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Abstract: This work reports on a study of the Mandelbrot set and Julia set for a generalization of the
well-explored function 77(z) = z2 4+ A. The generalization consists of composing with a fixed Mobius
transformation at each iteration step. In particular, affine and inverse Mobius transformations
are explored. This work offers a new way of visualizing the Mandelbrot and filled-in Julia sets.
An interesting and unexpected appearance of hyperbolic triangles occurs in the structure of the
Mandelbrot sets for the case of inverse Mobius transforms. Several lemmas and theorems associated
with these types of fractal sets are presented.
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1. Introduction

Arguably, the most familiar and well-studied set in the area of fractals is the Mandel-
brot set for the function 7(z) = z? + A where z, A € C [1-3]. Associated with this set are
the equally well-known Julia sets (often presented as filled-in Julia sets). The current work
will address the nature of these sets with a straightforward generalization. Upon each
iteration, a fixed Mobius transformation will be performed. This choice for generalization is
a natural one because the Mobius transformations constitute the automorphism group for
the closed complex plane (the Riemann sphere) [4,5]. The affine and inversion subgroups
of the group of Mébius transformations will be discussed, with more attention paid to the
inversion case. The former is a natural subgroup to consider because it is a representation
of the automorphism group of the open complex plane [4,5]. One main result is a theorem
about the nature of the symmetry of a Mandelbrot-like set for the case of the inversion sub-
group. A second main result is a demonstration of an unexpected connection to hyperbolic
triangles on the Poincaré disk [6]. While the information presented here is not inherently
new, a key virtue of this work is the visualization of these systems.

There is wide interest in the nature of filled-in Julia sets and Mandelbrot sets. The
recent work by Feijs, Toeters, et al. is one instance of this. They explore a Mandelbrot set in
a taxicab-based platform, which has inspired an application in the fashion industry [7,8].
In addition to this, there are many applications of Julia and Mandelbrot sets. Yadav
et al. have provided a recent review that discusses the control of Julia and Mandelbrot
sets [9]. This review also has numerous references to physical applications. In the area
of machine learning, Xiang, Zhou, and Guo have employed a class of random fractals
in generative adversarial networks [10]. In engineering, Nazeer and Kang are currently
studying Jungck Mann orbits and fractal generating along with escape time algorithms
for finite polynomials based on the concept of S-convexity [11-13]. More mathematically,
Abbas, Igbal, and De la Sen have recently discussed the generation of Julia and Mandelbrot
sets via fixed points [14]. In the past year, Kawahira has addressed the famous theorem by
Tan [15] regarding the similarity between Mandelbrot sets and Julia sets at Misiurewicz
points [16]. A recent study by Blankers et al. considers the dynamics of Julia sets over
hyperbolic numbers [17]. Chaves and Trojovsky studied quadratic Diophantine equations
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using generalized Fibonacci numbers [18]. In their work, they use the fact that this can be
thought of in terms of consecutive values of an orbit in a quadratic dynamics related to
the Mandelbrot set. Drakopoulos worked on comparing the efficiency of seven different
methods to render Julia sets [19] and six methods to render Mandelbrot sets [20]. Finally,
the current authors have discussed the nature of filled-in Julia sets and Mandelbrot sets for
centered polygonal lacunary functions [21,22].

The current work proceeds as follows. First, the iteration procedure is briefly discussed.
This is followed by a brief statement about the effect of affine transformations (phase
rotation, scaling, and translation) on the Mandelbrot set and its corresponding filled-in Julia
sets. Following this, inverse transformations (including scaled inversions) are considered.
Due to the nature of inversions, the concept of j-averaged Mandelbrot sets and j-averaged
filled-in Julia sets is needed. The j-averaged Mandelbrot sets exhibit unexpected rotational
and dihedral mirror symmetries and a possible connection to hyperbolic geometry on the
Poincaré disk. Finally, a brief conclusion is presented.

The computer code used to perform this study was written in house using MATHE-
MATICA [23]. Computations were performed using MATHEMATICA version 12.2 running
on a personal computer. Snippets of MATHEMATICA code used to generate the figures are
given in the Appendix A.

