Macalester College

Digital Commons@Macalester College

Mathematics, Statistics, and Computer Science

Honors Projects Mathematics, Statistics, and Computer Science

Winter 12-12-2023

First Order Approximation on the Basilica Julia Set

Xintan Xia
Macalester College, xxia@macalester.edu

Taryn Flock
Macalester College, tflock@macalester.edu

Follow this and additional works at: https://digitalcommons.macalester.edu/mathcs_honors

b Part of the Mathematics Commons

Recommended Citation

Xia, Xintan and Flock, Taryn, "First Order Approximation on the Basilica Julia Set" (2023). Mathematics,
Statistics, and Computer Science Honors Projects. 83.
https://digitalcommons.macalester.edu/mathcs_honors/83

This Honors Project - Open Access is brought to you for free and open access by the Mathematics, Statistics, and
Computer Science at DigitalCommons@Macalester College. It has been accepted for inclusion in Mathematics,
Statistics, and Computer Science Honors Projects by an authorized administrator of DigitalCommons@Macalester
College. For more information, please contact scholarpub@macalester.edu.


https://digitalcommons.macalester.edu/
https://digitalcommons.macalester.edu/mathcs_honors
https://digitalcommons.macalester.edu/mathcs_honors
https://digitalcommons.macalester.edu/mathcs
https://digitalcommons.macalester.edu/mathcs_honors?utm_source=digitalcommons.macalester.edu%2Fmathcs_honors%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/174?utm_source=digitalcommons.macalester.edu%2Fmathcs_honors%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.macalester.edu/mathcs_honors/83?utm_source=digitalcommons.macalester.edu%2Fmathcs_honors%2F83&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarpub@macalester.edu

First Order Approximation on the Basilica Julia Set

Xintan Xia and Taryn C.Flock
December 15, 2023

Abstract

This project combines fractal geometry and analysis. We consider the basilica Julia set of the
quadratic polynomial P(z) = z? — 1, with its successive graph approximations defined in terms of
the external ray parametrization of the set. Following the model of Kigami and later Strichartz,
we exploit these graph approximations to define derivatives of functions defined on the fractal,
an endeavor complicated by asymmetric neighborhood behaviors at approximated vertex points
across levels, and by the topology of these vertices. We hence differentiate even and odd levels of
approximations of the Julia set and construct, accordingly, normal derivatives corresponding to
each level category at the vertices, given their assigned ray names. We also discuss how a localized
harmonic function serves as the tangent line, from which local linear approximation near vertices
are obtained.

1 Introduction

Theory of analysis on fractals has been rapidly and extensively developed, especially for connected
and finitely ramified fractal (may be disconnected by removing a finite number of points) sets. For
example, with the pre-existing theory on this type of fractals analogous to the theory of analysis
on manifolds, [1] gives a comprehensive account on the construction of a family of derivatives and
Taylor approximations, following the methods of Kigami (see [2]). [3] extended the crux of Kigami’s
approach of building a Laplacian from energy and measure to the Julia set of polynomial P(z) = 2% —1,
usually referred to as the basilica Julia set. The approach was also extended to an infinite family of
quadratic Julia sets in [4]. We work only with the basilica Julia set for this project, constructing
normal derivatives at vertices in graphs that approximate the basilica Julia set, and obtaining local
first-order approximation at these points. As a specific type of the Julia set family 7. for P(z) = 22 +¢
with ¢ in the Mandelbrot set, the basilica Julia set is a nonlinear fractal both connected and finitely
ramified and hence conforms nicely to the Kigami paradigm, which [4] gave a detailed account that
we summarize here:

First, approximate the fractal by a sequence of graphs I';,, or a filtration, with vertices V,,, and
edge relation x ~ y. In our study, there are self-loop at a vertex and multiple edges between two

m
vertices. A nested sequence of vertex sets is required,
Wwewviclh ... (1.1)
the union of which,

V. = Govm, (1.2)

is a set dense in the fractal.
Then, on each graph I';, construct the energy

Em(u,0) =D em(z,y) (u(z) — u(y))(v(2) —v(y)), (1.3)

r~Yy
m

where ¢, (x,y) are positive. For a function u defined on the vertex set V,,, its harmonic extension @
to Viu41 is defined to be the extension that minimizes energy, such that:

Emt (0, 7) < Emar (u,10), (1.4)



where the restriction of @ to V,,, is u: |, = u. The paradigm also prescribes the identity
Emi1(t, @) = Em(u,u). (1.5)

Then, any function u defined on V, will have increasing energy:

Eolu,u) < & (u,u) < -y (1.6)
hence the definition
E(u,u) = lim &y (u,u) (1.7)
m—00

is reasonable. The domain dom & is defined to be functions with &€ (u,u) < oo, then

E(u,v) = 1i£n Em(u,v) < 00 (1.8)
for u,v € dom¢&.
Now choose a measure p on the fractal and define a Laplacian A, by the weak formulation

—E(u,v) = /(Auu)vd,u for v € dom €. (1.9)
The pointwise formula for A,u on V is the limit of graph Laplacians

Apu(z), (1.10)

where the graph Laplacian at level m at a vertex z is defined as

Apu() = 3 em(a,y) (uly) — u(@)), (L11)

r~y
m

and wim) is the harmonic extension of the function y — d, on V,. There are several choices for the
measure to construct a Laplacian. In our study, we adopt the simplest measure introduced in [4], the
equilibrium measure. We give more descriptions of this measure later after introducing the method we
parametrize the Julia set.
The last thing is that we also want the energy £ to be P-invariant in the context of finitely ramified
self-similar fractals:
E(uo Pyvo P) = c&(u,v), (1.12)

or satisfying a weaker requirement
E(wo PW vo P = & (u,v). (1.13)

The parameterization of 7 utilized in this project directly induces the sequence of discrete graph
approximations I'y, for J we study. We use the method of external ray developed by Doaudy and
Hubbard to parameterize the Julia set, which is, in short, a continuous mapping ¢ from the unit
circle onto the Julia set. [4] also uses the method for their study and parametrizes the unit circle
S by x = % in [0,1] for simplicity, which we adopt as well for this project. For the basilica Julia
set J we study, the mapping ¢ : S — J is continuous but two-to-one onto J. Two points on the
parametrized unit circle are mapped to one point of J; in another wording, one point of J will have
two external ray names or a corresponding identified external ray pair. Hence [J is realized by an
infinite set of identifications of points on the parametrized unit circle. Section 2 explicitly describes
these identifications, providing illustrations for them at various graph approximation levels. The
section also details how the dynamics of P = 22 — 1 can be clearly tracked from the external ray
parameterization, as ¢ assigns ray names to points of J with respect to the action of P on J. The
external ray parametrization also naturally inspires the sequence of graph approximations I';, on J
used in [4], acquired by identifying each external ray pair in I}, into the single point in J which is
the image of the pair under ¢. Regarding how to obtain vertices of each graph approximation, given
any vertex set V), for the graph approximation of 7 at level m, I';,, vertices V,,,+1 are defined to be
the pre-image of V,,, under P.



We study definition of the P-invariant energy £ in [4] and summarize its work in section 3. The
discrete graph energies F,, on graph approximations I',,, are constructed to be the same as energies
E! on I | graph approximations parametrized by the method of external ray. However, while being
P-invariant, E,, does not satisfy the equality in (1.5): &pp1(a, @) = & (u, u), where @ is the harmonic
extension of u to V;,, 1. We only have E,, (@, %) as a constant multiple, 2¥=1 of E,,(u,u), the value
of k depending on the Julia set and k& = 2 for the basilica Julia set we work with. Hence the definition
of energies &,, as a renormalization of E,, is introduced, where

Emmn (@, @) = En (u, ) (1.14)

is satisfied. Still, k = 2 for the basilica Julia set. It turns out that (1.5) does not hold for k¥ > 1 and
(1.14) is all we can have. Therefore, k different energies,

ElN(u,v) = lim &ipm(u,v), 7=0,1,--- k-1
m—r oo

are obtained. [4] defined &£ by taking the average of these energies

=
E(u,v) = z ZE(j)(u,v)
=0

and & is obtained as a P-invariant energy. Section 3 delineate the process of defining £ with more
details. We also discuss how to compute the harmonic extension of any function, based on which we
claim that the only global harmonic functions on J are the constant. More importantly, we present a
key feature of the harmonic extension which not only is crucial for a more thorough understanding of
the implication of harmonically extending a function, but the feature also appears to contribute to the
proof of zero graph Laplacian for a local harmonic function, the definition of which will be presented
in section 6.

In section 4 we discuss the concept of a neighborhood, or a cell, and behaviors of neighbors for any
vertex in V,. With the parametrization method of external ray, any vertex in Vj is born with either a
single or two neighbors and will eventually gain four neighbors three graph approximation levels later
than the level at which it is born. The process for a vertex to gain its first four neighbors is also
worded as the formation of the first four-neighbor cell of the vertex, which we delineate in the section.
A vertex in V, won’t gain more than four neighbors in its cell due to the external ray parametrization.
The number of neighbors for any vertex remains three approximation levels after the vertex’s birth,
while younger neighbors continue to substitute the older ones. We call this substitution as neighbors
approaching closer to a vertex. It turns out that not all four neighbors would approach closer to a vertex
whenever going up by one graph approximation level, from I, to I';,,+1. Instead, neighbors approach
alternately, and only going up by two consecutive levels would all neighbors of a vertex approach
closer. We describe this situation thoroughly and explains its cause from the parametrization method
of external ray. As a consequence of this asymmetric approaching behaviors of neighbors, we also define
two categories of graph approximation levels, even and odd levels, given that two of the neighbors of
any vertex always approach closer at even levels, the other two at odd levels.

