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1 Introduction

Fractals are sets that exhibit self-similarity. In this thesis, we will discuss
the construction of fractals with “iterated function systems” {F;}!_; using
the contraction mapping theorem and explore some of their properties. It
is perhaps surprising at first that the closed interval [a,b] is a fractal in
this sense, so that the entire discussion of this article can be interpreted as
giving a different viewpoint on the classical (Euclidean) case. We also give a
parametrization of fractals via a space of “strings”.

In section 3, we discuss several measures on both a fractal itself and its
associated string space, specifically, a natural self-similar measure which is
related to the iterated function system {F;}" ;. This self-similar measure
is the one most commonly used when developing the theory of analysis on
fractals. The s-dimensional Hausdorff measure is also introduced, as it is a
very common measure for dealing with fractals in the literature. We also
discuss a certain measure on the associated string space that is related to the
Hausdorff measure.

In section 4, we investigate one of the most commonly used notions of
dimension for fractals, the Hausdorff dimension, which is related to the
Hausdorff measure. An important detail is that this dimension, which is
known to coincide with other notions of dimension in standard Euclidean
cases of R™ [2], actually allows for non-integer values. For example, as we
shall see, the Cantor set has Hausdorff dimension log 2/ log 3.

Finally, in section 5, we introduce the more recent development of Laplace
operators on a certain class of fractals. We will even be able to solve
Laplace’s equation with arbitrary boundary values, given a sensible notion
of “boundary” of a fractal.

2 Fractals and Self-Similarity

This section follows [2], [3], and [7].

2.1 Iterated Function Systems

Definition 2.1.1 (Similarity). A function between metric spaces f: S — T
15 called a similarity with ratio r > 0 f



pr(f(@), f(y)) =rps(z,y)
forall z,y € S.

Definition 2.1.2 (Contraction). A function between metric spaces f : S —
T is called a contraction if there exists some 0 < r < 1 such that

pr(f(z), f(y)) <rps(z,y)
forall z,y € S.
Lemma 2.1.3. Contractions and similarities are continuous.

Proof. Let f:S — T be a contraction with ratio 0 < r < 1, and let € > 0.
Set § = ¢/r. Then if ps(z,y) < 0, we have

pr(f(x), f(y)) < rps(z,y) <ré=¢

Exactly the same argument works for similarities. O]

The following theorem, called the contraction mapping theorem, is an
important result and will play a central role in our definition of fractals.

Theorem 2.1.4 (contraction mapping theorem). Let (S, p) be a complete
metric space, and let f : S — S be a contraction. There exists a unique
x* € S, called the fixed point of f, such that f(x*) = x*. Furthermore, for
each xg € S, the sequence defined by x,+1 = f(x,) converges to x*.

Proof. By induction, we have p(x;1,2;) < r/p(x1,20). Let m < n and
let € > 0. By applying the triangle inequality and the formula for a finite
geometric series, we have



Since r € [0, 1) we can take N large enough that (p(z1,x)r™)/(1—7) <,
which gives us the desired result: if n,m > N then p(x,,,x,) < e. By
completeness of (S, p), the series x,, converges to some element z* € S. By
lemma 2.1.3, f is continuous, so we also have f(x,) — f(z*). But, by
definition, x, 11 = f(z,), so the two limits must be equal, i.e.

*

T, — f(x¥) ==

So the limit x* is a fixed point of f. To show uniqueness, suppose there
were another such fixed point y* # z*. Then, since z* and y* are fixed
points, we have p(z*,y*) = p(f(z*), f(y*)) . But since f is a contraction, we
also have p(f(z*), f(y*)) < rp(a*,y*). Now 0 < r < 1, so this can only be
possible if p(f(x*), f(y*)) = p(z*,y*) = 0, hence z* = y*. O

We will use theorem 2.1.4 to define a fractal set. Specifically, given a
finite set of functions {F;}? ; which all are simultaneously similarities and
contractions, we will later see that a fractal set K is the unique set satisfying
K = U, F;(K). This set of functions is of fundamental importance to the
study of fractals, and has a special name.

Definition 2.1.5 (Iterated function system). A finite set {F;}, of contractions
which are also similarities is called an iterated function system.

Given r > 0, the open r-neighbourhood of a set A in a metric space is
defined to be:

N.(A) :={y | p(z,y) < r for some x € A}

Also, given a metric space S, we shall denote the collection of nonempty
compact subsets of S by H(S).

Definition 2.1.6 (Hausdorff metric). Given a metric space (S, p), the Hausdorff
metric is the function D : H(S) x H(S) — R defined by

D(A,B) :=inf{r >0| AC N,(B) and B C N,(A)}

The fact that D is a metric on H(S) is fairly easy to show. It is clear from
the definition that D is nonnegative and symmetric; the fact that D(A, B) =
0 if and only if A = B also follows from the definition. The fact that D is
finite follows from the fact that D acts on compact sets, and compact sets
are bounded.



Only the triangle inequality needs a bit of attention. Let A, B,C € H(S5)
and let € > 0. Then if a € A, there exists b € B such that p(a,b) <
D(A, B) + €. Similarly, there exists ¢ € C' such that p(b,¢) < D(B,C) +e.

Notice that this implies that A C N,(C) and similarly C' C N,(A), where
p = p(a,b) + p(b,c) = D(A, B) + D(B,C) + 2¢. Therefore, by definition,

D(A,C)<p=D(A,B)+ D(B,C) + 2¢

But this holds for all € > 0, hence D(A,C) < D(A, B) + D(B, C) as was
claimed. [

Lemma 2.1.7. Suppose that (S, p) is a complete metric space. Then (H(S), D)
18 also a complete metric space.

Proof. Let (A,) C H(S) be Cauchy. We define the candidate limit to be

A = {x | Jxx — z such that Vk, z}, € Ay}

There exists N such that if n,m > N, then D(A,, A,,) < ¢/2. We claim
that if n > N, then D(A,, A) < e. To see this, fix n > N and consider the
following.

If x € A, then there is some sequence (zy) converging to z, hence there
exists ko such that p(z,zx,) < €/2. Also, k > N implies that there exists
some y € A, with p(zg,y) < €/2, since D(Ag, A,) < €/2. So p(z,y) <
p(y, zx) + p(zg, x) < €. Since x € A was arbitrary, A C N.(4A,).

Now if y € A,, choose k1 < ky < ... so that k; = n, and D(A,, A,,) <
€/27 for all m > k;. Notice that by this definition, there could be large
gaps between any two successive elements k; and k;;1. Define the following
sequence: set y € Ay arbitrarily if k& < n, let y, = y, and if yy, is defined
with k; < k < kj;q then choose y;, € Ay such that p(yk,,yr) < €/27. Then
(yx) is Cauchy, hence convergent, say to z. Then z € A and p(z,y) =
limyg 00 p(Yk, y) < €, 50 y € N(A), hence A, C N.(A). Thus D(A,, A) < e,
so A, — A in the Hausdorff metric. O

We are finally ready to define a fractal.

Theorem 2.1.8. Let {F;}!, be an iterated function system on a metric
space (S, p). Then the fractal or attractor set of the iterated function system
1s the unique compact set K satisfying



K = F()

Furthermore, given any nonempty compact set Vo C S, the sequence

Vi1 = | Fi(Vin)
i=1
converges to K = lim,,_.o V,, tn the Hausdorff metric.

Proof. Notice that each F; : H(S) — H(S) is a contraction between complete
metric spaces, by lemma 2.1.7. Define

F(A) = UE(A).

Now, by lemma 2.1.3, each F; is continuous. Since the continuous image
of a compact set is compact, F;(A) is compact for any compact set A. Also
recall that the finite union of nonempty compact sets is a nonempty compact
set, so if A is compact then so is F'(A) = U;F;(A). So F is still a map from
H(S) to H(S).

Next we show F' is a contraction (in the Hausdorff metric). To see this,
set 7 = max{r;}, for r; the similarity ratio of F;. Then r < 1 since each
r; < 1. Let A, B € H(S); we wish to show that D(F(A), F(B)) < rD(A, B).

Let ¢ > D(A,B). If © € F(A), then x = F;(2') for some i, for some
x' € A. Since ¢ > D(A, B), there exists ¢y’ € B such that p(2/,y’) < ¢. Thus
y = F;(y) € F(B) satisfies p(x,y) = rip(z',y') < rq.

Since this holds for all x € F'(A), we have F'(A) C N,,(F(B)). Similarly,
F(B) € Nyy(F(A)). So D(F(A),F(B)) < rq. Since this holds for all ¢ >
D(A, B), we have the desired inequality

D(F(A),F(B)) <rD(A, B).

Hence F' : H(S) — H(S) is a contraction between complete metric spaces,
so by the contraction mapping theorem (2.1.4), F' has a unique fixed point
K € H(S), so K is nonempty and compact, and the sequence defined by
Vine1 = F(V,,) converges to K for any Vy € H(S). O



The function F' : H(S) — H(S) defined by F(A) := U ,F;(A) as in
theorem 2.1.8 is sometimes called a Hutchinson operator.

Later (definition 5.2.1), we will describe post-critically finite (pcf) fractals.
Essentially, a fractal that is pcf admits a notion of a finite boundary. Often,
the boundary is exactly what one would expect. For instance, the boundary
of the interval [a, ] is simply the set of points {a,b}. The boundary of the
Sierpinski gasket (example 2.1.12) is the set of vertices {qo, q1,¢2} of the
equilateral triangle from which it is constructed.

It is well-known that if we take the initial set 1} in the sequence V,, 1 =
U, Fi(V;,) to be the boundary of a pcf fractal K, then

K = Uvm.

meN

We can also introduce the notion of an m-cell, which is a construction
which helps us understand the self-similar nature of fractals. It is a generalization
of the formula K = U;F;(K).

Definition 2.1.9. Let {F;}, be an iterated function system. Let w =
WiWy . .. Wy, be a “word” (i.e. string) of indices of length |w| = m, where
each w; € {1,...,n}. Then

K= | F.(K)
|w|=m
where F, :== F,, 0---0F,, . This is called a level m decomposition of
K, and each F,(K) is called an m-cell, or cell of level m.

