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ABSTRACT OF THE DISSERTATION

Green’s Functions on Self-Similar Sets
by
Frank Kloster

Doctor of Philosophy, Graduate Program in Mathematics
University of California, Riverside, June 2019
Dr. Michel L. Lapidus, Chairperson

In the area of fractal analysis, many details are known about the analytic structure of
certain post-critically-finite (p.c.f.) self-similar structures such as the Sierpinski gasket.
These include details about its Laplacian, Green’s function, and solutions to differential
equations. While general techniques have been proposed, many examples have yet been
worked out, such as the Hata tree. Here, we work out and discuss said analytic structure
for these examples. While the technical details are significantly more advanced, several
fascinating patterns appear, some of which are of a completely different nature than the
analytic structure of the Sierpinski gasket. We will use this structure to determine its

respective Green’s function, which are critical to the study of differential equations.
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Introduction

Let n € N. Given a set of contractions, {f; : R — R” le, we can define what’s
called an iterated function system. That is, we can define a map on nonempty compact

subspaces of R, by the formula

f(A) = U fi(A).

We can show that, in an appropriate metric, specifically the Hausdorff metric, f
forms a contraction [10]. By the Banach fixed point theorem, this induces a unique non-
empty compact space K, called a self-similar set.

First, we shall be discussing the Sierpinski gasket. There are two reasons for this.
First, much is already known about the gasket from other analysts [16], [18], [31]. Second, it
is probably the most basic non-trivial fractal. We construct the gasket via the fixed compact

space induced by
1 .

where py = (0,0), p1 = (%, %), and ps = (1,0). The Sierpinski gasket is shown in Figure 0.1.



Figure 0.1: The Sierpinski gasket
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Next, we introduce the Hata tree-like structure (from here on will be simply referred
to as the Hata tree). Let ¢ € C be such that |¢] < 1 and |1 — ¢| < 1. and consider

Fy, F5: C — C given by
Fi(z) =z, fa(z) = (1= |c)z + |

The Hata tree is simply a self-similar structure generated by {F;}.

Figure 0.2: The Hata tree-like structure

. b ot w(12)
, | = w(112) = m(21)

0= =(i) 7(2)
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There are of course many other examples of self-similar structures [16] which we

will touch on.



Next, we wish to define some notion of analysis on a self-similar set. Namely, we

need two notions.
1. How do we define measures on K?
2. How do we define the notion of derivatives on K7
The first question is answered by the following theorem [18|.

Theorem 1. Let S be a finite set. If p = (pi)ies satisfies Y ,cqpi = 1 and 0 < p; < 1
for alli. Then there exists a unique complete Borel reqular measure p, on (X, MP), where

¥ = SN satisfies P (L) = Puwy - - - Duw,, fOr any w = wy ... w, € Wi.

For the second question, the main part of interest to us will be to define an appro-
priate notion of a Laplacian. That is, given some u : K — R, we have a well defined notion
of Au : K — R. Much of this work was introduced by the works of Kigami [16] and and
Strichartz [30]. Namely, once we have some appropriate Dirichlet form, £(-,-), we have a

weak notion of the Laplacian

E(u,v) = /vAudu.

On the real line, the appropriate notion of our Dirichlet form is

5(u,v)=/|Vu]-|Vv|dp, u:R—R

where p is the Lesbesque measure. It turns out that we can construct the Laplacian
on a finite set of points via a set of axioms. Then, we can find the Laplacian via an

appropriate limit.



In the case of the Sierpinski gasket the formula is given by

E(u,v) = lim (T‘m > (@) = uly))(v(z) —v(y))>

m—r0o0

= i En(uo),

where r = % [30]. Many other properties are known about the gasket’s Laplacian as well, such
as it’s spectrum [30], random walks and Brownian motion 16|, and solutions to differential
equations [31], [12].

With this in mind, we can discuss solutions to differential equations. Namely, we

shall be looking at
Au=f, uly =0 (0.1)

While several different approaches have been proposed, both inside and outside the field and

fractal analysis, we shall be looking at two popular numerical techniques. Namely,
e Green’s functions, and
e the finite element method.

The Green’s function is simply the impulse response of Laplace’s equation. That

is, it the the function G(-,-) satisfying

u(z) = / G, y)f () dp(y).

This of course assumes that all other variables are fixed. The theory of Green’s functions is a
common techniques for analyzing differential equations [9]. The theory of Green’s functions

have also had incredible success in solving differential equations on fractals [30] [18]. We



can derive a Green’s function similar to how we defined many other analytic concepts, we
build up, inductively, successive approximations to our fractal. While much of the work has
already been done that applies to an arbitrary p.c.f. fractal, it has been mostly restricted
to use in studying the Sierpinski gasket. Here, I will present solutions involving more than

just that, such as the Hata tree.



Chapter 1

Introduction to Fractals

We will first try and ask the question: what is a fractal? We will actually not
arrive at a definitive answer, only a bunch of suggestions of what it could be. All of these

examples are well known in the literature of fractal analysis.

1.1 Examples

First, let us discuss the construction of several popular examples that will be used

again and again.

Example 1. The Cantor set, which we will denote by C' C R, is constructed as follows. Let
Cop = I =10,1]. Define C,, inductively, by removing each interval contained in C),,_; by the

open middle third. Then define

C= ﬁ Ch.
n=0



Figure 1.1: A visual construction of the Cantor set

C' is than compact, uncountable, and of measure zero [11]. This process is pictorially shown

in Figure 1.

Example 2. We take the construction as from [10]. The Serpinski gasket, denoted by
K Cc R?2. We construct this as follows. We pick some vertices of a equilaterial triangle,
Ky, say with vertices at p1,p2,p3 = (0,0), (i \f) (1,0). Construct K, inductively by
considering each equilateral triangle in K, _1, to which we at each edge, place vertex at the
mid-point.Proceed to connect all the vertices created in each triangle by three more edges.

The process is shown in Figure 2.

Figure 1.2: The Sierpinski gasket
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These are two very prominent examples. In fact, ninety percent of this thesis will
be simply concerned with examples much like Example 2. A lot of this is due to the self
similar nature of these fractals. While one might be tempted to regard this as the definition

of a fractal, I will next give a very prominent non-example.
Example 3. Let ¢ € C and consider the dynamical system given by
Zn+l = 2721 4+c, zy=0. (1.1)

If we consider the set of ¢ such that the above dynamical system converges to a non-infinite
value, we obtain what is called the Mandelbrot set. The set is graphically shown. A further

discussion of this set can be found in [29].

Figure 1.3: The Mandelbrot set

Example 4. If we consider some ¢ in the Mandelbrot set, we have an associated Julia set,
where we consider the values zp so that {z,}72 , converges to a non-infinite value when (1.1)

holds. This forms a so-called Julia set.



1.2 Box Counting Dimension

We begin with a theoretical underpinnings behind the theory of fractal. Taking a

remark directly from [10].

Remark 1. We denote Ns(F') for some F' C R™ to be any one of the following (equivalent)

definitions
1. the smallest number of sets of diameter at most & that cover F,
2. the smallest number of closed balls of radius ¢ that cover F,
3. the smallest number of cubes of side length § that cover F,
4. the number of §-mesh cubes that intersect I,
5. the largest number of discount balls of radius  with centers in F.

Definition 1. Define the lower and upper boz-counting dimensions of some set F' C R” to

be
: i Jog(Ns(F))
dimg(F) = llgri}élf " loz(3)
—— : log(N5(F))
d F)=1 —_—
mp(F) = s> == ®)

If the above are equal, we refer to it as the bozx counting definition of F', denoted by

Proposition 1. Equivalently, if

Fs:={x € R": |z —y| < for somey € F},



and [ is the Lebesque measure of R™, then

1 s
dimpF' = n — limsup Oglgg((i )
_ 1 F
dimgF = n — liminf M.
log &
Of course, from this
dimgp FF=n — limw.
log &

We give probably the two most common examples often given, see for example [2]

or [10].

Example 5. If I is the Cantor set, then

log(2)

Example 6. Let F' be the Sierpinski triangle with side length 1. Then

log(3)

dimp(F) = o2 (2)

1.3 Hausdorff Measure

Again, the next series of definitions and results are straight out of [10], but the

exact same ideas can be found elsewhere.
Definition 2. A d-cover of F is a cover {U;} such that 0 < |U;| < ¢ for all 1.
Definition 3. We let

H3(F) := inf {Z |Ui|? : {U;} is a 6-cover of F} .

10



From this, define the s-Hausdorff dimension of F by
HP(F) = lim Hi(F)

6—0

It is a straightforward argument to prove that this is indeed a measure [11]. The following

are a few nice properties proven in [10].

Proposition 2. Let FF C R"™ and f: F — R" be a mapping such that
[f(z) = Fy)l < clz —y|*

for all x,y for some constant ¢ > 0. Then for each s
H(f(F)) < "M (F)

Proposition 3. Let f : R® — R"™ be a similarity transformation of scale factor X > 0. If

F CR”, then

H(f(F)) = XH(F).

