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ON STRUCTURE OF REGULAR DIRICHLET SUBSPACES FOR
ONE-DIMENSIONAL BROWNIAN MOTION
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The main purpose of this paper is to explore the structure of regular
Dirichlet subspaces of one-dimensional Brownian motion. As stated in [Os-
aka J. Math. 42 (2005) 27-41], every such regular Dirichlet subspace can
be characterized by a measure-dense set G. When G is open, F = G€ is the
boundary of G and, before leaving G, the diffusion associated with the reg-
ular Dirichlet subspace is nothing but Brownian motion. Their traces on F
still inherit the inclusion relation, in other words, the trace Dirichlet form
of regular Dirichlet subspace on F is still a regular Dirichlet subspace of
trace Dirichlet form of one-dimensional Brownian motion on F. Moreover,
we shall prove that the trace of Brownian motion on F may be decomposed
into two parts; one is the trace of the regular Dirichlet subspace on F, which
has only the nonlocal part and the other comes from the orthogonal comple-
ment of the regular Dirichlet subspace, which has only the local part. Actu-
ally the orthogonal complement of regular Dirichlet subspace corresponds to
a time-changed absorbing Brownian motion after a darning transform.

1. Introduction. A Dirichlet form is an analytic characterization of a sym-
metric Markov process and its structure means roughly its Beurling—Deny decom-
position with its domain. The main purpose of the current paper is to describe the
structure of a regular Dirichlet subspace and its orthogonal complement for one-
dimensional Brownian motion using the “trace” method developed by [2], through
which, we may more easily observe that a Dirichlet subspace differs from the orig-
inal form not only in their domains but also in Beurling—Deny decompositions,
which give more information about the structure.

Roughly speaking, a regular Dirichlet subspace of a Dirichlet form is a sub-
space, which is also a regular Dirichlet form on the same state space. Since a
regular Dirichlet subspace corresponds to a unique symmetric Markov process,
the problem of existence and characterization of regular Dirichlet subspaces of a
Dirichlet form is a basic and interesting problem for us to explore in the theory of
Dirichlet forms. This problem was raised and discussed by the second author and
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his co-authors in [4], in which a complete characterization for regular Dirichlet
subspaces of one-dimensional Brownian motion was given. In fact, such a regular
Dirichlet subspace may be characterized by a measure-dense set G, by which we
mean that G N (a, b) has positive measure for any nonempty interval (a,b) C R
and the Markov process associated with the regular Dirichlet subspace is the one-
dimensional diffusion with scaling function

S(x):fo lg(y)dy

and speed measure being Lebesgue measure. By the way, a complete characteriza-
tion of regular Dirichlet subspaces even for multi-dimensional Brownian motions
has not been obtained due to lack of something like scaling functions in the one-
dimensional case.

With the characterization at hand, it is natural to be curious about the structure
of regular Dirichlet subspaces. It is not intuitive how a regular Dirichlet subspace
differs and how the corresponding process moves because, by observing the forms,
the subspace seems to be only different from the original form in their domains.
However, in the case of one-dimensional Brownian motion, we may see from its
scaling function that the process corresponding to the regular Dirichlet subspace
moves like Brownian motion on G more or less but spends almost no time on G
though it runs all over G¢, which has positive measure. We aim to find a more
intuitive picture to describe the precise structure of regular Dirichlet subspaces of
one-dimensional Brownian motion.

As mentioned, the approach we use to explore the structure is the method of
trace. Generally, a Dirichlet form may be decomposed into a minimal process on
an open subset G and its orthogonal complement, which is called the trace of
Dirichlet form on G°. Usually the trace is the Dirichlet form corresponding to
the process obtained by the original process through a time change induced by a
positive continuous additive functional. How to describe the trace of a form dates
back to J. Douglas who gave a complete characterization of the trace of the form,
associated to Brownian motion living on closed unit disc, on its boundary in [3].
The similar characterization has been done for general symmetric Dirichlet form
by the second author and his co-authors in [1] and [2]. In the current article, we
shall prove that when the measure-dense G is open and F' = G¢ has positive mea-
sure, the trace X of 1-dim Brownian motion X on F = G¢ is nontrivial and (its
Beurling—Deny decomposition) has both diffusion part and jump part as expected,
the trace X of the regular Dirichlet subspace X ®) of X is a regular Dirichlet sub-
space of the trace Brownian motion X, which has only the jump part and finally
the remaining part is the orthogonal complement of the regular Dirichlet subspace
whose Beurling—Deny decomposition has only the diffusion part. In addition, we
show that the regular representation of the orthogonal complement is the darning
transform of Brownian motion. From this result, we can see that though the pro-
cess X®) corresponding to the regular Dirichlet subspace moves continuously on
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F, it looks like it is jumping due to the special structure of F. In other words, it
“flies like the wind and leaves no shadow.”

Let E be a locally compact separable metric space and £ a Radon measure
fully supported on E. We refer the terminologies of Dirichlet forms on the Hilbert
space L?(E, &) to [1] and [9]. Assume that (£!, F!) and (€2, F?) are two regular
Dirichlet forms on L%(E, &). Then (€', F') is called a regular Dirichlet subspace
of (£2, F?) if
(1.1) FlcF,  Ewv=Ewv), uveF.

If in addition F! is a proper subset of 72, then we say (£!, F!) is a proper regular
Dirichlet subspace of (2, F?).

We denote the Lebesgue measure on R by m. It is well known that the one-
dimensional Brownian motion is symmetric with respect to m and its associated
Dirichlet form on L2(R) is (£, F) := (3D, H'(R)), where H'(R) is the 1-Sobolev
space and for any u, v € H'(R),

D(u,v):/Ru/(x)v/(x)dx.

As stated in [4] and [5], fix a strictly increasing and absolutely continuous function
s on R satisfying

(1.2) sS(x)=0 or 1 a.e.
and define a symmetric bilinear form (£, 7)) on L>(R) by

(S) 2 du 2
F = ueL(R):u<<s,/ s ds < ooy,
(1.3) RAdS

1 [ dudv
2rdsas
where u < s means u is absolutely continuous with respect to s. Then (£, F©))
is a regular Dirichlet subspace of (£, F) and s is called the scaling function of
(EW), F)). The associated diffusion of (£, F®)) is denoted by X ). Denote by
Fe and ]-'és) the extended Dirichlet spaces of (£, F) and (£¢), F®)), respectively.
Note that

ES(u,v) := u,veFs,

Fe=H!(R) := {u : u is absolutely continuous on R and u’ € Lz(R)}.