It is not hard to prove the following formula. Let K be the fractal
associated to an iterated function system {F;}? ;. Then

U Fu®) = JUJ F o FiK) = [ B(UF(E) = [ F(K) = K.

|w|=2 j=1i=1 j=1 j=1

This argument easily generalizes by induction on m to the general case
|lw| = m. We thus have four descriptions of a fractal set associated with an
iterated function system:

K= JF(EK)=lm V, =] Vi.= {J Fu(K),
i=1 meN |w|=m



where again, V;,,+1 = U F;(V;,). In the limit definition, V5 € H(S) is any
nonempty compact set of the metric space S. In the definition K = J,,,c Vin,
Vo is the boundary.

Now that the definition of a fractal has been established, we can give some
concrete examples of iterated function systems that give rise to well-known
fractal sets. Some of these examples show how clean the iterated function
system formulation of fractal sets is in comparison with other constructions.

Example 2.1.10 (Unit interval). It is perhaps surprising at first that this
entire discussion can be applied to the unit interval, which is a self-similar
set. Let Fy(x) = 32 and Fi(z) = $(z 4+ 1). Notice that these are contractive
similarities with ratio 1/2. The attractor of this iterated function system is
the unit interval I = [0, 1]:

Fy([0,1]) U B ([0, 1]) = [0,1/2] U [1/2,1] = [0, 1].

Its m-cells F,,(K), |w| = m, are the subintervals of [0, 1] whose boundary
points consist of the dyadic points k/2™. For example, with m = 2, the
possible words of length m are 00, 01, 10, and 11, so

Fo(Fo(1)) U Fo(Fi (1)) U Fy(Fo(1)) U Fi(Fi(1))
= [0, 1/4U1/4,1/2]U[1/2,3/4] U[3/4,1]
=1
Example 2.1.11 (Cantor Set). The Cantor set is typically constructed as

follows. Let Cy = [0, 1] be the unit interval, and let Cy = [0,1/3] U [2/3,1] be
the set constructed by removing the open “middle third” of Cy. Let

Oy = [0,1/9] U [2/9,1/3] U [2/3,7/9] U [8/9,1]

be the set constructed by removing the open “middle thirds” of the intervals
in Cy. In general, let C, 11 be the set resulting from the removal of the open
maddle third interval from each of the intervals in C,,, and define the Cantor
set as

C:ﬁ@
n=0



The first few steps of this construction of the Cantor set are shown in
figure 1. The Cantor set is the set of points left after repeating this process
infinitely many times.

There is another construction of C wia iterated function systems. Let
Fo(x) = 3o and Fi(x) = %2, which define contractions on the compact
set [0,1]. Then the attractor of the iterated function system {Fy, F1} is the
Cantor set, C = Fo(C) U F1(C).

The see this, suppose that x € C; then x € Cy for all k, so x € Cy. In
particular, either x is in [0,1/3] or [2/3,1]. Suppose that it’s in [2/3,1]; the
other case is handled similarly.

Let k be arbitrary. We have that v € Cyyq1 = Fo(Cy) U F1(Cy). But
Fo(Cr) C Fo([0,1]) = [0,1/3] so x must be in Fy(Cy). In other words,
3r — 2 € Cy. Since k was arbitrary, 3x — 2 € C = NpCy, which implies that
x € F1(C). This proves that C C Fy(C) U F1(C).

Neat, let x € Fo(C) U Fi(C); then either x € Fy(C) or x € Fi(C).
Suppose that © € F1(C). Again, the other case is handled similarly. Then
3x —2 € C =NpCh, so x must be in F1(Ck) C Cryq for all k. So x € Cyyq
for all k, and thus v € C' = NgCy, which shows that Fy(C) U F(C) C C.

mnm mnnu nmm mnu nm nn nmm mnn
L0 I L1 1 I 1 L0 V1 L1 e

Figure 1: The Cantor set.

Example 2.1.12 (Sierpinski Gasket). A typical construction of the Sierpinski
triangle is as follows. Start with an equilateral triangle (including its interior);
call this set SGj.

Remove an “upside-down” triangle in the center, creating three smaller
copies of the original triangle (one on top, one on the bottom left, and one
on the bottom right). Call this set SG.

Next, remove the middle triangle from each of the three triangles in SGy;
call this SGy. Keep repeating this process and define the Sierpinski gasket to
be SG = NypenSG,.

There is another construction involving iterated function systems. Let
{Fi}2_, be the iterated function system defined by Fi(z) = 3(x — ;) + g;, for

9



q; € R? the vertices of an equilateral triangle. Then the attractor of {F;}?_,
is SG. Its 1-cells F,,(K) for |lw| =1 are the “next” three copies of SG; the
one at the top, the one at the bottom left, and the one at the bottom right.
Its 2-cells are the “next” three copies from a given 1-cell, etc.

The Sierpinski Gasket is shown in figure 2.

Figure 2: The Sierpinski gasket, or Sierpinski triangle.

Example 2.1.13 (Koch curve). The Koch curve (see figure 3) is the fractal
set associated with the following iterated function system:

Fy(x) = (163 1(/)3> x
Fi(x) — (%?6 —1¢/§6/6) X+ (1(/)3)
Fy(x) = (_%/6 \{%6) X (\}5/?6)

= () (5)

10
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Figure 3: The first few steps V,, = U;F;(V,,—1) in the construction of the
Koch curve, taking the interval as Vj.

Example 2.1.14 (Mandelbrot Set). The Mandelbrot set J is the set of all
complex numbers c such that the image of 0 remains bounded under arbitrary
iterations of the function f.(z) = 2% + c:

J={ceC| f(0) < 0o Vn e N}.

Here f* denotes k iterations of f., i.e. foo---o f.(z). For such a simple
example, the Mandelbrot set is famously beautiful, and is shown in figure 4.

These pictures are generated by colouring the Mandelbrot set itself black
and assigning arbitrary colours to the points ¢ € C which cause 0 to diverge
under iterations of f., with the colour depending on how quickly 0 diverges.

The Mandelbrot set does not have a known iterated function system,
although most mathematicians would classify the Mandelbrot set as a fractal.
This is unfortunately the nature of the study of self-similar sets; there is no
universally agreed upon definition of a fractal.

11



(a) The Mandelbrot set. (b) Zooming in along the boundary of the
Mandelbrot set.

Figure 4: The Mandelbrot set is the set of points ¢ € C which allow 0 to stay
bounded under iteration of f.(z) = 2% + c.

Next, we introduce the notion of a similarity-value or similarity dimension.
We have chosen to call this the similarity-value because, while it can sometimes
be related to a type of fractal dimension, this is not the case in general.

Definition 2.1.15. Let {F;}!' | be an iterated function system. The similarity
value of {F;}}, is the unique positive number s satisfying Y, rf = 1, where
r;j s the ratio of the similarity Fj.

Existence and uniqueness of s is not hard to see. Notice that by definition,
r; € (0,1) for all i. So, the function

0(s) = Z r;

has the property that 6(0) > 1 and lim, . 6(s) = 0. Furthermore, 0
is continuous, so that by the intermediate value theorem, there exists some
s > 0 with 6(s) = 1. In fact,

d n
—0(s) = r: logr; < 0.
750(5) z_; 7 log
Hence 6 is monotone decreasing, so s is unique. Another way of thinking
about the similarity value is as follows. Consider, for example, a square.

12



Scaling the side length by a factor r = 1/2 creates a square with 1/4 =
(1/2)? of the original area. This is reflected in the equation 1 = 4(1/2)% =
S°1 . (1/2)%, which implies that the similarity value (or “similarity dimension”)
of the square is 2. Indeed, the square K can be described as the attractor
of four similarities F;, each scaling the side length by 1/2 and shifting the
resulting smaller square to one of the four corners of the original square, so
that K = U, F;(K).

For a cube, scaling the side length by 1/2 creates a cube with 1/8 = (1/2)3
the original volume, so that the similarity value of the cube is (unsurprisingly)
3, since 1 = 8(1/2)% = 35, (1/2)%.

What about something more exotic, like the Sierpinski gasket? Scaling
its side by 1/2 (as the functions in example 2.1.12 do) gives a copy of SG
with 1/3 the original area, giving 1/3 = (1/2)*, or 1 = 320 7¢ = 3(1/2)°,
which implies that s = log 3/ log 2.

2.2  String Models

There is another very useful way of describing fractal sets. We begin by
defining a string model related to K, and introducing a natural metric on it.
Later, we shall also equip it with a measure that has a special relationship
to a natural measure on K. We will begin with some simple definitions, and
end with an important theorem relating string models to fractals.

We denote an alphabet consisting of an arbitrary number of symbols by
E. For example, F = {0,1} is an alphabet with two symbols, 0 and 1. A
string « is simply a concatenation of elements of E, and its length || is the
number of symbols in the string. The empty string is denoted by A.

We will use the shorthand notation E™ = [['_, E to represent the set of
all possible strings of length n comprised of letters from the alphabet . We
will denote the set of all possible finite strings by E* = [J. 2, E", and we will
denote the set of infinite strings of symbols by E“.

For example, o = 011010100 € E? is a string comprised of nine symbols
from the alphabet £ = {0,1}, with length |o| = 9. The notation g [ n
represents the first n letters of the string 5. For example, o [ 3 = 011.

Given two strings ¢ and 7, we denote their concatenation by o7. For
instance, if ¢ = 011 and 7 = 0101, then o7 = 0110101. We say that a
child of a string [ is any string that can be created by concatenating one
additional symbol from F to . For instance, the children of o are 0110 and
0111; similarly, o is said to be the parent of both 0110 and 0111. We say

13



that a string is an ancestor of another string if there is a chain of parents
between them. For example, 01 is an ancestor of 011010, since there is a
chain of parents between them:

01 - 011 — 0110 — 01101 — 011010.
If a € E* is a finite string, we define

la] = {0 € E¥ | 31 € E¥ such that 0 = ar}

to be the set of all strings in E“ that begin with « (i.e. the set of all
strings which have « as an ancestor).

There is a relationship between string spaces and fractals. Let {F;}; be
an iterated function system with similarity ratios {r;}!_,. Since there are n
functions in the iterated function system, we will use an alphabet E with n
symbols to represent it, say F = {1,...,n}.

Given an alphabet E, a metric for the space E“ is defined as follows. Let
wyp = 1, and using the similarity ratios r;, recursively define wq,. = wq,re for
a € E* and e € E. In other words,

Wo = Hrea
e

where the product is taken over all symbols e that make up the string «,
allowing for repeating of an index. For example, w11 = rorir.

