be a bounded
function that tends to infinity on holes.

Suppose that A(z) = (a;;(7))1<i j<a 15 a matrix-valued function on R? that is uniformly elliptic
and bounded, and p is a measurable function on R? that is bounded between two positive constants.
Define F = WH2(R?) = {u € L?*(R% dz) : Vu € L*(R% dz)} and

d
E(u,v) = ;/Rd Z aij(x)ag;f) aga(cf) p(x)dz, wu,ve WL2(RY). (4.7)

4,j=1
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Then (£, F) is a strongly local regular Dirichlet form on L?(R%;m), where m(dz) := p(x)dz. It
uniquely determines an m-symmetric diffusion process X on R? whose infinitesimal generator is

d

1 0 0
L5 O e (g )

,j=1

Let {Kj;1 < j < N} be a finite number of disjoint compact sets which are the closure of non-empty
connected open sets. Let {\,(z);n > 1} be a sequence of bounded positive functions defined on
Ué\[:lKj with lim,, o Ap(z) = 00 a.e.. Define

N
£ (u,v) = E(u,v) + ) / (Vu(z) - Vo(2)) An(@)p(2)dz,  u,v e WH(RY).
1=1 7K

Clearly for every n > 1, (EX%), F) is a regular m-symmetric strongly local Dirichlet form on
L?*(R™;m) and so there is an m-symmetric diffusion process X (") associated with it. Let F be
defined as in (4.1), and £ := & on F.

Define D = E \ U;-Vlej. We short (or collapse) each K into a single point aj. Formally,
by identifying each Kj; with a single point a7, we can get an induced topological space E* :=
D U{aj,...,ay} from E, with a neighborhood of each a} defined as (U N D) U {a}} for some
neighborhood U of Kj; in E. We define a measure p on E* by setting p = m and D and p({a}}) =
m(Kj). Let (€%, F*) be defined from (£, F) as in (3.2)-(3.3). Then (£*, F*) is a regular Dirichlet
form on L?(E*; 1). There is an associated diffusion process Y on E*, which we call sticky diffusion
process with darning. If we take m* defined by m*(A) := u(AN D), the diffusion process X* on E*
associated with the regular Dirichlet form (£*, F*) on L?(E*;m*) is called diffusion process with
darning. These two processes are related to each other by a time change.

Theorem 4.4 Suppose {\,;n > 1} is a sequence of bounded positive functions that converges to
infinity a.e. on Uévlej.

(i) The Dirichlet form (EX), F) is Mosco convergent to the closed symmetric form (€, F) on
L*(E;m).

(i) Let X™ = {X]",t > 0; P, x € E} be the Hunt process associated with the regular Dirichlet
form (ECn) F) on L*(E;m). Then X" converges in the finite-dimensional distribution sense of
Theorem 4.3 to the sticky diffusion with darning Y on E*.

Proof. In comparison with the proof of Theorem 4.2, additional care is needed in this proof
since A, here is a function rather than a constant. Suppose {u,,n > 1} be a sequence in L?(E;m)
that converges weakly to u in L?(E;m) with liminf, . E(A")(un, un) < 0o. Fix an arbitrary A > 1
and define

AN ={z € U;VZIKj : An(z) > X for every n >k} .
Clearly Ay (M) is increasing in k and Up>1Ag(N\) = U;-V:lKj a.e. since lim,_,o A\p(z) = 0o a.e. on

N
UN K.

By taking a subsequence if necessary, we may and do assume that sup,,>; 51(’\”)(24”, Up) < 00,
EX) (up, up) and &(uy,,u,) converge, fAk(A) |V, (2)|?p(z)dr converges for each k > 1, and that
the Cesaro mean sequence {v, := Y ;_,ur/n;n > 1} is & -convergent to some v € F. As in
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particular, v, is L?(E;m)-convergent to v, we must have v = u m-a.e. on E. Hence u € F has a
quasi-continuous version which will still be denoted as u. Note that for each fixed k& > 1,

oo > liminf EM (uy, up) > lim E(un,un) + lim )\/ |V, |?p(x)da
n— Ak()\)

n—oo n—oo o0

v

n—oo

lim &(vp,uy) + lim )\/ |V |?p(z)dz

> E(u,u) —I—)\/ |Vul|?p(z)de.
Ar(N)

Taking & — oo, we have from the above that for every A > 1,

0o > liminf EX) (uy, up) > E(u,u) + )\/ |Vul|?p(z)dz. (4.8)
n—00 Ué.vlej
This yields that Vu = 0 a.e. on K for each j = 1,..., N. So u is constant a.e. in the interior of

K;. Since u is £-quasi-continuous on R%, u is constant £-q.e. on each K j. Hence u € F and by
(4.8)

lim inf EX) (u,,, u,) > E(u,u) = E(u, u),

n—o0

establishing part (a) for the Mosco convergence. N
_ To show part (b) of the Mosco convergence, it suffices to establish it for u € F. Note that
F C F. We take u,, = u. Then

EO (up, un) = E(u,u) = E(u,u)  for every n > 1.