2. Iteration Procedure

This work will focus on the fractal character of the filled-in Julia sets and their corre-
sponding Mandelbrot sets [1-3]. To produce a filled-in Julia set requires iteration. Clas-
sically, a (usually complex) function 7(z) is iterated j times. In other words, the function
itself is the input of that same function j times in a recursive fashion.

Definition 1. A j-iterated function: A function that has been iterated j times.

Th(z) = n(n(n(.n(2)))). 1)

Allowing j to run over the positive integers gives a sequence of functions indexed by j.

The filled-in Julia set is defined to be the set of points in the complex z-plane that do
not diverge to infinity upon iteration [1-3]. To produce the Mandelbrot set, one considers
the fate of z = 0 upon iteration. The Mandelbrot set is a set of points in the complex A
plane in which z = 0 is in the filled-in Julia set for a given value of A [1-3].

Fractals from Mobius transformed functions are created in a similar fashion except
that a fixed Mobius transformation is applied at each step in the iteration. This was recently
done in a more exotic case where #(z) is a centered polygonal lacunary function defined
on the unit disk (i.e., when 7(z) = Y, zC(m) where C(k; n) = k’lz’zﬁ) [21,22].

A single member, u(4) = Z£b of the set of Mobius transformations, M = {u(4)},
is parameterized by A = (a,b,c,d) where a,b,c,d € C. For the fractals from Mobius
transformed functions, one has the following definition.

Definition 2. j-iterated Mobius transformed function: Let a Mobius transformed function be the
composition u\4) (17(z)). Then the j-iterated Mobius transformed function is defined analogously
to Definition 1:

j

4 (2) = (D g (D (g (el (7)) @)

Letting j run over the positive integers gives a sequence of iterated functions H = {Ih(4)}.
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3. Affine Transformations

One particularly consistent parameter space is when the Mobius transformation is
ul) = “Zl—J“b (I = (a,b,0,1)). These are the affine transformations. This parameter space
consists of scaling, (2 € R and b = 0), rotations, (2 € ¢ and b = 0), and translations
(a=1and b € R).

Unintuitively, one sees that each transformation, while it is applied at each step of the
iteration, does not change the general character of the set but is as if it was applied on the
final iteration only. That is, a phase rotation simply rotates the Mandelbrot set, albeit by
twice the phase angle. Likewise, scaling only scales the Mandelbrot set by the reciprocal
of the scale factor, and a shift simply shifts the Mandelbrot set. This is not the case for all
iterated functions as was discussed in reference [21]. The rotation and scaling behavior is
captured in the following lemmas.

Lemma 1. A phase rotation of ¢/’ rotates the Mandelbrot set of (z) = z* + A by 26.

Proof. The lemma can be established by writing out the j-iterated function, 7(z), as a
power series as

j

A A+ <A+~-(A+(A+A2)2)2m>

for the function itself. Similarly, the Mobius iterated function is obtained by replacing A
in Equation (3) by Ae', obtaining an expression analogous to that of Equation (3). The
coefficients a, are necessarily the same, and thus the lemma is proven. [

2 N;
— Z Ay Ai’l (3)
n=1

Lemma 2. A scaling factor of a scales the Mandelbrot set of 17(z) = z> + A by ﬂlz

Proof. The proof is similar to Lemma 1. [J

A natural question is whether or not the Julia set from corresponding points on the
Mandelbrot sets is similar. Indeed, the rotated Mandelbrot produces a rotated Julia set.
However the rotation of the Julia set is equal to 6 rather than 20, as it is for the Mandelbrot
set. The Julia sets arising from the scaled Mandelbrot are also scaled, but, similar to
the rotations, they are scaled by the scaling factor rather than the scaling factor squared.
Furthermore, the translated Julia set is identical to the Julia set arising from the original
Mandelbrot set.

While these transformations are relatively straightforward, a more complicated of
inversion Mobius transformations will be considered in the following section.