We define a metric p on E* by p(o,7) = w,, where « is the longest
common prefix of ¢ and 7, which means that « is the longest string for
which both ¢ and 7 are in [a]. So,

diam|a] = sup{p(o,7) | 0,7 € [a]} = w,.

It is not hard to show p is a metric on £“. Let 0,7 € E*. By assumption,
each 7; in the ratio list associated with the iterated function system is
positive, so p(o,7) = [[r. > 0.

Suppose that p(o,7) = 0. Then [[r. =0, but 0 < r; < 1 for all j. Hence
there must be infinitely many ratios r; in the product [ [ 7., hence the longest
common prefix « is infinite in length, which implies that ¢ = 7. Similarly,
if 0 = 7 then the longest common prefix & = ¢ = 7 is infinite in length, so
p(o,7) =[] re =0, hence p(o,7) = 0 if and only if o = 7.

Symmetry is easy, as the pair (o, 7) clearly has the same longest common
prefix as the pair (7, 0).

14



Finally, let o,7,£ be infinite strings. We wish to show p satisfies the
triangle inequality. Suppose that

e the longest common prefix between ¢ and 7 is «;
e the longest common prefix between 7 and £ is f3;

e the longest common prefix between ¢ and ¢ is 7.
Notice that there are three possible cases:

1. if a = 3 then clearly v = a = 3, so w, = wg = wy;

2. if av is an ancestor of 3, then it must be that v = a, which implies that
Wo < W = Wa;

3. if B is an ancestor of «, then it must be that v = 5, which implies that
Wo = Wy < Wg.

In any case,

p<07 T) = Wq S max{wﬁ,wy} S wﬁ + w’Y = p(O’, g) + P(f,T)

So p is a metric (indeed, an ultrametric) on £. The metric space (E¥, p)
will turn out to be very useful in describing fractals.

Proposition 2.2.1. The collection B = {[a] | « € E*} is a countable basis
for the metric topology of E“.

Proof. Note that although each [a] is uncountable (indeed, it is well known
that even the set of all infinite sequences of Os and 1s is uncountable), the
collection B = {[a] | @ € E*} itself is countable. The fact that this is
countable is given by the fact that B is a collection of finite combinations
of the letters {1,...,n}. To see that this generates the metric topology is
a bit trickier. Let B’ = {B,(x,€) | x € E¥, € > 0} denote the usual basis
for metric topology on E¥, where B,(z,e) = {y € E¥ | p(x,y) < €} is the
usual open ball. Let 7 and 7’ be the topologies generated by B and B,
respectively.

First, we'll show that 7 C 7'. Let x € B,(y,€). Then p(z,y) = w, < €,
where « the longest common prefix of x and y. In other words, we can write

15



x = ax’ and y = ay’. But notice that w, = waw < ws < €, S0 choosing [x]
gives

z € [x] C B,(y,¢)

Hence T C 7.
Next we’ll show that 77 C T. Let x € [o] for some finite string o € E*.
Then choose
J— wa
€ = 7,
so that B,(x,€) = {y € E¥ | p(z,y) < € = (w,/2)}, hence

x € By(z,€) C [a,
as desired. Hence 7 = 7' and so B is a countable basis for (E“, p12). O

It is a general fact of topology that proposition 2.2.1 actually also implies
that E“ is separable and Lindeldf [5].

There is an important set of functions on £“ which will essentially be the
“string version” of an iterated function system. For each symbol e € E, we
can define a shift function 6. : E¥ — E“ by

0.(0) = eo.
In other words, 6, just appends the symbol e to the beginning of o.

Proposition 2.2.2. Let {F;}" | be an iterated function system with ratio
list {r;}~,. Let E = {1,...,n} be an n-symbol alphabet. Then (E“, p) is
a complete metric space, and {0.}ecp is an iterated function system on EY
realizing the ratio list {r;}1,.

Proof. Let (0,) be a Cauchy sequence in E¥, let ryy, = min{ry,...,r,}, and
let rmax = max{ry,...,r,}. Since (0,) is Cauchy, we have that for all k € N,
there exists N, € N such that

P(On; Om) < rﬁnn

for all m,n > Nj. In particular, setting n = Ny, this implies that oy, |
k = o, | k for all m > N;. We will define a candidate limit 7 by letting the
k™ letter of T be the k™ letter of on,. Then 7 | k = oy, | k for all k. Let
e > 0, and choose k large enough so that 7% < e. Then

max
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PO, T) Swy, <1E<e

for all m > Ny. Therefore o, — 7, so (E¥, p) is complete. Now to show
that {0.}eccp is an iterated function system, let o,7 € E“. Suppose that
the longest common prefix between these two strings is « (in other words,
« € E* is the longest string such that o, 7 € [«]). Then

P(0:(0),0.(1)) = plea, eT) = Weo = rews = 1ep(0, T).

In other words, 6, is a similarity with ratio 0 < 7. < 1, s0 {0, }ecr is an
iterated function system realizing the desired ratio list. O]

The next theorem shows another important correspondence between string
models and fractal sets. Before proving it, we will need one final definition.

Given a metric p, the uniform metric p, is the metric on the space of bounded
functions f : S — S defined by

pulfy; J2) = sup{p(fi(2), [2(2)) [ = € S}

The fact that p, is a metric is easy to see from its definition, as it is
defined in terms of a metric p.

Theorem 2.2.3. Let S be a complete metric space and let {F.}eep be an
iterated function system represented by a string space E“, with attractor set
K. Then there exists a unique, continuous surjection h : E¥ — S with

h(eo) = Fe(h(0))
for all o0 € E¥ and for all e € E. Furthermore,

hE”) =K.

Proof. Let g be the sequence of functions defined as follows. Choose any
a € S and let go(0) = a for all o € E¥. Then define g,,1 by the formula
gns1(eo) = F.(gr(o)). Notice that gy is continuous, and each g, is also
continuous as it is the composition of gy with the continuous contractions Fv.

We will show that (gx) converges uniformly to the desired h. Let r =
max{ry,...,r,}. Given arbitrary o € E*,
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p(gr+1(e0), gr(ea)) = p(Fe(gr(o)), Fe(gr-1(0))
= rep(gr(0), gr-1(0))
< 7pulGks Gr—1),
where p,, is the uniform metric. So, by induction, p(gx+1(e0), gr(eo)) <

®pu (g0, g1). This is true for any o, s0 pu(grs1, 9x) < 7%pu(go, g1). Hence by
the triangle inequality, for any m > k we have

m—1
pu<gm7gk) < Zpu<gj+lugj)

<
I
-

3

IN

rjpu(gla gO)

<
Il
ol

iju(gla gO)

M

<
Il
ol

Now, E“ is compact (see [2], exercises 2.6.1(3) and 2.6.6(1)), so the
continuous functions go and g; are bounded on E“, hence p, (g1, go) is finite.
Furthermore, 3722, 77p,(g1,90) is (the tail of) a geometric series, which is
known to be convergent. Hence > 72, 7 pu(91, go) must go to 0 as k — oo.
Since py(gm, gx) > 0 but tends to zero as k — oo, we must have that (g,,)
is Cauchy. Since E“ is complete, the space of continuous functions in the
uniform metric C'(E¥) is complete, so (g,,) is uniformly convergent, say to
the continuous function g,, — h.

Finally, we show h has the desired properties. Notice that

g1 (B) = | Fu(ge(E%)).

eck

But, this sequence in k is exactly the sequence defined in theorem 2.1.8,
so it converges to the attractor set of the iterated function system

lim gy(E*) = h(E*) = K,
k—o0

which, of course, implies surjectivity of h. Finally, we show uniqueness.
Suppose that h and b’ are two functions satisfying h(ec) = F.(h(c)) and
h'(ec) = F.(h'(c)). Then
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p(h(eo), W' (ea)) = p(Fe(h(0)), Fe(h'(0))) < rp(h(a), h (o))
for all strings 0 € £, and for all e € E. Therefore,

pu(h, 1) < rpu(h, h'),
which implies that p,(h, h’') = 0, and hence that h = ' O

The identity h(ec) = F.(h(o)) of the previous theorem can be rewritten
in terms of the shift function:

hof,=F.,oh

We can consider h, called the addressing function, as a sort of parametrization
of the fractal. In practical terms, h : £ — K is given by the formula

h(ejeses...)= lim F, o F,, 0---0F, (x)
n—o0

for  some arbitrary point in the same metric space as K and each e; € E,
or, equivalently, by

W) = () Fam(K).

m>1

Now is a good time to work through a concrete example.

Example 2.2.4 (Cantor set). It is well-known that a number x € [0,1]
belongs to the Cantor set C' if and only if its base 3 expansion contains only
Os and 2s. To see this, recall the construction from example 2.1.11. We set
Co = [0,1] and remove the middle third (1/3,2/3). But this middle third is
precisely the set of numbers y € [0, 1] whose first digit after the decimal in the
base 3 expansion is 1. Similarly, the second place digit of x is a 1 if and only
if x belongs to one of the sets (1/9,2/9) or (7/9,8/9), but these are precisely
the sets which get removed to construct Cy. An induction argument shows
that x € C' if and only if the base 3 expansion of x has no 1s.

Now, what is the addressing function h : E¥ — R for C'? To start, we
have two similarities Fy and Fy, so we will use a two-symbol alphabet, say
E ={a,b}. If a« € E¥, then h(a) is given as follows: turn all the a’s in the
string o into 0s, and turn all the b’s into 2s, and interpret the result in base
3. For example,
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1
h(aabaabaab . ..) = (0.002002002...); = e

Then h(E*) is precisely the Cantor set, as it consists of all possible
combinations of 0s and 2s interpreted in base 3. Furthermore, given o, notice
that h(0o) just appends a 0 to the first place after the decimal in the base 3
expansion, which is precisely the effect of Fo(x) = x/3 on h(o). Similarly,
h(lo) just appends a 2 to the first place after the decimal in the base 3
expansion, which is exactly what Fy does to h(c). Hence

Fy(h(o)) = h(ao),

Fi(h(o)) = h(bo).
So, h is the addressing function for C' by theorem 2.2.3.

3 Measure Theory on Fractals

This section follows [2] and [7].

3.1 General Measure Theory

Recall the following definitions:

Definition 3.1.1. Let A be a o-algebra. A measure is a function p: A —
0, 0] satisfying:

1. (@) =0;
2. if {A,}52, are pairwise disjoint sets, then pi (U, ey An) = Yoney 1(An).

