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Energy Form on a Closed Fractal Curve

U. R. Freiberg and M. R. Lancia

Abstract. The energy form on a closed fractal curve F' is constructed. As F' is
neither self-similar nor nested, it is regarded as a ”fractal manifold”. The energy is
obtained by integrating the Lagrangian on F'.
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1. Introduction

In this paper we consider a closed fractal curve F', the so-called von Koch
snowflake (see, e.g., Falconer [4]) and we construct the energy form associated
to a free diffusion process on it. The main feature is that I is not a self-similar
fractal, hence it is not possible to make use of the by-now well established
theory of potential analysis (see, e.g., Kusuoka [13, 14] and Kigami [12]). In
order to define an energy form on F', we regard F' as a fractal manifold and
define the energy form £r on F' by integrating a local energy or Lagrangian
on F' (see Fukushima, Oshima and Takeda [7], Mosco [18 - 21] and Strichartz
[22]).

Two different decompositions of F' into three Koch curves K; are possi-
ble, namely F = U?Zl K; or F' = U?:4 K; (see Figures 2.a and 2.b on Page
122). It turns out that Ep can also be obtained as sum of energies associated
with the three von Koch curves of which F' is made by, independent of the
decomposition (see Theorem 4.6). Indeed, in [8], for a certain class of frac-
tal sets which are the finite union of nested fractals with possibly different
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Hausdorff dimensions, the energy is defined by using such sums of energies;
in this sense, the set F' considered here is a particular case of those fractals
considered in [8]. Nevertheless, in the present paper the special geometry of
F requires to analyze which is the role of the ”junction points”, because they
match two "pieces” of same ”shape” and same Hausdorff dimension. In this
context, we are able to prove — from the probabilistic point of view — that the
free diffusion process on F’ satisfies in the junctions points a strong reflection
principle. This explains how the free diffusion on F' corresponds to the three
"reflecting” diffusion processes on Ki, K5 and K3 (or on Ky, K5 and Kg, re-
spectively) which are associated with the energy forms on the corresponding
Koch curves.

Our Lagrangian approach can be obviously extended to more general ge-
ometries where F' is the finite union of fractal sets with different Hausdorff
dimensions, but also to the more interesting case of fractals which are images
of a nested fractal under a C'-diffeomorphic mapping (see [6]).

The plan of the paper is the following. In Section 2 we recall the definition
and properties of the von Koch curve K and we define the energy form and the
Lagrangian on K. The definition of the snowflake F' as a ”fractal manifold”
is given in Section 3. In Section 4 the Lagrangian on the snowflake F' is
introduced as image measure of the Lagrangian on the Koch curve by using
the description of F' as a "fractal manifold”. This leads to the definition of
the energy form £ on F', and it turns out that £ is a closed, strongly local,
regular Dirichlet form defined on L?(F, ur), where up is proportional to the
D ¢-dimensional Hausdorff measure on F' (see Corollary 4.11). In Section 5
the Laplacian A is introduced as operator associated to the energy form
Er. We show that the Laplacian on F' is "locally” given by the Laplacian of
the corresponding von Koch curve (see Theorem 5.3). In Section 6 we give a
stochastic interpretation in terms of a strong reflection principle.

2. Preliminaries

Through this paper we are in the real plane R2, equipped with the Euclidean
distance [p — q| (p,q € R?). By A we denote the closure of a set A in R?. By
C(A) we denote the space of real-valued, continuous functions on A, by C(A)’

its dual, and by Cy(A) the space of continuous functions compactly supported
on A.

2.1 The von Koch curve. Let us first recall the definition and some main
properties of the von Koch curve K. This self-similar fractal belongs to the
class of so-called nested fractals introduced by Lindstrgm [17] and is obtained
as follows (see, e.g., [4]):
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Pose A = (0,0) and B = (1,0), remove from the segment AB the middle
(open) third and put up above this hole the two other sides of a regular
triangle. Do the same with the four segments of length % of the arising set,
and do so on (see Figure 1).

Figure 1: Construction of the von Koch curve: first and second iteration

The limit set is the well known von Koch curve.

On the other hand, this fractal is given as unique non-empty set which is

self-similar with respect to the family of affine contractions ¥ = {41, ..., 14}
where the mappings are given by
z
P1(z) = 3
Ua(2) = 2% 4 2
z) = e =
? 3 3
1 3
h3(z) = 26_13 +35 +i\%_
z242
Ya(z) = —3

and z denotes an element of C (for the moment we identify R? with the
complex plane C). It is proved that there exists a unique non-empty compact
set K such that K = U?zl ;(K), (i.e. K consists of smaller similar copies of
itself, hence K is self-similar; see Hutchinson [9]).

Furthermore, one can obtain K as the attractor of the dynamical system
{4"}>1, where ¥™ denotes the n®" composition of 1 with itself, the map
P(A) = Uf‘:l ¥;(A) (A C R?) acts on the Banach space of all non-empty
compact subsets of R? equipped with the Hausdorff metric. Moreover, one has
free choice of a (non-empty) closed starting set. The choice of Vy = {A, B} —
which is just the set of essential fixed points of the iterated function system
U (see [17] for details) — leads to the following approximation of K by an
increasing sequence of finite sets of isolated points.