This completes the proof that the Dirichlet form (5(’\"),}" ) is Mosco convergent to the closed
symmetric form (£, F) on L?(E;m).
(ii) The proof is exactly the same as that for Theorem 4.3. O

Remark 4.5 For simplicity, we took A,, in Theorem 4.2 to be a constant. It is also possible to
replace constants A, in Theorem 4.2 by bounded positive functions A, (x) so that lim,_ Ap(z) =
oo pj-a.e. on K for each j =1,..., N. In this case, the Dirichlet form (EXn) | F) is given by

N

o) = w0+ Y [ (ule) — um) (@) M@ oy (dy). (1.3)

j=1
By a similar argument as that for Theorem 4.4 but by replacing Ay (\) with
Ag)(/\) ={x € Kj: \y(z) > X for every n > k},

one can show that (£), F) is Mosco convergent to (5 F ), and, consequently, Theorem 4.3 holds
for their corresponding processes.
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Remark 4.6 In Theorem 4.2 (constant A, case), by taking a sub-subsequence, one can also use
the Monotone convergence theorem from [28, Theorem S.14] (extended to non-dense domain case
in [27, Proposition 2.2]) to show that the resolvents {G&n),a > 0} of (EX), F) is L2-convergent
to the resolvent {G4;a > 0} of (€, F). This implies by Proposition 2.2 the Mosco convergence of
the corresponding Dirichlet forms. One can then apply the extended Mosco convergence theorem,
Theorem 2.3, to get the strong L?-convergence of the semigroups {Pt(n); t > 0} to the associated
semigroup {ﬁt; t > 0} of the Dirichlet form in the wide sense (£, F), and consequently the conver-
gence of the processes in the sense of finite-dimensioanl distributions as stated in Theorem 4.3.

However, for variable A\,,(x) in Theorem 4.4 and in Remark 4.5 for Theorem 4.2, the Monotone
convergence theorem is not applicable in general.

5 Brownian motion on spaces with varying dimension

A simple example of spaces with varying dimension is a large square with a thin flag pole. Mathe-
matically, it can be modeled by a plane with a vertical line installed on it:

R*UR, == {(z1,22,23) ER* 23 =00r 21 =25 =0 and z3 > 0} . (5.1)

Here Ry := (0,+00). Spaces with varying dimension arise in many disciplines including statis-
tics, physics and engineering (e.g. molecular dynamics, plasma dynamics). It is natural to study
Brownian motion and “Laplacian operator” on such spaces. Intuitively, Brownian motion on space
R? UR, should behave like a two-dimensional Brownian motion when it is on the plane, and like
a one-dimensional Brownian motion when it is on the vertical line (flag pole). However the space
R? UR is quite singular in the sense that the base O of the flag pole where the plane and the
vertical line meet is a singleton. A singleton would never be visited by a two-dimensional Brownian
motion, which means Brownian motion starting from a point on the plane will never visit O. Hence
there is no chance for such a process to climb up the flag pole. The solution is to collapse or short
(imagine putting an infinite conductance on) a small closed disk B(0, ) C R? centered at the origin
into a point a* and consider the resulting Brownian motion with darning on the collapsed plane,
for which a* will be visited. Through a* a vertical pole can be installed and one can construct
Brownian motion with varying dimension (BMVD) on R? UR, by joining together the Brownian
motion with darning on the plane and the one-dimensional Brownian motion along the pole. This
is done in [10] through a Dirichlet form method.

To be more precise, the state space of BMVD is defined as follows. Fix ¢ > 0 and p > 0. Let
Do = R?\ B(0,¢). By identifying the closed ball B(0,¢) with a singleton denoted by a*, we can
introduce a topological space E* := Do U {a*} UR,, with the origin of R, identified with a* and
with the topology on E* induced from that of R> UR,. Let m,, be the measure on E* whose
restriction on R4 and Dy is the Lebesgue measure multiplied by p and 1, respectively.