Building on the comprehension of neighborhoods and approaching behaviors from the previous
section, also motivated by the differentiation between even and odd levels of approximation, in section
5 we introduce the definitions of even and odd normal derivatives, 0¥ and 9°, at any point in V, for a
continuous function of J. Given that any vertex in V, will continue to have four neighbors approaching
from distinct directions, and that values of any function on these neighbors can be completely arbitrary,
we obtain four derivatives at any vertex to represent the slope at each direction, for each category of
approximation levels. We prove in this section the identity domd¥ = domd®, which means that the
existence of either even or odd derivatives of a function at any x € V, would imply the existence of the
other. We also conjecture on the reason why our endeavor to prove a potential compatibility condition
of the derivatives eventually failed.

In section 6, we exploit local harmonic functions restricted on an m-level cell of any vertex x € V;
and define them as the m-level tangent lines at x. By restricting on an m-level cell of x, in short,
we mean that the local harmonic functions are defined on vertices in V, \ V,, that fall between four
neighbors of z at I',, and x, together with these neighbors. Given that there are four derivatives at
any x € V,, we define accordingly four local tangent lines at x with respect to each derivative. We



demonstrate how to perform a local linear approximation of any function u restricted on an m-cell of
x, based on the value u(z) and the four derivatives at = of the function u. We also show that the
graph Laplacian A, u(z) is zero for an m-level local tangent anywhere within its domain, except the
four neighbors of x in graph I';,, by exploiting the core feature of harmonic extensions of functions
discussed before.

2 External Ray Parameterization and Induced Graph Sequence

of 7

Studying functions defined on such an intricate setting as the basilica Julia set will be hard. Hence we
would first like to develop, as said in the introduction, a sequence of graph approximations whose vertex
sets converge to a set dense in J, and study functions defined on each distinct graph approximation.
Our graph approximations are naturally induced from the external ray parametrization of J utilized
for this study. This section details the method of this parametrization and how we obtain the sequence
of graph approximations, I';,,, from the corresponding parametrizations I';,,.

The graph approximation of 7 starts from the attracting fixed point zg = f , which lies in the
basilica 7, of the quadratic polynomial P = z2—1. Therefore, we begin with the Vertex containing only
the fixed point and let Vo = {zp}. The main point this paragraph aims to describe is the assignment
of external ray names, or the points on the parametrized unit circle, to this fixed point zy € V. Recall
from the introduction that ¢ : S — J is a continuous, but two-to-one mapping from the unit circle
onto J, because of which we define ¢~1(z9) = {0 : ¢(0) = z0}. Given that P(z) = 29, we can write
¢ H(P(20)) = ¢ (20). Let 29 = ¢~(20). Namely, let 2y denotes any point on the unit circle that is
mapped to our fixed point zg. As mentioned in the introduction, we parametrize the circle by x = % in
[0,1], so z € [0,1]. It follows that 229 mod 1 = xy, if considering the polynomial P operating on zq in
terms of polar multiplication. Whence we take the vertex set of parametrized first level approximation
to be points on the unit circle mapped to zg, Vj = {z : 2 = ¢~ 1(20)}, and assign them with external
ray names within [0, 1] satisfying 2z mod 1 = z. Namely, Vj = {%, %} Given that Vj contains only
a single point, the two points in Vj are identified and adjoined by an edge in the induced graph T,
These two points divide the unit circle into 2 intervals, [, 2] and [2, 3(mod 1)], of length % and 2

We then define Vi = {21 : P(21) = 20}, 20 € V. In other words, we consider the whole pre-image of
2o to be contained in V7, including zq itself given it is a fixed point of P. The definition of V] follows
as Vi = {z1 : 2z1(mod 1) = xo},x0 € Vy, under the same intuition of applying P on V] in a polar
sense. Points in V{, therefore are elther of the form 2 50 OT 7550 + 1 5, Lo varying over V{; explicitly,

Vi = {é, §, é, 2 where % T 2 and 1 5 6 are identified pairs of zg and 1ts pre-image other than 1tself In

other words, ¢({3, 1) = 20, ({%2 2}) = V1 \ Vo. Note that the newly added points in V7, g, 2, all
lie in the long interval from I, [§ %] nd that the four pomts in V] together divide the circle into
two cycles of intervals of length 3 % = g and 1 % = =, half length of the other. Also intervals

with different lengths are laid alternately on the unit cn"cle A long interval with length has to be
only adjacent to short ones with half the length, and vice versa. Given all these observations we can
describe the passage from vertex set V{j to V{ as subdividing the long interval [g ?i in Ty of length 2
into three sub-intervals, by laying two new identified points in V{ \ Vy within [z, 5]. The longer sub-
interval [6, 6] is between the identified pair and has length %, exactly the length of the short interval
in I'j), the parametrized graph approximation from the previous level. This sub-interval, together with
the short interval [3, 3] from T'f, becomes a long interval for I'}, the external ray parametrlzatlon
for approx1mated J at the current approximation level. The other two shorter sub-intervals, [% 5 3]
and [2, 3], have the same length % - 1 and are considered new short intervals for I';. Note that the
interval between any point in V{ \ Vy and a point in Vj is short. As shown in Figure 2.1, T'} has
two pairs of identified points and two edges adjoining each pair. It follows that the induced graph
approximation I'y will have two vertices, two edges adjoining its vertices, and two self-edges at each

point. Demonstration of I'y will be later shown in Figure 2.3.
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Figure 2.1. T'}: The external ray parametrization for J at graph approximation level m = 1. Vertices
in Vjj are in solid dots and in V{ \ Vj are open dots. The length of intervals are marked.

The definition of the vertex set V,, is similar as that of V;, where we consider to be the whole
pre-image of Vi1 Vi = {2m : P(2m) = 2Zm-1}, Zm—1 € Vin_1. Given that P = 22 — 1 is a quadratic
polynomial, the pre-image of P~!(z), z € V, always consists of two new distinct points, except the
fixed points zp where P~1(2g) also contains itself. We first explain the cardinality of V,,, and V,,. Let
x € Vi \ Vin—1 be any vertex, and the two ray names of z in V) \ V;/ _;. Consider the passage from V,,
to Viua1 regarding only x: The pre-image P~ (z) € Vi1 \ Vin w111 contain two points distinct from
x, implying that four new points from the parametrized unit circle will be newly added to V,;, | ; since
each vertex in the pre-image of #, P~!(z) € V41, will be assigned two external ray names in [0, 1].
In other words, whenever a point x was born at level m which means that one new point is added to
Vi and two to V!, two other points in P~!(z) will be added to V;,41, and four in V), ;. Therefore,
the cardinality of V,; ., \ V};, is twice that of V, \ 'V}, _,. For example, Figure 2.2 shows the transition
from V3 to V4. There are four open dots or two identified pairs in I'}, eight open dots in I';. It can be
naturally deduced that |V,), \ V,,_1| = 2™ and that |V//,| = 2™ "1, Points in V;, are identified into 2™
vertices in V,,.

Now we explain the passage from V,;, to V,; ;. The 2™ points in V,, subdimde the unit circle into
2™ cycles of intervals, each cycle consisting of two intervals with length 5% S g and 2m 3, and 1ntervals
are laid with alternate lengths on the circle. Then, within each long interval of length 2,” g in T,
we insert two new points that will be identified in V1, subdividing the long interval into three
sub-intervals. The longer sub-interval between the newly added identified pair has length Tn%%, the
same as that of any short interval in I',,. The other two shorter sub-intervals both have length ﬁ%,
half the length of interval between the newly laid identified pair. In summary, short intervals from I7,
remain undivided, becoming long ones in I", | ; and having the same length as the longer sub- 1ntervals
Shorter sub-intervals are considered the short intervals for I', ;. Similarly as the situation for I'},
notice that the interval between any points in V7, \ V,,, and its neighbor not in the same identiﬁed
pair is short in I me1- For instance, take the identified pair 3, 12 € V5 \ V/. The interval between
the pair themselves is long in I';, and has length é but the intervals between them and their another
neighbors not in the pair are short: | é, 152] and [172, g] Lastly, external ray names for newly added
points can be derived by simple additions regarding names of their neighbors from the previous level
and the length of intervals.

We would like to mention one more observation on this general passage. As said in the last
paragraph, the interval between any two newly added identified points in V,;,,; \ V};, will always have
length Qm%%, which is considered a long interval in I', ;. Therefore, within the interval between
each identified pair newly born in I', |, another identified pair, the interval between which will have
length Qm%%? will be immediately inserted during the next transition to V,, . In other words, within
the interval between any identified pair newly born in the current level of parametrization, a new
identiﬁed pair will be immediately laid in the next level. Figure 2.2 also demonstrates this fact: While
2, L € VJ\ V/, the interval [12, L] is sub-divided into three intervals [, 41] [ 13] and [33 T]in
I';. The only special case here is the fixed p01nt zo of P. Having two intervals between its identified
pair in I'j), one identified pair with ray names 5 is inserted in I'} in the interval [ the other one

6’ 6
named 52, 13 being inserted in T in the interval |

373]
373]
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Figure 2.2. The external ray parametrization for the basilica, when m = 2 and 3. Vertices in V|,
are in solid dots and in V), \ V!, _; are open dots. The length of intervals are marked.

This last paragraph of the section explains, in general, the two-to-one mapping ¢ from the basilica
Julia set to the unit circle, with regard to points in V,,. As previously said, the single point 2y in
Vb, being the fixed point of P that is a junction point, is mapped to the identified pair {%, %} on the
circle. Points in V; are the two pre-images of 2y including itself. Inductively, points in V,, 1 are the
pre-images of points in V,,, under P, where it follows that V|, = {z, : 2z, (mod 1) = zyp—1}, Ty—1
varying throughout V;!. We then identify each pair of points newly laid in each long interval. It’s
worth noticing that the external ray names of points in V!, with regard to the unit circle respect the
actual topology of corresponding points in V,,, which makes the correspondence between an identified
ray pair and their relative single vertex in V,,, clearly identified. We’ve also discussed how intervals
in I'] are mapped to edges in I';: Two short intervals with length % are mapped to edges connecting
vertices in V7, and the two long intervals of length %, between the identified pairs, are each mapped
to one self-edge at each point in V. These self-edges are illustrated in Figure 2.3 as loops joining the
central circle at either end. Similarly, all intervals between identified ray pairs are mapped to loops at
relative vertices, while those between distinct points being mapped to different portion of the central
circle or pre-existing loops.