1.4 Hausdorff Dimension

Note that from (2) we see that

STl < Sl uile < 6 il
so that
Hy < 0 TH(F),

ad thus we see that if H*(F) < oo, then H!(F) = 0 for all ¢ > s. Thus, there can only
be one critical value s which H*(F) cannot be 0 or co. We refer to this as the Hausdorff

dimension of F. This is denoted by dimg(F'). We state analogs of (2) and (3).

11



Proposition 4. Let FF C R"™ and suppose f : F'— R™ satisfies the Holder condition

[f(@) = fy)] < clz —y[*
for all z,y € F. Then dimp f(F) < L dimpy(F).

Proposition 5. If f : F — R™ is bi-Lipschitz, that is

alr —yl < [f(@) = f(y)] < calz -yl
for all z,y € F, and fized c1,co are nonzero and finite, then dimpy f(F) = dimy F.

Again, proofs are discussed in [10]. Of course (5) will be used significantly to extend

calculations of the Hausdorff dimension from one space to many others.

1.5 Definition of Fractals

We discuss briefly, and largely informally, a proper definition towards fractals. We

start with a definition originally given by Mandelbrot. [23]
Definition 4. Let S C R™ with topological dimension m. Then S is a fractal if H(S) > m.

There is namely one issue with this definition, namely 1 provides a simple counter

example. The next definition was proposed by Lapidus [21]
Definition 5. Let S C R™, then S is a fractal if S has non-trivial complex dimensions.

While going into this definition further is beyond the scope of this thesis, Alexander

Henderson showed if we endow R™ with the p-adic metric, a singleton point is a fractal. [?]

12



1.6 Iterated Function Systems

We now present some tools to allow for easy calculation of the Hausdorff measure
for various spaces. These are common tools found inside fractal analysis. While I won’t
need these tools outside of R? inside the standard L? metric, I will be developing everything
in full generality. [10] and [30] develop everything in the specific case, whereas [16] goes

through everything in full generality, with much greater depth.

Definition 6. Let D C X for some metric space (X, d). A mapping S : D — D is called a

contraction on D if there exists some ¢ € (0, 1) such that
d(5(x),S(y)) < c-d(z,y)
for all z,y € D

It is straight forward to show that contractions have a unique fixed point if D is
complete. That is, there exists a unique z € D such that S(z) = = (see [26], [22]). In
particular, defining some xg € D, and let x,, = S(x,,—1), then z = lim x,, exists, and is the
unique fixed point.

With this, we shall define a notion of distance between compact sets in R”.

Definition 7. Let D C R" be closed, and let S be the set of all non-empty compact sets in

D. We define the Hausdorff metric or distance by

d(X,Y) =max{ sup inf d(z,y), sup inf (z,
(X,Y) {xeger( y) y@gwex( y)}

Graphically, this is nicely demonstrated by Figure 1.6. It is straightforward to

show that the Hausdorff metric satisfies the axioms of a metric space [10]. One can also

13



Figure 1.4: Graphical representation of Hausdorff distance

sup inf d(z,y)
$€X yEY

sup inf d(z,y)

yey T<
show that the Hausdorff metric is complete. [10]

Theorem 2. Assume D C R™ be a closed set. Let {S1,...,Sm}, where S; : D — D for all

i 18 a contraction, that is, there exists a c¢; such that
15i(x) — Si(y)| < cilz —y

for all x,y € D. If S is the set of all compact subsets of D, then S : D — D defined by

for all X is a contraction in the Hausdorff metric.

The statement is proved in [10]. In particular, systems of contractions induce

naturally a compact set. Now define C(X) to be the set of nonempty compact subsets of X.

Corollary 1. Let (X,d) be a complete metric space and let S; : X — X be a contraction

14



fori=1,2,...,n. Define S:C(X) — C(X) via the formula

S(A) = Si(4).

Then S has a unique fized point, and in particular S™(A) converges to said unique fized point

in the Hausdorff metric.
This formular will be the basis for the so-called self-similar structure.

Example 7. Let D = R?, and let

Fi(2) = 5(z—p3) +p;

where {p1,p2,p3} are already given in Example 2. This shows that the Sierpinski gasket is

a self-similar structure.

Example 8. Let D = I, and Si(z) = iz, Sa(z) = fx + 2. Then the fixed point is the
cantor set C. In particular, starting with Xg = I, you will obtain the same sequence as

shown in 1.

Now we present the major means of computing the Hausdorff dimension of various

spaces.
Theorem 3. Suppose that we have some IFS {Si,...,Sn}, whose contraction factors are
C1,...,Cny 1espectively. Then dimyg F = dimg F = s, and furthermore

St
and H*(F) is nonzero and finite.

Example 9. Using Theorem 3, we can obtain the results of Example 5 and Example 6.

15



While there are many examples of fractals that do not exhibit this so called self-
similar structure, it is nonetheless a very important class of fractals. Self-similarity gives us
an incredibly rich structure for us to work with. In particular, most of this thesis will be
focused on what are so called p.c.f. self-similar structures. While the technical details will
be provided later, p.c.f. self-similar structures give us the property that our self-similar sets,
when we apply our self-similar contractions, will intersect at only a finite number of points.
The Sierpinski gasket is an important, and probably most well known example of a p.c.f.
self similar fractal, with points of intersection occurring only at %(pZ +pj) fori,j =1,2,3

and ¢ # j. Many other examples will be provided later.

16



Chapter 2

Analysis on Fractals

We will first give an exact definition of a self-similar structure, which general the

notion given by Corollary 1.

2.1 Self-Similarity

A large portion of these results are related ideas in analysis, extended to the domain
of fractals. Such extensions are definitely non-trivial, however most of the ideas are fairly
standardized. Most of the following definitions and theorem in this section are of the result
of [30], with a few abstractions used from [16].

A lot of this is done to discuss analysis on fractals, and in fact this is the primary

motivation for this material.

Definition 8. Let N be a natural number.

17



1. For m > 1, we define
WY ={1,2,...,N}" = {wiwa ... wn :w; € {1,2,...,N}}.

In this case we call w € WN a word of length m with symbols {1,..., N}. We call
de = () the empty word. Also, let WY = Umzo WX and denote the length of

w e WX by |w|.
2. Define ¥V, which is called the shift space with N symbols, as

>V ={1,2,..., NN ={wwy...w; € {1,...,N}}.

If 1 < k < N, we may define the map oy, : &V — SN by op(wiws ... ) = kwiws . . ..
Define ¢ : ¥V — N by o(wjws...) = wows. ... For ease of notation, we shall often omit

the mention of N. That is, we shall write W,,, = WT]X, W, =WwN =3V

Remark 2. Note that although elements in W, may be of arbitrary lengths, we do not have

notation of infinite length words.
The following lemma is from [24].

Definition 9. We say that a space X is sequentially compact if every sequence in X, {z;}

has a subsequence which converges.
Lemma 1. Let (X,d) be a metric space. Then X is compact iff X is sequentially compact.
This is used to prove the following, from [16].

Theorem 4. For w,7 € X, let 0 < r < 1 and define o,(w,7) = r°“7) . Where s(w,7) = n

iff wg =713 for all k < n and wpt1 # Tny1. Then 6, defines a metric on ¥ and (3,9,) is a

18



compact metric space. Furthermore oy defines a contraction on this metric space, and 3 is

the self-similar metric set with respect to {o1,09,...,0N}.

Proof. Let us first show that 4, is an metric space. It is straight forward to see that d,(w, ) >
0 for all w,7, and that 0,(w,7) = 0 iff w = 7. Next, notice that min{s(w,7),s(r,k)} <

s(w, K).

6r(w7 ’T) — TS(DJ,T) S Tmin{s(wﬁ)’S(T’K)}'

In particular, §, is an ultra metric space.
Next, let us show (X,4,) is a compact space. Now, for w = wy ... w,, € W,, we

can define
Yo={w=wiwa- - €T 1 wi...Wy =W1... Wy}

Now let {w"}. Pick some 7 € Q, such that {n > 1: (w"); for j =1,2,...,m} is an infinite
set. From this, we can define a subsequence of {w"} that converges to .

Finally, let w = wiws ... and 7 = 1y7».... It follows that

d(o(w),o(1)) = d(kwiws ..., k112 ..)
_ Ts(w,T)—‘rl

=rd(w, 1),
as desired. ]

Y. is called the topological Cantor set with N symbols. Assume for the rest of this
section that (X, d) is a complete metric space, f; : X — X is a contraction with respect to

(X,d) foralli € {1,2,..., N} and K is the self-similar set with respect to {f1,..., fxn}.

19



Theorem 5. Let w = wiws ... wy € Wy, set fu = fuw, © fuy 0+ 0 fu,, and Ky, = fu,(K).
Then for any w = wiwy--- € X, (\Kuw,..w, contains only one point. If we define m :
Y= K by {r(w)} = N Kuwyw,..., then m is a continuous surjective map. Moreover for any

1€{1,2,...,N}, moo; = fiom.