Definition 5.1 Let ¢ > 0 and p > 0. A Brownian motion with varying dimension (BMVD in
abbreviation) on E* with parameters (g, p) on E* is an m;-symmetric diffusion X* on E such that

(i) its part process in Ry (respectively, in Dg) has the same law as the part process of a standard
Brownian motion killed upon leaving R (respectively, Dy).

(ii) it admits no killings at a*.
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It follows from the ms-symmetry of X* and the fact my({a*}) = 0 that BMVD X* spends
zero Lebesgue amount of time at a*. It is shown in [10, Theorem 1.2] that for every ¢ > 0 and
p > 0, BMVD with parameters (¢,p) exists and is unique in law. In fact, BMVD on E* can be
constructed as the m -symmetric Hunt process associated with the regular Dirichlet form (€%, F*)
on L?(E*; my,) given by

F* = {f: flp, € WH(Dy), flr, € WH(Ry), and f(z) = f(0) q.e. on 9Dy}, (5.2)

1

E(f.0) = 3 | VI@) Voot G | [@) @) (5.3)

Here for an open set U C R?, W12(U) is the Sobolev space on U of order (1,2); that is,
W2(U) = {f € L*(U;dz) : Vf € L*(U;dx)} .

Sample path properties of X* including that at the base point and the two-sided transition density
function estimates have been studied in [10]. Roughly speaking, when BMVD X* is at the base

point a*, it enters the pole with probability me > and enters the punched plane Dy with probability
272:_ip; see [10, Proposition 4.3].

We will show in this section that BMVD on E* can be approximated by Brownian motion in
the plane with a vertical cylinder whose horizontal motion on the cylinder is a circular Brownian
motion moving at fast speed. Let

E = {(z1,22,13) € R3: 2?4+ 22 >¢% and x3 =0 or 2% + 23 = ¢? and 23 > 0}. (5.4)

That is, E is Dy x {0} with a vertical cylinder with base radius ¢ sitting on top of (0Dg) x {0}. Let
M, be the measure on E whose restriction on Dy x {0} is the two-dimensional Lebesgue measure
and its restriction to the cylinder 0Dy x [0,00) is the Lebesgue surface measure multiplied by
p/(2me). When there is no danger of confusion, we identify Dy with Dy x {0}. The space E is
a two-dimensional Lipschitz manifold. For every A > 0, we can run an m,-symmetric diffusion
X®™ on E that behaves as Brownian motion on Dy x {0} and behaves like (By;, W;) while on
the cylinder 0Dy x (0,00). Here B; is a standard circular Brownian motion on 9Dy and W; is
a one-dimensional Brownian motion. We will show that as A — co, X converges in the finite-
dimensional distribution sense, after a suitable identification, to the BMVD X* on E*; see Theorem
5.3 for a precise statement. Note that the state space E of XM, which is of dimension two, is
different from the state space E* of X* with varying dimension. The space E* can be viewed as E
with the cylinder 0Dy x [0, 00) collapsed into one single half line {a*} x [0, c0). The main difference,
when compared with Brownian motion with darning in Section 3, is that here we collapse every
circle 9Dy x {z} into one point {a*} x {z} and there are a continuum of such circles to collapse.
However the ideas developed in Section 4 can be adapted to establish the convergence of X * to
BMVD X*, and we spell out the details in what follows.

First we give a precise construction of X (\) via a Dirichlet form approach. First, we introduce
Sobolve space W2(E) of order (1,2) on E. For convenience, let S := dDg x (0,00). The space S
can be identified with the infinite rectangle [0, 27e] x (0, 00) with points (0, z) and (27¢, z) identified.
We denote the pull back measure on S of the Lebesgue measure on [0, 27¢] X (0, 00) by m. Functions
on S can be parametrized by (¢, z) € [0,27e) x [0,00). We define

WEH(S) = {f = f(t,2) € L*(S;m) : |0, f| + |0 f| € L*(S;m) } .
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Note that W12(Dg) and W12(S) are the Dirichlet spaces for the reflecting Brownian motion on
Dyg and on the cylinder S, respectively. So for every f € W12(Dg) and g € W12(S), their quasi-
continuous versions are well defined on 0Dy = 9S quasi-everywhere, which we call the trace on the
circle Dy and we denote them by flap, and g|ap,, respectively. Define