7124 5024
10 1 512 M2y 124
/ i : : ; : : 134 234
o B 112
17124 19124

Figure 2.3. The graph approximation of the basilica Julia set when m = 1,2, and 3.

3 Energy, Harmonic Extensions, and Harmonic Functions

Energy, as one of the fundamental notions of this paper, provides useful insights into harmonic functions
and their first derivatives, which later will be shown to shed light on our definition of normal derivatives
at Vi of continuous functions of 7 in section 5, one of the two end goals of this project. Definitions
of discrete graph energy F,, and the energy £ in accordance with the Kigami paradigm which takes
functions onJ used in this paper are adopted from [4], the results and work of which this section aims
for summarizing.

The weak formulation (1.9) defining the Laplacian with a chosen measure A, immediately neces-
sitates a definition for the energy £, which takes functions whose domain is on J. According to the
Kigami paradigm, £ should be P-invariant and also realize the identity (1.5). The first step is to define
discrete energies F,,, on graph approximations I',,, by considering the energy E! on the parametrized



graphs I" defined by

=2

z’ ~y!
m

|x —y ‘ u(x') —u(y)) (v(@") —v(y) (@9 €Vy), (3.1)

where |2’ — /| equals to the length of the interval connecting the consecutive vertices z’,y’. With this
definition, it is reasonable to define
Ep(u,v) = E, (u,v), (3.2)

because functions on V;, can also be regarded as on V,/ , by assigning the same value to the corre-
sponding external ray pair mapped to a vertex in V,,. For any graph I';,, some of its edges may be
with repeating neighbors and some are self-edges: For example, as shown in Figure 2.3, in I'; the fixed
point with external ray names 3, 3 2 has a self-loop, and there are two edges between the fixed point
and its another pre-image, which has corresponding external ray pair %, % To accommodate these
features, E,,(u,v) is in the form

v) = eml@y) (u@) —uy)) (v(z) —v(y) (@Y € Vi), (3-3)

T~y
m

where ¢, (z,y) is the sum of ﬁ for all adjacent vertex pairs («’,y’) € V!, mapped to (z,y).

As stated while introducing the Kigami paradigm, the harmonic extension of a function defined on
Vi to Vip41 minimizes energy. With the formula for energy E,,, we should now be able to explicitly
compute the harmonic extension. Suppose u is defined on V;,, and its harmonic extension % to V41,
and © € V41 \ Vi, any new point consisting of two identified points between points y', 2" on I .
Points 4, 2/ may or may not be an identified pair depending on structures of neighborhood for =z,
which will be fully explained in section 4. Regardless of the topology of x, however, energy E,,11(4, )
will be minimized by setting # = § (u(y’) +u(z’)) with full details explained in [4]. But the intuition of
why this way of extending minimizes E,, 1 follows rather directly from (3.3): Let w’ be an arbitrary
extension of u to approximation level m + 1. We would only have to consider the components of
E,+1(v ') induced by any new point x € V41 \ V; namely,

Y cmiley)(ul@) —uly)) (u(z) —u(y)) (@ € Viunr). (3-4)

T o~
m+1y

With given conductance ¢, +1(x,y) whose value is determined solely by how the ray parametrization
works, (3.4) is clearly minimized by taking the value at any new point to be the average of its neighbors.
It’s worth noticing that the energy E,, such defined on graph I, is not P-invariant; namely,
E,,+1(4,@) is not a constant multiple of E,,(u,u), a consequence caused by how we parametrized
J utilizing the method of external rays: Any new point in V41 \ Vi, consisting of two identified
points will only be inserted in the long intervals of length 2%,1 . % between points in V,,, where the
contribution associated with these intervals to E,,,; are multiplied by a constant as to E,,, and to
make the contribution of graph energy associated with every interval in I, multiplied by the same
constant, namely, to insert two new identified points which actually contribute to the graph energy
within all intervals, we will have to go up two consecutive graph approximation levels. This asymmetry
of neighbor behaviors in graph approximations will later be explained in section 4. [4], accordingly,

gives the equality
By (i, 1) = 271 B, (u, u), (3.5)

and details the proof. Specifically, k = 2 for 7 in (3.5) and all following equations or inequalities.

The equality shown in (3.5) necessitates some manipulations of the definition of E,, in (3.3), as
lim,;, 00 Em (u,u) — oo for any function u with a non-zero graph energy, hence providing almost no
useful information on the function itself. Moreover, the Kigami paradigm prescribes its energy £ to be
such constructed that (1.5) is satisfied. Now, to first achieve identity of energies between a function
defined on approximation level m and its harmonic extension on m + k, the definition

Em(u,v) = 2059mE, (u, v) (3.6)
is proposed, in order to replace (3.5) with
ngrk (71» ﬂ') = Em(ua u)v (37)

N



so that with this identity, for each j = 0,1 we have,

8j+km(u7u) < 5j+k(m+1)(u7u)a (38)

for u defined on Vi. Whence, it is reasonable to define from the inequality,

EMNu,v) = liin Ejtrm(u,v). (3.9)

The last step is constructing the energy &£ that is P-invariant. [4] proves that, if define

1 k—1 ‘
E(u,v) =+ ED (u,v), (3.10)

Nk

J

then the P-invariance condition (u o P,v o P) = 2% &(u,v) is satisfied for £. An energy in a
continuous sense, also in accordance with the Kigami paradigm, is thus acquired.

Now we are finally able to see what information about a harmonic function and its first derivatives
our continuous energy & provides. As shown before, the harmonic extension of a function defined
on V,, to V,,11 by assigning any new point in V,,11 \ V;,, the average of its neighbor(s). Due to
the method of external ray parametrization, a vertex in V, can only be born with either one or two
neighbors and eventually will have four neighbors throughout the sequence of graph approximations,
a core neighborhood behavior that will be fully explained in the next section. For now, return to our
function u defined on V,,, and its harmonic extension to V,,,+1, 4. We are interested in whether a point
x € Ving1 \ Vin, where 4(z) is assigned to be the average of either one or two neighbors the point
x is born with, remains to be the average of its neighbors in all the following graph approximations
ynt2, Dins, - -, if we keep harmonically extending u. Namely, we would like to know if @(z) remains
to be the average of neighbors of z regardless of the number of neighbors and the graph approximation
levels. We find out and prove that this is exactly the case.

Theorem 3.1. Let u be a function defined on the vertex set V,, and denote the function’s harmonic
extension to Vi1 by 4. Let © € Vg1 \ Vin. By definition of harmonic extension, a(x) is assigned
the value as the average of its neighbor(s). Denote the harmonic extension of u to Viyin as @y, to Vi
as Uy, with ty(x) = Up(z) = Gp1(x) = -+ = U1(x). Then, the value at x remains to be the average
of its neighbors along the sequence of harmonic extensions, (iy,).

Proof. There are two cases to discuss here: whether x is born with only one or two neighbors.
The first case is trivial: 4(x) will be the same as its first neighbor, and any point born in later levels
in the cell of x is also assigned the same value. Regardless of the level of graph approximation, the
neighborhood of z is always constant.

The second case is more complicated. Suppose z is born at V11 with two neighbors, and is
assigned to be the average of them. Let the values of these two neighbors of z be a and b. At level
m+ 2 x gains another new neighbor, which is born on the self-loop of z hence assigned the same value
as @(x). The two neighbors x is born with approach closer at level m + 3. By the rule of harmonic
extension, the two new neighbors are assigned values ‘”795 and HTQE. Note that x is still the average of
the sum of “7“" and HT“" At level m + 4 where z gains its all four neighbors and all following levels,
two of the neighbors of x will always have the same value as @(z), and the other two always sum twice
as u(x). Hence, under harmonic extension, @(x) is always the average of its neighbor(s), regardless the
level of graph approximation and number of its neighbors. O

Generally, a harmonic function wu is defined to be a twice continuously differentiable function with
zero Laplacian, meaning that Au = 0. In our situation, a global harmonic function defined on Vi
can be realized as harmonically extending a function defined on V} to V,; in other words, a function
is harmonic if being harmonically extended for all graph approximation levels starting at m = 0.
With this definition, it follows from and rule of harmonic extension and Theorem 3.1 that a harmonic
function on V, should only have values of points as the average of their neighbors throughout the
sequence graph approximations I',, of J. As a result, the only global harmonic function on Vj is
simply constant. Consider the following counter-example which illustrates more clearly why this is
the case: Suppose that we didn’t harmonically extend a function from the very first passage from
m = 0 to m = 1, but rather extended it starting from m = 1. Say at m = 1 we assign our fixed point



named %,% some arbitrary value a, and its another pre-image %,% some different value b. It can be
immediately seen that the function will not be harmonic even if being harmonically extended in all

later passages. During the passage from m = 1 to m = 2, we assign the new point born %, 1—72 adjacent
to %,% the same value a, the other point adjacent to %,% the value b similarly. The issue is obvious:

a#b < ab+# %H’. Neither the value of %,% nor of %,% is the average of their two neighbors,

whence the function fails to be globally harmonic starting at this level.

112

23 Ry ‘5/'6 712 ~—

Figure 3.. A simple counter-example. The function would fail to be globally harmonic if not
harmonically extended starting from the beginning passage from m =0 to m = 1.

The fact that global harmonic functions on V. with the ray parameterization have to be constant
implies zero energy £. By the weak formulation (1.9), that they must also have zero laplacian A,
given their zero energy &, which is in accordance to the general definition of a harmonic function.
They also have zero first derivatives given that they are constant. These implications appear to be
veritably helpful in our attempts on the definition of normal derivatives of continuous functions of 7,
later described in section 5. They also bring forth the discussion of the untilization of local, piece-
wise harmonic functions as the potential candidate for first-order tangent in section 6, given that
global harmonic functions, being simply constant, providing not much helpful information on a linear
approximation of other functions.