Setting Vp = {4, B}, for arbitrary n-tuples of indices ji, ..., j, € {1,...,4}
we define
Vjroojn = Pja 002 0 Pj,
Vivdn = $jiin (Vo)
and

4
Vi= U Vi

jla“':jnzl
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It is easy to see that £V, = 4™ + 1. Every point p in V,\{A, B} has two
neighbors ¢ € V,,, which are called n-neighbors of p, denoted in the following
by q ~, p. We say that p,q € V,, are n-neighbors, if there exists a n-tuple of
indices j1, ..., jn € {1, ...,4} such that p,q € Vj,...;,. They both have distance
37" from p. Further, we set

Vo= J Vo= lim V,.

n— 00
n>0

There holds K = V.

Moreover, there exists a unique Borel probability measure p which is self-
similar with respect to the family W, i.e.

p(A) = T (o A)

=1

for any Borel set A C R?, and supppu = K. Note that p is given by the
normalized D ¢-dimensional Hausdorff measure HPs | restricted to K, where
Dy = %2—4 (see [9]). Further, for any n > 1 we define a discrete measure ™ on

3
V, by
n 1
= Z 0p} (2.1)
PEVR
where 0,1 denotes the Dirac measure at the point p. Note that u"(V,) =
1+ .
In [15] the following result is proved:

Proposition 2.1. The sequence (u")n>1 is weakly convergent (i.e. in
C(K)') to the measure pu.

2.2 Energy form on the von Koch curve. In this subsection we recall
the construction of the energy form on the von Koch curve K. It is based on
finite difference schemes and follows general lines described in [14] for nested
fractals.

For any function u : V, — R we define
1 . 2
Enlu] = 54 >0 (ulp) —ule) (2.2)
PpEVy, q~np

where ¢ ~,, p means that ¢ is an n-neighbor of p. It can be shown (see [14])
that the sequence (&,[u])n>0 is non-decreasing, the limit of the right-hand
side of (2.2) exists and the limit form

Elu] = lim &,[u] (2.3)

n—oo
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is non-trivial (€ # oo) with domain
D.(&) ={u: Vi - R|E[u] < co}.

Every function u € D,(€) can be uniquely extended to an element of C(K).
We denote this extension still by u and set

D={uecC(K): Eu] < oo}

where E[u] = Eluyy,]. Hence D C C(K) C L*(K,p), where L?(K, 1) is the
Hilbert space of square summable functions on K with respect to the self-
similar measure pu.

We now define the space D(€) as completion of D in the norm

1/2
lulle = (ullZe g0 + E) . (2.4)

D(€) is injected in L?(K, u) and is a Hilbert space with scalar product associ-
ated to norm (2.4). Then we extend £ as usual on the completed space D(E).
By £(+,-) we denote the bilinear form defined on D(£) x D(E) by polarization,
ie.

£(u,v) = %(5[u Lo €] —E[))  (wv e DE)).

It is easy to see that, for any pair u,v € D(E), £(u,v) is the limit of the
sequence (&, (u,v)) given by

Enlu,v) = 54" Y Y ulp) = u(q)] [v(p) — v(g)]. (2.5)

The form £(-,-) with domain D(E) x D(E) is a closed Dirichlet form in the
Hilbert space L?(K,u). It is regular and strongly local. Regularity means
that D(E£)NC(K) is dense both in C(K) with respect to the uniform norm and
in D(&) with respect to the intrinsic norm (2.4). This property implies that
D(E) is not trivial (i.e. not made by only the constant functions). Moreover,
the functions in D(E) posses a continuous representative, which is actually
Holder continuous on K (see [15: Corollary 3.3]). In the following we will use

that D(E) N Co(K) is dense in Co(K).

Proposition 2.2. The space D(£) is continuously embedded into C%°(K),
In4 _ Dy

the space of Holder continuous functions with exponent 3 = 575 5

In the following we identify v € D(€) with its continuous representative,
still denoted by u.
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2.3 The Lagrangian on the von Koch curve. In this subsection, we con-
struct the Lagrangian on the von Koch curve. For the concept of Lagrangians
on fractals, i.e. the notion of a measure-valued local energy, we refer to [7, 18,
20] (see also [2, 21]).

We observe that the approximating energy forms &, on V,,, defined in
(2.5), can be written as

En(u,v) = / Vou - Vyodu™ (2.6)
Vn

where p™ is the discrete measure given in (2.1). For every n > 0, u” is a
measure on K supported on V,,, and for any p € V,, the ”discrete gradient” is
given by

1 U —u v —v
Vau - Vao(p) = 3 q;p (f;)_ q|§Q) (f;)_ q|((;q) (u,v € D(E))

where § = {22 (see [21]). Then there holds:

Proposition 2.3. Let A be any subset of K. For every u,v € D(E), the
sequence of measures given by

L'(I?)(u,v)(A) = / Vou - Vyodup™ (n>0) (2.7)
ANV,

weakly converges in C(K)' to a signed finite Radon measure L (u,v) on K as
n — 00, the so-called Lagrangian measure on K. Moreover,

E(u,v) = /KdL’K(u,v) (u,v € D(E)).

