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3D Koch-type crystals
Giovanni Ferrer and Alejandro Vélez-Santiago

Abstract. We consider the construction of a family {K} of 3-dimensional Koch-type sur-
faces, with a corresponding family of 3-dimensional Koch-type “snowflake analogues” {€x },
where N > 1 are integers with N # 0 (mod 3). We first establish that the Koch surfaces K are
s N -sets with respect to the s » -dimensional Hausdorff measure, for sy = log(N 2 + 2)/1log(N)
the Hausdorff dimension of each Koch-type surface K . Using self-similarity, one deduces that
the same result holds for each Koch-type crystal €. We then develop lower and upper approx-
imation monotonic sequences converging to the sy -dimensional Hausdorff measure on each
Koch-type surface K, and consequently, one obtains upper and lower bounds for the Haus-
dorff measure for each set €. As an application, we consider the realization of Robin boundary
value problems over the Koch-type crystals €5, for N > 2.

1. Introduction

The aim of this paper is to give rise to 3-dimensional Koch-type fractal sets which
exhibit some analogies in some sense to both the Koch curve and the Koch snowflake.
These 3-dimensional fractal sets will be called Koch N -surfaces and Koch N -crystals,
respectively (see Section 3 for illustrations and precise definitions of these sets).
Although the geometry of these sets and the corresponding pre-fractal sets may have
been considered and visualized, in our knowledge, there is no concrete mathemati-
cal construction and analysis of Koch-type surfaces and Koch-type crystals, up to the
present time. Using geometric and self-similarity tools, we deduce the generation of
a family of compact invariant self-similar sets, which correspond precisely to Koch
N-surfaces Ky (for N € N with N # 0 (mod 3)). From here, using standard meth-
ods asin [8,11,19], we compute the Hausdorff dimension sy of each Koch N -surface
K, and obtain that { K 5 } form a family of sy -set with respect to the sy -dimensional
Hausdorff measure. The self-similar properties of each Ky lead to the construction
of a family of Koch N -crystals {€x }, whose boundaries (in the case N > 2) are also
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sy -sets with respect to the same values sy and same measures. In particular, when
N > 2 with N # 0 (mod 3), the crystals {€y} can be regarded as a family of open
connected domains with Koch-type fractal boundaries. This plays an important role
in certain applications, which we will consider at the end of the paper.

We then generalize tools developed by Jia [12, 13] (for 2-dimensional fractals) to
establish the main results of the paper, which consist on approximating the sy -di-
mensional Hausdorff measure of each Koch N -surface Ky by means of increasingly
precise upper and lower bounds. To be more precise, we will establish the existence
of a decreasing sequence {a,(/N)} of positive numbers, and an increasing sequence
{a,,(N)} of positive numbers, such that

a,(N) < H*V(Ky) < an(N), foreachn € N, and
limsupa’,(N) = 3N (Ky) = liminfan (N). a.h
n—00 n—>oo
Some applications to boundary value problems over the family {€y} of Koch N-
crystals will be addressed.
Fractals play a role in many areas in Mathematics, with multiple applications to

other fields. Concerning Koch-type fractal sets, there is a vast amount of research
done over the classical Koch snowflake domain (see image below).

Figure 1. The Koch snowflake domain

In particular, the fact that the interior of the Koch snowflake domain is an open
connected set, and the boundary is a self-similar d-set (for d = log(4)/1og(3)), has
allowed the well-posedness and regularity results for boundary value problems over
such region. One can refer to the works in [15-17,22] (among many others). The
interior of the Koch snowflake is an example of a finitely connected (e, §)-domain
(e.g., Definition 6), which in views of [14] is equivalent to say that the interior of the
domain satisfies the p-extension property in the sense of [14, page 1] (also called a
Jones domain). It is important to point out that the exact value of the d-Hausdorff
measure for the classical Koch snowflake (refer to Figure 1) is unknown, up to the
present time. Approximation sequences fulfilling a statement as in (1.1) were devel-
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oped by Jia [13], and this work motivates the generalization to the 3D case, which is
the heart of the present paper.

In the case of 3-dimensional domains, the equivalence provided by [14] for finitely
connected Jordan curves in R? is no longer valid. Furthermore, there is little literature
concerning domains in R3 with fractal boundaries that may exhibit sufficient geomet-
ric properties, allowing the interior to be an (g, §)-domain, and the boundary to be a
d-set. However, such domains in R” that can be constructed via natural polyhedral
approximations are indeed of interest, and have been considered in [7, § 6]. Thus,
motivated from the structure and construction of the Koch snowflake domain, we
have assembled a family of 3-dimensional connected domains whose fractal bound-
aries can be viewed as the limit of a sequence of pre-fractal sets (which are Lipschitz)
having similar structure as the Koch curve. It follows that many of the properties of
the snowflake domain are inherited by the Koch-type surfaces and crystals, which
opens the door for multiple extensions and applications. In particular, one can define
partial differential equations over the interior of the Koch N -crystals, and obtain solv-
ability and regularity results. These latter applications will be discussed in more detail
in Section 7.

The paper is organized in the following way. Section 2 provides an overview of
the basic concepts, definitions and results concerning self-similar sets and the geom-
etry of domains. In Section 3, we give a precise definitions and constructions for the
Koch N-surfaces Ky, and the existence of a family {€x} of Koch crystals. Geo-
metrical motivations and justifications are also provided. At the end, we show that
each Koch N -surface is an sy -set with respect to the s -dimensional Hausdorff mea-
sure, for sy = log(N? + 2)/log(N). In Section 4, we provide all the machinery
needed to provide concrete definitions for the sequences {a,} and {a),} mentioned in
the previous paragraphs, and we state the main results of the paper, which consists in
the fulfillment of (1.1). Some more general useful results are also established in this
section, whose validity extend to more general classes of fractal self-similar sets. Sec-
tion 5 is purely devoted to the proof of the main result of the paper for the particular
case N = 2, while Section 6 takes care of the proof of the main result (1.1) when
N > 2. Finally, Section 7 presents an example of a linear partial differential equation
with Robin boundary conditions over the Koch N -crystals, for N > 2. We show that
the structure of these crystals, which can be viewed as domains with fractal bound-
aries, allows the Robin problem to be well posed, solvable, and with fine regularity
results.
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2. Preliminaries
In this section, we collect some basic definitions and results that will play a role in the

subsequent sections.

Definition 1. We denote the Hausdorff distance of A, B C R" by

dg (A, B) = max{sup inf ||a — b||, sup inf ||a — b||},
acAbeB beB a€A

where || - || denotes the euclidean norm on R”. Furthermore, we will denote the diam-
eter of C C R” by

|IC|:== sup [le1 —c2f.
c1,c2€A

Definition 2. A mapping S:R” — R” is called a similitude if there exists 0 < r < 1,
such that
[S(x) = S(y)| = r|x — y|, for x, y € R".

Similitudes are exactly those maps S which can be written as
S(x) =rg(x) + z, forx € R",
for some g € O(n), z € R" and 0 < r < 1. We say that r is the contraction ratio of S.

Definition 3. Let S = {S1,..., Sy} (M > 2) be a finite sequence of similitudes with
contraction ratios {ry,...,ry} (0 <r; < 1).

(a) We say that a non-empty compact set K is invariant under S, if
M
K =[Sk

(b) If in addition,
H*(Si(K) N Sj(k)) =0, fori # j, for s = dimg(K),

then we call the invariant set K self-similar.

(c) The similarity dimension of K is defined as the unique s > 0, such that

M
Zris = 1.

i=1

In views of [8], it is known that for any such S, there exists a unique invariant
compact set.
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Definition 4. We say that a family of similitudes S = {S1,..., Sy} (M > 2) satisfies
the open set condition if there exists a non-empty open set V' such that

M

U Si(VycVv, and S;(V)NS;(V)=0 wheneveri # j.

i=1
Definition 5. Let K C R” be a compact set, s € [0, n], and p a positive measure
supported K. We say that K is an s-set with respect to the measure w, if there exist
constants a, b, R > 0, such that

ar® < w(K N B(x,r)) < br®, forall x € K, 0<r <R.

In this case, we call u an s-Ahlfors measure on K.
The following result is important.

Theorem 1 (See [11, 19]). If the family S = {S1, ..., Sy} with contraction ratios
ri, ..., Iy satisfies the open set condition, then the invariant compact set K under
S is self-similar, with 0 < H*(K) < oo, for s = dimg¢ K. Furthermore, s equals the
similarity dimension of K, and K is an s-set with respect to H*.

We conclude this section with the following geometric definition of a domain,
introduced by Jones [14].