4 Neighborhoods

In order to construct a derivative for functions defined on our approximation of J we first need to
examine how the neighborhood of any vertex in V, behaves, at its born time and in following levels
of approximations. We observed and will demonstrate in section 4.1 that any vertex in V,,, was born
with either one or two neighbors and will eventually have four neighbors approaching asymmetrically
the vertex, starting from graph approximation I';, 3. The junction point, also the fixed point zy of P
in our case, is the sole exception born with no neighbor and starting to have four neighbors in I'y, four
levels after V. We also write out the ray names of neighbor(s) of any vertex in the approximation
level it is born and in any later level, until and including the level where it has four neighbors, with
respect to the vertex’s two ray names. Due to the method of external ray, of the first four neighbors
of any point in V,, one pair of neighbors will be closer to x than another pair. We then explain in
section 4.2 how the four neighbors of any vertex approaches arbitrarily close but alternately to the
vertex, the asymmetric behaviors of which result from our very choice of external ray parametrization
of J. In plain English, starting at the level where a point gaining its all four neighbors, the passage
from the current level m to the next level m + 1 only makes two of the neighbors approach closer
to x, while the passage from m + 1 to m + 2 cause the other two neighbors of = that stayed during
the previous passage to approach closer. This asymmetry leads to our differentiation between even
and odd levels of approximations in terms of each individual vertex: Given any vertex born at level
mg and gaining its first four neighbors at level mg + 3, we classify all levels that can be written in
the form mg + 3 + 2n,n € N as even, others as odd in the form mg + 3 + (2n + 1). We make this
classification because within each category of levels, the passage from a current graph approximation,
say ['yg+342n, to the next one along the sequence, I', 4 312(n41), would result in all four neighbors
of a vertex approaching closer to it, since we actually go up by two consecutive approximation levels.
It’s also the case that at any level, a pair of neighbors would be closer to x, while another pair further.
At the end of the section we give a general formula for explicit ray names of all four neighbors of any
vertex, for all approximation levels starting from where the vertex first gains its four neighbors.



4.1 Structures of Neighborhoods in Earlier Levels

Suppose we are currently at approximation level m > 0, with the approximated external ray parametriza-
tion I'/,. As described in section 2, within the interval between each identified ray pair of I}, a new
identiﬁed pair will be laid during the passage from V), to V) ;. Each of these inserted pairs is identi-
fied into a single vertex in I';, 11 with only one neighbor. A simple example can be the pre-image of zg
other than itself whose ray names are %, - All positive reals in the Julia set are also straightforward
examples of points parametrized to born with only one neighbor. We would like to make a further
classification of vertices in V, that were born with one neighbor before our discussion of neighborhood
behaviors. We differentiate the positive reals from and all others only due to slightly different external
ray naming patterns for the two categories of vertices; that said, both the process of the formation
of a stable neighborhood with four neighbors and the approaching behaviors of neighbors are exactly
the same, for approximated positive reals and for all other vertices in V, born with one neighbor. The
only difference we will address here is the external ray naming pattern, and hence the general formula
for ray names of neighbors for these two types of vertices. We also preserve this classification in later
definition of normal derivatives of continuous functions of J in section 5 for accurate reference to
neighbors of vertices of different types.

Note that the positive reals are parametrized in accordance with their Cartesian coordinates: They
appear only on the right end of the unit circle. It follows that the two parametrized points of each
positive real are symmetric to each other horizontally, the intervals between them crossing the starting
and end point of the circle named {0,1}. The identified ray pair {%, %}, for example, contains the

two values of the parameter mapped to the positive real f_l € V., and the interval between them,
denoted by [2 3 6] traverses the starting and end point of the circle. For a more generalized situation
on how unique features of the positive reals distinguish themselves from others, choose any positive
real © € Vi, \ Ving—1, © € RT of the approximated basilica Julia set, with its two ray names x1,xs €
Vs 1 < 2. The interval between x1,z2 is denoted by [z, 1] since it traverses the point 0, 1.
Given what section 2 describes, [z2, z1] subd1v1des a long interval with length 2,"0 — 5 in I', _; into

2mo 3, while the other two shorter sub-intervals have
the same length 2m0 é We can then deduce that the single neighbor of a: has the ray pair named
{21+ 5053, T2 — 35 3} and the interval between them is denoted as [z2 — 55 5, T1 + 75 5]. However,
the external ray naming pattern for other vertices and their neighbors is different. Choose a vertex
that is not a positive real, y € Vi, \ Ving—1, ¥ ¢ RT and its two ray names y;,y2 € V, \ mo—1°
where y; < y2. Note that [y1, y2] denotes the interval between the vertex’s identified ray palr Since
x,y are both born in V,,, the length of the interval [y1,y2] is the same as [x2,x1]. It follows that
lengths of the two long intervals in I';, _; these two intervals are dividing, including length of the
shorter sub-intervals thus formed in each case, are also the same. Therefore, the ray pair of the
neighbor of y is written as y; — 2,%0%, Yo + 2%0%, and the interval between this ray pair is written as
[y1 — T%O%,yg + 2510 %] Note a change of signs and exchanging position of ray names compared to
the situation while assigning names for the neighbor of z: Recall that the neighbor x is born with has
the corresponding ray palr {z1 —|— mo 3,.’132 2,310 %}, and the interval between these two ray points is
denoted by [zo — Q},Lo 3,71 + 2m0 5]. Figure 4.1.1 demonstrates this difference in ray naming pattern

for vertices x,y in question.

three subintervals 1nclud1ng itself with length

Wi

10



Figure 4.1.1. Demonstration of the neighbor for z,y when they were born, in terms of the external
ray parametrization. External ray names for each identified pair are labeled.

As stated before, all behaviors are the same for neighbors of positive reals and others born with one
neighbor despite their external ray names. We will not belabor on but only give separately the ray
names of neighbors of the positive reals, therefore, and instead focus on the difference between the
formation of a stable four-neighbor cell of vertices born with different number of neighbors.

In previous discussion of this section, we have already written out two ray names of the neighbor
with which a vertex is born. Now we continue describing the formation of a four-neighbor cell of vertices
born with only one neighbor. Still, let = € V;,,; \ Vi,—1 with its two ray names x1, 20 € V), , 21 < 2.
And suppose without loss of generality x ¢ RT so that we write the interval between 1, z2 as [z1, 72,
the length of which denoted by 2I for the sake of simplicity, where 2] = 2%0% As explained before,
the two shorter intervals adjacent to [x71,x2] have length I, and the two ray names of the neighbor x
is born with are 1 — [, 2 + . Now, during the passage from V,,,, to V,,41, a new identified pair is
laid between x1, 25 and subdividing [z, z2] into three sub-intervals, the longer sub-interval between
the inserted identified pair with length [, and two shorter intervals adjacent to it with the same length
é. This new external ray pair, written out as {x; + %, To — %}, is identified into the second neighbor
x has. Note that we yet insert any identified pair in the intervals [x1 — [, 21] and [z3, 25 4 [] at this
point, given that they are not considered long intervals for F’mO. Hence the neighbor with which z is
born named x; — [, x5 + [ remains from the previous approximation level as a neighbor of z.

The passage from V,,,,+1 to Vi, 42, while retaining the new-born neighbor in V,,,+1 named z; +
é, To — % still in the cell of z, substitutes the original neighbor in V;,, named 1 — [, z2 + | with two
neighbors newly appearing in V;,,, 41, so that x will have three neighbors once the passage is completed.
Given that intervals for the external ray parametrization at previous approximation level, my+1, have
length either [ or %, with regard to the way ray parametrization works, one new identified pair will be
inserted within each long interval of length [ in I'}, ., again subdividing the long interval into three
sub-intervals, the one longer sub-interval between any new identified pair of length %, which becomes
the new long interval for I';, ., and two shorter sub-intervals adjacent to the longer sub-interval with
half of its length, é. Under our context, with a concentration on the cell of x, the previous neighbor
born in V;,,,4+1 which has the ray pair {z; + é, Ty — é} stays as a neighbor for z because no identified
pair is laid within intervals [z1, 21 + ] and [22 — L, z5]: With the length £, they are not considered
long intervals for I', ., where intervals have length [ or é However, note that the vertex with ray
names 1 — [, x9 + 1 is no longer in the cell of x during this current transition to V,,,4+2. Within each of
the intervals [x1 — [, 21] and [z2, 22 +1] with length [ one new identified pair is laid, subdividing each of
them into three sub-intervals of length é, é, and é, the longer sub-interval again being the one between
any new identified pair. The two vertices these two new pairs are identified into are the new neighbors
appearing in the cell of z, at V,,,+2. We can also explicitly write out their ray names, with respect to
x1,z: The identified pair laid within the interval [z — [, 21] has ray names z; — ﬁ — é,xl — i, the
other pair within |2, z2 +1] having names xs + i, To+ i + é Although there is another identified pair
inserted within the interval [z1 + %, To — %] during our current transition, it fails to become a neighbor
given its non-adjacency to x. We would only like to consider the cell of x, namely points in V), .,
adjacent to either of x1,xs, and the intervals between these points and either x; or xs.