The definition is given as follows.

Another way to summarize this result is by saying the following diagram commutes.

> T3 K

o

Yy "5 K
The above theorem will provide the backdrop for the rest of this chapter, being the basis of

what we will call a self-similar structure. The definition is given as follows.

Definition 10. Let K be a compact metrizable topological space and S be a finite set.
Also, let F; be a continuous injection from K to itself for any ¢ € S. Then, (K, S, {F;}ics)
is called a self-similar structure if there exists a continuous surjective 7 : ¥ — K such that

F;om =moo; for every i € S, where ¥ = SN, We often refer to K as a self-similar set.

In this case, Theorem 5 essentially provides us with the existence of self-similar

structures, and ties them to Corollary 1.

Example 10. If we let K = [0,1], S = {1,2}, and F;(2) = 32+ 182, then £ = (K, S, {F;})

is a self-similar structure.

Example 11. If we let S = {1,2,3}, and p1, p2, p3 be the elements of Vj on the Sierpinski
gasket and Fj(z) = %(x —pi)x + p;. If K is the unique fixed compact set corresponding to

{F;}, then £ = (K, S,{F;}) is a self-similar structure.

20



Example 12. Let S = {1,2}, let ¢ € C be such that |¢|] < 1 and |1 — ¢| < 1, and define
F,:C— C by

Fi(z) =% fa(z) = (1— lef) +|cl.
We define K C C to be the compact set associated to {F;}i—1,2 by Corollary 1. We note the

associated self-similar structure (K, S, {F;}i=12).
Figure 2.1: The Hata tree-like structure

a b ac=m(12)
7 e = w(112) = m(2d)

0= =(i) 7(2)

Se 213

While this definition comes directly from [16], not much is known about the Hata

tree. Much of my work has been to provide more insight into this fascinating structure.

Example 13. Let {p1,p2,p3} be the vertices embedding in C. Define

1 1 1

P4 = 5]92173; Ps = §P1p37 Pe = 5]71172

Let % <a< % We define a set of contractions by

Fi(z) =
(a —2a)(z —pi) +pi i=4,5,6.
The self-similar set generated by {F;}9_; is referred to as the modified Sierpinski

gasket.

The above definition is from [17].

21



Now that we have given several examples, much of my attention will now turn to

defining properties pertaining to self-similar structures.

Proposition 6. Define w = www.... If w € W, and w # 0. then w(w) is the unique fized
point of fu.

The above proposition gives us some intuition behind exactly how 7 behaves.

Definition 11. Let £; = (Kj,Sj,Fi(j)) be a self-similar structure for j = 1,2. Also let
mj : 2(S;) — Kj be the continuous surjective associated with £; for j = 1,2. We say that
L1 and Ly are isomorphic if there exists a bijective map p : 1 — S such that w01, 07 !
is a well defined homeomorphism between Ky and K where ¢p(wiws . ..) = p(wr)p(w2) . ..

The next proposition is given in [16].

Proposition 7. If (K, S,{F;}ics) is a self similar structure, then 7 is unique. In fact,

{w(w)} = ﬂ Fw1w2...wm(K)

m>0

for any w = wijwy - -+ € X.

2.2 General Theory

While now we laid the cards out on the table, we are in a position to lay out some

further details and structure about self-similar structures.

2.2.1 Self-Similar Measures

Proposition 8. Let S be a finite set. If p = (pi)ics satisfies Y ,cgpi =1 and 0 < p; < 1

for all i. Then there exists a unique complete Borel reqular measure i, on (X, MP), where
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¥ = SN satisfies P (L) = Puwy - - - D, fOr any w = wy ... w, € Wi.
This measure is called the Bernoulli measure on ¥ with weight p.

Proposition 9. Let £ = (K, S,{F;}) be a self-similar structure and let m : ¥ — K be the
natural map associated with L. If p = (p;)ics € R satisfies YicsgPi=1and0<p; <1 for
any i € S, then define vP by vP(A) = puP(n 1 (A)) for any Ac NP ={A: Ac K,n71(A)
MPY. Then vP is a Borel regular measure on (K,vP). VP is called the self-similar measure

on K with weight p.

2.2.2 Post-Critically Finite Sets

So now, we wish to discuss the issue of post-critically finite structures (p.c.f.).
As mentioned earlier, the issue of post-critically finite comes from a desire for our self-
similar structures to intersect at only a finite number of points under their self-similar
transformations.

Analytically, if we wish to define the notion of a derivative, we need to know
what happens when we make a small change. If we're working in R™, the answer is clear.
However, when working in the Sierpinski gasket, what directions we can take depends wildly
from point to point. A p.c.f. structure allows us to gain some control of the chaos resulting.

First, we need to define the notion of critical and post-critical sets.

Definition 12. We define

Ce.x = | J(Fi(K) N Fj(K)),
i#j
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Cr = 7T_1(C£,K),

Pe=Jo"(Co).
n=1

C is called the critical set and £ and P, is called the post critical set of L. Also we define

Vo(£) = 7(Pe).

We will very be be briefly discuss the intuition behind each of these definitions.
First, Ck is the points of intersection as discussed before, but in the space our self-similar set
is embedded in. Next, C' discusses what each of these points are in terms of a word. Next,

P tells us exactly how we should start building our self-similar set up from. Specifically, we

shall use

VE):’]T(P)7

so that we can think of our self-similar set as a graph, whose ’boundary’ is V5. We

shall denote

Vo= |J Fu(W).

lw|<n

We of course define the notion of post-critically finite set (or p.c.f.) to be a self-

similar strucutre whose post-critical set is finite.

Example 14. Let £ be the usual self-similar structure of the Cantor set, then C' = P = ().

Hence, the Cantor set is a p.c.f. self-similar set.
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Example 15. Let £ = (K, S,{fi}) be the usual self-similar structure for the Sierpinski
gasket. Then Cx = {%(pQ + p3), %(p2 + p3), %(pz -I-pg)}, hence the critical set is given by
C = {12,21,23,32,31,13}, hence the post-critically finite set is given by P = {i,2,3}.

Hence, the Sierpinski gasket is a post-critically finite set.

Example 16. Consider the Hata tree as discussed before. In fact, Cx = {0}, so that

C = {112, 21}, while yields that finally P = {i,2}.

Proposition 10. Let £ = (K, S,{F;} be a self-similar structure. For anyx € K and m > 0,

define

Km.= |J Ku
wGWm, zeKy

Then {Kp, z} os a fundamental system of neighborhoods of x.

Proposition 11. Let £ = (K, S,{F;}) be a self-similar structure. Then
1. 77t (Vo) =P.
2. If Xy Ny =0, for w,v € Wy, then Ky N K, = Fiyy(Vo) N F,(Vo), where Ky = Fy,(K).
3. C =0 iff ™ is injective.

Definition 13. Let K be a compact metrizable topology space and S be a finite set. Also,
let F; be a continuous injection from K to itself for any i € S. Then, (K, S, {F;}ics) is
called a self-similar structure if there exists a continuous surjective w : ¥ — K such that
Fjom =moo; for every i € S, where ¥ = SN is the one sided shift space and o; : ¥ — ¥ is

defined by oj(w;...) =dw; ...
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Definition 14. Let £; = (Kj,Sj,Fi(j)) be a self-similar structure for 57 = 1,2. Also let
mj : X(S;) = Kj be the continuous surjective map associated with £; for j = 1,2. We say
that £1 and £y are isomorphic if there exists a bijective map p : S1 — Sa such that myor,0m) 1

is a well defined homeomorphism between Ky and K7, where ¢)(wiws . ..) = p(wr)p(w2) . ..

Proposition 12. If (K, S, {F;}ics) is a self similar structure, then 7 is unique. In fact,

(7)) = () Furu.o, ()
m>0

for any w = wywy--- € X.

We shall use the notation for ¢ : ¥ — ¥ by the formula o(wjws...) =ws..., for

2.2.3 Fundamental Operators

Remark 3. Let V be a finite set. We define £(V) = {f : V — R}. We define a canonical

vector space structure on ¢(V'), as well as an inner product

Thus ¢(V') is a Hilbert space.

Definition 15. Let V' be a finite set. A symmetric bilinear form on ¢(V), £ is called a

Dirichlet form on V if it satisfies
(D1) E(u,u) >0 for all u € £(V),

(D2) &(u,u) =0 iff u is constant,
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(D3) and for any u € ¢(V), E(u,u) > E(u,u) where
(

1 if u(p) > 1,
u(p) = u(p) H0<u(p) <1,

0 if u(p) < 0.

We use DF(V) to denote the collection of all Dirichlet forms on V, and DF to
denote all symmetric bilinear forms satisfying (D1) and (D2). We refer to (D3) as the

Markov property.

Definition 16. A symmetric linear operator H : £(V) — £(V) is called a Laplacian on V if

it satisfies

(L1) —H is positive definite.
(L2) Hu =0 iff u is constant.
(L3) Hpg > 0 for all p # q.