Proof. First, let us restrict ourselves to the quadratic case. Fix u € D(E)
and set Lg?)[u] = Eg?)(u,u) (n > 0). From (2.6) and (2.3) it follows that

(E%l) [u](K))n>0 is a uniformly bounded sequence, because
L) = [ atll = e <€l <00 (n20)
K

Let n € N be fixed. It can be proved by straightforward calculations that,
for every u € D(E) and every ¢ € D(E) N Cy(K), the identity

| ) = ) - SEnto® (28)
Vi
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holds. As the energy form E[u] is a Dirichlet form of diffusion type, it admits
an integral representation (see [16]): there exists a unique positive Radon
measure, which we call Lx[u], such that Eu] = [, dLk[u] and which is
uniquely defined by

| wdexli = Elpun) = 38e?) (peD@ONCUER)  (29)

(see [18]). Passing to the limit as n — oo in (2.8), from (2.3), taking into
account the regularity of the form, it follows that the right-hand side of (2.8)
tends to the right-hand side of (2.9). Hence we have proved that

LM = Lilu]  (n— ). (2.10)

The (signed) Radon measure E%)(u, v) (u,v € D()) is given by polar-
ization:

n ]‘ n n n
E(K)(u,v) = §{£g{)(u +v,u+v) — E%)(u,u) - E%)(v,v)}.

These are Radon measures on K uniquely associated with every u,v € D(E).

The weak convergence of the sequence (E%)(u, v))n>0 to the (signed) Radon
measure L (u,v) for any u,v € D(E) follows from the polarization formula
and (2.10) (see [18]) N

Remark 2.4. The measure-valued map Lx on D(E) x D(E) is bilinear,
symmetric and positive (i.e. Lg[u] is a positive measure). This measure-
valued Lagrangian takes on the fractal K the role of the Euclidean Lagrangian
dL(u,v) = Vu-Voudz. Note that in the case of the Koch curve the Lagrangian
L is absolutely continuous with respect to the volume measure p (see [3]).
On the contrary, this is not true on most fractals (see [20]).

3. The von Koch snowflake

3.1 Intuitive description. By a von Koch snowflake F' we will denote the
union of three standard von Koch curves K7, K5 and K3 as shown in Figure
2a. We assume that the junction points x1,x3 and x5 are the vertices of a
regular triangle with unit side length, i.e. |1 —z3| = |z1 —x5| = |r3— 25| = 1.
Obviously, F' can also be seen as the union of the three other standard von
Koch curves Ky, K5 and K¢ (with junction points x9, x4 and z¢), as shown in
Figure 2b.
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From now on we assume that a clockwise orientation is given on F'.

Figure 2: a) first decomposition b) second decomposition

Remark 3.1. We observe that the points x1,x3 and x5, which are the
endpoints of K7, Ko and K3, are interior points of K4, K5 and Kg, respectively;
viceversa, the points xo, x4 and xg are interior points of Ky, Ko and Ksj,
respectively.

By K; (1 < i < 6) we denote the curve K; without its endpoints. Of
course, the Hausdorff dimension of the von Koch snowflake is also given by
Dy = %. But unfortunately, this fractal is no longer self-similar (and, hence,
not nested). So we cannot apply the theory of defining an energy form on
a nested — or, more general, on a post critically finite — fractal which was
developed by several authors (see, e.g., [12, 13, 17]).

One can define, in a natural way, a finite Borel measure ppr supported on
F by

pF = p1 + p2 + p3 (3.1)
where p; denotes the normalized D ;-dimensional Hausdorff measure, restrict-
ed to K; (i =1,2,3). There holds also that pupr = pg+ ps+ pe, where p; is the
normalized D j-dimensional Hausdorff measure restricted to K; (i =4,5,6).

Obviously, K7 is the uniquely determined self-similar set with respect to
four suitable contractions w%l), cee fll), with the same ratio %, which can be
obtained from 11, ...,%4 by composing them with rotations and translations,
as it will be pointed out in the next section.

As before, we approximate K7 from below by a sequence of finite sets of
points. For this, set

Vgt = {1, )
Vi, =) 00w (VY)

In
and
4
(1) _ (1)
vy U Vi
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Further, we set

m>0

There follows K, = V*(l). In a similar way, we approximate the von Koch
curves Ko, ..., Kg by sequences (Véf))mzo, cel (Vn(f))mzo and denote their

limits by V*(2), ey V*(6), respectively.

In order to approximate F', we define the increasing sequence of finite sets
of points Vo, = UP, Vi) = UL, Vit (m > 1) and V, = U, ~, Vin. There
follows V, = J>_, Vi = J°_, Vi) and F = V..

3.2 The von Koch snowflake as a manifold. We assume that we are
given a von Koch snowflake F' as described above. For our purposes it is
convenient to regard F' as a "fractal manifold”. We cover the snowflake by
sets U; (i > 1), which are open subsets of the snowflake and which can be
mapped by a corresponding set of homeomorphisms {¢; };>1 to certain ”fractal
reference sets”. Here "open in the snowflake” means open with respect to the
trace topology on F' of the Euclidean one on R2.