We’ve seen that there are already three neighbors of « in its cell once transitioned into V,;,,4+2. The
passage from Vi, 412 to Vin,+3, which we are about to describe in this paragraph, completes eventually
the formation of the first four-neighbor cell of x, also a prototype of later cells all consisting of four
neighbors. Similar as behaviors in the previous passage, the passage to Vi,,4+3 retains in the cell of
the two new-born neighbors of « in V,,,+2, named, in terms of ray parametrization, z; — % — %, T — é
and zo + é, To + é + % These two vertices continue to be neighbors of x because intervals [z — ﬁ, x1]
and [x9,x2 + ﬂ with length ﬁ are not considered long for the parametrized graph approximation
I, +2, hence no new identified pair is inserted between them during the current transition. The other
neighbor of x in Fino 9, nevertheless, is no longer in the cell of = once transitioning into V;,,,13. Recall
from our discussion about the passage from Vj,,+1 to Vin, 42 in the last paragraph that this neighbor
has the corresponding ray pair {z —l—%, To— é} The intervals [z1, 21+ %], [x2— é, x3], with length é, are
long intervals for I', ., and are thus each inserted one new identified pair within, subdividing them
each into three sub-intervals, as always. The interval between any new pair is with length i, half the

length of the long interval from I'j, ., it is subdividing, and the remaining two shorter intervals have
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length é, half the length as that of the interval between a newly inserted identified pair at the current
level. Therefore, the two vertices which these two new pairs are identified into become neighbors newly
appearing in the cell of x at mg+ 3. We give the external ray names of these two new-born neighbors,
as before: The identified pair lying within [z, 21 + %] has names z; + é, r, + é + i, and the other
pair within [xg — %, x2] is named x2 — é — ﬁ, To — é. At this point we’ve finally witnessed the whole
process of the formation of the first four-neighbor cell of the vertex z € Vi, \ Ving—1, ¢ ¢ RT, which
is also shown in Figure 4.1.2 and Figure 4.1.3, in external ray parametrization and in corresponding
actual graph approximations of the Julia set J.

27
X,

7 4

Vmo+1
/2 7
2y Z ?’{ T,
»
4
30

Vmo+2

Vmo+3

Figure 4.1.2. Demonstration of the formation of a four-neighbor cell for = € V,;,, \ V;,,—1 throughout
the passages from V,,,, to V,,,,+3, in terms of the external ray parametrization, where z is born with
one neighbor.
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Figure 4.1.3. The formation of the four-neighbor cell for x, demonstrated by graph approximation for

J.

Since development of the first four-neighbor cell for any positive real in V, is the same as that of
any vertex born with one neighbor, detailed descriptions are spared here, and we only give the ray
names of neighbors for the positive reals throughout this process. Let € V,, \ Ving—1, € RT be any
positive real, with its external ray pair z1,29 € Vém, x1 < xg, the interval between which written as
[x2,z1]. As previously said when we discuss the difference in external ray naming patterns, x is born
with the single neighbor named x; + 2%0%, To — 2%0% Let us still denote the length 2,%0% with 2[ for
the sake of simplicity, then the first neighbor of x is named x; + [, 2 — [. Notice how this naming is
different from its counterpart for a vertex that is not positive real and born with only one neighbor,

which would have the name x; — [, z3 + (. Transitioning into V;,, 41 brings another neighbor in the cell
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of x while retaining the original one. The length of the interval between the newly inserted identified
pair is [ and is é of the two shorter, newly appearing intervals adjacent to it, completely identical to
the situation discussed before for non positive-reals born with one neighbor. The ray names of this
new-born neighbor at V,,,+1 are 1 — %,332 + % Upon V42, while the newly appearing neighbor
named x; — %,.132 + é from the previous level remains in the cell of x, we substitute the original
neighbor of x with two new vertices appearing in the current level, named, in terms of external ray
parametrization, x; + % + %, T+ ﬁ, and xo — é, To — i — é These two neighbors stay in the cell during
the passage into V13, where the neighbor emerging at V,,,,4+1 external ray named z; — %, o + é are

replaced by yet another two new vertices appearing in the current level, named x; — é, é - ﬁ, and
T+t o+ L+ L

Starting from this paragraph, we move on to the formation of the first four-neighbor cell for
vertices born with two neighbors. We would also like to compare the development of the first cell
of these vertices with the that of the other type, which is born with only one neighbor. Suppose
x € Vi, is born with two neighbors and named z;, 25 € V,;LO, r1 < r9. Given that the vertex x has
two distinct neighbors, its corresponding ray pair should not lie between another identified pair from
the previous approximation level. Therefore, suppose the interval [z1, 2] lies within the [y', 2], where
y,2 €V} 1,y <z and y ~ 2, y/,2' not identified in V;,,—1. Again, let 20 = =2, length of the
interval [z1, z2], for a simplicity sake. We can first write out that ¢/ =21 — 1, 2/ = z2 + [.

Transitioning into the next approximation level, while 3’ and 2z’ remain as two neighbors of z at
level mg + 1, a new identified ray pair with length [ is laid between x1,xs, subdividing [z1, 23] into
three sub-intervals with alternating lengths. The other two shorter intervals have the same length %
We name this newly inserted identified pair {z; + é,l’g — é}, whose identification in I'y,,41 is the
third neighbor of z. Note that intervals have length either [ or é at the current level; thus, during the
following transition, each interval with length | will be considered a long interval and subdivided into
three sub-intervals.

Since |y' — x1] = |2/ — x2| = [, the intervals [z1,y] and [z, 2] were considered short and not
subdivided during the passage from V,,, to Vp,,+1. Yet they are each subdivided by a pair of newly
inserted identified points into three sub-intervals during the passage from mg + 1 to mg + 2, the
longer sub-interval with length é and two shorter ones 2% We write out the names for the identified
pair inserted within [21,y] as {1 — 5 — .21 — £}. Names for the other pair between x,z’ are
{z2+ 2%, To + 2% + é} These two identified pairs substitute the neighbors x was originally born with
and become two new neighbors of x. It’s worth noticing that the naming pattern of these two neighbors
is exactly the same as their counterparts for a vertex that is not positive real and born with only one
neighbor. Also similar to the one-neighbor situation, there is another newly inserted identified pair
within the interval [z; + é, To — %] during the current passage from mg + 1 to mg + 2. This pair fails
to be identified into a neighbor of z given its non-adjacency to either z; or zs.

The passage from Vj,, 42 to Vy,,+3 brings another two new neighbors and completes the formation
of the first four-neighbor cell of x. During this passage, all intervals from I',,,+2 with length é are
considered long and subdivided into three sub-intervals, the longer one with length 2% and two shorter
ones with the same length 2% Note that external ray names of the three neighbors of x at level mg+ 2
are {z1 + %,l‘g - %}, born at mg + 1, and {z; — 2% - é,xl — 2%}, {z2 + 2%,362 + 2% + %}, which
were born at the previous level my + 2. Hence, during this transition, the identification of the pair
{z1+ %, Ty — é} in V41 ceases to be z’s neighbor. Instead, within each of the intervals [z, 21 + é],

Xr1 —

[x2 — é, Z2] a new identified ray pair with length 21—2 is inserted. We write out the external ray names
of these two pairs as {z1 + 2%, 1+ 2% + 2%}, and {zo — 2%, To — 2[—3 — 2%} Again, these names are the

same as their counterparts for vertices that are not positive reals and born with one neighbor, which
leads us to claim that the naming of the first four neighbors of a vertex is independent of the number
of neighbor(s) this vertex is born with, but is solely conditioned on whether the vertex is positive real.
The whole forming process of the four-neighbor cell of x is also demonstrated by Figure 4.1.4 and
Figure 4.1.5, in parametrized and actual graph approximations of J.
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Figure 4.1.4. Demonstration of the formation of a four-neighbor cell for z € V,,, \ V;,—1 throughout
the passage from V,,, to Vi,,+3, in terms of the external ray parametrization, where z is born with
two neighbors.
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Figure 4.1.5. The formation of the four-neighbor cell for z, demonstrated by graph approximation for

J.
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4.2 Approaching Behaviors of a Neighborhood

With the method of external ray and its induced graph approximations, a vertex in V, won’t be able
to have more than four neighbors. After examining the process a vertex gains its first four neighbors,
we become more interested in how neighbors behave in the following graph approximation. We found
out that the choice of external ray parametrization of J causes an asymmetric approaching behavior
of neighborhood. In particular, neighbors approach alternately to a vertex throughout the sequence of
graph approximations. During the passage from any approximation level m to the next level m + 1,
only a pair of neighbors approach closer to the vertex, while the other pair stays. The transition from
m+1 to m+ 2 would cause the pair that stays from the previous passage to approach, while the other
pair stays. That is, only going up by two consecutive levels will all four neighbors of a vertex approach
closer to it. Figure 4.2.1 demonstrates this behavior for neighbors of z € V,, \ V,,—1, throughout
the passage from V13 to Vj,45. For the sake of simplicity, note that the figure only shows the cell,
namely the smallest neighborhood of a vertex for the current approximation level, of = along these
graph approximations, while not specifying the development of neighbors and cells for its neighbors.

m+3 m+4 m+5

X1 X1

X3 X2

Figure 4.2.1. Demonstration of neighborhood behaviors for x € V,, \ V,,,—1 throughout the passage
from V43 to V45, in actual graph approximations of J.

With full detail, we are about to delineate how the method of external ray causes the asymmetric
approaching behavior. Consider the first four-neighbor cell of any vertex « € V,, \ V,,—1, with its
two external ray names x1,z9 € V., x1 < x9. Let’s say x, without loss of generality, is born with
two neighbors: We'’ve stated in section 4.1 that even though neighbors of the positive reals are named
differently compared to all other vertices, structure of the first four-neighbor cell of any vertex will be
the same regardless of the number of neighbors they were born with and whether they are positive
reals. Therefore, discussing in cases is not necessary. We will use the example of a non positive real
vertex throughout this section, and give the formula for external ray names for neighbors of the positive
reals separately later in the section. Let | = 2m 3, length of a short interval for I,. Based on section
4.1, the corresponding external ray pairs of z’s four neighbors at graph approximation level m + 3 are
{z1— 2% - é,a:l - 2%}, {z2+ QZ—Z, To+ 2l—2 + %}, two pairs born at level m+2; and {x; + 2%@1 + Ql—g + 2%},
and {zg — 2%,1'2 — 2%, — 2%}, pairs newly born at level m + 3. The two points in each ray pair are
identified into one neighbor of « in 'y, 13, the graph approximation of 7 at level m + 3.