WY2(E) = {f: fi == flp, € WHA(Dy), f2 = fls € WY(S) and filap, = f2lop, q.e-}

For f € WH2(E), define its norm || f||1.2 by
112, = / 1V f ()P + / (100f (8,22 + 102 £(t, 2)2) m(dtdz).
Do S

It is easy to see that W12(E) is the || - ||1 2-completion of the following subspace of continuous
functions on E:

{f€CE): flo, € WH(Do), fls € WH(S)}
Now for every A > 0, define F®) = WH2(E) and for f € FO

A 2me
V) = g [ wpdes 2 [T [Tl okar) a:
I ( /Ooazf(t,z)\de>dt. (5.5)
0 0

4me

The last two terms in the right hand side of (5.5) represent the £™-energy of f on the cylinder S. It
is easy to check that (€ N, F (/\)) is a symmetric regular strongly local Dirichlet form on L?(E; myp)
and so it uniquely determines a symmetric Hunt process X(») on E. Using the part Dirichlet form
of (E®, FMN) on Dy and S, respectively, it is easy to see [2, 13] that the part process of X
in Dy and S are the part process of two dimension Brownian motion in Dy and (B, Wy) on S,
respectively. Here By is the circular Brownian motion on 0Dy and W; is a Brownian motion on
(0, 00) independent of B;.
Let
F={f e W'3(E) : f = constant -q.e. on dDy x {z} for each z > 0}. (5.6)

Note that since each circle 9Dy x {z} is of positive 51( )

~capacity for every A > 0, (€M, F) is a
closed symmetric Markovian bilinear form on L?(E;m,) but F is not dense in L2(E;m). Note that
EN =M on F for every A > 0. To emphasize its dependence on the domain of definition, we write
(€, F) for (€M f) Denote by IT the orthogonal projection of L? “(E;myp) onto the closure Fof Fin
L*(E;my). Let {Ga,a > 0} be the resolvent associated with (£, F) on L(E;m), and {P;;t > 0}
and (@a; a > 0} the strongly continuous semigroup and resolvent of the closed symmetric form
(€,F) on F, respectively. We know from (2.3) that Gof = Go(ILf). We next identify P; and G,
as well as II.

The following map T establishes a one-to-one and onto correspondence between (g' , f) on

Fc L*(E;mp) and (€, F*) on L*(E*;m): for every f € F,

Tf=f onDy and Tf(a",z)=f(0Dyx{z}) for z>0. (5.7)
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(For g € F*, T g(x) = g(x) for x € Do and T~ 'g(t, z) = g(a*, z) for (t,z) € S.) The map T has
the property that for every f € F,

E(f, 1) =€TFTf) and |fllz2zam,) = T fllz255ms)- (5.8)

In other words, T is an isometry between (€, F) on FcC L*(E;my) and (£, F*) on LQ(E*;m;;)
both in € and in the L? sense. Denote by {G%;a > 0} and {P};t > 0} the resolvent and semigroup
associated with the regular Dirichlet form (£*, 7*) on L?(E*;my), and {Ga; a > 0} and {P;¢ > 0}

the resolvent and semigroup on F associated with the closed symmetric form (g F ) on L?(E;mm,).
For every f € L?(E;m,), we can define a function f* on E* by setting f* = f on Dy and

1

= — t,z)dt f . .
- 8Dof(,z) orz >0 (5.9)

f(a*,2)

Note that by Fubini theorem, f*(a*, z) is well defined for a.e. z € (0,00). For an &*-quasi-
continuous function g defined on E*, we define

T 'g=g(x) on Dy and T Yg(t,2) = gla*,z) for (t,z) € dDy x [0,00).

Clearly,
(T™'9)" =g  and  |lgllr2(eemg) = 1T 9llL2(Em,)- (5.10)

Since T extends to be an isometry between Fcr? (E;my) and L2(E*; my,), the above defined T-!
extends to be an isometry between L*(E*;m) and FC L3(E;myp).