Definition 3.1.2. Let X be any set, and denote its power set by P(X). An
outer measure is a function i : P(X) — [0, 00| satisfying:

1 5() =0,
2. for all A,B C X, if AC B, then u(A) < u(B);

3. for all {A,}nen C P(X), (U, en An) < Son i(Ay).
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The second property of outer measures is actually also a property of
measures, it just is not required as part of the definition. Notice that outer
measures are defined on all subsets of a set X, while a measure is only defined
on a fixed o-algebra of subsets of X. As we shall see, there is a way of defining
outer measures on any set, and restricting these outer measures so that they
become measures. This will then allow us to define integration. Finally, we
will extend these ideas to the fractal setting by defining something called a
self-similar measure.

First, we will discuss a general theorem about constructing outer measures.

Theorem 3.1.3. Let X be any set, let A be a o-algebra of subsets of X, and
let ¢ : A — [0, 00] be any extended real-valued function. Then

a(B) = 12f { AEG;C(A) ‘ U is a countable cover for B}

18 an outer measure on X satisfying:
1. i(A) < c(A) for all A€ A;

2. if U is any other outer measure with v(A) < c¢(A) for all A € A, then

i
v(B) < i(B) for all B C X.

Proof. First we show [ is an outer measure. Note that the empty cover is a
countable cover of the empty set, so i(&) = 0 since the empty sum is equal
to 0. If A C B, then any cover of B is a cover of A, so we have i(A) < u(B).
Finally, let (B,)22, be a countable collection of sets. If fi(By) = oo for some
k then the inequality

i (U Bn> <> A(B,)

is trivial, so assume that ji(B,) < oo for all n. Let € > 0. Then for each
n, choose a cover U,, such that

By + 5 > Y elA).

AeUn

Since each U, is a cover for B,, U := U, U, must be a cover for U, B,,, so
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i (U Bn> <D (A <)) (A <D AB) e

neN AelU n=1 Aely,

Since € was arbitrary, we have the desired inequality. Hence i is an outer
measure. Now we can check the two properties claimed in the theorem. For
(1), note that {B} covers the set B, so ji(B) < }_ 4 py ¢(A) = c(B).

For (2), let U be a countable cover of B C X. If U is any other outer
measure satisfying v(F') < ¢(F') for all F* C X, then

#(B) < (U A) <3 u(A) < Y e(a),

Aeld Aeld AelUd

so 7(B) is a lower bound for the set

{ Z c(A) ’ U is a countable cover for B}.

Aeu
But, by definition  is the greatest lower bound for this set, so v(B) <
p(B). O

Next, we define the Carathéodory measurable sets.

Definition 3.1.4 (Measurable sets). Let fi be an outer measure on a set X,
and let A C X. Then A is said to be ji-measurable if

A(E) = p(ENA)+ a(E\ A)
forall E C X.

The proofs of the following two theorems consist of tedious exercises in set
theoretic manipulation and are not very illuminating, and are thus omitted.
A proof of the first theorem can be found in [2], theorem 5.2.5. A proof of
the second can be found in [2], theorem 5.4.2.

Theorem 3.1.5 (Carathéodory extension theorem). Let fi be an outer measure
on a set X. The collection A of all ji-measurable sets is a o-algebra on X,
and the restriction of i to this collection is a measure.
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Given an outer measure ji, we will denote the measure defined in theorem
3.1.5 simply by pu.

A metric outer measure ¥ is a measure satisfying (AU B) = v(A) +v(B)
for any two sets A and B with dist(A, B) > 0. Metric outer measures ensure
the measurability of Borel sets.

Theorem 3.1.6. If U is a metric outer measure, then the Borel sets are
measurable.

While theorem 3.1.3 does give a nice formula for defining measures from
set functions, it unfortunately does not guarantee that the resulting outer
measure will be a metric outer measure. For that, we will need the following
theorem.

Theorem 3.1.7. Let U be a countable family of subsets of a metric space S
with the property that for each x € S and for each € > 0, there exists some
U € U such that x € U and diamU < e. Given € > 0, define the subcollection

U ={U e U | diamU < €.}

Given any set function c, let [ic be the associated outer measure defined
by theorem 3.1.3 using the collection U,, i.e.

fie(A) = inf { > c(U)} .
Then E

f(A) = lim . (4) = sup ()

>0

defines a metric outer measure.

Proof. Let A, B be subsets of S with dist(A, B) > 0. Clearly i is an outer
measure since it was constructed by the method of theorem 3.1.3. Any outer
measure satisfies i(A U B) < i(A) + a(B), so we must show the opposite
inequality.

Let 0 < € < dist(A, B) and let D be a countable cover of AUB by elements
of U. Then diam D < e < dist(A, B) for any D in D, so D intersects at most
one of A or B.

Divide D into two collections: D, whose elements intersect A, and D,
whose elements intersect B. Then
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D)= D)+ Y (D) > i(A) + fi(B)
DeD DeD, DEDs
This inequality holds for any countable cover D of AU B, so it still holds
when we pass an infimum over D:

inf Y eD) = i(AUB) 2 ji(A) + fi(B).

This inequality holds for any € > 0, so it holds when we pass a supremum
over €:

A(AU B) Z sup fic(A) + sup fie(B) = i(A) + i(B),

>0
which is the desired inequality. Hence i is a metric outer measure,
meaning that Borel sets are measurable (by theorem 3.1.6).
To see the final equality, notice that as e¢ gets smaller, there are fewer
possible collections U, over which to take the infimum, and hence ji,. increases,
so we have

lim fic(A) = sup fi(A). O

e>0

3.2 Measures for Fractals

Finally we are ready to define three natural (and related) measures for a
fractal; two for the fractal itself in a metric space S (namely the standard
measure and the Hausdorff measure), and one for the corresponding string
space E“.

First, we’ll discuss the self similar measure. What would be a reasonable
list of criteria we would like a fractal measure p to satisfy? It would make
sense that if A = Ué-V:lC’j is any finite union of cells which intersects only at
points, then u(A) = Zjvzl w(C).

In addition, a sensible requirement of decomposing m-cells to “the next
level” (i.e. m + 1-cells) is that

HEL) = 3 nlFy o ().

These are rather unrestrictive conditions which could lead to many different
measures, but the standard measure is perhaps the simplest possible construction:
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Definition 3.2.1 (Standard measure). Let K be a fractal of an iterated
function system {F.}ccp, and denote its m-cells by K,, := F,(K). Given a
word w = w1 . ..w, from the alphabet E, we will create a set function on the
m-cells defined by

o(Ky) = H Haw; s
i=1

where the weights . are a set of n positive real numbers satisfying .. fe =
1.

Then we construct a metric outer measure ji1 on subsets C' C K by
applying theorem 3.1.7 to the function c. We define the self-similar measure
1 by restricting i to the o-algebra of measurable sets.

The weights of the self similar measure can be any positive real numbers
whose sum is 1, but the standard measure is the simplest possible special case
of the self similar measure, defined by taking all the weights p. as equal. In
other words, if {F.}ecr is an iterated function system with a corresponding
n-symbol alphabet E, then

1
e =— VeeFE
n

For ease of notation, given a word w = w; ... w,, of length m, we will
write iy, := [/, ftw,;, s0 that the measure of a cell is simply p(Fy (K)) = fiqp.

Once we can construct measures, we can also define integration. We will
only be concerned with integrating continuous functions on fractals, so we can
restrict ourselves to Riemann integration, rather than the more complicated
theory of Lebesgue integration.

Definition 3.2.2 (Integral). Let u be a measure, and K be a fractal. If
f € C(K), then we can define the integral

[ =t 3 ) (Pu().
K fwl=m

where, for each w, x,, is any element of K,, = F,,(K).

The reason that z,, can be any element of K, is that continuity of
f implies uniform continuity of f since any fractal is compact. Uniform
continuity means that given € > 0, we can find a § > 0 such that p(z,y) < 0
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only if p(f(x), f(y)) < €/p(K). Since each F; is a contraction and K =
Ujw|=m Fw (K), we can find a collection of m-cells K; which cover K and have
mesh less than 0. Thus

p <Z Fla)n(K:),> f(m)u(&)) < uE)p (f(x), fyi)

i=1

1=
= €.

But x;,y; € A; were arbitrary, which shows that the choice is immaterial.
This is analogous to taking a smaller and smaller Az; in the usual Riemann
integral

fdX = lim > f(z}) Az,
X n—oo i—1

where, as is well known, 2 can any element of Ax;.

Proposition 3.2.3. Let {F.}.cp be an iterated function system, and let K be
its attractor (fractal). If u is the standard measure on K, then the following
self-similar identity for measure holds:

u(A) =" pep(FH(A)).

ecE

Moreover, if f is a continuous function on K, the following self-similar
identity for integration also holds:

/ fdu = Zu/ foF.du

K eckE K

Proof. For the measure identity, notice that u(F.(A)) = pep(A). Furthermore,
we can split A into a cell decomposition:

A=JANnF(K))

ecE
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Invoking additivity of the measure on these disjoint sets and a using bit
of manipulation, we have

u(A) = p(UL(AN L (K))
= 3" u(ANF(K))

ecE

=Y u(E(F (AN E(K)))

=3 e (A).

as desired. For the proof of the integration identity, notice that by
definition p(F.F,K) = pep(F,K), so

ZM@/KfOFedM:ZMeAE%O Z M(FwK)foFe(xw)

e€F eck |w|=m

= Wlll_rgo Z Z :u(FerK)f(xew)

|lw|=m ecE

= nll_rgo Z w(FuK) f(20)
|w|=m+1

- /K fdp,

where x.,, is any point in F_.F, K. O

Using precisely the same proof technique, a simple induction argument
will actually generalize the self-similar formulas, which reduce to proposition
3.2.3 in the case m = 1:

p(A) = D pup(FyA),

|w|=m
fdp = ,uw/fondlua
/K wzm K

where, again, F, is a shorthand for F,,, o---0 F,, .
There are two other useful measures when discussing fractals: the Hausdorff
measure (to be discussed in section 4), and the string measure.
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Definition 3.2.4 (String measure). Letr; be the ratios of an iterated function
system. Recall that B = {[a] | « € E*} is a countable basis for the metric
topology of E¥ (proposition 2.2.1). Recursively define

r(A) =1,
r(ea) = rer(a),

where, since p is the string metric, r(a) = diam[a]. The string measure
M on E¥ is the measure built from theorem 3.1.7, taking c(|a]) = (diam[a])®
as the set function, where s is the similarity value.