Before delving into approaching behaviors of neighbors of x, we would like to revisit the method of
external ray discussed in section 2. Take I'/ ;| the parametrization of J at any graph approximation
level m. We said that there are 2™%1 points in '/, dividing the unit circle into 2™ cycles of intervals,
each cycle including two intervals with length 271% and 2m 3, one having half the length as the other
does. Intervals With different lengths are laid alternately on the unit circle; namely, a long interval
with length 2,” 3 has to be adjacent to two short intervals with half the length, and vice versa. For
the passage from V,;, to V,, ., we insert two new identified points within each long interval of I,
subdividing it into three sub intervals. The longer sub-interval becomes one of the long intervals for
I, .1, having length 2m+1 3, half the length as the interval being divided and the same length as short
intervals in I/ . Recall that, as emphasized in section 2, the long sub-interval appears always between
an identified pair. Two shorter sub-intervals each has length ﬁ%, fourth the length as the original
interval, and are considered short for I',, ;. Notice that any interval between a newly added point
to the current level and its neighbor not in the same identified pair is short. With this knowledge
refreshed, also recall from the last paragraph that corresponding ray pairs of the four neighbors of z
iS{xlféfé, 22} {$2+22,$2+22+2} {1‘1+23,I1+23+22} and{IZ 2%71'2 23*22}
with [ =

1
om 3
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Now, take one point from the corresponding ray pair of each neighbor of x that is adjacent to either
of x1, x2, the two ray names of . This gives us four points in V), | 3: 21— 2%, $2+2L2, 331—1-2%7 and zo— 2%
Let ' be either 1 or xs. Distances between these points and z’ they are adjacent to are different.
For example, |(z1 — 55) — 21| # |(z2 — 2) — @2|. We can group these four points with regard to this
distance: The first group contains x; — 2l—2 and xo + 2%, the other 1 + 2% and xg — 2l—3 Two points from
the second group are both closer to 2’ they are adjacent to, because they were born at the current
level m + 3. We know from the last paragraph and section 2 that, for I', 5, the interval between a
newly added point and its neighbor other than the point in its identified pair is always short. The
pair in the first group, nevertheless, was born at level m + 2 and remains to be adjacent to z; or
xy at level m + 3, hence becoming a long interval in I', | 5. Another way to interpret this situation
is that intervals [zq — 25, z1] and [z1,71 + 5] are adjacent, then by the mechanism of the method
of external ray, they must have alternate lengths. Same reasoning applies for the other two intervals
[€2 — 55, 22] and [z2, 22 + 25]. Given this situation, only two longer intervals of the four, [z1 — 35, 21]
and [z2, 22+ 2%], will be each sub-divided by a newly laid identified pair during the passage from V}; , 3
to V4. This means that the two identified pairs including either of these two points z; — 2%, To+ 2%
would no longer remain as neighbors of x in I';;, 4. In our words, they approach closer to x.

Vm+3

Vm+4

Figure 4.2.2. Approaching behaviors of neighbors for x € V;,, \ V,—1 during the passage from V13
to Vin44, in terms of the external ray parametrization of 7. Ray names for each neighbor are
labelled. Points not in the cell of x are omitted for the sake of clarity.
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We can derive the corresponding external ray pairs of the two new neighbors of x at V,, 4 by
applying the knowledge revisited from section 2. During the passage, the identified pair newly laid
between the interval [z — 212 ,x1] divides it into three sub-intervals. The longer sub-interval is between
the pair and has length 53, the same length as the short interval from I' , 5. The two shorter sub-
2% — 2% Similarly,
the ray pair that is laid between the interval [z2, 2o + 2%] will have name x5 + 2%, To + 2% + 2% At this

intervals has length - 51- Hence, this newly inserted ray pair has name x; — 2%, T —

point, the four vertices adjacent to either x; or x5 are the two newly born xl 214 , To + 214 € V)i
and the two vertices remaining to be adjacent to x’ from V, 5, x1 + 23 , Ty — 23, because the interval
between each of them and either z’ they are adjacent to is considered bhOI”t in I'},, 5. However, given
that intervals in I, , have length either o or 5, the intervals [z1,z1 4+ 5] and [z2 — &, 22| are no
longer short in I and will be each sub-divided b, an newly laid 1dent1ﬁed ray pair, transitionin
g m+4 Y Yy y g
from V| 4 into V, | 5. The ray pair between [z1, 21 + 5 ] has name x; + 2%, r1+ 2l—5 + 2%, and the pair
laid between [zq — 213 , xg] has name x5 — L

Lo — . Hence, at the current level the four vertices

€1

25> 25

in V,;, , 5 adjacent to 2’ are the remalmng two from the prev1ous level, 1 — 214 , T + 24 €V9ia\ Vs,
and the newly born other two, z; + QQ, To — 215 € Vyis \ Vyis The passage from V), , to V5

is illustrated in Figure 4.2.3. Again, we dismiss pairs not adjacent to z’, any ray name of z, for a
convenient sake. By saying that an identified ray pair is adjacent to z’, we mean one point from pair

is adjacent to x’.

Vm+a

Vm+s

Figure 4.2.3. Approaching behaviors of neighbors of x € V,,, \ V,,,—1 during the passage from V14 to
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Vinas, in terms of the external ray parametrization of 7.

Note that at the current graph approximation level, m + 5, the four points born in V, , 5 that are
adjacent to ' have been all substituted exactly once. This also indicates that the four neighbors born
in V.43 belonging to the first stable cell of « have all been replaced, by vertices in V,,, 5 corresponding
to the identified ray pair adjacent to x’. In other words, all four neighbors approach closer to x once
at the graph approximation level m + 5. This is the most crucial observance from the whole section.
Just as stated at the beginning of this section, it takes two consecutive levels for all four neighbors
of any vertex in V, to approach closer to the vertex once. Neighbors approach alternately due to
the very way external ray parametrization operates: Starting from the graph approximation level
where the vertex gains its first four neighbors, two of these neighbors approach closer to the vertex
first during the passage to next approximation level. Then, the other two approach closer during the
following passage, while the two which have already approached in the previous passage stay. This
asymmetric approaching behaviors of neighbors results in our classification of even and odd levels of
approximations, the definitions of which we have introduced at the beginning of the section and will not
repeat. Within each classification of graph approximation levels, the passage from any level along the
sequence to the next level would cause all four neighbors of a vertex to approach closer once. Whence,
and most importantly for this project, we differentiate even and odd derivatives at Vi for continuous
functions defined on J, with respect to whether the current graph approximation level is even or odd
for any point of interest. Our definitions of derivatives will be introduced in the next section. Lastly,
we make this differentiation only to be in accordance with the classification of approximation levels:
We will also explain in the next section that only with such a differentiation would harmonic functions
have constant derivatives, as they are supposed to, another pivotal motivation for our definitions of
normal derivatives.

Lastly, we write out the general formula for the external ray names of neighbors of any vertex x
for all levels after the level where x first gains its four neighbors. For z ¢ R with its two external ray
names x, o, r; < Tz, for any even approximation level m¥, the four neighbors of = have external ray

names 1 + %+ —Lp, x9 — L. and 29 + 2 - —L. For any odd approximation level
3 ombE) 3 3 9om
2 1 1

m©, the four neighbors of = have external ray names x; + % . 2%, Ty — 350,01 3" 2%, and
o + % - 5. For z € R, the situation is reverse: All external ray names of neighbors for even levels

for the other type of points are the names for odd levels, and vice versa.

2 1
L1 — 3° om®

om®

5 Normal Derivatives

With a concept of the neighborhood, or cell, for a point in V, at arbitrary graph approximation levels,
and an understanding of how neighbors behave when approaching arbitrarily close to the point of
our interest, we are now prepared to define normal derivatives for a function continuous on J at
any point x € V,. Given that any vertex would ultimately acquire, and without gaining more than,
four neighbors each distinctly approaching to the vertex, and that the values of the function at these
neighbors can be arbitrarily assigned, we define four derivatives Vo € V,. We differentiate even and
odd derivatives regarding the classification of graph approximation levels, as mentioned before. Also,
given the different external ray naming pattern for neighbors of vertices in R than all others, we
present separate formulas for derivatives at all positive reals.

Definition 5.1. Let z € V, and x1, 22 € V/ be the two external Ray names of z, 1 < z2. Let u be
a continuous function of J, u € domA,,. Given that x € Vi, \ Vin,—1 and 1,22 € V,;, \ V7, 4, the
even normal derivatives of u at z, 9Fu(z), are defined by

. u(z1+ 3 5o ) —u(z1)
q = limy, oo —2 47—

E
=

— _1._1
E g2 = lim,, o0 u(zz) u(:i: 1..1)
Oiic(1,234yu(@) = 4 — lm el bt me{mim=my+3+mneN)
3= n— oo T
Fre
qs = limy, o0 u(m2+%'2n;+1)—u(m2)
an—1
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Whereas the odd normal derivatives 9°u(z) are defined as

w(@1+3 gt ) —u(@1)

q1 = limy, o0

1
0o = lim, ., @ u@ )
o 1
8io,ie{1,2,3,4}u(x) = ) n—00 u(zl)—u(;jn_;.i) ,me{m:m=mo+3+(2n+1),neN}
q3 = 11mn4>00 - 3 5m
o
g = lim,,_, o, M@t ghr) —u(z2)
o
for 2 ¢ R, and by
q1 = lim u(ml-}-l 2m1—1) u(z1)
- n—o0o
21—
go = limy_o, "2 7uE 4 3ror)

856{1’273’4}u(x): = ,me{m:m=my+3+2n,neN}

q3 = limy,

qs = limy, oo T

_ 1, 1
o q2 = llmn%oo ulz2) U(:j 3
Oiieq1,2,3,03u(x) = 4 = lim u(ar)—ulei— LA ,me{m:m=my+3+(2n+1),n € N}
- n—oo 1
. u(mz-i-l-il)—u(wz)
q4 = hmn—>oo 5 2"’i_

3T
otherwise, provided the limits exist. Figure 5.1 and 5.2 illustrate more directly how each derivative is
indexed for both 9F and 99, for the two types of vertices.