Definition 6. An open set Q C R” is called an (g, §)-domain, if there exists § €
(0, +o¢] and there exists € € (0, 1], such that for each x, y € Q with |x — y| <4, there
exists a continuous rectifiable curve y: [0, 7] — €2, such that y(0) = x and y(¢) = y,
with the following properties:

M 1y < tlx—yl.
(i)  dist(z, 92) > % for all z on y.

Also, an (g, 00)-domain is called a uniform domain.

3. Koch surfaces and the Koch crystals

In this section we construct the family of fractal domains central to this paper and
provide several main properties. But first, we recall the construction of the classical
2-dimensional Koch curve and modify it slightly to obtain an infinite family of related
Koch N-curves (N > 1 odd).
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3.1. Motivation

Let L be the compact segment in the x-axis of R?, centered at the origin with end-
points (—1/2,0) and (1/2,0). For N > 1, consider the following partitions of L

= (et bt 2l

N

IEREr e A R

consisting of N compact intervals of length 1/N (see Figure 2).

e e e e ] e

Figure 2. The point (0, 0) together with L», ..., Lg, respectively

Note that there does not exist a middle interval in Loy (for N > 1), that is, a
unique interval containing the origin. With this in mind, we may use these Ly to
define the following family of fractals.

Definition 7. Let N > 1 such that N £ 0 (mod 2). We define the Koch N -curve to
be the compact self-similar invariant set under N + 1 mappings of ratio 1/N. Out of
these mappings, N — 1 of them send L to the interval [-1/2 4+ (i —1)/N,—1/2 +
i/N]x{0}in Ly fori =1,...,(N =1)/2,(N +1)/2,..., N. Notice we do not
include a mapping which sends L to the middle interval [-1/(2N), 1/(2N)] x {0}
in Ly. We do however include two additional mappings which send L to the two
compact intervals with endpoints (—1/(2N), 0), (0, ~/3/(2N)), and (1/(2N), 0),
(0, 4/3/(2N)), respectively. Notice these two intervals together with the middle inter-
val [-1/(2N), 1/(2N)] x {0} form the edges of an equilateral triangle of side-length
1/N with vertices (—1/(2N), 0), (0, ~/3/(2N)), (1/(2N), 0).

Example 1. The Koch 3-curve is the well-studied classical Koch curve, consisting of
four self-similar copies of scale 1/3. In Figure 3 (left), we present the images of L
under the four mappings which generate the Koch 3-curve in red, blue, purple, and
yellow. In Figure 3 (right), we present the images of the left figure under the same
four mappings in red, blue, purple, and yellow. Iterating this process we obtain a
figure with four self-similar copies.

We contrast the classical Koch 3-curve with the following Koch 5-curve and 7-
curve by presenting their first prefractals in Figure 4.

With this family of fractal curves, we may construct an associated family of fractal
domains.
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VAN

Figure 3. Koch 3-curve prefractals: first, second, and fourth iterations

N = Y

Figure 4. Koch 5-curve and 7-curve prefractals, first iteration (left and right, respectively)

Definition 8. Let N > 1 be such that N £ 0 (mod 2). We define the Koch N -snow-
flake as the closed set enclosed by three congruent Koch N -curves, each pair of which
intersect at precisely one point (see Figure 5).

44 A

Figure 5. Koch 3-snowflake, 5-snowflake, and 7-snowflake prefractals (4th iteration)

In what follows, we provide and study higher-dimensional analogues of these con-
structions by replacing compact intervals (1-simplices) with triangles (2-simplices),
and triangles with tetrahedrons (3-simplices).
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3.2. Construction

Let T be the compact region in the xy plane of R* enclosed by the equilateral triangle
of side length 1 which is centered at the origin with vertices

p1= ?(COS(O), sin(O),O)
P2 = %(COS(Z]T/?}),sin(%T),O)

p3 = ? (cos(‘%ﬂ), sin(‘%ﬂ), O).

Then for N > 1, we consider the following triangulations Ty of T consisting of N2
equilateral triangles of scale 1/N (see Figure 6).

VYV VVVYVY

Figure 6. The point (0, 0, 0) together with 7, ..., Tg, respectively

Note that there does not exist a middle triangle in T3 (for N > 1), that is, a unique
triangle containing the origin. With this in mind, we may use these T to define the
following family of fractals analogous to the construction of the Koch curve.

Definition 9. Let N > 1 be such that N % 0 (mod 3). We define the Koch N -surface
Ky to be the compact self-similar invariant set under the mappings §y ={Fi ny }fi i+2
of ratio 1/N that send T to each equilateral triangle except for the middle one in
Ty, together with three additional mappings which send 7T to the three equilateral
triangles that form a regular tetrahedron with the removed middle triangle. By regular
tetrahedron, we mean the boundary of a 3-dimensional simplex which is also a regular

polytope.

Throughout this work, we reserve N to play the role of determining both the
scaling ratio and the number of mappings which generate the fractal K.

Example 2. The Koch 2-surface K is the compact self-similar invariant set under
the family of mappings &> = {F;2}¢_, given by

X—F‘/T§ y z
2 '272)

Fia(x,y,z) = (
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x + Y2 cos(ZE y+‘/§sin2—” z
F2,2(x7y,2)=( 32 (3) 32 (3)5)
x + Y2 cos (34X y+£sin4—” z
F3,2(x,y,z)=( 32 (3) 32 (3)5
Fas ) x+«/§+\/§ yﬁ+z+«/5
X,),Z) = - —Z -, =, —=— X - Vo I
4213, ¥ 6 3 8 23 T
Fso(x,y,2)
(3, Y2 V3 VB Ly Ve L VA e Ve
12 4 6 367 1 4 6 12’ 3 6 18 )’
Fe2(x,y.2)

(xﬁ«/iﬁ«/i y 6 1«/52/6)
=-\—=)y——z—-———,——XxX+=——ZZ— —,—X+ -+ —].
12 4 6 36 12 4 6 12° 3 6 18

In Figure 7 (left), we present the images of 7' under the six mappings which
generate the Koch 3-curve in red, blue, purple, yellow, green, and orange (the last
of which is not visible). In Figure 7 (right), we present the images of the left figure
under the same six mappings in red, blue, purple, yellow, green, and orange. Iterating
this process we obtain Figure 8, resulting in six self-similar copies in red, blue, purple,
yellow, green, and orange.

Figure 7. Koch 2-surface prefractals, first and second iterations

Figure 8. The Koch 2-surface K». From above, K> is indistinguishable from a tetrahedron, and
its fractal features can only be viewed from below.

We will adopt the custom of writing Fj (-,-,-) := Fj»(-,-,-) (j € {1,...,6}) since
it is a particularly difficult case, requiring closer examination.
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Note that for 1 < j < 3, F; contracts T by a factor of 1/2 and leaves p; fixed.
Thus, the maps {F; }?_, generate Sierpifiski gaskets as seen in Figure 9.

Figure 9. Applying F1, F>, F3 and then > to the triangle T

We contrast the Koch 2-surface with the following Koch 4-surface and 5-surface
by presenting their first prefractals in Figure 10.

= S

Figure 10. Koch 4-surface and 5-surface prefractals, first iteration (left and right, respectively).
We compare K4 and Ks with K> by coloring the six 1-cells around the “peak” of their first
iterations in a similar fashion the coloring used in the first prefractal for K».

We are now ready to define the fractals of main interest for this paper.

Definition 10. Let N > 1 be such that N = 0 (mod 3). We define the Koch N -crystal
€y as the closed set enclosed by four congruent Koch N -surfaces, each pair of which
intersect at precisely one edge. We then denote the boundary of €y by 0Cy.

Example 3. Note that when we glue four Koch 2-surfaces as in Definition 10, we
obtain a fractal whose outermost layer is the surface of a cube. In the spirit of Man-
delbrot, we would like to remark how this figure resembles a geological geode with
its smooth exterior containing a “crystalline” fractal interior. Thus, when considering
the closed set enclosed by these Koch 2-surfaces, we see that the Koch 2-crystal €, is
a cube with side length +/2/2. Because of this, €, will play no role in Section 7, as it
is not an interesting fractal domain. We will, however, study the Koch surface K, for
its own sake in Sections 3, 4, and especially in Section 5.
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Figure 11. The Koch 2-crystal €,, which is indeed only a cube of side length \/i/ 2.