4. Inversion

A particularly interesting case is when the Mdbius transformation is the simple
inversion u(!) = % (I =(0,1,1,0)). A few moments of thought lead one to expect that
the filled-in Julia set should depend on whether or not the number of iterations is even
or odd (because of the inversion happening at each step). As it turns out, certain points
are contained in the filled-in Julia set regardless of the parity of the iteration. Some points,
however, fall in and out of the filled-in Julia set as the iteration changes. For the situations
where there exists some sort of inversion (c # 0), it is these alternating points that exhibit
the most interesting structure. The filled-in Julia sets are colored according to the average
number of times a particular point is in the filled-in Julia set from the first through jth
iteration. Points always in the filled-in Julia set are colored black. The color progresses
through the rainbow from blue (mostly in the Julia set) to red (precisely alternating in and
out with j even or odd, respectively.) These representations will be referred to as j-averaged
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filled-in Julia sets. One observation is that no points are never in a filled-in Julia set. This is
summarized in the following definition.

Definition 3. j-averaged filled-in Julia set: Each point z € C is assigned a value 271 where j is
the number of iterations of 17(z), and 1 is the number of times during the first j iterations that the
given value of z is a member of the filled-in Julia set. The j-averaged Mandelbrot set is defined in the
analogous way. Note: 0 < 271 <1.

The corresponding j-averaged Mandelbrot set is colored according to the same scheme
as the j-averaged filled-in Julia set. The j-averaged Mandelbrot set has remarkable and
unexpected three-fold rotational and dihedral mirror symmetry. It also has some connection
to hyperbolic geometry.

The left most panel of Figure 1 shows the j-averaged Mandelbrot set for the simple
inversion case, u(!) = % (I =1(0,1,1,0)) for j = 100. The three-fold rotational symmetry
and the three dihedral mirror planes are immediately evident and will be proven below.
Another prominent feature is the presence of single-color domains, red, yellow, green, etc.
These domains are very smooth. It so happens that the j-averaged Mandelbrot set for this
case is circumscribed by a circle whose radius is numerically found to be r = 1.889090
(white circle in Figure 1). The authors were unable to discover an analytic expression for
this radius.

-2 -2

2 1 ) 1 2 2 1 0 1 2 2 1 0 1

Figure 1. The j-averaged Mandelbrot set for simple inversion (left panel: I = (0,1,1,0)) and scaled
inversion (middle panel: A = (0,0.75,1,0) and right panel: A = (0,1.25,1,0)). A circle of radius
r = 1.889090 circumscribes the simple inversion Mandelbrot set. Scaling with a number less than
1 leads to a smoothing of the Mandelbrot set relative to the unscaled set. Conversely, scaling by a
factor greater than 1 leads to greater roughness of the set.

One can introduce a scaling factor o, y(A) =% (I =(0,0,1,0)). The middle panel of
Figure 1 shows a contraction (¢ = 0.75), while the right panel shows a dilation (o = 1.25).
Though the overall appearances of these j-averaged Mandelbrot sets are similar, they are
not simply scaled versions of the simple inverse case. The most notable change is the size
of the central red domain relative to the encircling black region. For contractions, there is
open black space completely surrounding the red central region.

One can numerically find a scaling factor that contracts the resulting j-averaged Man-
delbrot set such that it is circumscribed by the unit circle. The scaling factor is ¢ = 0.3851450
and thus () = 0'3852& (U = A = (0,0.3851450,1,0)). The j-averaged Mandelbrot set
is plotted in Figure 2. The shape of this set is quite reminiscent of a hyperbolic triangle
on the Poincaré disk [4]. The ideal regular triangle formed from the contact points of

the j-averaged Mandelbrot set and the unit circle (-1, e%r,e%m) is superimposed as the
white triangle.
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Figure 2. Hyperbolic geometric features of 1005(U)(z). When the ideal regular triangle (white) is
inscribed on the unit disk, the hyperbolic geodesics are tangent to the three larger orbiting domains.
Figure 3 shows a blow-up of this region. The three pronounced yellow orbiting domains have an
inward pointing mouth (see Figure 3) which form the vertices of the hyperbolic triangle shown in
cyan (angles: 39.621°). The cyan geodesics are nearly but not tangent with the central domain (red)
but they are tangent to the coronas of the inner green regions (see Figure 3).