Because of the simple geometry of the snowflake it seems reasonable to

choose .
U, = K; (t=1,...,6)

(according to Figures 2a and 2b) and to define the mappings ¢; : R? — R? as
uniquely determined orientation preserving Euclidean motions such that every
p; maps the set K; to the reference von Koch curve K defined in Subsection
2.1. Obviously, such a map ¢; is given as composition of a rotation and a
translation of the plane R2, i.e. ¢;(p) = e'%p+b; (i =1,...,6), where 6;
is the rotational angle and b; € R? is a vector; obviously, gpi(VO(Z)) = Vy. By
means of these functions we choose the maps wj(.z) (j=1,...,4;1=1,...,6) as

47 () = 0 (05(@i)).
Further, each map ¢; preserves the property of n-neighborhood:

Lemma 3.2. For anyn > 1 and any ¢ = 1,...,6 the following holds: p

and q are n-neighbors in 1A% if and only if ¢;(p) and p;(q) are n-neighbors
mV,.

Proof. Let p,q € V,Ei) be n-neighbors. Then there exists an n-tuple
J1y---5 Jn such that

1= 00 00l
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where {¢€() n()} = ‘/O(i). Then

b, -1y, (9i(€9))
by, s, (i (n™)),

©i(p)
vi(q)

thus the thesis follows from the properties of the functions ¢;. As the matrix

el is orthogonal, [¢;(p) — pi(a)| = [p—al (p,g € Vii";i=1,...,6)

Corollary 3.3. Foranyn >1 and anyi=1,...,6, the map goi_l K —
K; preserves the property of n-neighborhood on V,,.

From the above consideration a natural definition of n-neighbors can be
given for the points in V,,. Every p € V,, has two neighbors ¢ in the following
denoted by p ~., q.

4. Lagrangian and energy form on the snowflake

4.1 Lagrangian on the snowflake. In this subsection, we define the La-
grangian L on the fractal snowflake F' by using its representation as a ”fractal
manifold” (see Subsection 3.2).

Let L be the Lagrangian on the von Koch curve K introduced in Propo-
sition 2.3. To this aim, we introduce the space

Dpz{w:FHR‘wowi_leD(é') Vi:l,...,G}. (4.1)

Let w, z be two given functions in Dr defined on F. We want to define a
measure Lp(w,z) on F.

Definition 4.1. Let A be a Borel set of K;. We introduce the measure-
valued Lagrangian Lp(u,v) of the set A as image measure (see, e.g., [5]) of
the measure L (w o goi_l, zo gol-_l) under the map goi_l, i.e.

Lr(w,2)(A) = Lx(wop; 200 ) (wi(4)  (ACK).

Remark 4.2. Due to Proposition 2.2, for any w € Dp the functions
w o 4,02._1 (i =1,...,6) are continuous on K. Hence, wg, = w o (pz._l o ; is
continuous on K; for every ¢ = 1,...,6. From Remark 3.1 the continuity of w
on all of F follows. Thus, from now on we identify the elements of Dr with
their continuous representatives.

We now show that the definition of Lp(w,2) (w,z € Dp) is well posed.
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Proposition 4.3. The above definition of the Lagrangian Lr is indepen-
dent of the choice of the sets K;, i.e. if AC K;NK; (1,7 =1,...,6;1# j),
then

Lr(wopi zow; )(pi(A) =Lr(wop; ' 2097 )(p;(4)  (4.2)
for all w,z € Dp.

Proof. Choose two functions w,z € Dp and two indices ¢ # j. From

Proposition 2.3 it follows that Lg is the weak limit of Eg). In order to prove
(4.2) it is sufficient to show that, for any n > 1 and for any p € K; N K; NV,
the discrete gradients satisfy

Vi(wop; ') - Va(zo 0 ) (@i(p) = Valwo ;') - Va(z 095 1) (¢;(p)).

From (4.1) we have that the functions u = wo ;" and v = z 0 ¢; !, acting
from K to R, are in D(E). Set r = p;(p). Then r € K NV, and we have to
show that, for any n > 1,

Vi (u) - Vi (v)(r)
=Va(uo(piop;") - Va(vo(piop; ") ((p;0pM)(r)
holds. Setting h = p; o ; !, the right-hand side of (4.3) is given by

> (wo h 1) (h(r)) — (woh™")(q) (voh !)(h(r)) — (voh')(q)
|h(r) — q|° |h(r) — q|°

(4.3)

q~nh(r)
_ u(r) —u(q) v(r)—ov()
e TR A TG B
_ u(r) —u(q’) v(r) —v(q)
"X i hear

where the last two equalities follow from Corollary 3.3. The last sum equals
to the left-hand side of (4.3) B

Definition 4.4. If B is an arbitrary Borel subset of F', it can be regarded
as disjoint union of sets By, ..., Bg defined by B, = BNC; 41 (i=1,...,5)
and Bg = B N Cg,1, where C; ;41 denotes the set of all points of F' located
between x; and x;41, including x; and excluding z;y1, and Cps ; denotes the
set of all points between x¢ and z1, including x¢ and excluding x;. Then any
of the sets B; is contained in one of the sets K1, ..., K¢, and we define

Lr(w,z)(B) = Zﬁp(w,z)(B

L is defined on Dp X Dp.