Figure 12. Koch 4-crystal, first and second iterations (top left and right, respectively), Koch
5-crystal, first and second iterations (bottom left and right, respectively)

3.3. Properties

For N # 0 (mod 3), let Ky be the Koch N -surface generated by the iterated function
system ¥y . One can see that each , satisfies the open set condition by considering
the bounded open set enclosed by the tetrahedron with vertices pi, p», p3, and the
highest point p4 € Ky, i.e., 7;(p4) = max{z | (x, y,z) € Kn}. Thus, by Theorem [,
it follows that sy = dimg¢(Ky) = log(N? + 2)/log N, which is the solution of the
equation

N2+2 1

5 ()" = () -

k=1
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If N > 2, then 0€y is the union of four copies of K, and thus

log(N? +2)

dimgc(9€y) = dimgc(Kn) = g ¥

due to the stability of the Hausdorff dimension. Furthermore, H*V is an sy -Ahlfors
measure on d€y foreach N € N \ {1} with N £ 0 (mod 3), where sy = dimg(0€y).
Moreover, it is clearly seen that the interior of the set €y C R3 is a uniform domain.

In the case when N = 2, we see from Figure 11 that, while K> is a fractal of
Hausdorff dimension s, = log 6/ log 2, the figure €, is the cube of side-length 1 and
d%€; is just its boundary of dimension 2.

4. Bounds for Hausdorff measure

In this section, we present the machinery needed in order to develop a process to
compute sharp bounds for the Hausdorff measure of the Koch N -surfaces K and N -
crystals €x. The process will lead to an approximation tool to compute the Hausdorff
measure of these fractal sets. Some key general results will be stated and proved. In
the end, we will state the main results of the paper.

We start with the following definition.

Definition 11. Let K be the unique non-empty compact self-similar invariant set
under an iterated function system (IFS) & = { F; }jM: , satisfying the open set condition
(OSC), where F; hasratio0 <r; <1.LetM:={1,2,..., M} andn > 1. We define
the word space associated to K as € := MY and Q, := M" with the n-truncation
map [-]n: 2 — Q, defined for a word w = wywy -+ € QL by [w], = w1 -+ Wy

We will not concern ourselves with the trivial case when M = 1. Notice that there
is a relation between the word space €2 and the attractor K of an IFS with M maps,
where we identify points in K with infinite words, and regions with finite words.
Namely, for w € €2,, we define K @ .= F, (K), where F,, ¢,--w, 18 given inductively
as Fy, .., © Fy,. Moreover, for o € Q, we define the point K@ as the unique point
in(,eny K [@l» We will denote the natural probability measure on K as p, where for
w = w;--w, € 2, we have that ,u(K(‘”)) = rfOI ---r(f)n. Since ¥ satisfies the OSC,
we also have that u(K @) = ZjM=o w(K@Dy = ZjM=o r;/L(K(‘”)).

Definition 12. Let K" := {K® | w € Q,} be the set of n-cells of K, where we
reserve the notation Ag") for elements of K™, which we call n-cells. We also define
K% := K.

We now present [12, Proposition 1.1].
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Proposition 1. Forn > 1,1 <k < M", and s = dimgy¢ K, let
k n)|s
min }Ui=1 Ain }
Mk k @) [’
(TS g e V“(Ui:l A, )

where the minimum is taken for all possible sets of k elements of K", and let a, =

bk =

ming <x<pn{br}. If there exists a constant ag > 0 such that a, > ag for all n, then
H¥(K) > ao.

The sequence defined in Proposition 1 has a special consequence, as the following
proposition taken from [12] describes.

Proposition 2. For n > 1, the sequence {ay} defined in Proposition 1 is decreasing,
with lim, o ap = H(K).

One of the goals of this paper consists in finding a sequence of constants ag (as in
Proposition 1) which increase towards H*(K). This will be achieved using case-by-
case analysis. To proceed, we add some additional definitions and notations.

Definition 13. We say a proposition P on the subsets of K is a (valid) case, if

» For every n, there is a family {Afn)}f.‘zl = {Agn), cees A]((n)} C K" such that
Ule Al(") satisfies P.

e Forn > 1 and {Afn)}{-‘zl C K" such that Uﬁ;l Al(n) satisfies case P, there is
a family {A](n_l)}j C K™ 1 such that Ule Al(n) c U, A;n_l) and |, A](.n_l)
satisfies case P.

Remark 1. Throughout the main proofs of the paper, the case P will involve contain-
ment and intersection of Ule Al(") with certain subsets of K. These are examples of
cases in the sense of Definition 13. For example, Case 2b of Theorem 3 consists of
UK, A™ intersecting exactly two of the base 1-cells K, K@, K® in the Koch
2-surface K while not being contained in the region K12 U K“3) y K62 y g @D,

Definition 14. In view of the notations in Definition 12, we say that {Agn)}le C
K™ is P-scaleable for a proposition P if Uf;l AE") satisfies P and there exists
a similarity S of ratio r such that each S _I(Al(")) is unique and in K"~!, with
U, S_I(Al(")) satisfying P.

We observe that if {Afn)} C K" is P-scaleable, then there exists a unique family
in K" whose union coincides with that of {S~! (AE"))} C K1, thus satisfying P as
well. One then obtains the following result, which will be applied many times in the
proofs of the central results of the paper to exclude certain subcases from considera-
tion.
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Lemma 1. Let

k (n)|s
a®®) =  min min —| Uiz a7
n <h<M7 ¢ A ODAK k (n)

I=k=M™ (A3 ckn M(Ui:lAi )

Al(n) satisfies case P }
i=1

Furthermore, let

1 |Uz—1 A(n)‘

a, = min min SRR U A( ”) satisfies case P
ISk=M™ Ay ek M(Ui:l A)

i=1

and is not P-scaleable }

Then a,(,P) = a,,. That is, we may exclude P -scaleable families from consideration

when calculating lower bounds for a®) := lim,_, o a(P).

Proof. Clearly,aflP) < a},. Suppose next that {Al(")}f.‘zl C K" is P-scaleable. Then
|S_1(U:€_1 A("))| r1 Uf_l A(n)| Now note that every S_l(A(")) e K" lis

the union of{A(n)}M | € K". By considering the family Ul_l{A(n)} —, C K", this
satisfies case P since | J¥_, szl i =UlL s “1(A™), and Mk < M™ with

U AP els UL AP U AT U AT
n(Uiz, A) n(Uiz, A7) i r_sM(AE")) w(Ui Agl )
since

k M

k k
Do) = 3o n(sTHA) = ZM(U Az‘;“) = M(U Aj ))-

i=1 i=1 i=1 V=1 i,j

We may repeat this process if the family Ul_l {A(")} —, is P-scaleable and so forth.
‘We must eventually obtain a family that is not P- scaleable Indeed, if one were able to
apply this process n times, then M"k < M" and k = 1. Thus, the family obtained after
n steps must be exactly K, which is not P-scaleable due to the uniqueness condition
{s—1 (Al(n))} would need to satisfy. Thus, the value | Ule AE") |/M(Uf=1 Ag")) must
be larger than the value achieved by some family which is not P-scaleable. Therefore,
alh) > a,,. (]

The following key result will be constantly applied in the proof of the central
results of the paper, and has value of its own as it can be applied to general fractals. We
present the general version below, which allows us to bound the limit a®) =1lim a(P)
for a case P by the sequence a, multiplied by a factor which is:
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» proportional to the diameter of K and to any lower bound f on the diameters of
families [ J_, AE") which satisfy case P; and

* inversely proportional to the largest scaling ratio of maps in the IFS generating K,
and the maximum Hausdorff distance between the 1-cells of K.

We will then provide a more specific version of this result as Corollary 1, which
will be useful to us when K is a Koch N -surface Ky . Finally, we will find such lower
bounds f to obtain lower bounds on the Hausdorff dimension of Ky by virtue of this
following theorem.

Theorem 2. Let {a,}, {a,(,P)} be as in Proposition 1 and Lemma 1, respectively, and
let B <| Ule Al(") , for every {Ag")}f-;l € K" such that Ule AE") satisfies P. Then

—S
a® > a,|K|° exp(ﬂ(l_—y:))
max

where Fpax = MaXi<j<p i and yp := 2r, maxy<¢ x<pm du (Fy(K), Fr(K)).