To the contrary, if (£/, F') is a regular Dirichlet subspace of (£, F), there always
exists a strictly increasing and absolutely continuous function s on R satisfying
(1.2) such that (£', F') = (), F©®)). To see this, we refer the recurrent case to
Theorem 2.1 of [4]. Generally, since (£, F) is strongly local and irreducible, it
follows from Theorem 4.6.4 of [9] and Theorem 1 of [11] that (£, ') is also
strongly local and irreducible. The irreducibility of (€', F') implies that

Pl(oy < 00) >0, x,y eR,
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where (P;)xer is the class of probability measures of associated diffusion X’ of
(€', F') and oy is the hitting time of {y} relative to X'; see Theorem 4.7.1 of [9].
Then from [5], we can deduce that X’ can be characterized by a scaling function s
and symmetric measure m. In particular, it corresponds to Dirichlet form (1.3).

Fix a regular Dirichlet subspace (£, F©®)) of (£, F) and its scaling function s.
Let

G:={xeR:s(x)=1}.
Then G is defined in the sense of almost everywhere and it holds that
(1.4) m(G N (a,b)) >0 Y(a,b) CR.

Note that the condition (1.4) of G is equivalent to that s is strictly increasing. In
particular, (£®), F®)) is a proper regular Dirichlet subspace of (%D, H'(R)) if
and only if the Lebesgue measure of F' := G° is positive, that is, m(F) > 0. On
the other side, if we have a subset G of R such that (1.4) holds for any open interval
(a,b), then

(1.5) ds =1g(x)dx

defines a class of scaling functions satisfying (1.2), whereas they only differ up to
a constant. In other words, the subset G satisfying (1.4) is one-to-one correspond-
ing to the scaling function s with condition (1.2) up to a constant. Thus, G is an
essential characteristic of (£¢), F®)).

In this paper, we shall always make the following assumption on G:

(H) G is an open set satisfying (1.4) and m(F) > 0.

In fact, the typical example of F is a generalized Cantor set, which is actually
closed. Hence, this assumption is very natural. But we still want to point out that
this assumption is not trivial. An example of a set G satisfying (1.4) but having
no open version can be constructed as follows. Take a set / C R such that for any
finite open interval [/; it holds that

O<m(UNI)<m().

We refer the existence of J to Section 1.5 of [6]. But J has no open a.e. version. To
this end, assume that G is an open a.e. version of J, that is, m(JAG) =0 and G
is open. Take a finite open interval / C G and it follows that m(I) =m(I N G) =
m(I NJ) < m(l) which conduces to a contradiction.

When G satisfies (H), we may always assume without loss of generality that F
has no isolated points. In fact, let

Fo) = /Oxmy)dy

and

G := {x : there exists § > O such that f(x —§) = f(x +8)}.
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Then G is an open a.e. version of G and the complement of it has no isolated
points. In the sequel, we shall impose this assumption.
Since G is open, we can write

o0
(1.6) G=J1I,
n=1

where {I,, = (a,, b,) : n > 1} is a series of disjoint open intervals. Clearly, at most
two of them are infinite. Denote all finite endpoints of {I,, : n > 1} by

(1.7) H:={a,,b,:n>1}\ {—00, 00}

and let d,, := |b,, — a,| for any n > 1. Note that H C F and any point in F \ H
is a limitation of a subsequence of H. Clearly, any two different intervals I, and
I, cannot share a common endpoint due to our assumption that F has no isolated
points.

The structure of this paper is as follows. In Section 2, we shall first prove that
before leaving G, the diffusion X*) is equivalent to one-dimensional Brownian
motion; see Lemma 2.2. Then, as stated in Theorem 2.1, we find that the trace
Dirichlet form of (£¢), 7)) on F is a regular Dirichlet subspace of trace Dirichlet
form of (£, F) on F. Moreover, the former Dirichlet form is a nonlocal Dirichlet
form whereas the latter one is a mix-type Dirichlet form. Their common jumping
measure U is supported on countable points in F x F'\ d:

{(an, bn), (b, an) :an > —00,by <00, n > 1}’

where a;,, b, are endpoints of I, in (1.6). In particular,

1
U((ana bn)) = U((bn» an)) = g

Thus, we write the precise expressions of these two trace Dirichlet forms in Theo-
rem 2.1.

Since the smaller trace Dirichlet form only inherits the nonlocal part of bigger
one, our concern in Section 3 is whether and how we can describe the remaining in-
formation, that is, the strongly local part of trace Dirichlet form of one-dimensional
Brownian motion on F. In order to do that, we first characterize the orthogonal
complement of regular Dirichlet subspace. Although  is not a Hilbert space rel-
ative to the quadratic form &£, we can still define the orthogonal complement G

of 7 in F, relative to & in form, that is,
GW :={ue Feo:E®u,v)=0forany ve FF).

In Theorem 3.1 we shall describe the decomposition of any u € F; related to ]-"és)

and G, In particular, if m(G) = oo, then (£, G")) is a Dirichlet space in wide
sense, that is, its satisfies all conditions of Dirichlet form except for the denseness
in L(I); see Lemma 3.2. A Dirichlet form in wide sense is also called a D-space
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in the terminologies of [7]. By a darning transform which regards each component
I, of G as a new point, G can actually be realized as a regular strongly local
Dirichlet form and this regular Dirichlet form is a regular representation of G
in the context of [7]; see Theorem 3.2. Similarly, we can define the orthogonal
complement of trace Dirichlet space, say (3.15). This orthogonal complement ex-
actly inherits the strongly local part of trace Brownian motion on F', which will be
stated in Theorem 2.1. Moreover, a similar darning transform makes it be a regular
strongly local Dirichlet form, which is also equivalent to the darning transform of
G®). Their associated diffusion is called the orthogonal darning process, which is
actually a time-changed absorbing Brownian motion; see Theorems 3.2 and 3.3.

2. Traces of Brownian motion and their regular Dirichlet subspaces. We
first prove a useful lemma.

LEMMA 2.1. F® ={ue H'@R):u'=0a.e. on F}.