Note the similarity between the string metric and the string measure.
The motivation for this definition will become apparent when we compare it
to the Hausdorff dimension.

4 Fractal Dimension

There are several notions of “dimension” one can use when discussing fractals:
covering dimension, packing dimension, similarity dimension, etc. In this
section we introduce one of the most popular: the Hausdorff dimension. We
also give a condition under which computing this dimension is relatively easy,
called the Moran open set condition. This section follows [2].

4.1 Hausdorff Dimension

Recall theorem 3.1.7, which states that any given set function ¢ : P(X) —
[0, 0] can be made into a metric outer measure on P(X) via the formula

where the infimum is over countable covers U, for B satisfying diam U < e
for all U € U,.. The restriction of i to the o-algebra of measurable sets
is a metric measure. We will use this process to define the s-dimensional
Hausdorff outer measure H_ as the outer measure associated with the set
function ¢,(A) := (diam A)*. The restriction of H  to the measurable sets is
the s-dimensional Hausdorff measure H?.

More explicitly, if a set A is measurable, then define
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HI(A) = %if Z (diam B)?,

BeB.
where the infimum is taken over all countable covers B, of A, with the
property that diam B < € for all B € B.. Notice that as € gets smaller,
H:(A) gets larger (since there are fewer open covers to choose from, hence
the infimum becomes larger). Thus

H*(A) =supHI(A) = lir% Hi(A)
e>0 €~

We can even write the more explicit formula for the s-dimensional Hausdorff
measure,

H(A) = lg% 1{315% diam(B)

Proposition 4.1.1. Let A be a Borel set. There is a critical value sy at
which H*(A) = oo for all s < s, and H*(A) =0 for all s > .

Proof. Let s < t be positive real numbers and let A be any Borel set. If
H?(A) < oo, then

/() = lim F(A)
< lim e 5Hs (A)

e—0
— Ot—sHs(A)
=0.

The statement that if H*(A) > 0 then H*(A) = oo is the contrapositive of
what we’ve just shown. This shows the existence of the critical value sg. [

Definition 4.1.2 (Hausdorff Dimension). The Hausdorff dimension of a
measurable set A is the unique value so, such that H*(A) = oo for all s < sq,

and H*(A) =0 for all s > s¢. It is denoted by dimpy(A).

Why would we define the Hausdorff dimension this way? While it may
seem convoluted at first glance, the Hausdorff dimension actually preserves
some familiar intuitive notions of what we’d expect dimension to be.

For example, consider a line, which ought to have dimension 1. What if
we tried to assess its “amount” of dimension 27 Well, we would hope that
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this quantity is zero; the line has dimension 1, so dimension 2 is too large in
helping to describe the line. The same can be said of dimension 3, 4, and so
on. On the other hand, it would take infinitely many 0 dimensional objects
(points) to create the line.

This is the intuition behind the critical value of the Hausdorff measure.
It “picks out” the dimension of a set A by saying that its measure in terms
of dimension greater than the dimension of A is zero, while its measure in
terms of dimension less than the dimension of A is infinite.

A key feature of the Hausdorff measure is that dimy is not restricted
to integer values. It allows for interpolation between dimensions, and as we
shall see, fractals often have non-integer Hausdorff dimension.

Now we introduce a relationship between the Hausdorff measure and the
measure we created for strings in section 3.

Lemma 4.1.3. Let A C E¥. The there is an o € E* such that A C [a] and
diamA = diam[a].

Proof. Let a be the longest common prefix of all the strings in A. Clearly
A C [a], thus diam A < diam[a].

Let 0 € A. Then o | (Ja| + 1) is not a common prefix for all strings in
A, so 31 € A such that 7 [ (Jo| +1) # o | (Ja| + 1). Since « is the longest
common prefix for {o,7}, we have p(o,7) = w, = diam[a|, so diam A >
w, = diam[a]. O

Theorem 4.1.4. Let {F;}, be any iterated function system, and let s be
the similarity value of the ratios {r;}_,. Then H* = M on the space E“,
where M is the string measure.

Proof. Suppose diam A > 0. By lemma 4.1.3, there exists a such that A C [o/]
and diam A = diam[a].

So M(A) has the property that M(A) < M([a]) = (diam[a])® = (diam A)*.
But by theorem 3.1.3, H? is an upper bound of all such measures, so H$ > M.
This holds for all € > 0, so H* > M.

Now let o € E*, € > 0. There exists an integer N large enough so that
rN . <€ N >|al,sor(B) <eVB e EN. [a] is the disjoint union of all [f]

max

with 5 > a and |5| = N, so

He([a]) < ) (diam[B])* = ) M([8]) = M([a]),
B

B
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where the sum is over all such 8. This holds for all € > 0, so H* < M,
hence H® = M. ]

Theorem 4.1.5 (Moran’s open set condition). Let {F;} be an iterated function
system giving rise to a fractal K. The following condition s called Moran’s
open set condition:

There exists an open set U, called a Moran open set, such that
1. F(U)NF;(U) =@ foralli# j;
2. F;(U) CU for alli.

If Moran’s open set condition is satisfied, then dimpy(K) is equal to the
stmalarity value.

A proof of theorem 4.1.5 can be found, for example, in [2] section 6.5.

Example 4.1.6 (Hausdorff dimension of the Cantor set). The interval (0,1)
is a Moran open set for C. Recall the iterated function system for C is
Fo(x) = /3 and Fy(z) = (x + 2)/3, so

Fo((0,1)) = (0,1/3) < (0,1), Fi((0,1)) = (2/3,1) € (0,1),

and

Fy((0,1)) N F1((0,1)) = (0,1/3) N (2/3,1) = 2.

Hence the similarity value for C' is its Hausdorff dimension by theorem
4.1.5. The ratios of the similarities Fy and Fy are ro =r; = 1/3, so

e () ()3

(2

Which has solution s = dimy(C) = log2/ log 3.

Example 4.1.7 (Hausdorff dimension of the Sierpinski gasket). Recall example
2.1.12; the interior U of the first triangle, SGy, is a Moran open set for SG.
Indeed, F;(U) just returns one three smaller triangle interiors (specifically,
the top, bottom right, or bottom left triangle interior, depending on i), so
F,(U) C U for alli and F;(U) N F;(U) = @ for any i # j since U is the
interior, i.e. does not include its boundary and hence there is an empty
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intersection, since the triangles themselves only intersect at a single point
along the boundary.

The ratios of the similarities {F;}7_, are ro = r; = 19 = 1/2, so the
stmalarity value is

R CRONOEE

which has solution s = dimy (SG) = log 3/ log 2.

5 Dirichlet Forms and Laplacians

We will close with a section on some more modern developments on fractals,
specifically, the construction of Laplacians and related differential equations
on them. There are three related methods to do this: one by constructing a
“Dirichlet form” (which is related to the Laplacian), another by taking a limit
of “finite graph Laplacians”, and yet another by a probabilistic approach. We
shall adopt the first two methods here. This section follows [1], [3], [6], and
[7].

5.1 Manifold Case

We begin with a brief summary of Laplacians on manifolds. This will give
the motivation for how we extend the Laplacian to the fractal setting.

Let M be a compact and connected Riemannian manifold with Riemannian
metric g, and let p € M. We denote the tangent space of M at point p by
T,M. We denote the dual of the tangent space, consisting linear functionals
on T,M, by T M.

Define a, : T,M — T M by ay(u)v = g(u,v). Then ag is an isomorphism
between the tangent space and its dual.

Let p € M. We define the gradient V at p of a function f on M to be
the unique function V f satisfying the equation

dp f(X) = 9(Vf(p), X)

for all X € T,M, where d,f(X) is directional derivative of f in the
direction of X evaluated at point p, i.e.
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LIX) = S(fo0)|

t=0
where ¢ : (€,€) — M is any smooth, parametrised curve satisfying ¢(0) =
p and ¢(0) = X.
This definition of gradient allows us to define the divergence V- of a
vector field V' as the negative adjoint of the gradient with respect to the
L*(M) inner product:

<V’ vf>L2(M) - <(V)*Va f>L2(M) = —<V -V, f>L2(M)
Finally, we define the Laplace operator or Laplacian A to be the operator
satisfying the formula
Af:==V'Vf=V-(VYf)
Next, we prove some basic properties about the Laplacian.

Lemma 5.1.1. Let V be an inner product space on a field F and let T be any
linear operator. Then its adjoint T* is also linear with respect to the inner
product.

Proof. Let x,y € V and let o, 8 € F. Using linearity in the first argument of
the inner product, along with the fact that (7*)* = T, we have that

(T"(ax + By), 2) = {ax + By, (T7)"z)
=a(z,Tz) + By, Tz)
=Tz, z) + B{T"y, 2)
= (aT*x + BTy, )

Proposition 5.1.2. The Laplace operator is linear.

Proof. V : C>®(M) — X(M) is linear, so its adjoint V* : X(M) — C*(M)
is linear as well, where X (M) is the set of smooth vector fields with L? inner
product. Hence A := —V*V : C®(M) — C*°(M) is linear as well. O

Proposition 5.1.3. The Laplace operator is symmetric, i.e.
([, Af) =(Af, )
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Proof. By definition, we have
([LAf) =V, V)
= —(V[,Vf)
= —((V)'Vf, f)
=(V-V/[.,[)
= (Af.f)

Proposition 5.1.4. The Laplace operator is positive-definite, i.e.

(f,Af) <0
Proof. By positive-definiteness of the inner product (i.e. {(x,z) > 0), we have
(AN =(V) [, V) ==V V[)<0
[

Proposition 5.1.5. Au = 0 if and only if u is a constant function on M.

Proof. Let Au = 0. Then

/uAu:O:—/ g(Vu, Vu),
M M

so that Vu = 0. Now, let p,q € M. M is compact and connected, so let
v :[0,1] — M be a smooth curve such that y(0) = p and y(1) = ¢. By the
fundamental theorem of calculus,

u(p) —u(q) = /0 d%(u ovy)(s)ds

=A%w@®m

1
~ [ a(v 0. 4(s)ds
0
=0
Since this is true for any p, ¢ we conclude that u is constant.
Next, suppose that u is constant. Then d,u(X) = 0 = g(Vu, X) for all

X € T,M so we have Vu = 0, and hence by definition Au = 0.
[
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Propositions 5.1.2 through 5.1.5 are, in fact, the properties we later shall
use as the definition of a more general Laplacian on fractals.