Proof. Since H*(K) = H5(K/|K])/|K|®, we may suppose that |K| = 1. We now
construct a proof motivated by the procedure found in [13]. Indeed, since P is a
case for n > 1 and the family of n-cells {Al(n)}i, there exists a collection of (n — 1)-
cells AJ(."_I) e K" 1 such that Al(”) C AJ(."_I), U, A;"_l) satisfies case P, and

A(I"_l), s A,(:::) are all taken to be distinct. Next, we claim that
kn—1 k
U A](."_l) <d+ Yn_1, ford := U Al(") . 4.1)
j=1 i=1

To establish the claim, we proceed as follows. Note that for x, y € Uj A;n_l),
xe A Vandy € AP for some AYTY APV € {A](-"_l)}j. We then obtain

[x =yl < min [x —all +d + min 16—yl
ael; A nAYTD bel; AV NAYTD

Here we write Ui Al(") N Ag’_l) for simplicity, where one should take the union of
the Afn) which are contained in A{ ™", Taking the supremum over x, y € | J; A](."_l)
this yields

<d+2 max min lx —all
xelU; AV aelU; AP NALTY

U A](n—l)

J

=d + 2max max min lx —all.
j (n—1) (n) (n—1)
J XEAJ» aEU,- Ai ﬂAj
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Re-scaling each A" onto K, every A™ contained in A" is mapped to some
g Jj ry 1 J

A,((l). Taking the maximum over all families of 1-cells, one bounds the previous term
as follows

U A(_n—l)
J
J

max

XK (A K aely A

<d+2r" 'max max dy ({x}, A(l))
max XGK {A}CI)}/(QKI ij k

<d+2r"'max max min ||x —a||

<d+2r" 'max max max dH({x},A,(cl))
YK (ALK Ay eta 1k °

=d+2r"! max max du ({x}, A,(cl)).
€K AVek!

Recall that each A,(cl) € K!is given by F;(K), hence

g

J

<d+2r"! max dg(K, Fr(K)),
1<k<M

where the latter value is precisely d + y,—1. Thus (4.1) is established, as desired.
From here, taking into account the monotonicity of the function f(x)=(x+yn—1)/x
for x > 0 and a fixed n, we deduce that |Ul Al("_l)|/d < (d + yp—1)/d <

(B + yn—1)/B. Moreover, the fact that |_J; Al(n) c U, Aj(-"_l) implies p(|J; Ag")) <
(P Aj(."_l)). We then obtain

d >( B ) Sy
w(Uy A7) T \B ) (U A7)

Taking infima over both sides in (4.2), we conclude

S
aP ( p ) 4B
n ,3 + )’n 1 n—1
Then, for any m > 1, proceeding inductively, we arrive at
(P) m+1 ,3 K m+1 Vi —s
P P i
n (L) i) o
Vi i=n

Taking logarithms on both sides in (4.3), and using the inequality In(1 + x) < x, valid
for x > 0, we find that

4.2)

m+1

m—+1
In(a\,) = In(@{") = s Z ln(l + ’;) > (@) — s Z 5o @
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Proceeding as in Propositions | and 2, one sees that the sequence {a,(,P)} is decreasing
and bounded. Setting &P := lim, o0 a$f’, and letting m — oo in (4.4), we have

In(a®)) > ln(ay(zp)) - S[ly—n—{’ij N ln(a,(,P) exp(ﬁ))-

Therefore, o™ > ai" exp (—syn/(B(1 = rmax))) = an exp (=572 /(B(1 = Fmax))),
completing the proof. |

A useful form of the preceding theorem for particular types of sets K reads as
follows.

Corollary 1. Under the assumptions and notations of Theorem 2, assume that
|K|=1, F'max = 'min =1, and maxy y dg (F¢(K), Fi(K)) = 1—r. Then

—s-2r" )
5 .
It is easily verified that fractals such as the Cantor set, Sierpiniski gasket, Koch

curve, and Koch N -surfaces all satisfy the conditions in Corollary 1.
We now present the central results of the paper.

alP) > a, exp(

Theorem 3. Let a,, be a sequence given as in Proposition 1 for the Koch 2-surface
K, as seen in Example 2. Then for every n € N, the Hausdorff measure of K, satisfies
the following estimation:

—s52(v/2 + «/5)>’

a, > H2(K,) > a, exp( n—6

4.5)

where we recall that s, := log(6)/log(2).
One can calculate and find that a; = b3 = 2|K® U K® U K©) |52 = 2(*/Tg)s2.

Theorem 4. Let N > 2 be such that N # 0 (mod 3), and let a, be a sequence as
in Proposition 1 for the Koch N -surface Ky defined by Definition 9. Then for every
n € N, the Hausdorff measure of the surface Ky satisfies the following estimation:

)

an = 3N (K) = ap exp(

where we recall that sy = log(N? + 2)/log(N).

5. Proof of Theorem 3

The leftmost inequality follows immediately from Proposition 2. We now focus on
the remaining inequality. To aid in legibility, we shall write K := K, for the Koch
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2-surface. Let {AE")}i be a collection of n-cells in K and letd = | J_, AE")| be the
diameter of such collection. We will organize the proof by cases, based on how many
of the bottom 1-cells KV, K@ K® the family Ule Al(n) intersects. These cases
will subdivided by how many of the top 1-cells K@, K©®), K(®) the family  J*_, A"
intersects and strategically excluding scenarios when Ule Al(") is scaleable. This
will allow us to find a constant 8 > 0 as in Theorem 2 and Corollary 1; that is, 8 < d
whenever {Ag")} satisfies the case under consideration.

Remark 2. In order to find such a lower bound 8 > 0, we will consider families
(m)\k
{A7)

i—1 such that k is as small as possible (so they have minimal diameter for a
(n)}k

i Ji=1
approximate a family of points in K. The diameter of this set of points is meant

fixed n) while satisfying the case in question. Intuitively, as n — oo, such {A

to yield an optimal value for 8 > O independent of n. Moreover, since our cases
involve intersecting certain regions in K, each of these points represents a “constraint”
corresponding to one of these regions. Throughout our proof, we provide diagrams
depicting these sets of points (or constraints) whose diameter is .

We first provide a definition and lemma will be used for cases where there is a
square “critical region”, that is, a square which intersects families {Al(")}fle C K"
satisfying the case under consideration, with arbitrarily small diameters as we let
n — 00. As these regions cause problems when trying to find lower bounds on diam-
eters, we must build some machinery to tackle these obstacles throughout the proof
of our first main result.

Definition 15. Let A, C K be a square of side length £+/2/2 with a distinguished
diagonal L of length {. Furthermore, let A7 := {A N Ag | A € K"} be the set of

n-cells of A;. We say that {@l(n)}f=1 C A} is P-scaleable in Ay, if there exists a
P-scaleable {A;}*_, K" such that A™ N 4, = O forall 1 <i < k.

L

Figure 13. The square A, with the diagonal L down the middle in blue

Armed with the previous definition, we may express the required conditions for
the following lemma, which allows us to obtain lower bounds on diameters of fam-
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ilies {Al(")}f-‘zl satisfying Cases 3c. (ii), 3c. (iii), and 4b. As mentioned before, we
will provide diagrams depicting sets of constraints whose diameter is 8, and we will
color each constraint by the region it represents. This is meant to help the reader get
their bearing on the process of finding these values for . Later in the proof of Theo-
rem 3, we simply color all dots with green. We will also graph the segments between
these points (in green) in order to aid the reader in computing the diameters of these
collections of points.

Lemma 2. Let{Al(")}f;l C K" and @l(") = AE") NAg #@foralll <i <k. Suppose
that the following conditions hold
k k
Uiz Az(n)| < Uiz ®z(n)
. Ule ®§") intersects both Hy, and Hp, the regions left and right of the distin-
guished diagonal L, respectively,
. {Al(")}f.;l is P-scaleable if and only if{@g")}f.;l is P-scaleable in Ay.
Then {Ag")}k

i=1

’

is scaleable or

k
d = ’U Al(")
i=1

Proof. We define Rq, R», R3 to be the following self-similar regions of scale 1/2.

> (V3 - 1)(%)4.

Ry
Ry
R;3

Figure 14. The square A, with the regions R; (red), R (purple), and R3 (blue) from top to
bottom, respectively

We provide bounds by cases depending on how many of the regions R; the figure

U; ©™ is contained in.

« When J; © lies in Ry, Ry, or Rs, it follows that | J; ® is P-scaleable in A
and can be excluded from consideration by Lemma 1.

e When J; ®§") belongs to either Ry U R;, or R, U R3, and none of the previous
cases, we have that | J, @E") ¢ R1 N Ry and | J; ®§") ¢ R, N R3. By symmetry,
we can assume | J; ®§") C Ry U R, and |J; ®§”) ¢ Ri N Ry. Thus, ; @5")
must intersect Ry \ Rz, R> \ R1, Hr, and Hg. A quick calculation shows that

d > U(v/3-1)(1/2)*
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Figure 15. The constraints from R; \ R> (red, uppermost), R> \ Ry (purple, lowermost), and
Hp (dark gray, rightmost) form an equilateral triangle with side length £(+/3 — 1)(1/2)*. We
note that there exists a mirrored configuration of constraints by symmetry, which includes a
constraint from Hy, instead of Hg.