We define the energy form on the fractal snowflake F' in terms of its local
energy measure Lp.
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Definition 4.5. We introduce on Dr x Dp the symmetric bilinear form

Ep(u,v) = /F ALe(uv)  (u,0€Dp). (4.4)

We note that

€F(u,v):§:/m dLp(u,v) :g/m dLp(u,v)

as follows from Remark 2.4 in this simpler situation and from [1: Theorem
5.2] in the more general case of post critically finite fractals.

4.2 An alternative definition of the energy form on the snowflake. In
this subsection, we give a definition of an energy form on the fractal snowflake
which does not make use of the notion of the Lagrangian. Later we will see
that both approaches are equivalent. Here we refer to the set F' no longer as
a manifold but as union of three von Koch curves (see Figures 2a and 2b; see
also [8]).

In order to introduce some notations, we recall the definition of the energy
form on one of these curves, say K; (according to Subsection 2.2). For any
function u : V(") — R we define the non-decreasing sequence (57(,% ) [u])m>1 by

Sﬁ)[U]:%ﬁlm SN (ulp) —ulg)

pEV»,Ezl) q~mPp

D, (W) = {u: VAN R‘ lim £V[u] < oo}

we set
EW] = lim EWVu).

As explained in Subsection 2.2, we identify each D, (£™M))-function by its con-
tinuous extension on K;j. Proceeding as in Subsection 2.2 we have that

(EMW DEWM)) is a strongly local Dirichlet form on L?(K7, ;) and D(EM)
is a Hilbert space equipped with the norm (]| - %250 0y + 5(1)[-])1/2.

We proceed analogously for the von Koch curves Ks,..., Kg. We de-

note the corresponding energy forms by £, ..., £©) obtained as limits of
sequences (Sg))mzl, s (&S?))mzl, respectively. Finally, we denote the do-

mains of these strongly local Dirichlet forms by D(£@), ..., D(£®)) and the
corresponding Lagrangian on K; by L, [-] (see Proposition 2.3).
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In order to define the energy form on F', we proceed as follows. For any
function u : V, — R we define

Enll = 54" Y (ulp) ~u(@)®  (m>1)

PEVm ¢~mDP

(Em[u])m>1 is a sequence non-decreasing in m. Further, we introduce the
domain

D= {u € C(F)‘gp[u] = lim Epfu) < oo}

m—00

Hence, D C C(F) C L2(F, up), where pup is defined in Subsection 3.1. We

now define the space D(Er) as completion of D in the norm

/2 (4.6)

lull gz, = (lul3a ey + Erlul)
D(gp) is injected into L?(F, ur) and is a Hilbert space with scalar product
associated to norm (4.6). Then we extend & as usual on D(ER).

We recall that F' can be thought as union of three von Koch curves ac-
cording to Figure 2a as well as to Figure 2b.

We now show that Ep is independent of the chosen tiling of F'. Namely,
we have:

Theorem 4.6. A function u is in D(E) if and only if u € C(F) and
uk, € D(EW) (i=1,...,6). Moreover, in this case we have

Erlu] = EVuik,] + EPuk,] + EP[uk,]

O] + ED ] 4 EO ] D

Proof. We only prove the first equality, the second being analogous. As
on F' the clockwise orientation is given, every point p in V,, has a ” preceding”
and a " following” m-neighbor in V,,, denoted in the following by p™ and p™",
respectively. First suppose u € D. According to Figure 2a, for any u : V, — R
and for any m > 1 we have

Euli) = 54 32 3 [ulp) — (@)

PEVm ¢~mpP

= % i ( > > [u(p) — u(q))?

peViO\{a1,a5} I~mP
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+ > > [ulp) — ulg))

PV \ {3,205} I~mP

T ST ulp) —ul@P+ Y Juler) — u(q)]?

peV, I\ {a1,25} I~mP a~m1
+ Z [u(z3) —u(q)]* + Z [u(zs) — u(q)]2)
q~mT3 4q~mTs5

=§4m< > Y ) - ula)?

peVI\ {z1 a5} 4~mP

+ [u(@r) — (@) + [ulzs) — u(zg")]?

+ Y Y ) —u(@)P
peV I\ {as,a5} I~mP
¥ [u(es) — w(@D))? + [ules) — w(zm)?

+ > > [u(p) — u(q)]?

peV I\ {z1,5} I~mP

+[u(@s) — u(@g"))? + [u(e) — U(fvT’)P)

=§4m<2 > ) - ulo))?

peVi) qeV,i D igrmp

+ > > up) —ulg))?

peVi? gV, iqrmp

+ > Y [U(p)—U(Q)]2>

peV? qeViP igmmp
= gg)[uw*(l)] + gg)[u|véz)] + 57(7?) [UW*(S)].