Next, we define the Dirichlet form. Let u, v be functions on the manifold
M and define the Dicihlet form to be

E(u,v) ::/ g(Vu, Vv)dvol
M

Notice that by taking the adjoint of the gradient, it has the following
relationship with the Laplacian:

E(u,v) = —(u, Av) 20

This actually gives rise to an alternate way of defining the Laplacian,
and is the method we will use for constructing Laplacians on fractals. An
important fact that we shall see later is that a function @ that minimizes the
Dirichlet form

£ (i, i) = / ¢(Vi, Vii)dvol
M

is actually a solution of Laplace’s equation, At = 0.

5.2 Fractal Case

There is a well-developed theory of analysis on a certain class of fractals,
called post-critically finite (pcf) fractals.

Definition 5.2.1 (Post-critically finite fractal). Let {F;}I', be an iterated
function system with associated string space E¥ and addressing function h :
E“ — K. The critical set s

C=ht (U [Fy(K)N Fj(K)])
i#]
The post-critical set s

P=J"e)

neN

where {(wiwawswy ... ) = wowswy ... is called the deletion map. The
fractal K is said to be post-critically finite if P is a finite set.
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Definition 5.2.2 (Boundary). Vo := h(P) is called the boundary of the
fractal.

Post-critical finiteness essentially ensures that fractals have finite boundary
and finite intersection of m-cells, which is the foundation for the entire theory
of fractal analysis. For the remainder of this section, is will be assumed that
fractals are pcf.

Example 5.2.3 (Boundary of the interval). Let I = |0, 1], which is a fractal
with iterated function system Fo(z) = x/2, Fi(z) = (x + 1)/2. The fized
points of each Fy is 0, and the fixed point of Fy is 1. Notice that Fo(I) N
Fi(I) ={1/2}, so the critical set is

C =h*({1/2}) = {01, 10}

Since h(01) = Fyo Fyo Fyo...(x) = Fy(1) = 1/2, and similarly h(10) =
FioFyoFyo...(x) = Fi(0) =1/2. The post critical set is therefore

P =™ ({o1,10}) = {1,0},
n>1
which is finite, so [0,1] is a pef fractal. But P is precisely the set of
points which h maps to the fized points 0 and 1, so the boundary of I 1is
(unsurprisingly)

Vo = h(P) ={0,1}

Example 5.2.4 (Boundary of the Sierpinski Gasket). Let SG be the Sierpinski
gasket, with iterated function system F;(x) = 1/2(x — q;) + q; for q; the
vertices of an equilateral triangle. The fized point of each Fj is q;, hence
h(j) = FjoF;oF;o...(x)=gq;, where j :=jjj....

The intersection F1(SG) N Fy(SG) contains one point which we call ps,
and similarly Fo(SG) N F3(SG) = {p1}, and F1(SG) N F3(SG) = {p>}.

Now, one can check that h™'({p1}) = {23, 32}, and similarly ™' ({p2}) =
{13,31} and h='({ps}) = {12, 21}.

So the critical set is C = h™'({p1, p2, p3}) = {23,32,13,31,12,21}, and
the post critical set is therefore

P = J€"({23,32,13,31,12,21}) = {3,2.1},

n>1
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but this is precisely the set of points which map to the fixed points q;, so
the boundary of SG is simply

Vo = h(P) = {CI1’Q2;Q3}-

We will be using both the interval and the Sierpinski gasket as a running
example throughout this section.
Let V' be any set, and let (V) :={f | f:V — R}. If V is finite, then it

is understood to be equipped with the inner product

(u,0) = > u(p)v(p)

peV

We begin by defining the Laplacian and Dirichlet form on finite sets.

Definition 5.2.5 (Finite Laplacian). Let V' be a finite set. A Laplacian is a
linear operator A : (V) — £(V') which satisfies the following properties for
any u € U(V):

1. (u, Au) = (Au,u) (symmetry)
(u, Au) <0 (negative semi-definite)
Au = 0 if and only if u is a constant function on V

if p# q, then Ay, > 0, where A,y = (xp, Axq) = (Ax,)(p) and x, is
the characteristic function of the set {q}.

Notice that these are precisely the properties we proved about the Laplace
operator in the Riemannian setting (propositions 5.1.2 through 5.1.5); here,
we take these properties as the definition of the Laplacian.

The collection of Laplacians on V' is denoted by £(V'), and the collection
of linear operators satisfying only the first three properties is denoted E(V)

Lemma 5.2.6. Let V be finite, and let H : (V') — ((V') be a linear operator.
Define H,y = (Hx,)(p). Foranyp eV, ue ((V), we can write

(Hu)(p) = Z Hpqu(q)

qeVvV
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Proof.

= 0 q#p
(H(p))(u(p)) q=p
—qEZV{O q#p
= (Hu)(p)

]

Definition 5.2.7 (Finite Dirichlet Form). Let V' be a finite set. A Dirichlet
form is a bilinear map & : L(V) x (V) — R satisfying the following properties
for any (u,v) € L(V) x £(V):

1. E(u,v) = E(v,u) (symmetry)

™

(

E(u,u) > 0 (positive semi-definite)
(u,u) =0 if and only if u is a constant function on V
(

2.
3.
4. E(u* u*) < E(u,u), where u* = min{max{0,u}, 1}. (Markov property)

The collection of Dirichlet forms on V' is denoted by DF(V), and the
collection of bilinear forms satisfying only the first three properties is denoted
by DF (V).

There is an important correspondence between Laplacians and Dirichlet
forms which was alluded to in section 5.1. In fact, to any symmetric linear

operator H : {(V) — £(V'), we can associate a Dirichlet form by Ey(u,v) :=
—(u, Hv).

Theorem 5.2.8. Let V' be a finite set, and let 7 : E(V) — ﬁ/F(V) be defined
by m(H)(u,v) := Ex(u,v). Then 7 is a bijection and DF (V) = w(L(V)).

Proof. 7 is surjective, since given £y, we can reverse engineer H using matrix
coefficients. Choose coefficients H,, so that

~>ulp) (Z Hpqv<q>) = En(u,v),

peV qeV
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and define H : (V) — (V) by Hu(p) = >_ oy Hpu(g). It is also
injective, since if H; # Hj are two different operators in LN(V), then there is a
function v such that Hyv # Hov, hence —(u, H1v) = Ep, (u,v) # Ep, (u,v) =
—(u, Hyv). So 7 is bijective. However, we still need to show that 7w (H)
satisfies the necessary properties to be in DF(V) if and only if H satisfies
the necessary properties to be in £(V).

First we show m(L(V)) = DF(V). Let A € L£(V). We check that 7(A) :
(V) x £(V) — R given by m(A)(u,u) = Ea(u,u) is in DF.

Symmetry of £ is given by symmetry of A itself. By nonpositive definiteness
of A, we have that

En(u,u) = —(u, Au) >0

Next, if u € ¢(V') is constant, then we have Au = 0, hence

En(u,u) = —(u, Au) = —(u,0) =0

Thus 7(£(V)) € DF(V). Next, we show that DF(V) C m(L(V)). Let
£ e Z/)\]/:(V) The associated linear operator is the operator A satisfying
E(u,u) = —(u, Au).

Symmetry of £ implies symmetry of A. & is nonnegative-definite, so
E(u,u) = —(u,Au) > 0 implies that (u,Au) < 0, which is precisely the
statement that A is nonpositive-definite. Let u be constant. Then &(u,u) =
0 = —(u, Au), which implies that Au = 0; similarly, if Au = 0 then £ =
0 = —(u, Au) which implies © must be constant (since & € DF), and so
DF(V) = m(L(V)).

Next we will show that 7(L£(V')) € DF (V). Suppose that A € L(V) and
consider m(A) = Ea. Let u* = min{max{0,u}, 1}, and notice that

Enlu,u) = — Z Z u(p)Apgu(q)

= o S Ay (ulp) — (o))

We wish to show that Ea(u,u) > Ea(u*,u*) Yu € ¢(V). Let u be
arbitrary; there are several possible cases to consider. For instance, suppose
that u(q) € (0,1) and u(p) < 0. Then (u*(p) — u*(q))* = u(q)?® < (u(p) — u(q))*.
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A similar argument works for all other cases. In every case, we get the
inequality

(u"(p) — u*(9))” < (u(p) —u(9))’,

and since Ay, > 0 for all p # ¢ € V, we conclude that all the terms in
the summation are positive (or 0 if p = ¢), hence Ea(u*,u*) < Ea(u,u) for
each u in ¢(V), as desired. So w(L(V)) C DF(V).

Next we want to show that &y € DF (V) implies that H € L(V), so
suppose that £y € DF(V). Suppose for contradiction that H € L(V)\L(V).
Then Jp # ¢ with H,, < 0. Without loss of generality, set H,, = —1. Denote
u(p) =z, u(q) =y, and u(a) = z for all @ # p,q. Then

En(u,u) = alr —2)* + By — 2)* — (x —y)*.

Now &g is nonnegative-definite, so we can guarantee that o, > 0.
Consider the case x = 1, 2 = 0. Then Ex(u,u) = a—1+2y+ (8—1)y?, and
En(u*,u*) =a—1.

We can consider a case where y < 0, and |y| is small enough to make
En(u,u) < Ep(u*,u*), which implies that £y ¢ DF(V), which is the desired
contradiction. Hence DF (V') = n(L(V)).

[l

In particular, this means that given a Dirichlet form we can uniquely find
an associated Laplacian (and vice-versa). This is an extremely important
result because, as we shall see, functions which minimize £ are solutions to
Laplace’s equation, and hence problems involving Laplace operators can be
reformulated as problems involving Dirichlet forms.

We have defined Dirichlet forms on finite sets, but now we need to define
them on arbitrary measure spaces. The reason for introducing Dirichlet forms
is that we can use them to talk about Laplace’s equation on simply a measure
space, rather than explicitly defining a Laplacian on a manifold.