PROOF. For any u € F), there exists an absolutely continuous function ¢
such that u(x) = ¢ (s(x)). Then

u'(x) =¢'(s(x)) - s'(x) = ¢'(s(x)) 16 (x),

and hence u’ =0 a.e. on F. To the contrary, let u € H'(R) and u’ =0 a.e. on F.
Then

u(x) — u(0) = /0 W (y)dy = /0 W' 16 () dy = /0 W' () ds(y).

Thus, u is absolutely continuous with respect to s and du/ds = u’(x), ds-a.e. It
follows from u’ € L*(R) C L*(R, ds) thatu € F&. O

From the above lemma, we can deduce a simple but very interesting prop-
erty of regular Dirichlet subspace (£¢), F©)). We first give some notes about the
part Dirichlet forms. The part Dirichlet form of (£, F®)) on G, denoted by

ED, FY), is defined by
Fi={ueF® u(x)=0,xeF},
58)(14,1)) =& (u,v), u,ve}'g).

It is regular on L*(G) and corresponds to the Markov process (X ,(s)) ;=g On G
G

(s

with the life time 7~’, where rG) is the first exit time of G relative to X©). Sim-

ilarly, we can write (£g, Fg) or (%Dg, HO1 (G)) for the part Dirichlet form of
(€, F) on G. The following lemma indicates that before leaving G, the process
X©) is equivalent to one-dimensional Brownian motion.

(s)
G
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LEMMA 2.2. It holds that (£, F&) = (ADg, H} (G)).

PROOF. Clearly, ]-"g) - H(}(G) and for any u, v € Fg), Ec(u,v) = S(GS)(M,
v). Thus, it suffices to prove that F9 - HO1 (G). Fixu € H(} (G). Since u is ab-
solutely continuous, it is a.e. differentiable. Thus, for a.e. x € F at where u is dif-
ferentiable, take a sequence {x, : n > 1} C F which is convergent to x as n — 0.
Note that u =0 on F. Then we have
u(xp) —u(x)

Xp— X

0.

u'(x) = lim
n—oo

Hence, it follows from Lemma 2.1 that u € F®) whereas u = 0 on F. Therefore,
weFrY. O
G -

Recall that the scaling function s of X satisfies that s’ = 1 a.e. on G. That
means X has the same scale (up to a constant) as one-dimensional Brownian
motion on [, for any n > 1, where |J,,~| I, = G. From this aspect, we can see that
the above theorem is natural and reasonable.

Set

Fec=HI(G):={ueFe:u=00nF)
and
F&) '—{uef(s)‘u—OOnF}
e, G ' e — .

Note that if s(—00) > oo [resp. s(00) < oo] then F is not bounded below (resp.,
above), in other words, there exists a sequence {x,} C F such that x,, - —oo
(resp., x, — o0). Hence, if u € F. such that u = 0 on F, it follows that
limy_, o u(x) =0 [resp., limy_, 5 u(x) = 0]. As a consequence, we have the fol-
lowing result.

LEMMA 2.3. It holds that Fe.g = FC}.

Set further
Hr:={u € Fe:Ew,w)=0forany w € Fe g}
and
HY = {ue FY : €9 (u, w) =0 forany w € }'e(%}
Then every u € F. can be expressed uniquely as (see Exercise 4.6.4 of [9])

u=uy+uo, uy € Feg,u2 € Hr.
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We denote the H p-part up of u by Hru. Similarly, every v € és) can be expressed
uniquely as

2.1 v =101 + vy, V| € ]-"e(%, € Hgf).

Denote the Hg)—part vy of v by H}s)v. Note that if (@), F®)) is transient, then
H(,,f) is the orthogonal complement of ]—"és(); with respect to the inner product £¢),

that is,
FO = 7O @pn HY.

We now turn to trace Dirichlet forms. Let X = (X; : + > 0) be the one-
dimensional Brownian motion on R corresponding to (£, F). As stated in
Lemma 2.2, the part Dirichlet form of (£, F)) on G is the same as the part
of (£, F) on G. That means that before leaving G, X ) is equivalent to X. Since
(E®, F®) is a proper regular Dirichlet subspace of (£, F), we guess that their
trace Dirichlet forms on the boundary F' may inherit the inclusion relation between
(£, F) and (E®, F®)).

Let u be a Radon (smooth) measure on F. A set K is called the support of u if
K is the smallest closed set outside of which p vanishes. We refer the definition of
the quasi-support of u [relative to (£, F) or (€ &) F$)] to [1]. Note that an £6)-
quasi-continuous function is always £-quasi-continuous, hence it is continuous. It
follows that an (£®) or £)-quasi-closed set is always closed. Hence, we know that
the support of u is also the quasi-support of w. In this section, we always assume
that the support of u is F. The following lemma indicates that 1x(x)dx is an
example of such a measure u on R.

LEMMA 2.4. Assume that u(dx) = 1p(x)dx. Then u is a Radon smooth

measure with respect to X and X®). Moreover, the support and quasi-support
of i are both F .

PROOF. Clearly, i is Radon. Since the m-polar set of X and X must be an
empty set, it follows that x4 is smooth with respect to X and X, Let K be the
support of ;. Then K C F.If K # F,take x € F \ K. Since K is closed, we have

d(x,K)=inf |x —y| > 0.
yekK

Fix aconstant ¢ < d(x, K)/2.Let H. := FN(x —¢&,x 4+ ¢). Clearly, H. C F\ K
and m(Hg) > 0. Thus, u(K¢) =m(F \ K) > m(H,) > 0, which conduces to a
contradiction. Therefore, K = F. [

Denote the time-changed processes of X and X®) with respect to 1 by X and
X, respectively. Then X and X® are both u-symmetric on F and their corre-
sponding Dirichlet forms are both regular on L>(F, ). Denote these two associ-
ated Dirichlet forms, that is, the traces of (£, F) and (£, F®)) on F, by (Ev , f)
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and (£, F®), respectively. Precisely, let oF and o(s) be the hitting time of F
relative to K and X and, in fact, we have

Hru(x) = E*u(Xo,), xeR
for any u € F. and

(S)u(x) (X(s()g)) xeR

for any u € fés). Then
F= lp € L*(F, 1) : 9 = u p-a.e. on F for some u € Fe},

E(p, ) = E(HFu, Hpu), peF,o=up-ae onF,ucF
and

. 5 . A
FO = {9 € L(F, ) : ¢ =u p-a.e. on F for some u e]—"e(‘)},
g(s)(fp» p) = 5(S)(HS)M, Hg)u), pe F©, ¢=upu-ae.onk,uc ]:e(s).