We use LA(V) to denote the collection of Laplacians on V. Denote again LA(V)
by symmetric linear operator satisfying (L1) and (L2).

Now, we define a natural function between DF (V) and LA(V).

For H : {(V)) — £(V), we can define a quadratic form £y (-, -) on ¢(V') by Eg(u,v) =

—(u, Hv) for u,v € {(V). Write 7(H) = €.

Theorem 6. 7 is a bijective mapping between LA(V) and DF (V). Moreover, m(LA(V)) =
DF(V). For any symmetric linear operator H : {(V) — £(V), we may define Ex(-,-) via
gH(uv U) = _<u7 HU)
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Proof. Showing Ex (-, -) is a symmetric bilinear form is straight forward. Now W(Z\Z(V)) =
DF(V), as (L1) is equivalent to (D1) and (L2) is equivalent to (D2) under the correspondence

7. Now observe that

and hence m(LA(V)) C DF(V). Now pick some H € LA(V) but H & LA(V). Pick some

p # q such that H,, < 0. O

Example 17. Definition 15 and 16 is an abstraction of the following. Let p be a measure

on some set X (that isn’t necessarily finite). Assuming u and v are two functions belonging
to C% (),

E(u,v) = /(Vu - Vo) dp. (2.1)
While

Hu = Vu. (2.2)

Note that Theorem 6 follows from integration by parts. While X doesn’t necessarily have

to be finite, we often take limits with respect to Definition 15 and 16.

Example 18. Let Vy = {p1, p2, p3} from the Sierpinski gasket. If u((p1, p2, p3)) = (x1,z2, z3)

and v((u1,uz,us3)) = (y1,vy2,y3). We can define our Dirichlet form as

E(u,v) = (i — ) (yi — y5) (2.3)
i#j
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and our Laplacian is

Au = Z(wl — xj). (2.4)
i#]

We shall see how to extend these results into Vi, Va,.... I will be using a more theoretical

approach seen in [16]| that can be generalized. A more practical intuitive approach can be

seen in [30].

Lemma 2. Let V be a finite set and let U be a proper subset of V. If H € Z\.,Zl(V),
we may write H as follows. We define T : L(U) — LU), J : L(U) — LV —U) and

X =0V -U) =V -U) by

J X

Let us write ug = u|y and u; = u|y_y. Observe that

Tug + JTuy
—Ep(u,u) = (ug, u1) -
Jug + Xuq

= (UO,T’LL0> + <U0, JTU1> + <U1, Ju()) + <u1,Xu1>

= —Sx(ul + XﬁlJuO, Uy — Xflqu) + ST_JTXAJ(uO, U[))

Hence, when we project down, we want to think of the energy on the projection,
but the projection minus a factor of JTz~1.J. With this is mind, it is appropriate to define

Pyy(H): LA(V) = LAU) via

Pyy(H)=T—-VX 1] (2.5)
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Theorem 7. Assume the same situation as in Lemma 2.1.5. For uw € ¢(U), define h(u) €

(V) by h(uw)]y = u and h(u)|y_y = —X ~'Ju. Then h(u) is the unique element that attains

ming,eg(v), |y —u E1 (U, V).
Epva (u,u) = Eg(h(u), h(u)) = min Ex (u, u). (2.6)
Moreover, if H € LA(V), then Pyy(H) € LA(U).

Theorem 7 effectively allows you to project these analytic definitions into a sub-
space.

Note that when we discuss extending these operations to a superset, there are an
infinite number of ways to do this. The above projection allows us to define a natural way

of extending our result. This is formalized in the following definitions.

Definition 17. Let V; be a finite set and H; € LA(V;) for i = 1,2. We say that (Vy, Hy) <

(V27H2) if ‘/1 C V2 and PV27V1(H2) = Hl-

Definition 18. Let Vj, be a finite set and let H,, € LA(V) for each m > 0. {(Vy, Hp)bm>o
is called a compatible sequence if (Vi,, Hpy) < (Ving1, Hmt1) for all m > 0. Let S =

{(Vin, H) }m>0 be a compatible sequence. Set V, = Umzo Vin and define

5(S) = {usue (V.), I En, (uly, , uly,) < o0}

Es(u,v) = 77h}i_r}nooéme(u\vm s vy )

Note that we are taking a limit of a monotone sequence (as a result of Theorem

7), so a limit is well defined (although it may be infinite).
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2.3 Analysis on P.C.F. Structures

Definition 19. If D € LA(V) and r = (ry,...,rn) where r; > 0 for i € S. We define
EM ¢ DF(V,,) by

1
0 (u,v) = Z T—ED(UOFU,,UOFU,) (2.7)
weWy,

for u,v € €(Vy,). Hy, € LA(V,,) is characterized by £ = &y

m*

Often we write £ as

Em.

We note that H,, = > LRTDR,, where Ry, : £(V,,) — £(Vp) is defined by

weWm r;

Ryf = foFy.

Definition 20. (D,r) is called a harmonic structure iff {(V;,, Hm)}m>0 is a compatible
sequence of r-networks. This harmonic structure is said to be regular if 0 < r; < 1 for all

iesS.
Proposition 13. (D,r) is a harmonic structure iff (Vo, D) < (V1, Hy).

Proof. We shall prove the claim by induction. The base case is true by assumption. Now

assume (Vi,—1, Hyp—1) < (Vin, Hy,). We have that

Em—1(uo Fj,uo F;) = min{&,(vo Fj,vo F;) : v € {(Vyy41, Vv, = u}. (2.8)
Hence

Em(uo Fjyuo F;) = min{&,41(vo Fj,vo F) :v € {(Viy1, Vv, = u}. (2.9)
Thus (vaHm) < (Vm+1;Hm+1)~ O

This proposition allows one to simply do one check in order to determine that a
pair (D, r) relatively easily.
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Example 19. The Sierpinski gasket has a harmonic structure for

-2 1 1
D=11 -2 1
1 1 -2
and r = (%, %, %) Note that a quick computation yields

10 5 5
-3 0 0 3 0 3
10 5 5
0 3 0 3 3 0
10 5 5
0 0 3 0 3 3
H, =
5 5 0 _20 5 5
3 3 3 3 3
0 5 5 5 _ 20 5
3 3 3 3 3
5 0 5 5 5 _ 20
3 3 3 3 3

Note this is precisely what we predict given the 2/5 — 1/5 - rule.

Example 20. For the Hata tree, we obtain a regular harmonic structure for

—h h 0
D= h —(h‘l‘l) 1 ) T:(x71_x2)
0 1 -1

(see [16]). From this, we can compute that

Eo(u,v) = %(@‘0 —yo)(z1 — 1) + (Yo — 20)(y1 — 21)-
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1 1
-1 1 0 0 0
1
T 1
: —=- 0 2 0
Hy = 1 1
! 0 0 —x2+1 —x24+1 0
0 L 1 “1-2 a1 1
x2 —x2+1 —x2+1 2 z(—xz2+1)
1 1
0 0 0 z(—x2+1) T x(—22+1)

As a side note, we see here why z has to be strictly between 0 and 1. If x = 0 or
x = 1, then Hy will be undefined.

Further on, we shall just assume x = % for simplicity, although the techniques gen-
eralize fairly well. The issue is that everything starts to become so much more complicated,

and inferences become hard to make.

Example 21. Moving on to the modified Sierpinski gasket, if we let 0 < t < _H'T‘/ﬁ, then

let

D=1 —9 1|, r=0Q,1,1¢t11).

(see [17]). It follows than that (D,r) is a regular harmonic structure for the modified

Sierpinski gasket.

So far, we have been strictly focusing on what goes on around Vjy and V;. We need
to develop ways to extend these functions to V,. While there are in theory an uncountable
number of extensions from Vj to Vi, there is one that we shall be focused on in particular.
Specifically, the harmonic extension. There are two characterizations of the harmonic ex-

tension. First, we desire that the Dirichlet form, given by (8), is minimized. Equivalently,

33



we can define it as a function whose Laplacian is 0. Formally, this is is given as the following

proposition.

Proposition 14. For any p € £{(V}), there exists a unique uw € § such that uly, = p and

E(u,u) =min{&(v,v) : v € §,v|y, = p}. Furthermore, u is the unique solution of

(Hinv)v—vo =0, vlvp = p- (2.10)

Theorem 8. Let u be a harmonic function. Then there exists a unique t € C(K) such that

uly, = uly,. Furthermore, if we assume that u has boundary values p, then

-X"YJp

It then follows that

ulr, (o) = Aw, - - - Awy - (2.12)

where p indicates the boundary values of u.

Example 22. For the harmonic structure discussed before on the Sierpinski gasket,

1 0 0 1/5 1/5 2/5 2/5 1/5 2/5
Ar=1|2/5 2/5 15| 42=]0 1 0 As=11/5 2/5 2/5
2/5 1/5 2/5 1/5 2/5 2/5 0 0 1

Again, this reduces to the 2/5-1/5 rule.