Theorem 5.2 (i) For f € L2(E;m,), IIf = T~ f* m,-a.c. on E.
(ii) Gof = TLGLf* for f € L2(E;m,).
(iii) Forfe.;, t>0 and o >0,
Pf =T 'P/(f*) and Gof =T 'G5(f"). (5.11)

Proof: (i) Let C = F*NC,(E*), which is a core of the regular Dirichlet form (£*, F*) on L*(E*; m).
In particular, C is L2-dense in L?(E*; my,). It follows from (5.8) and (5.10) that T-1Cis L*(E;mp)-

dense in ? and by Fubini’s theorem,
F= {f € L2(E;mp) : f is constant a.e. on 0Dy x {z} for a.e. z > O} .
Thus for every f € L*(E;m,), f* € .? On the other hand, it is clear that for f € L*(E;my),

(f? Tﬁlg)L2(E;ﬁp) = (Tﬁlfﬂ Tﬁlg)[?(E;ﬁp) for every g € C.

Thus we conclude that IIf = T~ f* my-a.e.

21



(i) Let f € L*(E;m,). For every @ > 0 and g € F, it follows from (5.8) that
EulGatin) = [ F@g@myldn) = [ 5 @)Ta(@ymyds)

= (G Tg) + . G* f*(x)Tg(x)my(dx)

= &(T7'GLf",9).
We thus have Gof = T G% f*.
(iii) This follows immediately from (i), (ii) and (2.3) that for f € ?,
Gof = Gof =T7IGLF™.
It is clear that T;f := T 1P} f* defines a symmetric strongly continuous contraction semigroup
on F C L?*(E;my), as {P};t > 0} is a strongly continuous contraction semigroup on L?(E*;m%).
Moreover, for every a > 0, fooo e fdt = TIGEf* = éaf. We thus conclude that T; = ﬁt. O

Theorem 5.3 Suppose {\,;n > 1} is an increasing sequence of positive numbers that increases to
infinity.

(i) The Dirichlet form (€, F) is Mosco convergent to the closed symmetric form (8~, .7?) on
L(E;my).

(i) Let X™ = {X",t > 0; P2, x € E} be the Hunt process associated with the regular Dirichlet
form (EX) F) on L?(E;m,). Then X™ converges in the finite dimensional distribution sense of
Theorem 4.8 to the BMVD X* on E*.

Proof.  Let {u,,n > 1} be a sequence in L?(E;m,) that converges weakly to u in L?(E;m,)
with liminf, ,, & (’\")(un, un) < oco. By taking a subsequence if necessary, we may and do assume
that £*n) (uy,, u,) converges, SUpP;,>1 El(A")(un, uy) < 0o and that the Cesaro mean sequence {v, :=
Yoo ug/myn > 1} is Efl)—convergent to some v € F. Since v, is L?(FE;m,)-convergent to v, we
must have v = u my-a.e. on E. Hence u has a quasi-continuous version which will still be denoted
as u. Thus for every k > 1,

co > lim EX(uy,,u,) > lim EX (v, 0,) > lim EXF (v, 0,) = EOF) (u, 1)

n—o0 n—o0 n—o0

1 )\kp 00 2me
- / \Vu(x)|2d:v—|—/ (/ |3tu(t,z)|2dt> dz
2 Do 4me 0 0
2me 00
+-2 < / yazu(t,z)\de> dt. (5.12)
0

4me 0
Letting k — oo in above inequality, we conclude that there is a subset N' C (0,00) having zero

Lebesgue measure so that for every z € (0,00) \ N, fo%e |0yu(t, 2)|?dt = 0. This implies that for

every z € (0,00)\ N, t — u(t, 2) is equal to a constant u(z) a.e. and hence £€M-q.e. on [0, 27) x {z}.
For 0 < 21 < 22 in (0,00) \ NV, by Cauchy-Schwarz inequality,
2me 29
/ / dul(t, z)dzdt’
0 z1

1 2me
/0 (u(t, 20) — u(t, 21))dt

2me

1 2me )

Vare (/0 / |8zu(tvz)|2dzdt)|,22Zl|1/2_
21

22

1

u(za) ~u(z)| = h

IN




This shows that u(z) is a Holder continuous function on [0, 00). Since each horizontal circle and
each vertical line on the cylinder is of positive Sfl)—capacity and v is £M-quasi-continuous on FE,
it follows that an £()-quasi-continuous version of u can be taken so that u(t,z) = u(z) for every
z>0and ¢ € [0,27) (such defined function is continuous on the cylinder S). Hence u € F and by
(5.12)

lim infE()‘”)(un, up) > E(u,u),

n—oo

which establishes (a) for the Mosco convergence. N N
To show (b) of the Mosco convergence, it suffices to establish it for u € F. Note that F ¢ F
for every A > 0. We take u, = u. Then

EO) (uy, up) = E(u,u)  for every n > 1.