Note that since (£, F©)) is a regular Dirichlet subspace of (£, F), it follows
from Lemma 2 of [11] that ]:és) is a proper subset of F.. Thus, F®) ¢ F. We
shall prove later that (5v ©) Fs )} is actually a proper regular Dirichlet subspace of
(€, F) on L*(F, ). o
Note that the global property (recurrent or transient) of (£, F (5)) [resp.,

(5 }')] is the same as that of (S &) F&y [resp. (£, F)]. In particular, (8 f) is
recurrent. On the other hand (5 F ) is irreducible. In fact, for any ¢ = u|r € ]-"e
such that & (¢, ) =0 for some u € Fe, it follows that

E(Hpu, Hru) =0

Thus, Hru = C for some constant C and 0 =ulp= (Hpu)lF = C. From The-
orem 5.2.16 of [1], we obtain that (8 .7-") is irreducible. For (5(‘) .7-"(‘)) we can
also deduce similarly that every ¢ € ]—" with £ (‘)(go (p) =0 is also a constant
function. Hence, if (£¢), F)) is recurrent then (& c() | F (‘)) is irreducible and re-
current. Moreover, the p-polar set with respect to X or X© is only the empty set
(see Theorem 5.2.8 of [1]).

Let us present the main result of this section, which tells that a Dirichlet form
with nontrivial local part may have a regular Dirichlet subspace having no local
part. Recall that G can be written as (1.6) by assumption (H).

THEOREM 2.1.  Let (£, F) and (9, F®)) be the traces of (3D, H'(R)) and
(EW, F9)Y on F relative to ., respectively:

_(1) The Dirichlet form EW, FOy s a proper regular Dirichlet subspace of
(€, F) on LA(F, ).
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(2) The Dirichlet form (é JF ) is a mixed-type Dirichlet form with the jumping
part and for any ¢ € Fe,

/(p (x)zdx+ Z (w(an)—w(b )? '

n>1 _bnl

Its regular Dirichlet subspace (év’ ®) F )Y is a nonlocal Dirichlet form whose
Jjumping measure is the same as above and for any ¢ € ]:és),

(p(an) — @(by))?
an — by| ‘

E(p,0)=E(p,p) = 22

n>1 |

PROOF. (1) Since Fés) is a subset of Fe, it follows that F©) is also a subset
of F. Note that it is a proper subset because

fx):=x, xeF

is locally in F but not locally in F)_ Thus, it suffices to prove that for any u €

(s) C Fe,itholds that Hpu = H( u.In fact, Hl(g )i is the unique function in ]-"(3)
such that

Ewu,w)=0
for any w € ]-"é% It follows from Lemma 2.3 that H 1(; Juis in Fe and
Eu,w)=0

for any w € F¢ . Thus, H}s)u = Hru.

(2) At first, we assert that they both have no killing inside. In fact, since (év' , j‘)
is recurrent it is also conservative. Thus, its lifetime E is always infinite. In par-
ticular, (€, F) has no killing inside. It follows that its regular Dirichlet subspace
(5 () F )Y also has no killing inside.

We refer the Feller measures of trace Dirichlet forms to Section 5.5 of [1]
and [2]. From Theorem 1 of [11], we can deduce that (£, F) and (£, F©®)
have the same Feller measures for F' because they are exactly the jumping mea-
sures of (Ev JF ) and (Sv ) F ¢)). Denote the common Feller measure on F x F by
U(dx dy). Then for any ¢ € Fe (see (5.6.7) of [1]),

1
£ =g+ [ (o0 -V Uxay,

where (4 (Hy¢) is the energy measure of (£, F) relative to Hrg and for any ¢ €
(5
€ o

5(5) ' ! — 2
£V, 9 = (F)+3 [ @0 =90) Uxay).

H i)
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where MEZ(‘%) is the energy measure of (£, F®) relative to H }S)qb. Note that
F

the first terms in the right-hand sides of above two equations are the strongly local
part of corresponding Dirichlet forms.
We claim that for any u € F, the energy measure

2.2) Wiu) = u/(x)2 dx

and for any v € ]:és), the energy measure

dv\?2
(s) _

In particular, /Lgf))) (F) =0 forany v e F.
In fact, for any f € C, '(R) we have (see Section 3.2 of [9])

/fa’,u =28uf,u)—& /f(x)u (x)? dx.

Thus, pyy =u '(x)?dx. Similarly, we can prove that M(s) (dv/ds)*ds. In par-

ticular, it follows from (1.5) that for any v € F¢ (Y)

© e [ (P 45— (@) _
u(v>(F)_/F<ds) as= [ (55) 1o dx =0

Moreover, fix ¢ € ]:"e. Since Hrg = ¢ on F, similar to the proof of Lemma 2.2
we have

(Hro) =¢' a.e.on F.
Then it follows from (2.2) that

M<HF¢>(F)=L((HF</>)’)2dX=/F¢’(x)2dx.

Finally, we shall compute the Feller measure U. Recall that in Section 1 we set
G =U,>1 In, where {I, = (a,, b,) : n > 1} is a series of disjoint open intervals
without common endpoints. Fix two non-negative and bounded functions ¢ and
¢ on F such that ¢ - ¢ = 0. We set p(—00) = ¢(00) = ¢p(—00) = ¢p(0c0) = 0 for
convenience. It follows from (5.5.13) and (5.5.14) of [1] that

Uty ®¢) =1 lim a(Hjg. Hrg)g =1 hmZ «(Hfg, Hr9),

n>1

where Hpp(x) := E*(e”*°F ¢(X,)) for any x € R. Fix a finite component /,, of
G and x € I,,. Since the trajectories of Brownian motion are continuous, it follows
that

Xop =an, or by, P*-as.
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Hence,
Hro(x) =¢(ay) - P*(Xop =an) + ¢ (by) - P*(Xo, = by)
b, —x X —ay
=¢(ay) - by — a, + ¢ (by) - by — a,
and

H%(p(x) =g(ay) - Ex(e—aap’ Xop = an)
+o(b,) - EX (e—aoF’ Xop = bn).