Example 23. For the Hata tree, we compute
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u(po, p1,p2) = (20, %0,20), U(po,p1,p2,P3,P4) = (Z0, Yo, 20,91, G2)

The harmonic extension yields ¢ = q1 = g2 = yo(1 — 2?) + 222

3 1 3 1

0 1 1 0 1 1
Ai=10 1 0|, A2=]0 3 1
1 0 0 0 0 1
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Chapter 3

Green’s Functions

3.1 Introduction

We begin with a brief overview of Green’s functions. This follows the paper [18§]
however they are studied regularly in the context of differential equations [9], as well as
several areas of physics [4].

Let us introduce things on the interval I = [0, 1]. Assume we have the differential

equation

Au=f, u(0)=u(l)=0,

where w is subject the boundary conditions u(0) = u(1) = 0 (also typically referred

to as Dirichlet boundary conditions). We can write the solution as

1
u(z) = /0 G, y)f(y)dy. (3.1)
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We refer to G(x, y) as the Green’s function associated with the interval I. Providing

an abuse of notation, we can say that G = A~!. In this case, we see that

z(l-y), =<y
G($7y) =

y(l—l’), y<xz

satisfies (3.1).

3.2 Green’s Functions on Fractals

We now turn to building a theory of how to construct a Greens function on the
fractal. The way I will be building this up will be in a way that can be generalized to an
arbitrary PCF, along the lines of [18|. A far more intuitive construction can be seen in [30].

As discussed earlier, we are attempting to invert A,, where p is the appropriate

metric on on our fractal, K. Recall that A u is defined by

E(u,v) = —/vAuudu.

We are attempting to construct the Green’s function associated with that operator.

Namely, we are trying to evaluate

(Guw)ji = G(Fuwvj, Fuyor) (3.2)

for each word w.
We shall construct this process inductively, by first constructing the case where

|w| = 1. This is obtained by our matrix G on Vi. This can be done by Gp, = —X ! for X
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the restriction of H on Vi — V. Of course, G = 0 on V| due to satisfy Dirichlet boundary

conditions. We can recursively construct this from

(Bi)jk = GFivj,Fi,vk'

Note that B; is related to, but not the same thing as G. We can iterate this result

to obtain

Guw=> Ty Tupy(Auw, - Aw, ) Buy (Au,_, - Au,)T (3.3)
k=1

To see a specific case, when w = j...j, where |w| = m, we see that

Gw =Y r¥tAP B (A])"F (3.4)
3.3 Examples

We now apply this theory to several different examples.

Example 24. In our case

7 (3.6)
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Hence,

3 |28+ 2.3 -1
2.3%k_1 2.3% 4+

S RN SN
Gm:5<22<5> i;w)

k=1 =1

giving us

This yields

3 m 3 2m 1 2m
G(F{”UQ,F{”UQ) =C <5> — C2 <5> — C3 <5> (3.8)
and
3 m 3 2m 1 2m
G(F{"vq, F{"v3) = ¢4 <5) — e <5> + c3 <5> , (3.9)
for
_ 5l _3 _ 9 _ 33
TTu 2T T YT 1o

Example 25. We now consider the Hata tree. Note this is parameterized by r. We consider
the 7 = 1/2 cases for simplicity. We use Vp = {c,0,1}, and V; = Vo U {|c|?, *}.

We obtain first some of the critical matrices, which are

1 00 310
3 3
B = — By = —
1 16 0 0 Of-> 2 16 1 10
0 00 0 00
and recall that
3 1 3 1
0 7 1 0 7 1
Ai=10 1 0|, A2=]0 3 1
1 0 0 0 0 1

We then apply (3.3).
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Chapter 4

Spline Analysis

Discussing the concept of Green’s function, we only developed the tools to look at

one differential equation on our self-similar set, K, namely

Ayju=f, uly =0.

4.0.1 Multiharmonic Functions

Previously, we discussed the topic of harmonic functions. These are functions
whose Laplacian is 0. Here, we extend this notion by discussing multi-harmonic functions.

Much of this is section is based off of [31].
Definition 21. We define the space of (j + 1)-harmonic functions, denoted by H;, as
M= {f: AT f =0},

We shall see that dim?; = (j + 1)No. Furthermore, 1-harmonic functions are
equivalent to harmonic functions as defined in [16] or [30]. Next, we will describe a basis for
;.
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Lemma 3. Denote f;i, to be the solution to AI*1 f;; =0 such that

Then { fmk Yo<m<ji<k<n, s a basis for H; (recall that No = |Vo|). Furthermore,

No

J
=Y (A™F (k) frnk (4.2)

m=0 k=1

Proof. Note that both sides of (4.2) evaluate the same value for A’ f(v,,) for all 0 < £ < j

and £ <n < Nj. O

Observe that Aefjk = f(j—o)k- Also note that {fix}o<m<j,1<k<n, not an orthonor-
mal set. In fact, this shall be a useful property as we shall soon see. First, two important
identities are as follows. First, observe that 0 fjx = f(j_1)x, and fj; vanishes on Vp, hence

we have
fik(x /G T, y) fi—Drdp(y)- (4.3)

for the Green’s function of our Laplacian, as described in [16] or [30].

Next, we have from our scaling identity

AM(¢o Fy) = (rip:)™ (A ¢) o Fy. (4.4)

Lemma 4. For all i, j, k, we have

Jj No
fiko Fy = Z Z(Tiﬂi)ef(j—l)k(FiUn)fln' (4.5)

(=0 n=1

Proof. Note that fj; o F; € H; from (4.4). Using (4.1), we obtain
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(Am[f]n o -Fz]) fln
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Il
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(A™[fjk o F3]) fin

N
Il
o
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MQK MQ.
z 1Mz

(A™[fii—vk(Fivn)) fin,

~
Il
o
b
Il
—

as desired.

Next, let

Ik, /K) = / Fofomed.

We have the following recursive relationship used to help compute (4.6).

Lemma 5. For all j,k,j', K

I(]kvjl ,> =

N J NO

> Z Z wi(raps) T fG ok (Fovn) fgr—oype (Fiop )T (En, ).

i=1 /=0n=1/¢=0n'=1

Proof. We use a self-similar measure on (4.6).

I(jk,j'K) Z/“/ fiw o E)(fim o Fy)dp.
Applying (4.5) gives the desired result.

Note that as a result,

I(0k, 0K") ZO: ZO: A(kK',nn")I(0n,0n'),

n=1n/=1
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where

N
Ak \nn') = i for(Fyon) forr (Fi fur)- (4.8)
i=1
Now, we write
No
G(Fyvn, Fyy) = Y _ A, n,n") fow ().
n’=1

Lemma 6. For any j,k,i,n, we have

fin(Fivp) = (4.9)

NS (i) v (i1 n, ) IR, 00') £y -y (Fyog). (4.10)

Proof. We use (4.3).

fin(Fivp) = _/G(Fi’vmy)f(j—l)k:d,u(y)

= — Z L / G(Filvn, Fz’y)f(]—l)k(Fz’y)d/L(y)

Using (4.5) to evaluate f;_1),(Fiy).

We can use this to compute numerically solutions to differential equations. The

idea is outlined in [12].

4.1 The Sierpinski Gasket

We shall now describe our algorithm on the Sierpinski gasket. This example has

been computed from [31]. In this case, pu; = % and r; = % for all 7. Also, recall that
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50 P—=4
qu:

& pFEq
Note there are four quantities we wish to calculate.
ag = I(¢k,0k),
be = I(lk,0n) n #k,
pe =5 fou(Fop) i # k,

q = 5£ffk’(Fivn) 1, k,n distinct.

The initial values are as follows:

The recursive relations are given as

i—1
, 43 56 %~ 2
5]aj = %(lj + % + E T5(4pj_l + q_j_l)((ll + 2b1)

j—1
, 16 A7 = 2
5bj = —aj+ Yo E — (4pj—1 + 2q;—1)(a; + 2by)

75% T 15 15
=0
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(4.12)
(4.13)
(4.14)
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(4.16)

(4.17)
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Chapter 5

Conclusions

Discussing where to go from here, there are several different answers. First, in [18],
Jun Kigami has provided several numerical graphs of Green’s functions on the gasket. Many
of these numerical techniques can be extended to include the given examples of the Hata
tree and the Modified Sierpinski gasket in order to provide a visual aid as to the behavior
of these functions asymptotically. Green’s functions are very important to the theory of
differential equations, and having a better intuition behind them is import to developement
of further techniques. Next, one could use the results in Green’s functions and apply them
to the theory of splines. This will allow one to solve a broader set of differential equations,
such as the heat equation and the Schrodinger’s equations. Many of these have been worked
out in [31] and [12] for the Sierpinski gasket. In particular, it would be at this point a
straight forward (albeit tedious) calculation to go through the finite element method for the
Hata tree or the modified Sierpinski gasket. However, the calculations now, which were first

done in [31] are much more complicated now due to lack of symmetry. Also, much of the
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work done has strictly been on p.c.f. self-similar sets in this thesis. Many of these results
could see replications for non-p.c.f. self-similar sets. For instance, the Sierpinski carpet, as
well as the Hanoi attractor. The latter of which is a fascinating example of a fractal, and

what is known about it is discussed in the appendix.
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Appendix A

Theoretical Results

While much of this material pertains to a lot of my original research, a lot more
recent work has pertained to more applied aspects of analysis on fractals. Nonetheless, I
find much of this to give a lot of insights into many of these analytic properties of fractals.
Much of these properties, while helpful, are not strictly necessary to understanding the rest

of this thesis.