The active part of the j-averaged Mandelbrot set is not, in fact, inscribed by the
white hyperbolic triangle. Nonetheless, there are some quite interesting connections to the
hyperbolic geometry of the Poincaré disk. The geodesic sides of the ideal regular triangle
are tangent to the yellow domain. Figure 3 shows a blow-up of this area where the tangency
is evident. Each of the yellow domains have a cleft on the proximal side, which shown
more clearly in Figure 3. When these clefts are connected by a hyperbolic triangle (cyan
triangle in Figure 2), the geodesics of the sides are tangent to the interior green regions.
As the top left panel of Figure 3 reveals, there is actually a red corona around the green
regions, and the geodesics are tangent to that corona. The central red domain is close to but
not tangent to the sides of the cyan triangle, but it is entirely in the interior of the triangle.

There are outer green domains similar to each of the yellow domains. They, too, have
a cleft on the proximal side which form the vertices of another hyperbolic triangle. This is
shown as the magenta colored geodesics in the bottom right panel of Figure 3. Although
fairly small in the figure, these are seen to be tangent to a small red domain between
the distal green domain and the yellow domain. This continues, producing a family of
triangles. Five of those triangles are shown in the top right panel of Figure 4.
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Figure 3. Several blow-ups on one of three arms of the j-averaged Mandelbrot set in Figure 2. The top two panels reveal the
tangency to the geodesics of the ideal regular triangle shown in white in Figure 2 and the cyan-colored hyperbolic triangle
formed from the clefts of the yellow domains. The bottom left panel shows a blow-up of the cleft region of the yellow
domain. The j-averaged Mandelbrot set is quite active in the region emerging from the nexus of the cleft. The bottom right
panel shows two sequential blow-ups of the tail of the arm of the j-averaged Mandelbrot set.

To better understand these hyperbolic triangles, the positions of the clefts of each
subsequent domain, i.e., yellow, green, brown, etc., were determined numerically. Figure 4
captures the results of this analysis. The top right graph shows a one-dimensional slice
along the real axis of the j-averaged Mandelbrot set shown in Figures 2 and 3. The cleft
positions are marked with orange dots. These data were fit to a single parameter function,
f = CvV/x +1, the orange curve that shows remarkable agreement. The bottom left black
curve shows a best fit of f = ﬁCXO + Cp to the position versus domain number (counting
outward from the center starting with the yellow domain). Finally, and not unexpectedly,
there is a linear relationship between the position of the clefts and the interior angles of the

hyperbolic triang]les.
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Figure 4. Numerical fits for several features associated with the j-averaged Mandelbrot set for A = U = (0,0.3851450, 1,0).

The top left graph shows a linear slice of the Mandelbrot set for A = x 4 0i. The ordinate is a normalized scale representing

the amount of times a point is not in the Mandelbrot set; 1 is the red domain in Figure 2, 0.667 is the yellow, 0.5 is the green,

etc. The orange points are the values of A at the proximal cleft of each domain. The orange line is the fit of Cv/x + 1 to these

data (best fit parameter C = 0.920611). The bottom left shows the position of the cleft (ordinate) versus the domain number
(abscissa). The data are fit to —C— + C, (best fit parameters C = 0.851322, xp = 0.4812, and Cy = —1.05727). The top right

X+x0

shows the first five hyperbolic triangles defined by the positions of the clefts. The bottom right graph shows the angle of

the hyperbolic triangles (ordinate) versus position of the cleft (abscissa). The data are fit to Cx + x( (best fit parameters

C = 76.7065, xo = 76.1939).

The effect of the three-fold and dihedral mirror symmetries of the j-averaged Man-
delbrot set on the j-averaged filled-in Julia set is illustrated in Figure 5. The choice of
A = —0.45 + 0.05i is used as the concrete example and is shown in the top left panel. This
particular j-averaged filled-in Julia set has a blue porous appearance on a red background.
Analytically, this indicates that, for this value of A, many points are in the odd/even alter-
nating set as j changes (red), and the rest of the others are a bit more often in the filled-in
Julia set than not (blue). There do not appear to be any points that are always in the filled-in
Julia set (those points would appear as black).
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-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

Figure 5. Nature of the three-fold symmetry of the j-averaged Mandelbrot set on the j-averaged filled-
in Julia sets. The top left panel shows the j-averaged filled-in Julia corresponding to A = —0.45 +0.05:.
The top middle and right panels show A = (—0.45 + 0.05i)e 3 and A = (—0.45 + 0.05i)e 3",
respectively. The second row shows the j-averaged filled-in Julia sets corresponding to reflecting
A across the respective dihedral mirrors. The bottom row shows the j-averaged filled-in Julia set
coming from the simple inversion case (A = I(0,1,1,0)). Each respective value of A is 1.889090 times
that from the top row. The j-averaged filled-in Julia sets look similar but not identical, and they are

about 1.35 times bigger.