*  When J; @En) C Ry U Ry U R3 and none of the previous cases, one sees that
U; ®§") must intersect Ry \ R, and R3 \ R,. Thend > £(1/2)2.

Figure 16. The constraints from R; \ R» (red, uppermost) and R3 \ Rz (blue, lowermost),
which are at distance £(1/2)2. We note that there exists a mirrored configuration of constraints
by symmetry, corresponding the families contained in H g instead of Hy .

*  When none of the previous cases are satisfied, we have that Ui ®§") ¢ R U
R, U R3. By symmetry, we may assume | J; 61@ intersects Hy \ (UJ; R;) and
Hpg.Thend > £(1/2)3.

Combining all cases, we conclude that d > £(+/3 — 1)(1/2)*, as claimed. [

We now proceed to continue with the proof of Theorem 3, which we divide in
four main cases. These are, when Ule Al(") intersects three, two, one, or none of
the 1-cells KM, K@ K®) However, before examining each case, we will note that
when Ule Al(") is contained in a 1-cell, there must exist a similarity of ratio 1/2
onto K, making these families scaleable. By Lemma 1, we will exclude these from
consideration.

Case 1

When Ule Al(n) intersects KM, K@ and K®, we have that d > 1 /4. Indeed,
notice there exists a projection 7 onto the triangle 7 with d > |n(Uf=1 Ag"))|.
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Figure 17. The constraints from Hz \ (|J; R;) (light gray, leftmost) and H g (dark gray, right-
most), which are at distance £(1/2)3. As mentioned before, there is a mirrored configuration of
constraints by symmetry, corresponding to Hg \ (|J; Ry) and Hy .

We then provide the constraints for Case 1 in Figure 18. By Corollary 1,
a® > a, exp (—s,/2"73).

Figure 18. Projection of K onto T. By symmetry, we see that the constraints for K1, K2,
and K@ are given by F31(p2), F12(p3), and F>3(p1), respectively. These form an equilateral
triangle with side length 1/4.

Case 2

Suppose Ule Al(") only intersects two of the base 1-cells of K. We will assume
these are K™ and K@, since the other arguments follow by rotations of R3. We
will provide a similar argument to Case 1, by introducing a sequence a,(,z). However,
this case will rely on Lemma 1, since Uf-czl Al(") can be arbitrarily close to the point
F1(p2) = F2(p1) as n — oo, implying that we cannot find lower bound for d unless
we exclude certain scaleable families from consideration. We will show that a® >

an exp (—s2~/2/2"3), dividing this part into two sub-cases.

Case 2a. If Ule Al(") is contained in the critical region Rz 3p) := K12 U K“3) U
KG2 U K@D notice we can scale this corner by 2 into K U K@ u K@ U K®),
By Lemma 1, we may exclude this case from consideration.

Case 2b. Assume that Uf-czl Af") is not contained in the critical region R ;). By sym-
metry, we may suppose Ule A

i intersects K QA R(2). We then see from Figure 20
that d > +/2/8.
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Figure 19. Critical corner R ap) for Case 2 and Subcase 3b

Figure 20. The constraints for Case 2b corresponding to K (1 \ R (2) (leftmost) and K @ (right-
most) are given by Fs1(p4) and Fy(p2), respectively, and are at distance (+/2/2)(1/2)2.

By Corollary 1, «@® > a,(12b) exp(—s2/2"3). Putting «® := o® and a,(,z) =
(2b) . .
a, ’, we obtain our desired sequence. Furthermore,

) \/5 —S «/5
oa® > a,(lz) exp(zj—_3) > ay exp( 2,12_3 )

Case 3

Suppose Ule Ag") only intersects one of the base 1-cells of K. We may assume
that this cell is K™V by symmetry. We will subdivide this case by considering when
Uf-;l Al(”) intersects K and K©, either of these exclusively, or neither. Defining

a® = min{a®,a® oG} and a® := min{a®?,aC®P, aCI),
we will obtain our desired sequence. Furthermore, we will show

0@ > O exp(M) _— exp(M).

2n—6 2n—6

Case 3a. If [ J*_, A" intersects both K and K(© as well, we see from the sym-
metries of K and Figure 21 that d > (v/6 —2)/2.
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More specifically, for p; ; := (p; + p;)/2, the constraints for Case 3a seen in
Figure 21 are given by:

_ P12 + P13
q1 —2 )
3-6 3-6
g2 = (V6 —-2)p13+ 5 P23 + 7 Pas
3-.6 3-6
q3 = (JE_ 2)pi1p + 5 P23+ 5 Da.

Figure 21. K, K© K together with their respective constraints g1, ¢2, g3, which form
an equilateral triangle with side length (+/6 — 2)/2.

Case 3b. If s, A" intersects K© or K© exclusively, an argument similar to
that of Case 2 holds, and we see that either Ule Ag") is scaleable or d > 1/8.

Figure 22. The constraints for Case 3b corresponding to K1 \ R(2) (leftmost) and K ® (right-
most) are given by Fs1(p4) and F»»5(p1), and are at distance (1/2)3.

Figure 23. The critical region R(s.) for Case 3¢

Case 3c. The difficult case arises when Ule Ag") is contained in KV U K™ since
there is now a critical face Rge) := KM N K® where the diameter | (J¥_, A%
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can approach 0 as n — oo. This case must be subdivided into further sub-situations,
depending on the region where Ule AE") is contained.
We first define the following regions:

Ry = K@Dy K39, Ry = K@D U KB,
Ry = K®D U K@Y, Ry == KCV U K®Y,
Ry = K@Dy KG9, Ry := K®D U K&,
R; — g@3D K(324), Ry = KGD K(24),

Rs 1= K141 g(5D) (| g(61) | g(@14) |y g(514) () g(614)

Figure 24. The regions R’1 through Rﬁl (top row), R through R4 (middle row), and Rs (bot-
tom) colored in pink

We then divide this case into the following subcases

() U; A™ c Ry, Ry, Rs, Ry, 0r Rs; or |J; A™ € RjUR, UR,UR,,.
i U Af") C Ry U R, or R3 U R4 and none of the previous cases.

) U, AE") C R U Rj3 and none of the previous cases.

i) U; Al(n) C R; U Ry U R3 U Ry and none of the previous cases.

(v)  None of the previous cases.
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Case 3c. (i). In either scenario, notice there exist similarities into R; or Ry, respec-
tively, of ratio 2. By Lemma 1, we may exclude this case from consideration.

Case 3c. (ii). We now have that | J AE") ¢ R, U R, U R, U R). As we are trying to
minimize diameter, we may suppose Uf-;l Al(") is contained in Ry U Ry or R3 U Ry

exclusively. Furthermore, we may suppose each Al(n) intersects one of the two squares
with diagonal £ = +/2(1/2)? in Figure 25. By Lemma 2, we obtain

d > V23— 1)(%)7.

Figure 25. The critical region R(3:) and the two squares, with diagonals of length +/2(1/2)3
contained in the critical region, one half contained in K (D and the other in K. The frontmost
square is given by (R U R2) N (R} U R}) and the backmost square is given by (R3 U R4) N
(RS U RY).

Case 3c. (iii). As we are trying to minimize diameter, we may suppose each AE")
intersects the square with diameter £ = (1/2)? seen in Figure 26. By Lemma 2, we

obtain d > (/3 — 1)(1/2)S.

Figure 26. The critical region R(s.) and the square contained in the critical region, given by
(R, U R%) N Ry, with diagonal of length (1/2).

Case 3c. (iv). We may assume that Ule AE") intersects Ry and R3, or R, and R4

by exclusion of previous cases. By symmetry we may suppose Uf;l Al(") intersects
Ry and Rs. From Figure 27 we conclude d > +/2(1/2)*.

Case 3c. (v). When | J'_, A™ ¢ J7_, Ry, asimple calculation yields d > /2(1/2)*.
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Figure 27. The regions R/ and R/ (red, innermost), Ry \ R/ and R3 \ R (pink, outermost),
and the constraints for Case 3c. (iv) corresponding to R3 (backmost) and Rj \ R’] (frontmost),
which are at distance +/2(1/2)*. More specifically, these constraints are given by Fai(p2)
and F51(pa), respectively. There exists a mirrored configuration of constraints by symmetry,
corresponding to Ry and R3 \ Rj.