A.1 C* Algebras

Many important geometric properties of fractals can actually be described quite
nicely using the language of C*-algebras. The subject of C*-algebras comes out naturally
in the subject of functional analysis. Given some Hilbert space X, we can define a linear
operator H : X — X, such that H(ax + By) = aH (z) + BH(y). We can define the space
of all linear operators by L(H). The abstract study of such spaces is often the start of the

study of C*-algebras.
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Most of this is presented in [25], [14], and [7]

Definition 22. Let A be an algebra. A norm of A, || - || is said to be submultiplicative if

[ladl| < {la]] - [[b]]

for all a,b € A. In this case, A is called a normed algebra. If A admits a unit 1 such that
[I1]| = 1, we say A is a unital normed algebra. A complete normed algebra is called a Banach

Algebra.

Definition 23. An involution on an algebra A is a conjugate linear map a — a* on A such

that

2. (ab)* = b*a*,

for all a,b € A. If in addition ||a*a|| = ||a||? for all @ € A we say that A is a C* algebra.

A.1.1 Examples

Example 26. M, (C) is a C*-algebra with involution given as conjugate transposition.

Example 27. Let H be a Hilbert space, then B(H) is a C*-algebra under the involution

u — u*, where u* is the unique map such that (ux,y) = (z,u*y) for all x,y € H.

Example 28. If 2 is a compact topological space, the set C'(€2) of all continuous complex

valued function on € with involution given as pointwise congugacy, is a C*-Algebra.

Example 29. If D is the unit disk, then the analytic functions on the disk, A(D), under

f(2) — f(z) is an involution but not a C*-algebra.
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A.1.2 Some Results

The main reason we wish to use C*-algebras to study fractal geometry (and geom-

etry in general) comes from the Gelfand-Naimark theorem [13].

Theorem 9. If A is a commutative C*-algebra, there exists a *-isomorphism of A onto

Co(M(A)).

This theorem essentially allows us to draw a comparison between C*-algebras and
compact topological spaces.
These are many important properties of C*-algebras. Many of these are well known

results, but many of the statements are out of [25].

Theorem 10. Any C*-Algebra has an isometric representation as a closed subalgebra of the

algebra B(H) of bounded operators on some Hilbert space.

A.2 Spectral Triples

Most of these results are that of [19], [5], as well as [?].

A.2.1 Definition

Here, I will define what is called a spectral triple, give an example, and briefly

explain why it is a useful tool in fractal geometry. This definition comes directly out of [5].

Definition 24. Let A be a unital C*-algebra. An wunbounded Fredholm module (H, D)
over A consists of a Hilbert space H which carries a unital representation 7 of A and an

unbounded self-adjoint operator D on H such that
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(a) the set {a € A: [D,m(a)] is densely defined and extends to a bounded operator on H}

is a dense subset of A,
(b) the operator (I + D?)~! is compact.

Definition 25. Let A be a unital C*-algebra and (H, D) an unbounded Fredholm module
over A. If the underlying representation 7 is faithful, then (A, H, D) is called a spectral

triple.
With this in mind, we may define dimension as
dsp = inf{p > 0 : tr((I + D?)7P/?). (A1)

And assuming A = C(M), H a Hilbert space. If dy is the geodesic distance on (M, g), then

under certain mild conditions [5] we obtain

dy(p,q) = Sgg{la(p) —a(g)]: |I[D,m(a)]]| <1} (A.2)

A.2.2 Spectral Triple for a Circle

This example is based on the construction from work by Christensen, Ivan, and

Lapidus from [5]. C, denote the circle of radius r > 0 and centered at 0. We are going let

1. AC, denote the algebra of complex continuous 27r-periodic functions,

2. H, = L*([-nr, 7], 55-m), where m is the Lebesgue measure,

3. m : AC, — B(H), defined by m,.(f)(h) = fh.
An orthonormal basis for H, is given by

ikx

Vk € Z, ¢p(x):=er .
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Observe that

2 ra) = Son(a)

zda:

d

- 7. With eigenvalues E The

and hence these are eigenfunctions for the differential operator +
choice of Dirac operator D, is the closure of the above operator restricted to the linear space

of the basis {¢}, : k € Z}. D, is self-adjoint by integration by parts. The domain is given by

k.?
Vfe€H,: f€domD, < Zﬁ|<f,¢;;>y2.

Next,

[Dr, 7 (£))(g) = Dy (£)(9) = 7 (f)Dr(9)
= gD (f) + fDr(g) — fDr(9)
= —igf’
= (—if")(9),

which is densely defined. Finally, observe that

2
_ T
(1+D2) "¢ = m%

and hence,

2 r?
1+ D7) (Z ak¢k> = ZanTQ e Pn

which can be represented as a limit of finite rank operators. With this in mind, the natural
spectral triple, ST,,(C,) for the circle algebra AC, is defined by ST,,(C;) := AC,, H;, D).

Again, the next theorem is due to [5].
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Theorem 11. Let r > 0, and let (A,C, H,, D,) be the ST,,(C,) circle spectral triple. Then

the following two results hold:

1. The metric, say d,, induced by the spectral triple ST, (C,) on the circle is the geodesic

distance on C,.

2. The spectral triple ST, (Cy) is summable for any s > 1, but not for s = 1. Hence it

has metric dimension 1.

Proof. For the first claim, observe that ||[D;, 7. (f)]|| = ||m-(if)|| = ||f'], for all f € C(C,),

so (A.2) becomes

dg(p,q) ={If(p) = fa) : 1f'| <1}

which holds.

We shall prove the second claim. Note that
tr((I + D*)7P/%) = tr(D7P)
k —-p
-2 (5)
which converges for all p > 1 and diverges for all p < 1. O

Next, we shall introduce the translated Dirac operator, which is given as

I
Dt =Dr+ o

The set of eigenvalues is now {(2k 4 1)2r : k € Z}, but the domain remains the same. Also
(D, 7-(f)] = [Dy, 7-(f)]. In other words, this translation does not effect the properties of

the spectral triple.
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Definition 26. The translated spectral triple, ST,.(C,), for the circle algebra, AC, is defined

by ST, (C,) == (AC,, H,, D).

We next introduce exactly which functions f € AC, the commutator [Df, 7, (f)] is

bounded and densely defined. (See [5])

Lemma 7. Let f € AC,. Then the following conditions are equivalent:
(i) [DL, 7. (f)] is densely defined and bounded.
(ii) f € dom(D,) and D, f is essentially bounded.

(i1i) There exists a measurable essentially bounded function g on the interval [mr,nr] such

that

/M g(t)dt =0 and Vzx € [—mr,wr] : f(z) = f(0) + /0$g(t)dt.

—Tr

If the conditions above are satisfied, then g(x) = (iD, f)(x)a.e.

A.2.3 The Interval Triple

Definition 27. Given any « > 0, the a-interval spectral triple ST, (AqHa, Do) is defined

by
(i) Ao = C([0, o).
(i) Hy = L*([~a,a),m/2a), where m/2a is the normalized Lebesque measure.
(iii) The representation 7, : A, — B(H,) is defined for f in A, as the multiplication

operator on H, which multiplies by the function ®,(f).
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(iv) An orthonormal basis {ey : k € Z} for H, is given by er(z) : exp(irkz/a) and D, is
the self-adjoint operator on H, which has all the vectors e as eigenvectors and such

that Dyer = (mk/a)ey for each k € Z.

The next proposition is from [5].

Proposition 15. Let f be a continuous real and even function on the interval [—a, o such
that f is boundedly continuously differentiable outside a set of finitely many points. Then
f is in the domain of definition of Do and Dy f is bounded outside a set of finitely many

points.

Theorem 12. Given o > 0, let (Aq, Ha, Do) be the a-interval spectral triple. Then, for

any pair of real s,t such that 0 < s <t < «a, we have

|t = s| = sup{|f(t) = f(s)] : [Da, ma ()] < 1}

Further, the triple is summable for any real s > 1 and not summable for s = 1. Hence, it

has metric dimension 1.

Proof. Follow the same steps as in the proof of theorem 11. O

A.2.4 The r-triple, ST,

Let T be a compact Hausdorff space let 7 : [0, a] — T be a continuous and injective

mapping. The next proposition is from [5].