By passing to the limit as m — oo, it follows u |k, € D(EW) (i =1,2,3).
By a similar argument it also follows that ujx, € D(E®) (i = 4,5,6). From
the definition of D(Ep) it follows that (4.7) holds for any u € D(Eg). Finally,
u € C(F) follows from Remark 3.1 11

Remark. From the proof of Theorem 4.6 it follows that for a function u
to be in D(Ep) it is sufficient that u € C(F) and uk;, € D(EW) (i=1,2,3)
(or, equivalently, i = 4,5,6). In particular, from this follows that no matching
conditions at the junction points are needed.
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Corollary 4.7. (gF,D(ENF)) is a strongly local, closed, reqular Dirichlet
form on L*(F, ur), where pr is defined by (3.1).

Proof. The proof follows from Theorem 4.6 and the corresponding prop-
erties of £® on K; i

Corollary 4.8. D(Ep) is continuously embedded into COP(F), 3 = %.
Proof. The thesis follows from Theorem 4.6 and Proposition 2.2 I

4.3 Equivalence of both approaches. In this subsection, we show that the
form &, r coincides with the form £g. In the following we denote the restriction
of Lrlul to K; (i=1,...,6) by Lr[u]|x,(-) = Lr[u](- N K;).

We preliminary prove the following

Lemma 4.9. For any u € Dr we have u|k, € D(EW),
/ dLrl] = EDux,]  (i=1,...,6) (4.8)
K;

and Lr,[u] = Lru)jx, (i=1,...,6).

Proof. Without loss of generality we show the assertion for ¢ = 1 only.
For this, consider L£p[u]x, which by Definition 4.1 is given by L [u o ¢ ].
We recall that, for u o ¢t € D(E), Lx[uo ;'] is the weak limit of the
sequence (Eg?) [uo ¢ ']) defined in (2.7). Hence, the left-hand side of (4.8)
can be written as

[ atel = [ dciluo gt
K K
= lim dﬁ([?)[uowl_l]

n—oo V.
n

L 3 3 [u(er () — uler H@)]”

Ip— q|*

PEVy qEVpiq~np

—pm Yy M)

p eV @' €Vnig ~np’

where the last equality follows from the fact that gol_l : K — K, preserves n-
neighborhood (see Lemma 3.2). From the finiteness of the last limit it follows
that u|r, € D(é’(l)) and that

[w®) —u(@)? _ .
— lim = EW [y, |-
2 n—>oop GZV:(I) y GVZq:N » |p/ _ q/|26 |

Thus the statement is proved il
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Theorem 4.10. A function u : F — R belongs to D if and only if it
belongs to D(Er). In this case,

Er[u] = Eplul. (4.9)

Proof. Let u be in Dp. We prove that u belongs to D(Ex) and that (4.9)
holds. Indeed, every u € Dp is continuous on F' (see Remark 4.2). From

Lemma 4.9 and Theorem 4.6 it follows that u € D(Er). We note that Er can
be written as

&WFiAfMﬂM+£;MhWLﬁLJMHM (u € Dr)

(see (4.5)). From Theorem 4.6 we have
Erlu] = EVur, ] + EPuse) + EPluk,]  (u € D(Ep)).

This together with Lemma 4.9 yields (4.9) for any u € Dp.
On the other hand, if a function w is in D(g F), we obtain from Theorem

4.6 that ujx, € D(EW) (i =1,...,6). Proceeding as in the proof of Lemma
4.9, it follows that u o ;' € D(£), hence u € D and (4.9) holds B

From Theorem 4.10 and Corollary 4.7 we obtain

Corollary 4.11. (Ep,Dg) is a strongly local, closed, reqular Dirichlet
form on L*(F, ur).

Corollary 4.12.

i) Dp is a Hilbert space with scalar product associated to the norm ||u||p,
= (el e+ Elu) .

ii) Dr is continuously embedded into COP(F) with 8 = %.

Because of the equivalence of both energy forms, from now on we use only
the notation (€p, Dp).

Remark 4.13. We point out that the definition of energy forms in terms
of a local energy measure, i.e. a Lagrangian, can be adopted to define energy
forms on a wider range of more general fractals with a smaller (or, even empty)
symmetry group; of course, in the case of the von Koch snowflake, the above
equivalence is due to the simple geometry — i.e. the high symmetry — of the
von Koch snowflake.
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5. The Laplacian on the snowflake

We now define the Laplace operator on F. As (Ep, Dp) is a strongly local,
closed, regular Dirichlet form on L?(F, ur), there exists (see [11: Chapter 6,
Theorem 2.1]) a unique self-adjoint, non-positive operator Ag on L?(F, jur)
— with domain D(Afr) C D, dense in L*(F, ur) — such that

Er(u,v) = — /F(Apu)vd/u: (ue D(Ap),v € D).

In a similar way, on each of the Koch curves K1, ..., K¢ we define Laplacians
A, as unique self-adjoint, non-positive operators on L?(K;, ;) — with do-
mains D(Ag,) € D(£W), dense in L?(K;, 1;) — such that, for any i = 1,...,6,

EW (u,v) = — /K'(AKiu)vdui (u € D(Ax,),v € D(ED)).