Figure 28. The region U?=1 R; colored in pink, and the constraints for Case 3c. (v) correspond-
ingto R \ (Uis=1 R;) (lowermost) and R4 (uppermost), which are at distance +/2(1/2)*. More
specifically, these constraints are given by Fi41(p4) and F4(pa), respectively. There exists a
mirrored configuration of constraints by symmetry, corresponding to R4 \ (Uls= 1 Ri) and Ry.

As in Case 2, we apply Corollary 1 and obtain

a® = 09 = g0 5 ;O exp(—sz(ﬁ—i- \/3)) - exp(—sz(«/i+ \/6)).

2n—6 2n—6

Case 4

Suppose that Ule AE") does not intersect any of the base 1-cells. We will subdivide
this case by considering when Uf-;l Al(") intersects three or two of the 1-cells K®,
K® and K©. Defining «® := min{a®?, )} and ¢® := min{a™®, a“}, we
obtain our desired sequence. Furthermore, a® > a,(,4) exp (—s2(1 + V3) /270) >
an exp (—s2(1 + +/3)/2"79).

Case 4a. Consider when Ule Al(") intersects K™, K® K© For this subcase, the
critical region is the uppermost corner Ry, := K @)y k6D Yy K©D  As usual, if
Uf-;l Ag") C R(4a), there exists a similarity into R4 U Rs U Rg of ratio 1/2, making
the family case (4a)-scaleable. If Uf:l Af") is not contained in the upper corner R 4,),
we see from the symmetries of K and Figure 29 that d > (+/6 — 2)/4. This is identical
to the argument in Case 3a.
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Figure 29. The critical region R(4,) for Case 4a in color and, through K 14 (in blue), we find
the constraints corresponding to K \ Ray, K ®) and K©. These form a triangle similar,
but of scale 1/2, to that formed by the constraints in Case 3a.

Case 4b. Consider when Ule Ag") intersects only two of K®, K®) K By sym-
metry, one can assume these are K ® and K®. Note that there is now a critical edge
L between the points p4 and Fi(p2) = F2(p1), whichis of length £ = 1/2. As we are
trying to minimize the diameter, we may suppose each Al(") intersects the square with
diagonal L seen in Figure 30. An application of Lemma 2 gives d > (v/3 — 1)(1/2)°.

Figure 30. The critical region L for Case 4b depicted by a bold line (in blue), and the square with
vertices pa, F1(p4a), F2(p1), and F2(p4), with diagonal L of length 1/2, one side contained
K™ and the other in K,

We then see that

—s2(1 + +/3) —s2(1 + +/3)
a® =o@ > a£z4b) eXp( n—>s ) = dn eXp( n—>s )

Henceforth, combining all the above cases, we obtain
T _ 1 . 1 2) (3 (O _ 1 2 3 4
H(K) = nll)ngoa,, = nlggomm{afl ),a,(l ),a,(l ),afl )} = mln{a( ),a( ),a( ),a( )}

> ap min{exp(z_ns_é)’ exp(_s2 «/z)’ exp(M)’ exp(M)}

2n—3 2n—6 2n—5

Combining the above inequality with Proposition 2, we are led to the inequality (4.5),
completing the proof. |
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6. Proof of Theorem 4

This demonstration will be akin to that of the proof of Theorem 3. Let N > 2 be such
that N £ 0 (mod 3) and let {AS")}i be a collection of n-cells of Ky with diameter
d = | Uf;l Afn)|. For notational simplicity, we will denote K := Ky, the Koch
N -surface. We will also organize this proof by cases, based on how many of the
bottom 1-cells tangent at an edge to the peak of K the family Ule Al(") intersects.
In order to make this procedure as similar as possible to what was done for K,, we
will choose to denote the 1-cells adjacent to the “peak” by KM, K@ K3 and those
1-cells making up the “peak” by K®, K®) K(© (see Figure 31).

= S

Figure 31. Koch 4-surface and 5-surface prefractals, first iteration (left and right, respectively).
The 1-cells KD through K(© are colored in red, yellow, green, blue, purple, orange, respec-
tively (in the left diagram, K 4 is not visible; while in the right, K ) is not visible). Notice
KWL K@ K®G are contained in the base triangle 7', while K@ K® K® are not as they
consist of the “peak”. Furthermore, we note that K1) and K@, K@ and K@, K® and K©
each intersect at an edge.

Due to the difficulty in naming most of the 1-cells in K, we will depend strongly
on diagrams throughout the proof, without providing formulas for the constraints
these diagrams illustrate. We will again represent such constraints by green dots and
graph the segments between these collections of points. The first instance of such dia-
grams is found in the following technical lemma, which will play an analogous role
to that of Lemma 2 and will be used in Cases 3¢, 4b, 4d.

Lemma 3. Consider two Koch N -surfaces of scale 1/ N intersecting at a base edge
of length 1/ N forming a dihedral angle of 6 = arccos(1/3),0, arccos(1/3) — . By
a base edge of the Koch N -surface K, we mean one of the three sides of length 1 in
the triangle T.

Then, if Ule AE") is a family of n-cells that intersects both Koch N -surfaces, it
follows that {A;")}f;l is scaleable or

k

Uar

i=1

_ Vo

d = .
— 3N3

Proof. Note that we can cover the critical edge L having two Koch N -surfaces given
by N self-similar copies of scale 1/N of the whole figure, see yellow-shaded regions
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&%@

Figure 32. Two first iteration prefractals of the Koch 4-surface, intersecting at a base edge,
forming a dihedral angle of arccos(1/3) (left), 0 (middle), and arccos(1/3) — 7. These specific
angles arise in Cases 3c, 4d, and 4b, respectively.

in Figure 33. We can further cover the points where adjacent yellow-shaded regions
meet by N — 1 hexagonal regions of scale 1/ N2, see red-shaded regions in Figure 33.
Let R be the region containing L consisting of these N self-similar copies of the
whole figure together with the N — 1 hexagonal regions. We will denote these self-
similar copies by S1, ..., Sy and the hexagonal regions by Hy, ..., Hy_; such that
Sk and Sg 4 intersect at a point which is contained in Hy foreach 1 <k < N — 1.

A
.

Figure 33. Planar representation of two Koch N -surfaces meeting at an edge L

C e COOOL

Figure 34. Planar representation of a self-similar copy Sk of scale 1/N (left), a hexagonal
region Hy of scale 1/N 2 (middle), and the critical region R (right)

We first consider |; Al(”) C R.
) 1Y, Al(") is contained in some Sk, |; Ag") is scaleable.

(2) If not, suppose | J; AE") is contained in Sx U Hy U Sg41 forsome 1 < k <
N —1.

(@) IflY; Al(") C is contained in Hy, then | J; Al(") is scaleable.
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O

Figure 35. Planar representation of the region Sy U Hyx U Si4 forsome 1 <k < N — 1,
with two constraints corresponding Sk \ Hy (leftmost) and Sk 41 (center). More specifically,
the first constraint is the midpoint of one of the edges of Hy which is contained in Sk . The
second constraint is the unique point in the intersection Sx N Sk 1. These are at a distance of
(+/3/2)(1/N)3. An important fact to note during this computation is that, due to the planar rep-
resentation, the four yellow triangles in this image are skewed when they are in fact equilateral.
By symmetry, there exist three similar configurations of constraints per value of k.

(b) Otherwise, we see in Figure 35 that d > +/3/2N? regardless of 6.

(3) If neither (1) nor (2) hold, we see in Figure 36 that d > 1/N? regardless of
6.

OO

Figure 36. Planar representation of the region Sy U Hx U Sk4+1 U Hi41 U Sk42 for some
1 <k < N — 2, with two constraints corresponding to Si and Sk 4. These are given by the
unique points at the intersections Sx N Sk+1 and Sx41 N Sk 42, respectively, which are at a
distance of (1/2)3.

Now we consider | J; A™ ¢ R.
(1) When 6 = arccos(1/3), we see in Figure 37 that d > +/3/2N?3.
(2) When 0 = 0, we see in Figure 38 that d > +/3/2N?3.
(3) When 0 = arccos(1/3) — 7, we see in Figure 39 that d > +/6/3N3. [

We now proceed to complete the body of the proof of Theorem 4, which again is
(n)

divided into four main cases. As before, we will note that when Ule A;

tained in a 1-cell, there exists a similarity of ratio 1//N onto K, making these families

is con-

scaleable. By Lemma [, we will exclude these from consideration.