Definition 5.2.9 (Dirichlet Form). Let (X, p) be a measure space. Let D be a
dense subspace of L*(X, ). A Dirichlet form is a bilinear map € : DxD — R
satisfying the following properties for any (u,v) € D x D.

1. E(u,v) = E(v,u) (symmetry)

2. E(u,u) > 0 (nonnegative-definite)
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E(ur,u*) < E(u,u), where u* = min{max{0,u}, 1}. (Markov property)

4. DCL ( , ) s a Hilbert space when equipped with the inner product
(u, v)p = (u, V) p2(x ) + E(u, ).

Definition 5.2.10 (Restriction). Let £ be a Dirichlet form on a set V (finite
or infinite), and let U be a proper subset of V.. We define the restriction

E(f, Nlv = nf{&(g,9) | glv = f}

Using this, we can define a notion of compatible sequences of Dirichlet
forms &, on the graph approximations V,, as defined in section 2.

Definition 5.2.11 (Compatibility). Let (V,,,E&,) be a sequence of Dirichlet
forms &, defined on an increasing sequence of sets V,,. The sequence is said
to be compatible if the following restriction property holds for all n:

5n+1 |Vn == gn

Now we shall introduce a Dirichlet form defined on any proper subset of
a fractal K.

Proposition 5.2.12. Let V,, be an increasing sequence of sets converging
to a dense subset V* := U,V,, of a set V. Let &, € DF(V,) ¥n € N, and
suppose that (V,,E,) is a compatible sequence. Then we define

E(u,v) := lim &,(uly,,v|v,),
n—oo
which ezists (but may be infinite). Then & is a Dirichlet form on V*.

Proof. Since &,, € DF for all n, we have by symmetry of &, that

E(u,v) = lim &,(u,v) = lim &,(v,u) = E(v,u),
n—oo

n—o0

so £ is symmetric. Also &,(u,u) > 0 for all u € (V) and for all n € N,
so, in the limit, £(u,u) > 0. It is clear from the definition that &,,(au,v) =
a&pm(u,v) and &, (u + v, w) = &y (u, w) + £, (v, w); since these hold for each
m, they hold for the limit £ as well. Thus £ is an inner product on V*.

Next, notice that V* is dense in V* (in the fractal setting, V* will be
dense in the fractal K = V*, which is a measure space).
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Now we wish to show £(u,u) = 0 if and only if w is constant. First
suppose u is constant; then since &, is a Dirichlet form for each n, we have
En(u,u) =0 for all n and hence the limit £(u,u) = 0 is also zero. dom

Next let £(u,u) = 0. Notice that by the definition of the restriction and
the fact that (V;,,&,) is compatible,

Envilv, (u,u) = E,(u,u) = inf{€,41(9,9) | glv, = u, }

so we have that &, (u,u) is an increasing sequence (which proves that £ is
well-defined, but may be infinite). Now, suppose by contradiction that u is
not constant; then each &, (u, u) is strictly greater than 0 and the sequence is
increasing, hence the limit £(u, u) is strictly greater than 0. This contradicts
our assumption that £(u,u) = 0, hence u must be constant.

Next, let u* = min{max{0,u}, 1} and let uw € ¢(V) be any other real
valued function on V. Since &, € DF, we have &,(u*,u*) < &,(u,u) for all
n. So E(u*, u*) = lim, e & (u*, u*) < limy, o0 & (u, u) = E(u,u), as desired.

Finally, we will need to show completeness in the norm induced by the
inner product. In fact, we will have to show that this holds for functions in
dom& :={f:V* =R | E(f, f) < oo modulo constant functions.

We can identify dom £/constant functions with the space & = {u €
dom & | u(qy) = 0}.

Let (uy) be a sequence in £’ such that

E(uy, —ug) — 0

Asn,m — oo. Fix m. We have 0 < &, (u, —ug) < E(up, —uy), 80 Enp (U, —
ug) — 0 also. It then follows from the definition of &,, that limy_,. ug(x)
exists for all x € V,,, so define u € ¢(V*) by

This implies that &, (u, — u) = limg_,o En(u, — ug). But since (u,) is
Cauchy, we can make &,,(u, —uy) arbitrarily small for any m, so we can make
Em(u, — u) arbitrarily small for any m. Hence E(u,, — u) — 0, as desired.
Therefore £ : V* x V* — R is a Dirichlet form. O

We define the domain of £ to be the set

dom& :={f:V*=>R|E(f, f) < oo}
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Recall that the sequence V,, — V* converging to a dense subset using
Vo as the boundary is exactly the scenario we had in the fractal case, from
section 2. Thus all of the preceding discussion applies to fractals sets (and
their approximating graphs) as well.

We’ve built up a theory of Dirichlet forms, but now it’s time to actually
construct one. We will start by defining the following bilinear “energy form”
on approximating set V,,, of a fractal:

Ep(u,0) = Y [u(z) = u(y)] [v(z) — v(y)]

Recall x ~,, y whenever x and y have an edge joining them in the m'™
level graph approximation V,,. There is also the associated quadratic form

Ep(u) = En(u,u) = ) u(z) —u(y))’,

r~my

which satisfies the following polarization identity with the bilinear form:

Em(u,v) = i[é’m(u +v) = En(u—v)l.

The reason to define E,, this way will become apparent soon. Let’s
first check that E,,(u,v) is a finite Dirichlet form on V,,. It is clear from
the definition that F,, is symmetric and nonnegative-definite, and it is also
easy to see from the formula that F,,(u) = 0 if and only if u is constant.
Finally, if we replace u by u* = min{1, max{w,0}}, then each of the terms
[u(z) — u(y)]® can only decrease or stay the same, which can be easily verified
but is somewhat tedious.

Suppose u(x),u(y) < 0; then u*(z) = u*(y) = 0, so [u*(z) — u*(y)]* =
0 < [ulx) — uly)]*.

If 0 < u(z) <1 and u(y) < 0, then u*(z) = u(x) and u*(y) = 0,
[u*(z) — u*(y)]? = [u*(z)]? < [u(x) — u(y)]? since u(y) is strictly negative.

If 0 < u(z),u(y) < 1 then we simply have equality, [u*(z) — u*(y)]* =

[u(z) — u(y)]*.
If 0 < w(x
[w*(2) —u*(y)]
If u(z),u(y)
[u(z) — u(y)]*
Finally if u(z) > 1 and u(y) < 0, then u*(z) = 1 and u*(y) = 0 so
[w(2) —u*(y)]* = 1 < [u(z) — u(y)]*.
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1 and u(y) > 1, then v*(z) = wu(z) and u*(y) = 1, so
2

1 then u*(z) = u*(y) = 1 so [u*(z) — u*(y)]*> = 0
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Symmetry takes care of all the other cases. So FE,, satisfies the Markov
property, and is therefore a finite Dirichlet form.

Definition 5.2.13 (Harmonic extension). Let u € ¢(V,,) be a function, where
Vi, is an approximating set for the fractal K. A harmonic extension of u to
Vins1 18 a function @ € €(Vy,11) which minimizes the Dirichlet form in the
sense that

2~L|Vm =Uu

and

Epm(t) < En(f)

for any other extension f of u.

Often, the Dirichlet form will need to be renormalized at each step, in
the sense there are coefficients c,,, such that, given E,,(u) =3_,  (u(z) —
u(y))?, we have

B (@)= 3 cafulz) - u(y))”
T~my
In fact, we will concentrate on cases where the coefficients ¢, are equal
for all z,y, so that rE,,1(4) = E,,(u) for some r € R. Notice that we write
r = 1/cyy, for all z and y. In this case, we write the renormalized Dirichlet
form as

1
Em(u) == =Ep(u).
r
Then, if @ is a harmonic extension, then &,,(u) = &,,41(@) for all m. The

unit interval and Sierpinski gasket, for example, are both cases where all ¢,
are equal.

Example 5.2.14 (Interval). Let I = [0, 1] be the unit interval, which has the
iterated function system Fy = x/2, Fy = (v +1)/2. Then Vo = {0,1} (see
example 5.2.8) and Vi = {0,1/2,1}. So given some function u defined on
Vo, the energy form takes the value Eo(u) = [u(1) — u(0)]%.

How would we go about defining the harmonic extension of u to V17 We
need to find u that minimizes
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Ey(a) = [a(1) — a(1/2)]” + [a(1/2) — a(0)]*.

The only undefined quantity is u(1/2), and some calculus shows that the
minimizing value is w(1/2) = 1/2[u(1) + w(0)]. Substituting this in, we
actually find that

. 1
Similarly, at the m* level graph approzimation V,, = {2%}3207 the only
“new” terms in the (m+1)™ Dirichlet form are those involving odd values of
k. Given any odd k, say k = 25 + 1, the term u (;ﬁlﬂ) only appears twice in
the sum for E,,.1 since any point in V,, 11 only has two neighbouring points

to which it is connected. Specifically, u (223n—t11) appears in the terms

27 +2\  _[(2i+1\]* [./2j+1 27 \1°
u om+1 —u om+1 +|u om+1 —u om+1 :

Again some simple calculus shows that this is minimized by setting the
new value to be the average between its two neighbours

(2741 _1 27 +2 27
u om+l | 9 u om+1 tu om+1 :

Notice that by this extension algorithm, we are essentially constructing a
linear function with the desired values at the boundary, which is precisely the
solution we’d expect from solving the 1-dimensional Laplace equation. Again,
a computation yields

. 1
Em+1 (U) = §Em

This is true for any m, so the renormalization constant for the Dirichlet
forms on the unit interval is r = 1/2.

The Sierpinski gasket is another case where the coefficients ¢, are all
equal.

Example 5.2.15 (Sierpinski Gasket). Recall that the boundary of SG is
the set Vo = {qo, q1q2} of vertices of the equilateral triangle from which SG
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is constructed. Suppose that u € (V) is defined so that u(q) = 1 and
u(q1) = u(q2) = 0. Then

Eo(w) = 3" (ule) — u(y))? = (1 - 01+ (0~ 1) + (0~ 0)* = 2.

r~oy

How do we find the harmonic extension u on V1?7 Certainly we will
have w(Fy(q1)) = u(Fy(q2)) := x at the two points in Vi closest to qo and
w(Fi(q2)) =y at the point in Vi farthest from qo (see figure 5).

1

Figure 5: The set V; and the value of @ on these points.

The energy form on Vi using the extended function  is

By (@) = 2(z — 1)% + 22° + 2¢y° + 2(z — y)*.