Proposition 16. Let r : [0,a] be a continuous inject mapping and (A, Hy, Do) the a-

interval spectral triple.
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Consider the triple ST, defined by ST, := (C(T), Ha, Do) where the representa-
tion m. : C(T) — B(Hy), where the representation m, : C(T) — B(Hy) is defined via a

homomorphism 1, of C(T) onto A, as follows:

1. For all f € C(T), for all s € [0,a] : ¥, (f)(s) = f(r(s));

2. For all f € C(T), m-(f) == ma(tr(f)).

Then ST, is an unbounded Fredholm module, which is summable for any s > 1 and not

summable for s = 1.

Proof. The nontrivial part of this argument is showing that

LC :={f € C(T) : [Dq,m(f)] is densely defined and bounded}

is dense in C(T). To this end, we use the Stone-Weierstrass theorem. LC' is an algebra by
Liebniz differentiation rules. It is clearly unital and self-adjoint. To see that LC seperates

points, use Urysohn’s lemma on the sets {z¢} and {z;} where z¢ # ;. O

Definition 28. Let r : [0,a] — T be a continuous injective mapping and (Aq, Ha, D) the
a-interval spectral triple. The unbounded Fredholm module ST, := (C(T), Hq, D,) is then

called the unbounded Fredholm module associated to the continuous curve r.

Again, citing [5].

Proposition 17. Let r : [0,a] — T be a continuous injective mapping, and ST, =

(C(T),Hq, Dy) the unbounded Fredholm module associated to r. The metric induced on

95



T by ST, is given by

0 P=q,

dr(P:q) = 4 o p#qand (pE€R orqg&R),

r~tp) —r"q)| ifp#qandp e R and g€ R.

Proof. Pick some point p not on our curve, and p # ¢q. Apply Urysohn’s lemma to obtain a
function f on T such that f(p) =1 and f(q) =0, and f(r(¢)) = 0 for any point 7(¢) on R.
Thus 7(f) = 0, so for all N ||Dy,m-(Nf)|| <1, and so d,(p,q) > 1 and thus the second
case holds.

Now suppose p # q and p,q € R. O

A.2.5 Sums of Curves of Triples
Again, citing [5].

Proposition 18. Let T be a compact and Hausdorff space and for 1 <i < h, let r; : [0, o)
be a continuous curve. If for each i # j, ([0, a5]) N7;[(0, a]) is finite, then EB}f ST, is an

unbounded Fredholm module for C(T).

A.2.6 The Sierpinski Gasket

Definition 29. (i) Given n € Ny, choose numbering of the 3" triangles of size 27" which

form K, and let A, ;,i € {1,2,...,3"}, denote the numbered triangles.

(ii) Let, for each n € Ny for each ¢ € {1,2,...,3"}, the mapping 7y, ; : [-27"m, 27 "] —
A, be defined such that r,;(0) equals the lower right-hand corner of A, ; and the

mapping is an isometry, modulo 217", of this interval onto the triangle A,, ; equipped
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with the geodesic distance as metric, and the counter clockwise orientation. The
mapping 7, ; induces a surjective homomorphism ® of C'(K) onto C([—27"m, 27 "7])

by
Vie [-27"m, 27 "n|,Vf € C(K): @,,(f)(t) = f(rn:(t))

Let, for each n € Ng and ¢ € 1,2,...,3", the unbounded Fredholm module ST, ;(K) =

C(K),H,;,D,;) for K be given by
( 9 bl
(1) Hn’i == H2—n

(2) the representation 7, ; : C(K) — B(H,,) is defined for f € C(K) as the multiplication

operator which multiplies by the function ®,, ;(f).
(3) Dpi=D._,.

Theorem 13. The direct sum of all unbounded Fredholm modules ST, ;(K) for n € Ny,

i €{1,2,...,3"} gives a spectral triple for K. This spectral triple is denoted ST(K) =

(C(K),Hk,Dg), and it is s-summable iff s > }2383 Hence, its metric dimension is }gig

A.2.7 Alternative Construction of the Gasket

We begin with an alternative construction of the spectral triple on the gasket. This
is a result of [6]. While significantly more advanced, this construction will allow us to derive
certain aspects about the gasket such as it’s harmonic structure. Define T = R/Z. Now let

the polylogarithm function of order s be

k
Lis(z) := Z%, |z| < 1.

keN
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Note that we have an analytic continuation on [1,00). Next, define the Clausen cosine

function
Sren SEL R(s) <1
Cis(t) -
Lig(t) R(s) > 1
Next, define 9y : Fo — L*(T x T) by 94 = 9oz — w)2(f(2) — f(w)), where
0o = —21Ci_9,. With that define D, := . Now, let A, = {f € C(T) :

I[D, Lyl|| < oo} and Ko = L*(Q)

This theorem [6].

Theorem 14. Let o € (0,1]. The triple (An, Ko, Do) described above is a densely defined

Spectral Triple on the algebra C(T), in the sense of Connes. In particular,
(i) D3' has compact resolvent, and the function (p(s) = tr(|Da|™*) = 4¢(as).
(ii) The dimension of the triple is ="', and Res,_,—1tr(|Da|™* = 2 [ f(t)dt

(11i) The distance dp induced on T by the spectral triple satisfies, for any € > 0, dp(x,y) >

y|*, =,y €T,

%]a: —ylote, z,y € T. Moreover, if a > %, dp(z,y) < 01

Ce = ! (4>6 (44 23(4% —1))1/2

_+/3sin(ra)

& - Vosmira)
“ 16v/2

(iv) The Dirichlet form &, can be recovered, for any f € H*(T) via the formula

Ea = fhm(s— Dir(|DI*?|[D, f117|DI*/?).

o s—1
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A.2.8 Further Concepts

Let K denote the Sierpinkski gasket. If pg, p1, po € R? are vertices of an equilateral
triangle of unit length and consider contractions w; : R? — R? of the plane w;(x) = pz-—i-%(a;—
pi). Note that K is the fixed point with respect to the contraction E +— wo(E) U wi(E) U
wa(F) under the Hausdorff metric. For any 0 = 01...0,, € X, denote w, = wy, 0 ... w4

m°

As discussed earlier, will use the Dirichlet form

el = tim (3) X Ife) - se P

m—0o0
€€Em

Definition 30. For any word o € 3,,, define a corresponding cell in K as follows
Co = wy(K).

We also define the lacuna £y as the boundary of the first removed triangle. For any o € %,

define {, = wq(4y).

Now choose «a € (0, 1] and construct a triple on K according to the prescriptions
given before. Let S be the main lacuna ¢y of the gasket, identified isometrically with T.
Consider the triple 7 = (m,H, D,) constructed before. Define Ty = (my, Hg, Dy), where
mg(f) = 7(fly), Hp = H and Dy = D,. For any o € X consider the triple (75, Ho, Dy)

where WU(f) = W@(f © wcr)v Ho = H(Z); and D, = 2|U|D(z)-
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Appendix B

Hano1 Attractors

B.1 The Hanoi Attractor

B.1.1 The Construction

Much like the modified Sierpinski gasket, there are many ways to extend the idea of

the Sierpinski gasket. This one is significantly easier to understand in concept, but there are

several complexities theoretically which we will go into. Let us start by defining po, ..., ps
as follows.
1 V3
Po = (070)7 pP1 = o o o P2 = (170)
27 2
1 1 1
ps = 5 (P2 + p3), pa = 5(p1+p3), ps = 5(p1 +p2),
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Do, - - ., P2 are the exact same vertices as is the gasket. The remaining points are simply the

midpoints of said vertices. Now, with these in mind, define

11 —v3 10 11 V3
A4:Z ) A5: ; AGZE

-3 3 0 0 V3 3

Then let

1_70‘(:U —p;) +p; fori=1,2,3,
Gai(l‘) =

)

Asa(x — p;) + p; for i = 4,5,6.

Now, we are ready to define the Hanoi attractor.

Definition 31. Let 0 < a < %7 we define the Hanoi attractor of index o, denoted by K,

by the unique non-empty compact set such that

The case of @ = 1/2 is shown in Figure B.1 (Originally from [28]). So, the first three
maps simply do the same thing as the Gasket’s contractions; they provide three separate
copies of our fractal, although this time contracted by a factor of lfTa each. The last three
simply connect each contraction by a line.

Of course, this definition still makes sense if a > %, however some important
results don’t hold. Instead of stating where o < %, but for simplicity I'll be just assuming

this throughout here. Let us introduce some notation. First, we note that the set of vertices

here is

Wa,n: U Ga,w(Wa,O)a
weA™
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Figure B.1: The Hanoi attactor for a = 1/2

where Wy 0 = Vo = {po, p1,p2}. Of course,

Wa,* = U Wa,n-

Furthermore, let B = {(0,1),(0,2),(1,2)} and e, be the edge connecting the component

containing p; and p; if b = (¢, j) € B. From this, we can define the edges

Jon = U U Gaw (U ei>

m=0weA™ i=1

and

Ja,* = U Joz,n7

We note that

K, = Wa,* U Ja,*-
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B.1.2 Comparison to the Gasket

Of course, Ky = K. However, something stronger holds. Indeed, we can say that
K, — K as a — 0, which is our next result. This is due to [28], and will be outlined below.
First, we prove several technical lemmas. For the remainder of this subsection, we use d to

refer to Hausdorff distance.