Case 1

When Ule AE") intersects all of the distinguished base 1-cells K, K@ and K,
we have that d > 1/(2N). Indeed, notice that there exists a projection 7 onto the
triangle T with d > |7r(Uf~‘=1 Af"))|. As in Case 1 of Theorem 3, we use symmetry
to find the three constraints as in Figure 40, yielding d > 1/(2N). By Corollary 1,
a® > a, exp (—4sy/N"1).
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Figure 37. The critical region R when 6 = arccos(1/3) and N = 4, with two constraints corre-
sponding to one of the two Koch N -surfaces (on the edge L) and the other Koch N -surface with
the critical region R removed (frontmost, slightly to the right). In particular, the first constraint
is the unique point in Sx N Sg41 for some 1 <k < N — 1. The second constraint is given
by the midpoint of one of the edges of Hy which are not contained in S nor Sk 1. Due to
symmetry, there are 2(N — 1) similar configurations of constraints (in this image N = 4, so0 6
total), two configurations per hexagon.

Figure 38. The critical region R when § = 0 and N = 4, with two constraints corresponding
to one of the two Koch N-surfaces (on the edge L) and the other Koch N-surface with the
critical region R removed (frontmost, slightly to the right). Despite the change in geometry,
these constraints are identical to those found in Figure 37. Here there are also 2(N — 1) similar
configurations of constraints.

Case 2

Suppose Ule Al(") only intersects two of the distinguished base 1-cells of K. We
will assume these are KV and K®, since the other arguments follow by rotations
of R3. We will provide a similar argument to Case 1, by introducing a sequence a,(,z).
However, this case will rely on Lemma 1, since Ule Ag") can be arbitrarily close to
the point F;(p2) = F>(p1) as n — oo, implying that we cannot find lower bound for
d unless we exclude Case 2-scaleable families from consideration. We will show that

a® > a, exp (—4+/3sy /(3N""2)) divide this part into two sub-cases.

Case 2a. If Uf;l AE") is contained in the critical region R 3p.4c), We can scale this
li

corner by N into R 3b.40):

By Lemma 1, we may exclude this case from considera-
tion.

Case 2b. Assume that Ule Ag") is not contained in the critical region Rz 3p 4c). We
see from Figure 43 that d > +/3/2N?2.
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Figure 39. The critical region R when 6 = arccos(1/3) — & and N = 4, with two constraints
corresponding to one of the two Koch N -surfaces (uppermost) and the other Koch N -surface
with the critical region R removed (lowermost). In particular, the second constraint is given
by a point on one of the two edges of Hy which are not contained in Sk nor S 41 for some
1 <k < N — 1. The first constraint is then given by the point in Hj directly above the second
constraint. By translation, there exist infinitely many similar configurations of constraints.

Figure 40. Projection of K onto 7" (when N = 4, first prefractal) with three constraints corre-
sponding to KD, K K3 These form an equilateral triangle with side length 1/(2N).

By Corollary 1, 2@ > ¢ exp (—=4+/3sy /(3N""2)). Putting «® := ¢ and

2 2b . )
a ,(1 ) = aﬁ, ), we obtain our desired sequence. Furthermore,

—4\/§SN

)

Ol(z) > lelz) exp( IN—2

Case 3

Suppose Ule Al(") only intersects one of the three distinguished base 1-cells
of K. We may assume that this cell is KV by symmetry. We will subdivide
this case by considering when J‘_, A™ intersects K and K | either of
these exclusively, or neither. Defining «® := min{a®?, «®» ¢G9I\ and a® :=
min{a(3a), aB®, a(3°)}, we will obtain our desired sequence. Furthermore, we will
show @ > a, exp (—+/6sy /N"73).

Case 3a. If Uf:l Afn) intersects both K and K©, a calculation similar to that of
the case of N = 2 reveals that d > (/6 —2)/N.

Case 3b. If ", A" intersects K or K® exclusively, an argument similar to that
of Case 2 holds. Indeed, we may suppose Ule Al(") intersects K by symmetry and
exclude when Uf-;l Al(n) is contained in the critical region R(3 3p 4c) by Lemma 1. We
then see from the following diagram that d > v/6/(3N?).
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S

Figure 41. Critical region R (2 3p.4c) for Cases 2, 3b, and 4c¢ (in color), when N = 4 (left) and

N = 5 (right)

Figure 42. Critical corner R (2 3p,4c) for Cases 2, 3b, 4¢c: zoomed in (left), in R£2,3b, 40) (right)

Case 3c. If | J5_, A" does not intersect K or K©, then | Jf_, A intersects
the two Koch n-surfaces K and K® of scale 1/N meeting at an angle of § =
arccos(1/3) (see Figure 45). So by lemma 3, d > +/6/(3N?).

By Corollary 1,

—/6sy —6sy
a® = a0 > a;(13c) eXp( N3 ) = an exp( Nn—3 )

Case 4

Suppose that Ule Agn) does not intersect any of the three distinguished base 1-cells
of K. We will subdivide this case by considering how many of the 1-cells K®, K®),
K© the set Ule Al(n) intersects. Defining

a® = min{a™, o™} and a® := min{a®,a“},

Figure 43. The region REZ 3b.4¢) with R (2 3p.4c) colored, and two constraints for Case 2b cor-

responding to K\ R (2 3p.4c) (left) and K@ In particular, the first constraint corresponds to
the unique point on the boundary of R(2 3p.4c) and in the intersection K M N K@ The second
constraint corresponds to the midpoint of the interval K @ NnK®n R (2 3b.4c)- These are at
a distance of (+/3/2)(1/N)2. We note that by translation, there exist infinitely many similar
configurations of constraints.
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Figure 44. The region R (2.3b.40)
responding to K M \ R(2.3b.4¢) (left) and K 3. In particular, the first constraint corresponds to
the unique point on the boundary of R(> 3y 4c) and in the intersection K1 N K*_ The second

with R(2,3p,4c) colored, and two constraints for Case 3b cor-

constraint corresponds to the midpoint of the equilateral triangle K N R (2 3b.4c)- These are

at a distance of (v/6/3)(1/N)?2.

Figure 45. The 1-cells K M in red (below) and K™ in blue (above), which form a dihedral
angle of arccos(1/3)

we obtain our desired sequence. Furthermore, we show that

—fﬂ) - a exp(—fﬂ),

a® > q@® exp( s s

Case 4a. If Ule Ag") intersects K@, K®) and K©, an argument similar to that of
Case 2b and 3b holds. Indeed, we may exclude when Ule Al(") is contained in the
uppermost corner R4, (see Figure 46) by Lemma 1.

=2

Figure 46. The critical region R4,y (when N = 5) from above (left), from the side (middle),
and zoomed in from above (right); with a thickened red border to aid visibility. Note that R4,)
consists of three 2-cells, corresponding to K @ KO and K©,

Now supposing Ule Al(") ¢ Ra), it follows from the symmetries of Ky and
from the following diagram that d > (+/6 — 2)/N?2. Finding this bound is identical
to the calculation when N = 2 (see Figure 47).
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Figure 47. The critical region R4,y for Case 4a in color and the constraints corresponding to
K™\ Ry, K, and K©. These form a triangle similar, but of scale 2/N?2, to that formed
by the constraints in Theorem 3, Case 3a.

In the case where | J¥_, A" € R4y, there exists a similarity into K@ U K® U
K© of ratio N, making the family Case (4a)-scaleable.

Case 4b. Consider when Ule Agn) intersects only two of K @ KO K® o that
Ule Ag") intersects two Koch n-surfaces of scale 1//N meeting at an angle of § =
arccos(1/3) — 7. By Lemma 3, d > v/6/(3N?).

Case 4c. If Uf:l Ag") intersects only one of K @ KOG K® then an identical
argument to Cases 2b and 3b holds. First, we may suppose Ule AE") only intersects

K@ by symmetry. Then, we may exclude when Ule Al(") is contained in the critical

region R 3p,4c) since we may scale this corner by N into R22,3b, 4e)° On the other

hand, if Uf-;l Al(n) is not contained in R(3 3p 4c), We see from the following diagram
thatd > +/3/2N?2.

Figure 48. The critical region R(2 3p.4c) excluding KO K@ K@ (in color), together with
four different configurations of two constraints for Case 4c. These correspond to the regions
K® and K\ (KD U K@ U K™ U R(2 3v.4¢)) and yield a distance of (+/3/2)(1/N)?. There
exist infinitely many of these configurations by translation.

Case 4d. If Ule Al(") does not intersect any of the 1-cells K®, K K© we

may assume that Ule Al(") intersects distinct adjacent 1-cells A](cl), A((ZI) as we try to

minimize diameter. If A,(Cl) and A?) intersect at an edge (forming a dihedral angle of
0 = 0), it follows from Lemma 3 that d > \/6/ 3N3. On the other hand, if A,(cl) and
Aél) only intersect at a point p, then an argument similar to Case 2b and 3b holds.
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Indeed, consider the region RE4 4y consisting of the six I-cells which intersect at p.
Note that there exists a similar region R4q) of six 2-cells which intersect at p.