Otherwise, if I, is infinite, that is, a, = —00 or b, = 00, then X,,. is located at the
finite endpoint of /,, P*-a.s. for any x € I,,. However, ¢(a,)¢ (a,) = ¢ (bn)@p (by) =
0. It follows that (Hg¢, Hr¢), =0. Set

b, —x

rp(x) =

’

b, —ay
Pn(X) = Ex(e—aaF; X{J‘F = an)’
gn(x) :=E*(e7%; X4, = by).

Then we have

Ued =1 lin Y a(e@d®n) [ po(1 =) ds
aToonzl I,

+ @b an) /1 Qn(x)rn(x)dx>

and U is supported on a set of R? containing countable points
{(a}’lv by), (bp,ay) :ay > —00,b, <00, n > 1}
Leto =1,,,¢ =1,, where a, > —oo and b, < co. Note that

() = Sl V20(by — x)
Pnft) = sinh v/ 20 (b, —ap)

and
sinhv2a(x — ay) ‘
W) = e or —an)
see Problem 6 in Section 1.7 of [10]. Then we obtain that

by
U((an, bn)) :J%‘l’oo‘/an pn()(1 = rp(x))dx = R

where d,, = |b,, — a,|. Clearly,
1

U((bn, an)) = U((an, by)) = 2
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When a,, = —o0 or b, = 0o, we still denote U ((ay,, b)) := 2711’1 = 0. That com-
pletes the proof. [J

REMARK 2.1. (1) The open set G in (1.5) is an essential characteristic of
regular Dirichlet subspace (€ ) F&)y of (€, F). As stated in Lemma 2.2, before
leaving G, X is equivalent to X. The above theorem shows that the difference
between X and X is located on their traces on the boundary F of G. In fact,
the trace Dirichlet form (EV ) F )y is still a proper regular Dirichlet subspace of
&, F).

(2) Denote the extended Dirichlet spaces of (Sv () Fs )y and (SV A ) by ]:'e(s) and
Fe. Clearly,

(2.3) FO=FONg,  Fo=TFelr.
Here, for a class C of functions on R,
Clp:={ulf:ucCj},

where u|F is the restriction of u on F. Note that the extended Dirichlet spaces
are independent of the choice of u. More precisely, for any Radon measure u on
R with the support F, their extended Dirichlet spaces are always given by (2.3).
Thus, the results of Theorem 2.1(1) can essentially be expressed as

fés) C Fe, Eu,v)=EYu,v), u,ve]:"e(s).

In particular, ]:"és) is a proper subset of Fe.

(3) In Corollary 2 of [11], we have proved that if (£, F) is a Lévy type Dirichlet
form whose strongly local part does not vanish, then neither does the strongly local
part of any regular Dirichlet subspace of (£, F). The above theorem implies that
this fact is not always right.

3. Orthogonal complement and darning processes. As stated in Theo-
rem 2.1, the regular Dirichlet subspace (£©), 7)) only contains the nonlocal

information of (Sv F ). An interesting question is whether (and how) the “orthog-
onal complement” of (€ ) 7)) contains the remaining information, that is, the
strongly local part, of (€, F).

3.1. Orthogonal complement. Note that ]-v'e (resp., ]:'és)) is the restriction of
Fe (resp., fés)) on F, say (2.3). In order to determine the orthogonal complement
of trace subspace, we shall first consider the orthogonal complement of e(s) in Fe
relative to the quadratic form £(-, -). Although F. is not a Hilbert space relative to
the quadratic form £(-, -), we can still define the orthogonal complement of és)
in F, formally by

(3.1) G® :={u e Feo:Eu,v)=0forany v e F).
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Before characterizing G ) we need to make some discussions on .Fés). Both oo
and —oo are nonregular boundaries of R for the Dirichlet form (£©), 7)) on
L?*(R). Hence, by virtue of Theorem 2.2.11(ii) of [1],

. du\?
fé”:{u:u«s,/(—u) ds < 00,
R\ ds

u(00) =0if s(00) < oo and u(—o0) =0 if s(—00) > —oo}.

We can make the following classification of the boundaries co, —oo:

Casel. s(—0o0) = —00, s(00) = 00,
Case Il. s(—o0) > —00, 5(00) =00 or s(—00) = —00, 5(00) < 00,
Case Ill. s(—00) > —00, s(00) < 0.

Note that (£, F®)) is recurrent in Case I but transient in Cases II and III. Note
further that, for Cases I and II, we have m(G) = o0.
We have the following lemma similar to Lemma 2.1 to characterize ]-"és).

LEMMA 3.1. It holds that
fés) ={ueFe:u'=0ae onF,

u(00) =0 if s(00) < 00 and u(—o0) =0 if s(—00) > —o0}.

Now we shall give a useful expression of G*) and an “orthogonal” decompo-
sition of F. relative to .Fés) and GY. The decomposition (3.4) indicates that the

definition of G in (3.1) is reasonable.
THEOREM 3.1. The class G has the following characterization:
(3.2) G® = {u € Fe:uis a constant a.e. on G}.
In particular, for Cases 1 and 11, equivalently m(G) = oo, it holds that
(3.3) G ={ueF.:u' =0ae onG).
Moreover, any u € F. can be expressed as
(3.4) u=ui+uy, uyeF uyeg®.
This decomposition is unique if (€, F9)) is transient and unique up to a constant

if (€ &) F (s)) is recurrent.

PROOF. First, we shall prove the characterization (3.2) of G Take a function
u € F. such that u’ = C a.e. on G, where C is a constant. For Cases I and II, since
m(G) = oo it follows that C = 0. Then for any v € ]-"és) we have

Ew,v) = %A;u/(x)v/(x) dx.
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From Lemma 3.1, we know that v/ =0 a.e. on F whereas u’ =0 a.e. on G. Hence,
we obtain that £ (u, v) = 0. For Case I, since (£, F®)) is transient we know that
Ccl os:={pos:pe€ CCl (s(R))} is £-dense in ]-'és). For any function v € CC1 os,
clearly v =0 a.e. on F. Thus, we have

Ew,v) = %/;; u' () (x)dx = g‘/Rv/(x) dx =0.