This proves that the Dirichlet form (£»), F) is Mosco convergent to (€, F) on L2(E ;).
(ii) The proof is similar to that for Theorem 4.3 except using Theorem 5.2 instead of Theorem
4.1. We omit its details here. 0

We remark that, since each horizontal circle on the cylinder that is to be collapsed into one
single point has zero m, measure, so the limiting process of X" is just the BMVD X* on E*, not
a sticky one.

For other related work and approaches on Markov processes living on spaces with possibly
different dimensions, we refer the reader to [11, 15, 22] and the references therein.

6 Examples

In this section, we give some examples of the Dirichlet forms (€, F), or equivalently symmetric
Markov processes, for which the main results in Section 4 are applicable.

Example 6.1 (Sticky diffusion process with darning) Let (£, F) be the strongly local regular
Dirichlet form on L?(R? m) defined by (4.7), where m(dz) = p(z)dz. Suppose that Ki,..., Ky
are separated, non-E-polar compact (possibly disconnected) subsets of E. Let F = UszlK j and
D =R\ F. We short (or collapse) each K into a single point aj. By identifying each K; with
a single point a;f, we can get an induced topological space E* := D U {aj,...,ay} from E, with
a neighborhood of each a} defined as (U N D) U {a}} for some neighborhood U of K; in E. Let
p=mon D and p(aj) = m(K;). Let (€7, F") be defined as in (3.2)-(3.3). Then it is a regular
Dirichlet form on L?(E*; i1). There is a unique diffusion process Y on E* associated with it, which
we call sticky diffusion process with darning. When (a;;(x)) = I, the identity matrix, and p = 1,
Y is called sticky Brownian motion with darning. For each 1 < j < N, take a probability smooth
measure (; whose quasi-support is K; and having bounded 1-potential Gp;. For each A > 0, let
EW be defined by (1.3). (€W, F) is a regular Dirichlet form on L?(R% m) and it determines a
diffusion process with jumps X . By Theorem 4.3, for any increasing sequence {A,;n > 1} that
increases to infinity, X(*») converges in the finite dimensional distribution in the sense of Theorem
4.3 to the sticky diffusion process with darning Y on E*.
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Example 6.2 (Sticky stable process with darning) Suppose the metric measure space (E, p,m) is
a d-set; that is, there are positive constants cj, co so that

crr <m(B(z,7)) < cor? forevery z € Eand 0 <r < 1.

Here B(z,r) :={y € E : p(y,x) < r} is the open ball centered at x with radius r. Suppose ¢(z,y)
is a symmetric function on E x E that is bounded between two positive constants, and 0 < a < 2.
Define

&= [ rw- f<y>>2p(‘jf“’y’)ydlam<dx>m<dy>,

and let F be the closure of Lipschitz functions on F with compact support under &, where
E(f, f) = Ef. f) + [ f(x)*m(dz). The bilinear form (€, F) is a regular Dirichlet form on
L?(E;m). Its associated Hunt process X is called a-stable-like process on E (cf. [8, 9]). Sup-
pose that Kj,..., Ky are separated, non-E-polar compact (possibly disconnected) subsets of E.
Let F = Uj-vlej and D = E'\ F'. We short (or collapse) each Kj into a single point a}. By identify-
ing each K; with a single point a;, we can get an induced topological space E* := DU{aj],...,ay}
from E, with a neighborhood of each a} defined as (U N D) U{a}} for some neighborhood U of K;
in E. Let p = m and D and p(aj) = m(K;). Let (€7, F) be defined as in (3.2)-(3.3). Then it
is a regular Dirichlet form on L2(E*; u). There is a unique Hunt process Y on E* associated with
it, which we call sticky a-stable-like process with darning. For each A > 0, let €M be defined by
(1.3). (EW, F) is a regular Dirichlet form on L?(R% m) and it determines a jump diffusion X,
By Theorem 4.3, for any increasing sequence {\,;n > 1} that increases to infinity, X (An) converges
in the finite dimensional distribution in the sense of Theorem 4.3 to the sticky a-stable-like process
with darning Y on E*.

Similarly, we can consider darning of symmetric diffusions with jumps studied in [7] and their
approximation by introducing additional jumps over the hulls K;.

Acknowledgements. We thank the referees for helpful comments, especially for bringing [16,
Theorem 3.5] and [23, Theorem 2.1] to their attention.
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