1 1
T2t 3o

T2t 5 ge
E
ai,i€{1,2,3,4}u(z) az‘(,)ie{l,2,3,4}u(z)

Figure 5.1. Indices of the derivatives at any vertex x € Vi, ¢ RT.

q1 qs3
g3 q1
g+ q2 74
qz
X2 X2
afi€{1,2,3»4}u(z) 8%6{1,2,3,4}“(1)

Figure 5.2. Indices of the derivatives at any vertex x € V,, x € RT.
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The first thing we would like to clarify is that the function u is defined on the Julia set, meaning
that its inputs are points from V,. In Definition 5.1, we use one of the external ray names of the
neighbors of any point = as the input of u, which is indeed confusing notation, and the actual input
of u should be the point in V, that is mapped to the external ray name. Take the definition of O for
T € Vi, © ¢ RT as an example. Still, suppose u is a continuous function of J. At any even level m,

u(zl—o—%-%ﬂ)—u(zl)
T

one of the approximated derivatives ¢; is calculated as . Note that in numerator, the

o
function u, by our confusing notation, takes in external ray names x1 + % . QL and z;. But the actual
inputs of u here are the point in V, mapped to the external ray name z; + % . % under the mapping
¢ J — S, discussed in the introduction, and the point z. Since u takes in points of J, any identified
ray pair is assigned the same value. The simplest example is u(z1) = u(x2) because both 1, x5 are
mapped to the same vertex, x, in the basilica Julia set J.

As said in the last part of section 4, in order to obtain a neighborhood where all neighbors of a
point approach closer whenever going up by one level of graph approximation, we differentiate even
and odd levels of approximations in terms of each point in V. Similarly, Definition 5.1 differentiates
normal derivatives at any point z € V, to be even and odd, 97 and 9, based on whether the sequence
of quotients approaching to them are from the even or the odd levels of approximations. For example,
for any point x € V, born at level mg, note that the even derivatives of x only take into consideration of
the limits of quotients ¢/, 7 € {1, 2, 3,4} calculated from all even levels; namely, all levels m where the
value of m — (mg + 3) is even. Similarly, the odd derivatives are the limits of the quotients only from
odd graph approximation levels with respect to x. Only by making this differentiation are we able to
give a formula for the corresponding quotients, or approximated derivatives at graph approximation
level m, for each level. Given that not all four neighbors approach closer while going up by one
approximation level, there is simply no way to give a formula that works for all levels at once. We
adapt the normalizer in the denominator of the quotients ¢; accordingly. Since we differentiate even
and odd derivatives in terms of levels, the notion of distance should not be understood as directly
associated with the value of m — (mg+ 3), namely the difference in levels after our point z first gaining
its four neighbors, but rather with n = W The reason is obvious: Let the current graph
approximation level be even, where m = mg+ 3+ 2-2 and n = 2. Then, note that the four neighbors
of z at level m have approached to x twice, from the first four neighbors of x at level mg + 3, and
the graph approximation I, is the third (we start with n = 0) along the sequence of graphs at even
levels with respect to x. Hence it is reasonable to define the distances between four neighbors of z
at m =mp+ 3+ 2-2 and x to be either QL or 2"%1, the difference resulting from the fact that one
pair of neighbors are always closer to x than another pair. It follows that for the even derivatives,
OF | the distance, or the normalizer, in denominator is either 2% or 2,1%1, depending on whether the
corresponding neighbor is closer to z.

There is another crucial reason why we do not choose 2%,1 or Qm%l as our normalizers: We would
like our derivatives to be in accordance with the neighborhood behaviors of a point. Let’s still suppose
the function u defined on J is continuous, and = € V,;,, a vertex gaining its four neighbors before level
m. By the previous section, the pair of neighbors closer to « at level m will only approach closer again
at m + 2, which means that this pair remains still at m 4+ 1. Then, at m + 1, given that this pair
doesn’t approach closer and still is the neighbor of x, the difference between their assigned values by
uw and u(x) should be the same as at m, as well as the distance between this pair of neighbors and z.
Therefore, the approximated derivatives at this pair of neighbors should be the same, for level m and
m + 1. If we utilize 2% or QM%I to represent the notion of distance in the denominator of quotients
in OF, however, the approximated derivative q;"+1 for this pair of neighbors of x would not be the
same for ¢/", given that the denominator would change from 2—% to 2,,7% Adapting 2% as the distance
would resolve this problem effectively. For example, for the pair of neighbors of = that only approach
at even levels, going from an even level m to m + 1 won’t change the value of n, hence the distance
between the pair and x. The value of n will only be added by 1 when going from m to m + 2, while
the pair of neighbors also approach closer.

The definition of odd derivatives 9 is slightly different in terms of the denominators of the quo-
tients. It is indeed very strange at the first glance, due to the same denominator for all four quotients.
We make this choice because we would like the even and odd derivatives to be coherent. By Definition
5.1, for even derivatives of function u at any point z ¢ R*, 9Fu(z), and any even level m = mgy+3+2n,
the quotients q1, go represent the even derivatives calculated from the two directions where the cor-
responding neighbors will always be closer to z, with an actual distance to z, in external ray names,
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L. L. We know that neighbors from these directions are closer to = because intervals for I, have

gitthr length %% or %2%” the points x1 + % . % and xo — % . % must be newly born at m due
to their distance to x1 or xg is the length of a shorter interval in I, . Tt follows that they will not
approach during the following passage from m to m + 1. The quotient, or approximated derivative,
at the same point has to be the same. Then it must be true that ¢/* = ¢/ and ¢5* = ¢5*™'. The

114"

woty gm)—u) By what
T

has been stated, it should be satisfied that ¢i* = q{"“. Now, by definition of odd normal deriva-

. w(@i+3 =t —w(=1)
tives, ¢7" Tt = 3 p(mi)-1

definition of 9° reflects this fact. For example, by Definition 5.1, ¢]* =

T = ¢{". A similar reasoning works for all other quotients and is
spared here. The key facQt to remember here is that, quotients at direction 1 and 2 for any odd level
mo+3+2n+1, qﬁ‘ﬁf’””“, are the same as those for its previous even level mg + 3 4+ 2n, because
neighbors of any point that is non-positive real at these two directions only approach closer at even
levels, and remain still in the following odd levels. Similarly, quotients at directions 3 and 4 for any
even level are the same as those for its previous odd level. It is the reverse situation for points y that
are positive reals, given that corresponding neighbors from directions 3 and 4 are always closer to y at
even levels, and from directions 1 and 2 closer to y at odd levels.

With this fact in mind, note that even if we assume all limits, separately for the even and odd
derivatives, exist for Definition 5.1, the existence of any one of the even and odd derivatives will imply
the existence of the other.

Lemma 5.1. Let x € Vi, \ Ving—1 and u be a continuous function of J. Suppose all four even
derivatives, 81.]51.6{1 23 4}u(m), of u at x exist. Then, the existence of the four odd derivatives O°u(z),

i€ {1,2,3,4}, will simply follow that of OFu(z), and vice versa. Moreover, 0° = OF.

The proof for Lemma 5.1 is simple and follows naturally from the fact that, as what have been
stated before, for any point that is not positive real, the approximated derivatives at direction 1, 2 at
any odd level are the same as those at the previous even level. Similarly, the quotients at direction
3, 4 at any even level are the same as those calculated at its previous odd level. Hence, each of the
four sequences approaching to even or odd derivatives actually has the same limits. In other words,
though the quotients are different throughout levels of graph approximation, ¢ = 9. The situation
for positive reals is the reverse but still similar, hence the discussion for them is spared. We attempt to
further investigate potential features of our derivatives, hence we have also studied the compatibility
condition, or the matching condition, of normal derivatives in this project. It would be great if the
compatibility condition, meaning that all four derivatives at any given point x inV, sum to 0, is
satisfied in our case. We have tried out the proof mechanism by Strichartz of this condition on the
Gasket but end up realizing that such a condition is not always met under our setting. Specifically,
there is no way to directly related the sum of all four derivatives by Definition 5.1 with the graph
Laplacian A,,u(z), the core of Strichartz’s proof.

The last thing to discuss in this section is on the derivatives for harmonic functions. We have briefly
explained that these functions should have constant first derivatives in section 3. This requirement is
satisfied by Definition 5.1. Take the local harmonic function wg(gm) as an example, € Vi, \ Ving—1.
Suppose, without loss of generality, that m = mg + 3 + 2n is any even level, and points A, B, C, D are
four neighbors of x at level m, where A, B are corresponding points from direction 1,2 hence closer to x.

m —(m) (z . . .
By definition, ¢ )({A, B,C,D}) = {0}. Then, ¢{* = %T() = —2". Given that a harmonic function
o

has constant first derivatives, ¢]* = anH = ... = g;. Since vertex A is in the pair of neighbors closer

to x, it will not approach closer again until the passage from level m + 1 to m + 2. Note that the value
of n is added by one going from m to m + 2. Denote the neighbor of x from direction 1 at level m + 2,
or the approached vertex A, by A;. By rule of harmonic extension, z/Jg(Cm) (A1) = w = %
Then, by Definition 5.1, ¢"*? = %”'L)(Aﬂ;m)(x) = i = —1 .21 = —2" the same as ¢[". A
similar reasoning would work for all otheZ;J;lleighbors frf)ﬁldirections 2,3, and 4. This consideration of

constant derivatives for harmonic functions is another pivotal factor of selecting % and 2%1 to reflect
the distance between a vertex and its neighbors. If we choose directly the current level m instead,
or the difference m — mg — 3, the derivatives of a harmonic function will diverge. Let’s continue

with the example ¢§Cm). All four neighbors only approach closer once going up two consecutive levels,
hence we are normalizing the quotients of approximated derivatives by a factor of 22, going from m to
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m + 2, if the distance in the denominator is directly associated with m. However, values of functions
at neighbors of m + 2, by the rule of harmonic extension, are half of the sum of their neighbors;
namely, wim){Al, B,,C1,D1} = {%} If the distance is assessed by the difference in levels directly,
then ¢* = —2™ and ¢]""? = —1 . 2m+2 = —2m+1 and the sequence (¢}") diverges.