=

Figure 49. The region R(4q) (in gray) inside RE 44)

Now if [ J*_, Al(n) C R’, we can scale Ruq) by a factor of N into R{, . So by

Lemma 1, we may exclude this case from consideration. When Ule AE") Z Ra),
we see from the following diagram that d > +/3/2N2.

==

Figure 50. The region A{" in pink (left) with the three possible choices for AS" in blue (right),
together with a configuration of two constraints corresponding to A,(Ck ) (left) and a possible
Aél) (right). These are at a distance of (+/3/2)(1/N)2. Note that there are infinitely many such
configurations by translation.

We then see that

—/6sy —V6sy
4 4b 4b
«® = o = 0 exp( =) 2 anenn ()

Henceforth, combining all the above cases, we obtain

exp (

HS(K) = lim a, = lim min{afll),a,(lz),a,(f),af,“)} = min{a(l),a(z),a(3),a(4)}
n—>oo n—>oo
>a min ex ﬂ ex ﬂ ex _\/_ﬂ
=n p Nn—1)’ p INn—2 )’ p Nn=3
_ —6sy
=dy exp(w>

Combining the above inequality with Proposition 2, we are led to the inequal-
ity (4.5), completing the proof. ]
7. Application

We now present an application to the theory of Partial Differential Equations over the
Koch N-crystals.
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7.1. Preliminaries

To begin, denote by Q := int(€y) € R3 the interior of the Koch N -crystal defined
by Definition 10 with boundary I'y := Ky (as in Definition 9), for N > 2 with
N = 0 (mod 3). As discussed at the end of Section 3, one has that Q is a uni-
form domain whose boundary I'x is an sy -set with respect to the sy -dimensional
Hausdorff measure, where sy := log(N?2 + 2)/log(N). Given a set E, we denote by
LP(E) := LP(E, ) the L?-based space of y-measurable functions, and we write
A3 as the 3-dimensional Lebesgue measure. Also, for a domain D, we denote by
WL-P(D) the well-known p-Sobolev spaces, for 1 < p < co. When p = 2, we write
H'(D) := W2(D). Finally, by Qx we denote the closure of the set Q.

For non-Lipschitz domains, a normal derivative may not be well defined. This is a
key point when defining a Robin problem over irregular regions. However, define the
Robin-type bilinear form (&, D(&)) by

D(€) == (H'(2n) N C(QnN)) x (H'(2n) N C(Qn)),

and

E(,w) = / VuoVwdx + / Bow d N, 7.1

QN 'y

for B € L*°(I'y) with essinfxer, B(x) > by for some constant by > 0. Then as
JCSN is an sy-Ahlfors measure, it follows from [3, Remark 6.5] that €V fulfills
the [1, conditions (11)], and consequently from [I, Theorem 3.3], one has that the
form (&, D(&)) is closable, which means that the corresponding Robin problem is
well posed over this domain. Furthermore, it is shown in [3] that there exists a compact
trace map from H'(Qy) into L?(I'y). Thus, following this argument, we define an
appropriate interpretation of the normal derivative over s-sets, whose motivation and
general form is taken from [5].

Definition 16. Let F: Qy — R3 be a measurable function. If there exists an f €

Ll (R3) with
/ FVvdx = fvdx+/ vd KN,
QN Qy Iy

for all v € C!(Qy), then we say that JS¥ is the normal measure of F, and we write
NJ(F) = H°N.

Note that when the normal measure N;"(F) exists, then it is unique, and the equality
AN} (@F) = ¢pd N (F) holds for all ¢ € C!(Qy). Therefore, if u € W' (Qx) and
Vu exist, then we denote by

9
M. NJ(Vu)
ovg

the generalized normal derivative of u in I'y .
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Observe that if Qy € R” is a bounded Lipschitz domain and sy = n — 1, then
Definition 16 agrees with the classical definition of a normal derivative. In the case of
non-Lipschitz domains Definition 16 is a sort of interpretation of a normal derivative,
which we use to write a well-posed Robin problem over irregular regions (as explained
above).

Remark 3. Since Qn < R3 is a bounded extension domain (in the sense of
Jones [14]) whose boundary I'y is an sy-set with respect to the Hausdorff mea-
sure H*N, then one can follow the approach given by Hinz, Rozanova-Pierrat and
Teplyaev [9, 10] to give sense to the normal derivative over non-Lipschitz domains.
To be more precise, in [9, Theorem 7], the authors established the existence of the gen-
eralized normal derivative du/dvs := NJ(Vu) of u over I'y as the linear bounded
functional du/dvy € (Trr,, (H'(R?)))*, given by

ou
<—,TI‘QN’1"N v> =/ vAudx+/ VuVudx,
s (Trry (HIR3)*Tiry (HIRY)  Jay Qv

for all u,v € H'(Qy), provided that Au € L?(Qy), where Trr,: H'(R™) —
L?(T'w) denotes a bounded trace operator defined as in [9, equalities (14) and (13)],
and

Trqy,ry = Trry oSay,

for Trg, : H'(R®) — L?(Qx) a bounded operator, and Sg ,: H'(Qx) — H'(R?)
the bounded extension operator (e.g. [9, Theorem 7]). One has that Definition 16 is a
more general interpretation of a normal derivative (since it can include domains which
may not have the extension property), but the latter formulation gives a more concrete
structure for the normal derivative over classes of bounded domains with (possibly)
irregular boundaries. Since it is not the intention of this paper to go deeper into these
subjects, we do not go into further details.

We now present the following example.

7.2. The Robin boundary value problem

Consider now the realization of the following boundary value problem:

—Au=f in Qy,

ou

(7.2)
3sz+'3u:g OHFN,

for f € LP(Q2pn), g € LY(I'y), and B € L*®(I'y) with essinfyer, B(x) > bo for
some constant by > 0. Then equation (7.2) turns out to be a Robin boundary value
problem over the Koch N -crystal. In fact, in [22] it is shown that one can define the
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Robin problem over more classes of irregular domains, in which the Koch N -crystals
form family of domains fulfilling the required properties.
A function u € H'(Q ) is said to be a weak solution of the Robin problem (7.2), if

SN(M,¢)=/ fde+/ gp dI*N
QN 'y

for all p € H'(Qn), where Ex(-,-) := &(-,-) denotes the bilinear form defined by
(7.1), for D := Qp, 0D := 'y, and 5 := H*V,

Since Q2 is a uniform domain, I'y is an sy-set with respect to H*V, and sy €
(1, 3), recalling [4, Theorem 4.24], one gets that the form &y (-, -) is continuous, and
coercive. Moreover, the conclusions in [22] imply the following important result.

Theorem 5. If f € L?(Qy) and g € LY(T'y) for p > 3/2 and g > sy/(sy — 1),
then the Robin problem (7.2) admits a unique weak solutionu € H'(Qy), and there
exists a constant 8 € (0, 1) such that u € C**(Qy), that is, u is globally Hélder
continuous. Furthermore, there is a constant C > 0 (independent of u), such that

||”||C0,8(§N) = C(”f”p,SZN + ||g||q,I‘N)’

The above result is also valid in the quasi-linear case involving the p-Laplace
operator, for 6(sy +2)~! < p < oo (under some modifications on ¢ and r; see [22]).
Recently a generalization of this result has been obtained to the Robin problem involv-
ing variable exponents and anisotropic structures. For more details, refer to [6].

The above results can be considered as generalizations of results obtained in [2, 18,
20,21], where regularity results were obtained for the Dirichlet problem over classes
of non-Lipschitz domains. However, it is important to point out that most of the results
in [2, 18,20, 21] were developed over bounded NTA domains whose boundaries are
(n — 1)-sets, while in our case we are allowing the boundary to be an sy-set for
sy € (1,3). It is important to mention that NTA domains include the classical Koch
snowflake domains and other fractal-like domains whose Hausdorff dimensions may
not be n — 1. However, on the works in [2, 18,20, 21], the authors are assuming the
Ahlfors—David regular condition over the boundary, which is equivalent to say that
the boundary of the domain has Hausdorff dimension of n — 1, with such boundary
being an (n — 1)-set. Furthermore, for Robin-type boundary value problems, usually
one needs more “geometrical structure” in the domains under consideration, in order
to have a notion of a normal derivative (as explained at the beginning of this section),
and for the well-posedness.
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