Generally, for v € F<* we can take a sequence {v, : n > 1} in C! os such
that £(v,, — v, v, — v) — 0 as n — o0. Since E(u, v,) = 0, we can deduce that
E(,v) =0.

To the contrary, take a function u € G ), Since C Cl os C e(s) , it follows that

Ew,v)=0, wveClos.

Let ¢ be the inverse function of s, that is, 7 = s 1. Then
/ u'(1(x))g'(x)dx =0
s(R)

for any ¢ € Cc1 (s(R)). It follows that u’ o ¢ is a constant a.e. on s(R). Denote all
of such x € s(R) by J, that is, u’ ot is a constant on J. Let J :=¢(J). Then u’ is
a constant on J. On the other hand,

m(G\ J) =fjc 1g(x)dx =/je ds(x)=m(s(R)\ J) =0.

Thus, u’ is a constant a.e. on G. Thus, (3.2) is proved.

Note that any function u € F, satisfies u’ € L>(R). In particular, if m(G) = oo,
then it follows that any function u in G satisfies that u’ = 0 a.e. on G, that is,
(3.3) is proved.

Finally, we shall construct the decomposition (3.4) for any u € F.. Assume
Co =u(0). For any x € R,

M(X)—Co=/0x u/(y)dy=f0x u/(y)la(y)dy+f0x W' (N 1r(y) dy.

First, for Case I, define

(3.5) i (x) = /0 "W Wickdy,  xeR

and u» = u — u1. It follows from Lemma 3.1 and the first assertion of Theorem 3.1
that u; € }'e(s) and us € G, Second, for Case II without loss of generality assume
that s (—o0) > —oo but s(c0) = 0o. Then

2 0
f/oou/(y)zdy-(s(O) — 5(—00)) < oo0.

0
' [ _wmismay
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Let M_o := fi)oo u'(y)1G(y)dy which is a finite constant and define

w1 (x) :=f0 W) dy +M_se, xR

and uy :=u — uy. It follows that

Iim wu;(x)= —/
X—>—00

0
W (1) dy +M_oo=0.
(0,0)

Thus, we can also deduce that u; € fés) and up € G, Finally, for Case III we can
similarly deduce that

M= f_ W' (N1 () dy

is finite. Let C| := M /(s (00) — s(—00)) and

0
C> :=f (' (y) — Ci)1g(y)dy,

—0o0

which are both finite constants. Define
X
m@ = [ (WO = C)leMdy+Co xeR

and uy :=u — u. Note that

0
Jim @ == [ (@)= C)lcr)dy+C2=0

and
Jim e = [~ W - e)iomay=o

Hence, it follows that u; € ]-"e(s). We claim that uy € G In fact for a.e. x € G,
uh(x) =u'(x) —uj(x) =u'(x) — (u'(x) — C1)1g(x) = C;.
It follows from Theorem 3.1 that us € G.

Now assume u € ]-"és) N GW. It follows from (3.1) that £(u, u) = 0. Thus,

u = C for some constant C. If (£®), F®)) is transient, since u € fe(s) we have
limy— o0 or 0o #(x) = 0. Thus, C =0 and u = 0. Otherwise, (£, F®)) is recur-
rent, C is not necessarily 0. In fact, when defining u; for this case, the decomposi-
tion is still valid if we add any constant to right-hand side of (3.5). Therefore, the
decomposition (3.4) is unique up to a constant when (£¢), 7)) is recurrent. [

COROLLARY 3.1. Letu € F. and u the function in the decomposition (3.4).
Then u’ =u), a.e.on F.

We present the following decomposition similar to (3.4) for the functions in H .
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PROPOSITION 3.1. Any u € HF can be expressed as
u=uy+up
for some u; € ’Hg) and uy € G, This decomposition is unique if (E®), F®)) is

transient and unique up to a constant if (£, F9)) is recurrent. In particular,

(3.6) GO ={ueHr:Eu,v)=0foranyveHY}.

PROOF. We first prove (3.6). Since Fe g = fe(% c F and Hg) c F9 it
follows that for any u € G, u € Hr and E(u, v) =0 for any v € 7—[5‘;). To the
contrary, let u be a function in the right-hand side of (3.6) and w a function in
J—"és). Suppose that w = w| + wy is the decomposition of w in (2.1). Since u € H
and w] € .Fe(f) = Fe.g, we have E(u, wi) = 0. Moreover, £(u, w2) =0 is also
clear.

Now for any u € Hr C Fe, it can be expressed as

U=ui+up

for some uj € fe(s) and uy € G, We claim that u; € 7-[;5). To this end, since

uy € G® c Hr it follows that u; € Hp. Thus, for any w € }'e(f) = Fe.G We can
deduce that

EW (uy, w) =Eur, w) =0.
Hence, u; € 7—[(;). The uniqueness can be proved through the similar way to The-
orem 3.1. [J
REMARK 3.1. Note that if (£©®), F®)) is transient then any u € F. can be
expressed uniquely as
U=ujy+uy+us,

where u; € ]:e(% = FeG, U2 € H;‘f),m € GY and iy := ur + uz € Hp. This
decomposition is similar to the orthogonal decomposition with respect to the
quadratic form £ whereas F, is not a Hilbert space. Otherwise, when (£¢), F))
is recurrent we also have such kind of decomposition. In particular, # and i, are
unique but u#, and u3 are only unique up to a constant.

3.2. Regular representation via darning transform. In the rest of this section,
we always assume that m(G) = oo, that is,
s(—o0)=—00 or s(00)=o00.
It follows from Theorem 3.1 that
G ={ueFe:u'=0ae. onG}.
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That means for any function u € G and I, a component of G, u is a constant
on I,. Let gg” =G9WNLER)={ueF:u' =0ae. on G}. In fact, Q(gs) is very
close to a Dirichlet space.

Letr_=inf{x:x € F},ry :=sup{x:x € F} and

(3.7) I:=@_,rp).

If r— > —o0 (resp., ry < 00), then u =0 on (—o0, r_] (resp., [r4, 00)) for any
u e gg‘). Hence, the quadratic form (&, g((f)) on L%(R) can be identified with the
one on L%(I, my), where m is the restriction to I of the Lebesgue measure and
Q(gs) can be written as

g(()s) ={ue Hol,e(l) NL*(I,mp):u’'=0ae.on GNI},
where
Hol?e ={ue He1 (I) : u(r+) =0 whenever r4 is finite}.