6 First Order Tangents

In the traditional setting calculus, computing the first order tangent at a point requires the derivative
at the point, and the value of function under examination at the same point. We finally get to the state
of investigating first order tangents of functions defined on Vi, at any point x € V., with a definition of
first derivatives at x. As explained far back in section 3, we choose harmonic functions as candidates
for potential first-order tangents since they have zero Laplacian, whence a constant first derivative.
We also state that since the only global harmonic functions on V, are constant, we are motivated to
define local harmonic functions restricted on the cell of a vertex in Vi of any given level, and use them
to further explore the definition of local tangents at the vertex.

Definition 6.1. Let u be a function defined on V,;, and @ be its harmonic extension to V.. Suppose
Z € Ving \ Ving—1 with its first four neighbors in Vp,,+3, m > mo + 3. Also suppose the four neighbors
of x in graph I,,, are A, B,C, D. Let A’, B’,C’, D’ be the external ray name of the four neighbors that
are adjacent to 2/, any ray name of 2. Denote the interval on I'/, between each of A’, B',C’, D’ and «’
as Ia,Ip,Ic, and Ip. Then, we define the local harmonic function of u restricted on the m-level cell
of x as the restriction of @ on ¢({I4,Ip,Ic,Ip})|v. € T.

Let’s try to parse this definition. First, extend the function u harmonically to V.. Then choose our
vertex of interest z and any level m where x already gained four neighbors. Pick the four neighbors of
x at level m and four edges connecting these neighbors and z. Now, take all vertices born at all later
graph approximation levels n,n > m either on these edges, or connected to any point on these edges.
A local harmonic function restricted on the m-level cell of = is u restricted on these vertices. We also
give the name m-level local harmonic function.

Before introducing the process of defining the local tangents, we would like to first show that all
m-level local harmonic functions of x have zero graph Laplacian at any graph approximation level
starting at m + 1, except the points born at or before m. Furthermore, with the equilibrium measure
w, the Laplacian A, as defined in the formula (1.10) is zero.

Theorem 6.1. Let 4 be a local harmonic function of any function u defined on V,, with respect to
a vertex © € Viy \ Ving—1. Let A, B,C, D be the four neighbors of x at level m. Any vertexr in the
domain of u, except A, B,C, D, and x, will have zero graph Laplacian as defined in (1.11). Moreover,
the Laplacian with the equilibrium measure A, is also zero for these points.

Given the way graph Laplacian is defined, the first statement of Theorem 6.1 follows naturally
from Theorem 3.1, where we prove that if being harmonically extended, then the value at a point will
continue to be the average of its neighbors. The case where a point is born with one neighbor is trivial:
The point will be assigned the same value of its first neighbor, and neighborhood of the point at any
level will be constant. For the case where a point z is born with two different neighbors, given that the
distance between each of the two neighbors and the point is same, the constant normalizer ¢,,(z,y)
is the same, which can be simply factored out. Since we are considering harmonic functions here, the
point will be the average of its neighbors. Hence the graph Laplacian at the point for the level of its
birth will be zero. The next level brings forth a new neighbor of z. Given that this neighbor is born
on the self-loop of z, it is assigned the same value as that of x, hence the graph Laplacian for this level

can be calculated just the same as the previous one. For the next level, the two neighbors x is born
with approach closer to x. Since z = “TH’ — = %7 the graph Laplacian at z is still zero. We
can deduce that, if = is average of its two neighbors of different values, then it is still the average of the
neighbors after they approach closer, under the rule of harmonic extension. It is a similar situation for
the next level where x gains its first four neighbors and all following levels. Among the four neighbors
of x, two of them always have the same value as x does, and the other two of the same distance to x

always sum to twice the value of x.
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The second statement claiming of Theorem 6.1 is also direct to prove. Since A, u(x) = 0 regardless
of m, it is guaranteed that any tern throughout the sequence is 0. The limit is also 0 given that

lim [ dp — 0 while ™ () = 1.

m— o0
We exploit the definition of local harmonic functions to help define local tangents. The first issue to

address is the domain of local tangents. Given that there are four derivatives at x regardless of even or
odd levels, there should be four tangents going across x, each with a slope of one of the four derivatives
representing slope of change of different directions. We know that there are four edges connecting x
with its neighbors at level m, and neighbors will approach closer to x only along these edges due to
the method of external ray. Recall from the last paragraph that we denote four neighbors of x at level
m as A, B,C, D, and the four intervals of S between x’ and A’, B’,C’, D" as I4,Ig,Ic,Ip. Under ¢,
each of these intervals is mapped to the corresponding edge connecting x with A, B, C, or D as well as
all the bulb structures on the edge. Thus, it makes sense to define four m-level local tangents whose
domain are ¢(14),¢(Ip),d(Ic), and ¢(Ip), respectively.

To match the traditional definition of a tangent line, our local tangent of any function w going
through the point x should have the same slope as u'(x). To meet this condition, we first manually
assign values to A, B, C, and D with respect to u(x), v'(z), and the distance between these points and
x. Specifically, the value of u at any of the neighbors is the sum of u(x) and the distance between the
neighbor and z multiplied by the corresponding approximated derivative for level m. For instance,
assume that the current level m = my + 3 + 2n is even, and points A, B are the pair closer to z. Let
A, B,C, D approach z from direction 1,2,3, and 4, respectively. Suppose that x ¢ RT for the sake of
simplicity. Then, given the four quotients of even derivatives qg;,2.3.4}, we let u(A) = u(x) + qi - 2%,
u(B) = u(z) — g2 - 5. Note that the distance here follows directly the denominator of quotients of
even derivatives in Definition 5.1. Since A, B are closer to z, their distances to x are both QL For the
other pair farther from z, we let u(C) = u(z) — g3 - 527, u(D) = u(z) + g1 - 577

Let u be defined only on the m-level cell of z, and denote its harmonic extension to V, by @. By
definition, @ is an m-level local harmonic function with respect to . Now, break the function % into
four separate functions defined on each edge connecting A, B, C, and D with x and the connected bulb
structures to each edge. In other words, keep the value of @, but break its domain into four: ¢(I4),
o(Ig), 6(Ic), ¢(Ip), hence four derived functions. Denote these functions with the four sub-domains,
o(Ia), o(Ip), ¢(Ic), ¢(Ip), by i1, ug, U3, and 44 respectively, since points A, B, C, D approach x
from direction 1,2,3, and 4 respectively. We now show that w1, 9, U3, and u4 satisfy all requirements
for local tangents. Given that these are parts of an m-level local harmonic function, they should have
constant first derivatives on their entire domain, except the point of interest  and its four neighbors
of level m, A, B,C, D. They also have corresponding slopes to ¢;. To prove this, consider the normal
setting under R2. If we intend to show that a function f is linear, then it is sufficient to claim that
any linear approximation of a point « in the domain of f is the same as f(z). Namely, if we arbitrarily
pick a point from the domain of f, say a, and linearly approximate the value of f at any point f(z)
with f(a) + f/(a) - (x — a), the approximation should be the same as the actual value f(z). Similarly,
to show that @1, @s, U3, and 44 are linear local functions, it will suffice to show that the value assigned
to any point in their domains through linear approximation is the same as the actual value assigned
by the function, or the rule of harmonic extension.

Now, take the = and its m-neighbors A, B, C, D. We previously suppose that m is even, and that
A, B are closer to . Then, during the passage from m to m + 1, only C, D approach closer once, as
shown in Figure 6.1. Denote the approached neighbors as C1, D;.
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Figure 6.1. The behaviors of points at m + 1. Two new neighbors of x are born, each between x and
the corresponding previous neighbor.

Recall that ag is the local function defined on the edge connecting x and C;. We want to show
that u3(C1), assigned by the rule of harmonic extension, is the same as the linear approximation of g
at C1. Let’s first calculate u3(Cy) by the rule of harmonic extension. Cy is born with two neighbors, x

and C, hence u3(C) = ﬁ3(z);ﬂ3(c) = Bt gy uz(x) — q3 - 2% By linear approximation
using the derivative at x of the direction where C approaches, g3, given that the distance between x
and C is represented by 2"%1, the distance between x and C7 should be written out as 2% To calculate
the linear approximation at C7, add @3(x) to the distance between z and C} multiplied by g3, which
gives the same value as a3(x) — g3 - 2% A similar reasoning works for all other points on the edges
connecting A, B, C, D and x throughout the graph sequence. Hence, functions iy, s, ts, and 4 are
linear.

We now give a formal definition of the four m-level local tangents at a vertex x € V, of a continuous

function u of J.

Definition 6.2. Let u be any function defined on Vi, and a vertex x € V,, \ Vino—1. Still, suppose
the four neighbors of z at level m are A, B,C, D and let A’, B’,C’, D’ be the external ray names of the
four neighbors that are adjacent to z’, any ray name of x. Denote the interval on I",, between each
of A/,B',C",D" and 2’ as I4,Ip,Ic, and Ip. Now, reassign points A, B,C, D the values calculated
via linear approximation using the value u(x) and all the four derivatives g1 234y at z. Let ul,, be
the restriction of u on V,,, with the reassigned values at A, B,C, D, and % the m-level local harmonic
function of u|,, with respect to x, where m > mg+ 3+ 2n. Define @y, @2, @3, and @4 to be @ restricted
on the domains ¢(I14), ¢(Ig), ¢(Ic), and ¢(Ip), respectively. We say that @y, @o, 43, and U4 are the
four m-level local tangents of u with respect to x.

All prime goals of this study have been achieved now: To fully understand the asymmetric neighbor
behaviors resulting from the method of external ray, to define normal derivatives at any point in Vi
with respect to characteristics of these behaviors, and finally, to define local harmonic functions of any
function whose domain is V,, at any vertex in V, of interest.
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