Moving across the top row of Figure 5 shows the corresponding A from each of the

two other arms in the j-averaged Mandelbrot set: that is, eF A (top, middle) and e3A
(top, right). The j-averaged filled-in Julia sets are identical aside from a rotation.

The middle row of Figure 5 shows the j-averaged filled-in Julia sets corresponding to
reflecting A across the dihedral mirror plane of the arm of the j-averaged Mandelbrot set it
is drawn from: for example, A = —0.45 — 0.057 (the middle left panel).

Finally, it is interesting to compare with the simple inversion case (A = I = (0,1,1,0)).
This is done in the bottom row of Figure 5. Here, for example, the value of A in the
bottom left panel is 1.889090 x (—0.45 + 0.05i) (note, 1.889090 is the radius of the white
circle in Figure 1). Indeed, the resulting j-averaged filled-in Julia sets shown across the
bottom row have a similar appearance and orientation to those across the top row. One
distinction is the appearance of the small green domains in each of the corners of the
filled-in Julia set. These points are not in the filled-in Julia sets as j changes as often as their
counter parts in the scaled inversion case. A second and perhaps more curious feature
is that although the j-averaged filled-in Julia sets are bigger, they are only approximately
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1.35 times bigger. This is smaller than the 1.889090 scale factor of A but is roughly its square
root: v/1.889090 = 1.374417.

Returning to position of the nexus of the cleft for each of the yellow, green, brown,
etc., domains in Figure 2, which are plotted as orange points in Figure 4, there is some
interesting correspondence between the j-averaged filled-in Julia sets. The j-averaged
filled-in Julia sets for the first nine of these points are collected in Figure 6. A first point of
note is that the background color is the same as the color of the domain in the j-averaged
Mandelbrot set as most clearly seen in Figure 3. Thus, most of the points in the j-averaged
filled-in Julia set behave as they do in the local region in the j-averaged Mandelbrot set.

2

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

Figure 6. j-averaged filled-in Julia sets from points in the j-averaged Mandelbrot sets at positions of
the orange data points in Figure 4. Domains 1 through 9 are shown. The appearance has significant
similarities. One important difference is that the number of strands crossing from one side of an arm
to the other is equal to the domain number.

A second point of note is the symmetry of these structures. They have twofold
rotational symmetry and dihedral mirror symmetry. However, there is a quasi-fourfold
rotational symmetry present. Each figure has the appearance of a hyperbolic quadrilateral
(this is just a descriptor to help guide the eye). Connecting the sides of this quadrilateral
are strands running across each arm. Interestingly, as one goes from domain 1 (yellow) to 2
(green), each path bifurcates into two paths. This continues such that the number of paths
is equal to the domain number. A final point of note is the scale. Each j-averaged filled-in
Julia set is roughly the same size, even though the size of the domains in the j-averaged
Mandelbrot set are monotonically decreasing.
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Figure 7 shows a few j-averaged filled-in Julia sets in which the filled-in Julia set
itself plays a prominent role in the appearance. The top row shows the j-averaged filled-in
Julia sets, whereas the bottom row shows the filled-in Julia sets. The filled-in Julia sets are
intricate and elaborate.

2

-2
2 1 0 1 2 2 1 0 1 2 4 2 0 2 4

Figure 7. A few intricate and impressive looking j-averaged filled-in Julia sets coming from the mouth
regions of one of the three larger orbiting domains. For all plots j = 100, sampled as a 1M pt square
lattice. Top left A = —0.475 + 0.13i, top middle, A = —0.46 + 0.135i, top right A = —0.471 + 0.006i.
The bottom row simply shows the filled-in Julia set.

It is important to note, however, that, in a sense, Figure 7 is misleading. As j increases,
the filled-in Julia set is whittled away as points along its edges fall out of the set. Eventually
this outstrips the resolution of the plots, and the filled-in Julia sets disappear. This is
illustrated in Figure 8. The leftmost panel is a repeat of the top left panel of Figure 7. In
this case j = 100. The middle panel shows j = 250, and the right panel shows j = 500. At a
resolution of a one million point square lattice sampling, only the points in the eyes of the
swirls remain black.