Then we have the following lemma.

LEMMA 3.2. The form (&, g((f)) is a Dirichlet form on L*>(I, my) in the wide
sense, that is, it satisfies all conditions of Dirichlet form except for the denseness
ofg(()s) in L*(I, my).

The closeness and Markovian property of (£, Qés)) on L2(1,my) can be deduced
directly from the definitions. So the proof of Lemma 3.2 is trivial.

We shall now find the regular representation of (€, g(()‘)). The notion of regu-
lar representation of Dirichlet space was introduced by M. Fukushima in his cor-
nerstone paper [7]. In his terminologies, a Dirichlet form in wide sense is also
called a D-space and he denoted it by (E, &, F,E), where (E, &) is the state
space with a measure and (&, F) is the Dirichlet form on L?*(E, &) in wide sense.
Due to Lemma 3.2, (I, m;, gés), &) is a D-space. Two D-spaces (E, &, F, ) and
(E', &', F', &) are called equivalent if there is an algebraic isomorphism & from
FNL®(E) onto F' N L*°(E’) and ® preserves three kinds of metrics:

ltlloo = I Pullco, E(u,u)=E'(Pu, du) and  (u,u)s = (Pu, Pu)g.

For a given D-space (E, &, F, £), another D-space (E', &', F', £') is called a reg-
ular representation of (E, &, F, £) if they are equivalent and (£, F’) is a regular
Dirichlet form on L2(E’, £’). By using Gelfand representations of subalgebras of
L, Fukushima proved that regular representations always exist for any D-space
in Theorem 2 of [7], but to find it is another story.

We shall introduce the “darning” transform on D-space (I, my, Qés), &) to find
its regular representation. This transform is in fact darning each finite component
I,, of G and its endpoints into a whole part and regarding this whole part as a new
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FiG. 1. Darning.

“point” in the fresh state space. To be more precise, fix a point z € F'\ H, where
H is given by (1.7) and a surjective mapping j from / to R{ := j (/) is defined
through the following way: for any x € I,

(3.8) Jjx):= /x 1p(t)dt.

Note that j(z) = 0 and j is nondecreasing. Recall that [ = (r_,ry) is given
by (3.7).

LEMMA 3.3. Letr} = j(ry) andr* := j(r_). Then Rj = (r*,rY). Further-
more, j(x) = j(y) ifandonly ifx,y € I, for some finite component I, of G, where
I, is the closure of I,.

PROOF. The first assertion is obvious. For the second assertion, the “if part”
is also clear. For the “only if” part, let x, y € F such that x < y and (x, y) is not
contained in a component of G, we claim that j(x) < j(y). In fact, it follows that
F N (x,y)isnotempty. Take w € F N (x,y) and letd = |x — w| A |w — y|. Recall
that for 0 < & < d/2, we have m(F N (w — &, w + ¢)) > 0. Thus, we can deduce
that

w—i—s
j(y)_j(x)=fy1F(t)dtZ/ 1r(t)dt > 0.

w—e¢

That completes the proof. [

By Lemma 3.3, we can denote
P: = J(I_n)
Then {p;; : n > 1} is dense in R, and j|r\ g is a bijective mapping from F \ H to

R§\ {p;y : n > 1}. See Figure 1 for an intuitive illustration.

REMARK 3.2. Note that G may have no infinite components. For example,
let K be a generalized Cantor set on [0, 1] such that m(K) = A > 0 and define

Fo=JK +2k),
keZ
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where K +2k := {x+2k : x € K}. Then G := F¢ is an open set whose components
are all finite but m(G) = oo. In this case, we have I =R, R = (r*, r}).

Define a measure m{ on R by
(3.9) my=myroj !,

which is a Radon measure on Rjj. Heuristically, R endowed with the measure
is transformed from R with m by darning the closure of each finite component of
G into a single point and getting rid of the (possible) infinite component of G.

Since j collapses each I, into a “point”, say p*, and any function u in Q(()S) is
exactly a constant on each I, this function u determines a unique function i on
R{ through a “darning” method:

(3.10) Hoj=u.
Precisely, i is expressed as i (p;;) := u(a,) or u(b,) for any n > 1 and

UlRs\(prn=1) = ulF\H © i~
Further, define
(3.11) G =i uegd).

OL (s)
0 0

Clearly, u + 1 is a linear bijection between g(()s) and G, ". For any u, 0 € G

define a form £* by

’

(3.12) EX@,0):=Ew,v) = %A‘gu/(x)v/(x)dx.

The form (£*, GS) is called the darning transform of (€, GS”) induced by .

The following theorem mentions that (£*, Q(gs)*

L2(RE, m}).

) is truly a Dirichlet form on

THEOREM 3.2. The quadratic form (£*,GS*) defined by (3.11) and (3.12)
can be expressed as

G* = Hy (RE) N LA(RE, m).

(3.13) | o

5*(&,5):-/ WY ()dx Vi, be G,
2 JRry

where

Hy (R§) = {0t € H} (RY) : ii(r k) = O whenever r’. is finite}.

Furthermore, a regular representation of D-space (I, mj, Q(()S), &) can be realized

by the regular local Dirichlet form (£7, gé”*) on Lz(Rg, my). Its associated dif-
fusion process is an absorbing Brownian motion on Rf| being time changed by its
positive continuous additive functional with the Revuz measure mg.
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PROOF. We first prove g(()s)* = Hol’ LRH N L?(R%, m{). Take a function # in
the right-hand side and let u := 1 o j. To prove u € g(g‘) *, it suffices to prove that
ue Q’(()s). Since j(I,) = p;, it follows that u is a constant on any component /,, of
G,. On the other hand, take any x € I, we have

u(x)—u(z)=ﬁ(j<x>)—ﬁ(j(z))=fxﬁ’oj<r>1p<t>dr,

where z is the starting point when defining j in (3.8). It follows from i’ € LZ(RS)
that 2’ o j - 1p € L*>(I). Thus, u is absolutely continuous and u’ =i’ o j - 1f
(in sense of a.e.) is in LZ(I). In other words, u € F. and ' =0 a.e. on G. That
indicates u € G. Note that lim,_, x @1(x) = 0. Then from # € L2(R%, my) and
(3.9), we can obtain u € L2(I). Thus, u € G®) N L2(1) = gg‘).