These are the "field operators” with homogeneous ”Neumann” boundary con-
ditions [19].

We now define the local operator Ak, joc on KZ (i =1,...,6). Following
[19], we define D(E (i)) loc as the space of all u;-measurable functions u : K; —
R such that, for any open relatively compact subset U CC [O(i, there exists
a function w € D(EW) such that u = w p-a.e. on U. Given u € D(EW),.,
the measure L, [u] is well defined on K; by putting L, u)jv = Lk, [w)|v
for arbitrary U and w as above. The measure L, (u,v) on K; for u,v €
D(E@)oc is given by polarization. We recall that, from Lemma 4.9, for every
w € D(ED) e we have L, [u] = (Lp)jx,[u] on K; (i=1,...,6).

We now define the "local” Laplacian Ak, i (i =1,...,6).

Definition 5.1. Fix i € {1,...,6}. For f € L*(K;,u;), we say that
u € L2(K;, pi) N D(S(i))loc is a local weak solution of the (formal) equation

~Agu=f ink; (5.1)

/ﬁ AL, (1, ) = / fodp  VoeDENNCE).  (5.2)
K; K;

Given f € L*(K;, p;), we denote the set of all weak solutions u of equation

(5.1) by

Ro[Ak,Jioc(f) = {u € L2(K;, i) N D(ED ), - u satisfies (5.2)}.
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This defines Ro[Ak,|ioc as a multi-valued operator
Ro[Ax e : L?(Kiy i) — L*(K;, ;).

We denote by —Ak; i0c the inverse of Ro[Ak,]ioc in multi-valued sense. That
is, —AKk, 1oc is the operator defined on the domain

D(AKZZOC) = RO[AKi]loc(LQ(Kinui))
setting f € —Ak, 10c(u) for u € D(—Ak, 10c) if and only if u € Ro[Ak,]i0c(f)
for f e L*(K;, ).

It can be proved (see [19]) that —Ax, joc is single-valued on its domain,
and we write f = —Axg, 10c(u) if u € D(Ak,loc), with domain

D(Ak, 1oc) = Ro[Ax,Jioc(L* (K, p1s))

being the space of all functions u € L?(K;, pt;) N D(E@ )10 such that u is the
weak solution of equation (5.2) for a function f € L?(Kj, u;), and then we
write —Ag, 10ct = f.

In order to describe properties of the free diffusion process associated to
Er, from now on, just to fix ideas, we assume F = U?Zl K;.

Remark 5.2. We note that, as F\{z1,x3,25} = U§:1 K;, according to
Theorems 4.6 and 4.10

3
DFﬂC()(Uf(Z)

=1

:{U:F—>R

vk, € DED)NCo(K) (1 =1,2,3)}.

For every function v, which is in D(E®) N Cy(K;) for a fixed i, denote by @
the trivial extension .
b= { v on Kj;

0 elsewhere on F.
Then v € Dp N CO(U?:1 f(ﬁ

Theorem 5.3. For any i € {1,...,3} and every u € D(Ar), u
’D(AKi,loc) and

K; €

Ak, loct| Kk, = Apu on K;.

Proof. Without loss of generality we choose i = 1. Let u € D(Ap). From
the definition of D(Ap),

/dﬁp(u,v):/fvdup VveDp (5.3)
F F
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for some f € L2(F,pup). Now choose v € D(EW) N Cy(Ky) and let & be
its trivial extension (see Remark 5.2). From (5.3) and taking into account
Theorem 4.5, Lemma 4.9 and the strong locality of the form £(® we obtain

/o dﬁKl(u,v):/a fodpr Y oveDED)NCHKY).
K K,

Hence, u € D(Axk, ioc) and Ak, joctt = Apu on K 1
From Theorem 5.3, we conclude immediately:

Corollary 5.4. For any u € D(Ap),

3
Apu = Z Ak, loc(u)lg, on F\{z1, 3,25}

=1

When F = US_, K;, a similar procedure can be carried on. Namely, for
u € D(AFp), one can obtain

6
Apu=3) Ak oc(u)ly,  on F\{zy, a4, z6}. (5.4)
1=4

6. Reflected sets and some stochastic aspects

By the general theory of stochastic analysis (see, e.g., [7]) there is a one-
to-one correspondence between local regular Dirichlet forms and stochastic
processes. This correspondence can be expressed in terms of the corresponding
Laplacian (and the associated semigroup) which is the so-called infinitesimal
generator of the process. Roughly speaking, regularity of the form implies
existence of an associated strong Markovian process, while locality of the form
ensures continuity of the paths for quasi every starting point. From Corollary
4.11 we obtain that there exist a probability space (2, F,P) and a stochastic
process (X;)i>0 on it with state space F, equipped with the o-algebra of
Borel subsets of F', which is associated with (£p, Dp). Moreover, except for
some exceptional set of starting points = € F, (X;);>0 has continuous paths.
Because F is a closed curve, we have no boundary conditions for (X;):>o, i.e.
(Xt)t>0 moves free on F.