Lemma 8. It holds that

d(Vi,Wax) = 0 as o — 0

Proof. Fix some « € (0, 1), we shall show that

Vin € (Was)a- (B.1)

)

We shall prove this by induction on m. The m = 0 case is clear, as Vo = Wy 0.
Now assume the Vi, C (W «)a, and pick € Vj,41 — Vj,,. Then there exists some

2’ € V,, and symbol k € A such that

Now pick y' € W, . such that

=1 <a.
Yyl =
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Now consider the point y = G, x(y') € W «. Observe now

|z —y| = [Sk(2") — Gar(y)]

Lo, l-a, 1+a
= |-z —_ _ _
gt TPk T Y 2

Dk

1
= §|ﬂj, —y,—|—04y/ - apk|

IN

1 a
g [7 =+ 51y — il

= Q.

Thus we have shown (B.1) by induction.
By repeating the above argument, interchanging the roles of V. and W, ., we can

prove that

Vin € (Wax)a-
The desired result holds as a result. O
Lemma 9. Let 0 < a < %, and consider the sets HG,, and F,. Then,
F, C HG,
Proof. Define the map

T:HR?) - H®)n  T(B) =] Gai(B).

Note the unique fixed point of T' is F,. Furthermore, if we pick some By € H(R?), and

define



inductively, we obtain F, = (), By by [10].

On the other hand, if we define
T HERY) - HRY)  T'(B) =] Gai(B).

Similarly, HG,, is the fixed point of T’. We may similarly define a sequence in C,, € H?(R?)

recursively via 7. We set
A = By = Cy,
where A is the triangle with vertices p1, p2, p3. It follows

Fo=(Bn=[)T"(A) CT'(A) = HG,.

Lemma 10. It holds that
d(HGy,Fy) — 0 as a — 0.

Proof. Note that F, C HG, if a < %, and thus

F, C (HGq).
for all € > 0. Now, we shall prove that
HGo = (Fa)e.
Pick some z € HG, — F,,. There exists some word w = w; ...w, € {1,...,6}" so that
Gaw(HGy).
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Let wy be the first letter in {4, 5,6}, and define w’ = w; ...wk_1. Note that

x € G%w/wk (HGQ).

In other words, there exists some z € Gq 0, (HGq) such that © = Gy v (2). We may find a

point y{Gai(pj), Ga,j(pi)} for i,5 € A, i + j 4+ wi = 9 such that

|z —y| <

AR

Define v = Gy (y) € Fy. Since Ga 1, Ga2, and Gy 3 are similitudes of ratio 15% 52, Gar 18

similitude (1_7")]%1. In other words

Hence
2=y = |Gaw(s)-c aw@|
L)y
2 Y
1-—
<
< ( )
«
< )
-2
as desired. O

Now we define the set F,, as being the unique nonempty compact set such that

e

=1

.

This next result is due to [1].
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Theorem 15. If o« < 1/3, then it holds that
HG, — SG

as a — 0 in the Hausdorff metric.

Proof. We know that

A(Fn, SG) < d(Foy, Was) + d(Wan, Vi) + d(Vi, SG)

=dWax, Vi).
But d(We, Vi) = 0 as o — 0.
Theorem 16. Let 0 < o < %, then

. _ log(3)
dimy (HGo) = log(2) — log(1l — a)°

Proof. From [10], the desired quantity is the unique number s > 0 such that

(%)

=1

Observe that we can easily recover the dimension of the the Sierpinski gasket.

Corollary 2.

dimH(HGa) — dlmH(SG)

as o — 0.
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B.1.3 Energy Forms

Next, we shall discuss energy forms of the Hanoi attractor. As discussed earlier, the
Hanoi attractor is not a self-similar p.c.f., hence we cannot construct a harmonic structure.
However, it can be thought of as a ’collection’ of self-similar p.c.f.’s each can be endowed

with their own natural Harmonic structure.
Definition 32. Denote Dy = ¢(V') and

D ={u:Vy, = R:ul. € H (e,dx) for all e € T}
for each n € N. We then define E, : ,, — R by

En(u) =) (u(@) —u(y)* + [ |Vul’de

Here, H' is simply the Sobolev space associated with the Hanoi attractor. The
analogy should be clear. The first part of our energy is simply the graph energy associated
with out collection of vertices, the second is the standard interval energy associated with
each continuous connection.

The following is Hanoi attractor’s the 2/5-1/5 rule, originally proved in [28].

Proposition 19. For any function v € Yy, a harmonic function 4 is uniquely obtained by

243«

~5+43a ®e)

u1(Gi(pj))

u(p;) + p(pj) +

U
5+ 3« 5+ 3«

Proof. Without loss of generality, assign

u(po) =
u(p1) =0
u(p2) = 0.
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Let us first attempt to derive an expression for ul.. Note that this is a well known problem

in calculus of variation, and the solution is simply an affine function. That is,

u(be) — u(ae)x N u(ae)be — u(be)ae'

be — ae be — ae

Ule(x) =

Integrating this, we obtain

/|A’l~t|dx — (u(be) — u(ae))Q

|be — ae|

= a H(u(be) — u(ae))?

We hence define an analog to conductance here,

7

1, p~1q

e = a™l, (pq) €N

0, otherwise.

Now

E@@) =) cp(u(p) —u(q))”

We attempt to minimize this in the same manner as the gasket case, and we obtain

2+ 3« 2 1
I‘: =
5130 77 5+3a

O

This next proposition is from [1| and [28], which follows from the previous propo-

sition.
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Proposition 20. Let n € N, and define d,, = « (I_Ta)n_l forn #0, and dy = 0. For any

function u € Dy,
inf{E,+1(v)|v € Z1 and v|y, = u}

is the uniquely obtained by at each pyij = Gui(pj) € Wni1 by

2By 2]
5+ 3, Pwit) T g ey PPwii) T g

U1 (pijw) =

w(Puwkk)

Now, we discuss the concept of renormalized energy. Now, ideally we wish to find
a sequence p,, such that £(u) = p,E(u) so that £ is invariant under harmonic extensions.
However, such a sequence does not exist. A similar result does hold, though. Let n > 1,

and define

Now, we can define

1 1
Enlu) = 7 Ep(u) + Y — Ef(u),
pn k=1 pk

where

1
BEw= Y /0 (o o) 2dt

e€Jn—Jn—1

Proposition 21. Let u, : V;, = R by a harmonic extension of ug : Vo — R, then
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B.1.4 Measures

Now, we discuss how to define a measure on the Hanoi attractor. Now, unlike the
Sierpinski gasket case, there is no unique measure we can naturally define up to normalization
constant. The issue is that the there are two components now, our 0-dimensional vertices
much like what we see in the gasket. But also a 1-dimensional continuous component. Now
each piece has a natural measure we can place. The issue is there is no single answer to how

heavy each piece is total. To this end, we choose some/ such that

0<6<(3(12_a)>2.

We define

1
d _ da
Na(A) - 27_[5(1 (Fa) HFa

Here,

_ log(3)
log(2) —log(1l — )

604 = dlmH(Ka)

and H% is the d, dimensional Hausdorff measure. Also, we define

c 1 ~c
,U'oz,,B(A) = 2'[1 ﬁua,B(A)a

where

ﬂg,ﬁ = Z BeA(ANe).

ecJn
Hence, our measure on K, is given by

a3 (A) = W (A O Fa) + 16 5(AN o).
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Note that o 3(Ko) = 1. We now introduce a pointwise formula for our Laplacian.

Amu(a) = 3 (ulz) - uly).

T~YmyY

With this,

Proposition 22. Assume u € dom(E), then the pointwise formula

Au(z) = 3 lim 5" Aqu(x).

m—0o0

B.1.5 Measure

For i =0, 1,2 define the self-similar functions

Fi(z) = %(33 — i) + g

(B.3)

where {qo, q1, g2} are the vertices of some equilateral triangle. We then define the Sierpinski

gasket, denoted K, as the unique nonempty compact space such that

For existence and uniqueness of K, see [10]. If w = w;...wy is a word in {0, 1,2}, and

{po, p1, 12} are a sequence of complex numbers, we define

Fo,=Fy o0k, Ho = Moy =00 Ry

Associated with it, we have a regular probability measure p such that

,U/(FwK) = Hw-

(B.4)

This forms a probability measure, provided > u; = 1. Conventionally p; = % for all 7. Note

in this case, we have the renormalized Lebesgue measure.
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Now, define Vy = {qo,q1,¢2}, with this define

V= |J FVo.
|w|=m
Next, let Fy consist of our three lines connecting Vp, and define
En.= |J F.E.
|w|=m

From this, we can define a graph I';,, whose vertices are V,,, and edges are E,,. For z,y € V,,,

define x ~,, y iff x, y are connected by an edge. Note this is not an equivalence relationship.
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