To the contrary, take it € g(()s)* and let u be given by (3.10). Since u € L*(I),
it follows that & € Lz(]R{g, mg) and lim,_, ,» i(x) = 0. We only need to prove u
is absolutely continuous on Rf and @’ € LZ(RZ")). Note that Rj \ {p, : n > 1} and
F \ H have a one-to-one correspondence. Moreover, the Lebesgue measure on
RS\ {py : n > 1} corresponds to 1 z(x) dx on F \ H via the transform j. Since u’ =
0 on G, we can define an a.e. defined function u’ o j~! through darning method.
Precisely, u’ o j~!(p}) :=0and u’ o j~1(X) :=u/(j (X)) forae. £ e R{\ {p}::
n > 1} such that u is differentiable at x := j~!(%). Clearly, v’ o j~' € LZ(RS).
Without loss of generality, take a point § € RS with § > 0. Let y := j~1($) if § ¢
{p¥:n > 1} and set y to be the left endpoint of interval j~' () if € {p}:n > 1}.
Then

A A A y / y 12 —1y .
u(y)—u(0)=u<y>—u(z)=f u<r>1F<z>dr=/ W o 7N (0)dj(r)
and it follows that
o A
ﬁ(ﬁ)—ﬁ(O):/J ’ u/oj—l(ﬂdfzf u' o j7U(@) di.

y
Jj(@) 0

Since u’' o j~! € Lz(Rg), we can conclude that i is absolutely continuous on RRj
and

(3.14) @'=u'oj7!  ae onRj.

Therefore, i1 € HO{C(R(”;) N L%(R, mg).
For any u,0 € gg“) *, let u, v be given by (3.10), respectively. Note that u’ =

v =0on G. Thus, we have

1 1
5*(&,6):E/RM’(x)v’(x)dx=5/Ru/oj—l(j(x))z/oj—l(j(x))dj(x).
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From (3.14), we can obtain that

E*(,v) = lf w o j ) o j TN x)dx = l/ ' (x)0' (x)dx.
2 JRy 2 Jry
In other words, (3.13) is proved.

Clearly, (£*, g(()“)*) is a regular local Dirichlet form on L?(R¢, mg), whose as-
sociated diffusion process is an absorbing Brownian motion on R being time
changed by its positive continuous additive functional with the Revuz measure m
by virtue of Theorem 4.2 of [8] applied to s(x) = x.

Finally, we shall prove that the D-space (Rf, mg, G

(I,my, g(()s), £). Clearly, the map

(()s)*, E*) is equivalent to
D:ur> i,
g(()s) NL®(I) — g(()s)* N LOO(RS),

is an algebraic isomorphism, where # is given by (3.10). From (3.9) and (3.10), we
can conclude that (u, u),,, = (i, ﬁ)m(*) and ||u||co = || |lco. Moreover, £*(i1, 1) =
E(u, u) is direct from the definition of £* in (3.12). That completes the proof. [

3.3. On the traces. In this section, we return to the question raised at the be-

ginning of Section 3. Similarly to (3.1), the orthogonal complement of fés) in %,

relative to the quadratic form & can be defined as
(3.15) G® = {u € Fe:Eu,v) =0 for any v e]:"e(s)}.
From Theorem 3.1 and (2.3), we can deduce that
GO =GgW|p
and every u € F. can be expressed as
Uu=uy+u

for some u; € ]:“és) and u, € gV<S>. This decomposition is unique if (€ ) F&)y is
transient and unique up to a constant if (£¢), 7)) is recurrent.

In Theorem 2.1, we assert that the regular Dirichlet subspace (SV ) F )y con-
tains exactly the information of nonlocal part of trace Brownian motion (f:’ F)
on F. Actually the following lemma shows that G® only contains the strongly
local information of (5' , F ).

LEMMA 3.4. Foranyu,v € gv(”, it holds that

Sv(u, v) = %ﬁu/(x)v/(x) dx.
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PROOF. Note that QV ) = GO |p. For any finite component I, = (ay, b,) of G,
it follows from (3.3) that u(a,) = u(b,) for any u € G*). Hence, from Theorem 2.1
we can complete the proof. [J

Take a smooth measure u introduced in Section 2 as

d
pw(dx)=1px)dx+ Y gwan + 8,

n>1,d, <00

where {I,, = (an, b,) : n > 1} is the set of components of G and 6, is the mass of
p. Let

Fo:=FNI,  po=plr. G =6DnL*F p),

where I = (r_, r4) is given by (3.7). Similarly to Lemma 3.2, (5 g (5)) is a Dirich-
let form on L2(F, ) in the wide sense. A regular representation of (F, u, 9o ;) L&)
can be achieved by the similar darning method to Section 3.2. By the darning trans—

form j|F, we may similarly define F, 11, ég“)* and £*. After a little computation,
we have

Fi=Ry,  uh=mj G =g0%  &r=en.

Hence, we have the following theorem by Theorem 3.2.

THEOREM 3.3. The quadratic form (&*, gés)*) defined above is a regular
strongly local Dirichlet form on LZ(FS‘, g), whose associated diffusion process
is a time-changed absorbing Brownian motion on Fg with the speed measure 1.

Furthermore, the D-spaces (I, my, Q(Y) E)and (F, 1, g(s) év’) are equivalent, and

(Ry, my. G*, €)= (K. iy, 5% €7)

is their common regular representation.

In a word, the trace Brownian motion on F may be decomposed as a regu-
lar Dirichlet subspace which contains its nonlocal part and the orthogonal com-
plement which contains its local part and has a regular representation. The time-
changed absorbing Brownian motion in Theorem 3.3 is called the orthogonal darn-
ing process of ]:"és) relative to . If we replace u with another Radon measure u’
on R with support F, it is similar to obtain that the orthogonal darning process of

( ) relative to w is an absorbing time-changed Brownian motion on R whose
speed measure is w’. In particular, if ©'(dx) = 1p(x) dx, then it is actually an ab-
sorbing Brownian motion on Rjj. Note that they are equivalent up to a time-change
transform.
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