Setting the derivatives of Ey equal to zero, we get two linear equations to
solve:

de=1+4+x+y

dy = 2x

By inspection, a solution is v = 2/5, y = 1/5. By symmetry, exactly the
same result would occur if we had set the value 1 at any of the other boundary
points. Furthermore, Ey is a quadratic form, so taking its derivative gives a
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set of linear minimizing equations. If the values of u on Vi are a,b,c then u
must satisfy the following rule:
2 2 1
u(z) = —a+ -b+ —c,
(2) 5 5 5
where z is the point shown in figure 6. Of course, symmetry takes care of
the points x and y as well.

Figure 6: The set V; with u taking arbitrary values on these points.

It requires considerably more work, but one can show (see [7] section 1.3)
that this rule actually holds locally at each m-cell, with r = 3/5, so that
Epi1(t) = (5/3)En(u) for each m.

Example 5.2.14 provides us with a hint as to why we defined the Dirichlet
form as Ep,(u) =3, [u(r) —u(y)]*. The renormalized Dirichlet form can
be written explicitly in the simple case of the interval:

oo B () -+ ()]

k=0
1A (a5 —u (S
T om kz:% ( 1/2m '

Assuming u is continuous and differentiable, we can apply the mean value
theorem to obtain points x; such that
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2l 2 /4

Em(u) = — — .

=3 (F) ()
k=0

Passing the limit, we see that this is a Riemann sum converging to

L du\?
pu— 1' pu— _—
ew) = Jim £, = [ (5) v

which is the classical Dirichlet form on the Euclidean interval. This is
the motivation for defining the finite Dirichlet form the way we did.
It is therefore natural to define

E(u) = lim &, (u),

which satisfies the compatibility property of 5.2.11, and hence converges
to a Dirichlet form by 5.2.12. With the Dirichlet form defined on fractal sets,
we can define an associated Laplacian.

Definition 5.2.16 (Fractal Laplacian). Let K be a fractal set and let f :
K — R be a function in dom& N L*(u). The Laplacian of f, with respect to
a measure ji, is the continuous function A, f satisfying

E(fiv) ==, Auf)r2w = —/ vA, fdp

K
for any v that vanishes along the boundary Vi of K.

The fact that we require v to vanish on the boundary is analogous to
requiring that g vanish on the boundary in the integration by parts formula

/b d9\* 4 _ 99
o \dz _gdxa

b b g2
d
—/ 97gd33:—<9,A9>L2(,\),

relating the classical Dirichlet form f: (2—5)2 dz to the classical Laplacian.
Theorem 5.2.8 guarantees that A, exists and is uniquely defined by this
equation. Notice that the Laplace operator depends on our choice of measure.

Lemma 5.2.17. Let u,v be defined on V,,. If u is the harmonic extension

of u to Vi1 and v' is any extension (not necessarily harmonic) of v, then
Em+1(T,v") = Ep(u,v).
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Proof. By the polarization identity,

£, 0) = i[ﬁm(u F o) = Enlu— ).

We have &,,41(4,0) = &,(u,v). Consider the function v — 0. By
definition, we have the following:

Ep (5,0 = 0) = ) [a() = a@)][(v'(2) — 3(2)) — (v'(y) = 9(y))].

Tm+1Y

Notice that any term in this sum containing x € V,, is zero, since the
two extensions of v must agree on this set. Thus the only terms in the sum
which might contribute anything are those for which x € V1 \ V,. Hence
the only remaining terms must be of the form

> afalz) —uly)],

r~my

where a = [(v'(z) —0(z)) — (v'(y) —0(y))]. These also sum to zero, because
for x € Vi1 \ Vi, @(x) is just the average of the values of the neighbouring
points in Vj,11.

Thus &,41(t,v" — ©) = 0. This implies that v — ¥ is constant on V41,
which means v = v + p for some p € R. By the definition of &,,, the extra
constant p will “cancel out”, giving the desired result

Emi1(1,0") = Epnia(,0) = En(u,v). O

Definition 5.2.18 (Harmonic function). Let h take any finite value on the
boundary Vy. Given the increasing sequence of approxrimating sets V,, — V*,
the extended function h € 0(V*) is said to be harmonic if it minimizes &,
for all m.

Not only does the Dirichlet form allow us to define the Laplace operator,
but the two also have a special relationship in terms of harmonic functions.
Next comes the theorem that shows why Dirichlet forms are so useful:

Theorem 5.2.19. A function h € dom & is harmonic (i.e. minimizes the
Dirichlet forms &,, for all m) if and only if h is a solution to Laplace’s
equation A h = 0.
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Proof. Let h be harmonic; notice that & (h,v) = 0 because v vanishes on the
boundary V. By lemma 5.2.17, £(h,v) = &y(h,v), thus

—/ vA hdp = E(h,v) = &(h,v) = 0.
K

But since this holds for any v, it must be that A,h = 0. Now suppose
that A,h = 0; then E(h,h) = [,.(A,h)?dp = 0. But the sequence &,, — &
satisfies

0<E&un(h,h) <&Enii1(h,h) <E(h,h) =0 for all m.
Hence &,,(h,h) = 0 for all m, i.e. h is harmonic. O

This allows us to solve the fractal differential equation A,f = 0, with
boundary conditions given by the values of f on the boundary Vj, by finding
the harmonic function associated with the repeated harmonic extension of
flv from Vj to V4, to Vs, ete. Of course, the challenge then becomes finding a
suitable harmonic extension “algorithm”; even the simple case of the interval
took a bit of work in example 5.2.14. The Sierpinski gasket in example 5.2.15
was significantly harder.

Furthermore, although the resulting extended function is only defined on
V* = UV, recall that V* = K. Let u € domé&; we’ll show that u is
uniformly continuous, hence it can be extended to a continuous function on
K naturally by setting u(z) = lim u(x,,) for a sequence (z,) in V* converging
tor € K.

If x ~,, y, then

r M u(z) — u(y))? < En(u) < E(u),

since r~"[u(z) —u(y)]? is an individual term in the sum of positive terms
which make up &,,(u). This implies that |u(z) — u(y)| < r™/2&(u)Y/2. Now
consider any “chain” of elements x,,, ..., Z,+x which are related in the sense
that for any ¢ > m, xy € V, and xy ~yy1 x441. Then
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k
[a(@m) = w(@mi)] £ D lu(@m) = w(@mnsi)]
i=1
k
< Zr(m-i—é)/Qg(u)l/Q
=1
k
_ Tm/Qg(u)1/2 Z T‘i/2
=1

E(u)'’?,

Tm/2

T 1

which can be made arbitrarily small by taking large enough values of m,
since 0 < r < 1. So dom & C C(K).

Finite Dirichlet forms also satisfy the self-similar relation &,,41(u) =
> Em(u o Fy) for any m by definition, hence the limit satisfies this as
well:

E(u) = Z r1E(uo Fy)
Definition 5.2.20 (Tent function). Let K be a fractal. Fixz m, and consider
the usual approximating set V,,. Let S(V,,) denote the set of continuous
functions u such that u o F,, is harmonic for all |w| =m.
The tent function is defined to be the continuous function ¥i™ € S(Vin)
which satisfies

wa(cm) (y) = Oay
for all y in V,,,, where x is any point in V,, \ Vo and 6, is the Dirac delta.

The reason these are called tent functions is that in the case of the interval
K = [a,b], wém) is shaped like a triangle, or “tent”, on the sets V,,, which
are just dyadic points £/2™ in [a, b] (see example 5.2.14).

Our definition of the Laplacian up until this point is fairly useless if we
just want to know the value of A u(x) at a single point . The following
proposition takes care of this issue by introducing a “graph Laplacian” A,,
on the set V,,,, which converges (after some rescaling) to A,,.
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Proposition 5.2.21. Suppose that a Laplacian of u exists. The following
pointwise formula for the Laplacian holds at each x € V* \ Vy:

-1
Ayu(z) = lim »~™ </ @bg(cm)d,u) Aju(z),
K

m—r0o0

where

Apu(z) = Z (u(y) —u(x)) foralz eV, \V

Yy~mT
and 1/19(07”) (y) := 04y is the tent function at x.

Proof. Given u, notice that

But by definition,

(™) = [ v Audy
Hence
r A u(x) —/ YA udp.
K
Dividing both sides by || X 1Z)g(gm)d,u, we get
! A ud
A (o) ( / wémdu) = Lt Dy
K Jic 2™ dp

for all m. But A,u is continuous, and clealy lim,, @Z)g(gm) is the Dirac
delta 6., on V*, so

Jx A“u@/);m) dys
Jx i dp

— Ayu.
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Hence

-1
lim =™ </ 1[)9(Em)d,u) Apu(z) = Ayu(z). O
K

m—r0o0

6 Conclusion

Fractal sets exhibit interesting self-similar structure. For instance, the fractal
itself satisfies the self-similar formula

K= ] Fu(K)

w]=m

for any m. It can also be described, however, as a limit of approximating
sets

K = lim V,,,
m—r0o0

where V11 = U Fi(V,,), and V; is any nonempty compact set. These
are both consequences of the contraction mapping theorem. A fractal constructed
from an iterated function system {F;}! ; has an associated string space E*,
where F is a set of n symbols. This complete, compact ultrametric space is
related to the fractal by the addressing function h, via the formula

hof,=F,oh.

The function h defines a natural “parametrization” of K, in the sense
that h(E“¥) = K. The natural measure p on K also satisfies a self similar
formula

wA) = Y pp(F, A),
jwl=m

which leads to another self-similar formula for the integral,

[ n= 3w [ 1o Fudn

|w|=m

The Hausdorfl measure and the associated Hausdorfl dimension are also
useful in describing fractals. This notion of dimension allows for non-integer
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values; for instance, the Cantor set has Hausdorff dimension dimy(C) =
log 2/log 3, and the Sierpinski gasket has Hausdorff dimension dimg(SG) =
log3/log2. Moran’s open set condition gives conditions that allow for a
much simpler calculation of the Hausdorff dimension, using the similarity
value.

With an understanding of the basic structure of fractals, one can a Laplacian
on a certain class of fractals, called pcf fractals. This Laplacian is constructed
indirectly via a Dirichlet form, but it can in fact be described locally as well.
These generalized Dirichlet forms and Laplacians both reduce to the classical
Dirichlet form and Laplacian in the Euclidean case.
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