2 2 2

2 2

2 0 1 2 2 1 0 1 2 2

2
1 0 1 2

Figure 8. Effect of j on the appearance of the j-averaged filled-in Julia set associated with A =
—0.475 + 0.13i for (left-to-right) j = 100, j = 250, and j = 500. The set of points that are always in the
filled-in Julia sets tighten up with increasing ;.

In addition to the qualitative description just presented, one can place the rotational and
dihedral mirror plan symmetry on a firm foundation. This is done via the following theorem.
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Theorem 1. The j-averaged Mandelbrot set for 17(z) = z? + A has threefold rotational symmetry
and dihedral mirror symmetry.

Proof. The proof is obtained by a direct calculation and recognition of a pattern, directly
from the iteration process

1 1 1
l%—’—/\/ 1 +/\I%+/\

)

Note that the symmetry of the j-averaged Mandelbrot set at a given value of j arises
from the symmetry of the modulus of elements of Hg up to the jth term. The modulus of
the first two elements of Hy is isotropic and thus does not contribute to the symmetry. The
third term can be written as

Ho

0, PRI (4)

S

1
L+

. ®)

)\2
:’1+A3

B M"Hl)@

The first factor in the last term is also isotropic, but the second factor has threefold
rotational symmetry (and dihedral mirror symmetry). In fact, it has poles at —1, e, and

—7ti

e .
Now, set
1
1= (6)
X =+A
for convenience, and consider the fourth member of H:
1 1
1 A = 2 A (7)
1 7 + X1+
(6+2)
which has threefold symmetry and dihedral mirror symmetry.
This process is can be continued as
1
=1 8
which, for the modulus of the fifth member of H,, gives
1
—. 9
X5+ A ©)

Repeating this procedure gives a sequence that is fully threefold rotationally symmet-
ric with three dihedral mirrors, thus completing the proof. [

One can go even further and consider the coefficients on the A" terms in the nested
series as j — oco. This leads to the following conjecture that is awaiting a formal proof.
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Conjecture 2. Let H be the sequence of iterated functions in Equation (4) in which the jth member
of this sequence, 'Th'1) (z), is given by Equation (2) (with A = I). Then, for even j (j = 2k):

li Zkh(I) — }00 B /\37171 1
kgl;lo (Z) n=1 Cn ! ( 0)
and even j (j = 2k + 1):
L 2k (1 1 v 3n-1
khjg Hp (z) = I~ n§:1 Cp A" (11)

where Cy, is the nth Catalan number. The disk of convergence is 0 < |A| < 1.

A justification (but not a proof) of this conjecture is as follows. Begin by considering
the third member of Hy and expressing it as a series:

1 A%
H+A 1A

:/\2(1—)\34-)\64--"), (12)

where the geometric series was recognized and employed in going to the last expression.
For convenience, let s = (1 — A3+ A°+-..). Notice that only the powers of multiples
of three are active in s. Thus, this member of H( has threefold symmetry and dihedral
symmetry (consistent with Theorem 1).

Likewise, one can develop a series expression for the fourth term as

1 1

e

_ 11/ 1
COAFAAZS) AN+ AS3s

— 1 3 6.2
*X(l As+)\s--~). (13)
This is now a series of series, but, nonetheless, the overall series contains only powers
of A that are multiples of three. This process is continued for j iterations. If j is odd, there
will be a leading term of A1, and if j is even, the leading term will be A2. In each case, the
powers of the remaining terms increase by 3. The heavily nested series quickly becomes
unwieldy to handle analytically. This can be aided by the use of MATHEMATICA to produce
the coefficients in succession, which are the Catalan numbers for the first % terms, after
which they deviate from the Catalan numbers. For example, the series expansion for the
j =10 caseis (C; 1 underlined)
[-
A2 4 A5 4228 1 5AT 140 — 470017 4388020 4. .. (14)
and for the j = 20 case, it is

A2 4 A% 4248 4 5AM 1401 42217 4132420 4 429023 4 1430020
+ 48621 — 507492732 4 320930A% + - .. (15)

Similarly for odd values of j, one finds, for example, for j = 21

% —AZ X5 —2A8 5T g1 42017 132020 — 4290

— 1430120 — 48621% + 1031780132 — 1631650A%° + - - - (16)
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5. Conclusions

The classic fractal 7 = z? + A was generalized to include a fixed Mobius transformation
at each iteration step. The nature of the filled-in Julia sets and the Mandelbrot sets for
these fractals was the central focus of this work. Special cases of affine transformations and
inversions were studied in detail.