Now we want to give a stochastic interpretation of Theorem 4.6. For
t=1,...,6 and for quasi every starting point x € K;, a continuous stochastic
process (Xt(l))tzo — associated with the Dirichlet form (£®) D(£®)) — and
state space K; is given. From Theorem 5.3 it follows that these processes can
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be defined on the same probability space (€2, F,P). Note that the process
(Xt(i))tzo is reflected at the endpoints of K; (i =1,...,6) (see, e.g., [7]). As
the K; (i =1,...,6) are nested fractals, these diffusion processes (Xt(i))tzo
can be obtained as limits of sequences of suitable renormalized discrete sym-
metric random walks (Xy(,?)meN on Vi (see [17]). Of course, such a limit
process (Xt(i))tzo is still symmetric and strong Markovian, i.e. in particu-
lar, it satisfies a strong reflection principle on KZ (i =1,...,6). Note that
”symmetric” means symmetric with respect to reflections on F' introduced
below.

We now prove that (X;):>o satisfies a strong reflection principle on all of
F. In order to do this, we have to introduce the notion of reflection of any
Borel subset A of the fractal F' at a point p € F'.

For any m € N, we define a distance d,, on V,, in the following way: we
connect m-neighbors each other by a line segment, i.e. we obtain a closed
polygonal curve @,,. For two points p,q € V,,, we define their distance
dm(p, q) as the curve length of the shortest path from p to ¢ along Q,,.

Fix m € N and a point p € V,,. We define the reflection of a point
q € Vi \ {p} in p, denoted by R}'(q), as the point r € V,, which is different
from ¢ such that d,,(r,p) = dm(q,p) if it exists or R}*(q) := q otherwise. We

set R (p) = p.
For a set A C V,,, the reflected set is given by

Ry(A) = Ry (9).

geA

For a set A C F and a point p € V,, we define the reflection of A in p by

Ry(A4) = |J B}(ANV)

m>mo

where my is the smallest natural number such that p € V,,,. By the density
of V, in F, this defines for any point p € F' and any set A C F' a reflected set
R,(A) C F. Note that in general a set A C F' and its reflection R,(A) have
not the same shape as in the Euclidean case.

Now we are able to formulate the strong reflection principle of a process

(Xt(l))tzo with starting point x € K;. We refer for the definitions of a Markov
process, a random (or, stopping) time, a filtration, and the conditioned ex-
pectation with respect to a o-algebra etc. to [10].

For any ¢ € K;, define the random time

Te=inf {t >0: Xt(l):c}
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and denote the sub-o-algebra of F of the 7.-past by G, . Then, for any Borel
set A Q Kl with RC(A) Q Kl,
P (X(l)

Te+s

€ AlG..) =P(x'"), € R.(A)G,) (s>0), (6.1

i.e. from time 7. on, the process "behaves symmetric” with respect to ¢. This
follows from the theory of symmetric strong Markovian processes on nested
fractals (see [14, 17]).

Now we come back to the interpretation of Theorem 4.6, i.e. we show how
the free diffusion on F' ”splits” into three reflected processes on Ki, Ko and
K3. Note that the infinitesimal generator A g of the stochastic process (X¢)¢>0
uniquely determines its so-called one-step-transition probabilities because, for
any Borel set B C F', any point z € I’ and any time ¢ > 0,

P (X, € B|Xo =2) = E(15(X;)|Xo = z) = (e2""15) ().

By the Chapman-Kolmogorov equality we obtain that the infinitesimal gener-
ator determines uniquely also finite-dimensional distributions of the associated
Markovian process. Therefore, Corollary 5.4 yields

th{XteF\{m,m,a?s}}

0o ) 5 (6.2)
XM U xeion + X Lxeion + X L eicn

where the processes (Xt(l))tz(), (Xt(Q))tZO and (Xt(3))t20 are chosen to be inde-
pendent. By the same arguments (cf. (5.4)) we obtain
Xil{x,eF\{a2,04.06)}

6.3)
d 1 (4) (5) ©6) (

From (6.2) and (6.1) we know that the process (X;);>0 satisfies a strong reflec-
tion principle in every point ¢ € F\{x1,x3,2z5}; from (6.3) we conclude that
the same holds also in the points x1, x3, x5, because they can be regarded as
inner points of Ky, K5 and Kg, respectively. So we observe a strong reflection
principle on all of F, i.e. for any ¢ € F' and any set A C F' we have

P(XTc—i—s € A|g7c) = P(XTC+S € RC(A)|QTC) (s >0)
where 7. is now given by
Tc:inf{t>0: Xt:c}.

Therefore, (X¢)¢>0 is a symmetric Markovian process on F, which corresponds
stochastically to three reflected diffusions on the von Koch curves K7, K5 and
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K3. In other words, when the process arrives in say x; from the left, with
probability , it goes back and still behaves like Xt(g) (t > 0) and, with
probability %, it passes through x; and behaves in ”"the next small future”

like Xt(l) (t > 0). This means that, for the free diffusion on F, the (former
junction) points z1, 3, x5 are no longer exceptional points.

Obviously, (X¢):>0 can also be obtained as limit of renormalized symmet-
ric random walks on the approximating sets V,,.
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