While the affine transformations did not give rise to much surprise, the inversion
subgroup led to interesting rotational and dihedral mirror symmetry in the Mandelbrot
set. There was also a connection to hyperbolic triangles in the Poincaré disk. It proved
convenient to define j-averaged Mandelbrot and j-averaged filled-in Julia sets to better
illustrate the effects of inversion.

Three possible extensions of the current work could be to explore other subgroups of
Mobius transformations, to study a different base function than 7 = z% + A, or to let the
Mobius transformation change with each iteration.
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Appendix A

The MATHEMATICA code used to generate Figures 2 and 5 is given here. To generate
the j-average Mandelbrot set, one can construct the following functions.

classicl[z_, 1_] :=z"2 + 1

ManMobptbuild[{a_, b_, c_, d_}, 1_, j_] :=

Module[{f, g}, fl[z_] := (a classic[z, 1] - b)/(c classic[z, 1] - d);
g = NestList[f, 0, jl;
Apply[Plus, Table[If[Abs[g[[k]]] > 2, 1, 0], {k, 1, Lengthlgl}l] //

Quiet]

ManMob2dpltbuild[{a_, b_, c_, d_}, j_, {xmin_, xmax_, xs_}, {ymin_, ymax_, ys_}] :=
ListDensityPlot[
Flatten[Table[
Table[{x, y, -ManMobptbuild[{a, b, ¢, d}, x + I y, jl}, {x, xmin,
xmax, xs}], {y, ymin, ymax, ys}], 1],
ColorFunction -> (Blend[{Red, Orange, Yellow, RGBColor[O, .8, 0],
Blue, Blackl}, #] &)] // Quiet

To produce the j-average Mandelbrot seen in Figure 2 one would use
ManMob2dpltbuild[{0, .3851450, 1, 0}, 100, {-1, 1, .002}, {-1, 1, .002}]
To produce the hyperbolic triangles, the following code was used.

toHP[Z_] := 1 (1 + 2)/(1 - 2)
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toPD[Z_] := (Z - I)/(Z + I)

geo2([z1_, Z2_] :=
Module [{uZ1, uZ2, mp, m, xin, rad, uhpgeo, geo}, uZl = toHP[Z1];

u
m
X
u

g

Z2 = toHP[Z2]; mp = 1/2 (uZl + uZ2);
= -(Re[uZ1] - Rel[uz2])/(Im[uZ1] - Im[uZ2]);
in = (m Re[mp] - Im[mp]l)/m; rad = Abs[uZl - xin];

hpgeo = rad Cos[Pi t] + xin + I rad Sin[Pi t];
eo = toPD[uhpgeo]]

geo2plt[Z1_, Z2_, opts_] :=
ParametricPlot [{Re[geo2[Z1, Z2]], Im[geo2[Z1, Z2]13}, {t, O, 1},

A

xes -> False, opts]

To produce a j-averaged Julia set such as those shown in Figure 5, one uses the following code.

JSplotallclassicMobbuild[{a_, b_, c_, d_}, 1_,

N

_, {xmin_, xmax_, xs_}, {ymin_, ymax_, ys_}] :=

ListDensityPlot[

Flatten[Table[
Table[{x, y, JSMobptbuild[x + I y, {a, b, ¢, d}, 1, jl1}, {x,
xmin, xmax, xs}], {y, ymin, ymax, ys}], 1],
ColorFunction -> (Blend[{Black, Blue, Red, RGBColor[0O, .8, 0],
Yellow, Orange, Red}, #] &), ColorFunctionScaling -> False,
PlotRange -> All] // Quiet

JSplotallclassicMobbuild[{0, .3851450, 1, 0}, -.45 + .05 I, 100,

{_2’ 2, 04}’ {_2’ 2, 04}]
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