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Abstract
We show the structure of the parameter space for a family of rational maps containing Blaschke products.
Through numerical simulations using the orbit of a single critical point, we reveal the existence of infinitely
many Mandelbrot-like sets along the unit circle, as well as eight-like structures in other regions of parameter
space. We pose some open questions related to the parameter space of these functions.
Keywords . Complex dynamics, Blaschke products, Mandelbrot set, Julia set.

1. Introduction. The simplest and most studied complex dynamical system is the quadratic family.
The idea of perturbing the squaring function by a complex parameter revealed enormous richness both in
the dynamical plane and in the parameter plane. The interest in studying the latter begins with the first
numerical simulations made by Benoit Mandelbrot with the computational power of the 80’s. However,
there is a discrepancy in the authorship of the now called Mandelbrot set, because Matelski and Brooks
[?] had already generated a similar picture in the context of Kleinian Groups, see [1] where discuss the
controversy. Beyond the impressive fractal beauty of this object, the main mathematical properties were
only revealed with the seminal work of Douady and Hubbard [2].

Parameter spaces for other types of complex dynamical systems, beyond the quadratic polynomial
family, have also been explored and are less understood, this requires studying the systems one by one,
and it is not always possible to determine global properties, see for instance, Newton maps [3], singular
perturbations of polynomials maps [4], [5] or transcendental maps [6].

In this work we explore a dynamical system on the Riemann sphere that depends on one or more
complex parameters, especially on a family of functions containing Blaschke products. These functions
appear in the analytical context due to the work of Wilhelm Blaschke [7] on the convergence of infinite
products of automorphisms of the unit disk. From the dynamic point of view, they caught the attention of
Michael Herman as the first examples of functions presenting what are now called Herman Rings (see [8]),
and since then a lot of work has been done on these functions, revealing its importance from the dynamical
point of view as a toy model for the study of polynomial dynamics [9], among other dynamics.

We show through numerical simulations the different types of structures present in the parameter plane
of variant of a Blaschke product of degree d + 1 with a single free critical point. We reveal different types
of structure at different scale levels, especially on the presence of multibrot-like sets sets of degree 3 in the
parameter plane. The key point for the simulations depends on the dynamic behavior of the critical point,
to be more exact of the critical value.

In section 2, we describe the Blaschke product family and its main properties. In section 3 we draw the
non-escape locus and different structures in the parameter plane of a Blaschke family. Finally, in section 4
we present some question related to the Blaschke product. All the images we created were made with the
Dynamics Explorer program [10].
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(a) Mandelbrot set. (b) Multibrot set for n = 3. (c) Multibrot set for n = 4.

Figure 2.1: Connectedness Locus for z — 2" + ¢, for n = 2, 3 and 4 respectively.

2. Blaschke products. Finite Blaschke products are rational maps of the Riemann sphere that pre-
serving the unit circle. It is not difficult to verify that (see Milnor [11] ) every rational maps of degree d that
preserving the unit circle can be writting as a finite product

d
B(z)=A]] i
=1

1—a;2’
for some constant A € 0D with ay,...,ay € C — 9. Every map B commuting with the circle inversion,
i.e, B(%) = ﬁ. When the parameters a; are contained in the disk, the associated Julia set is a subset of
z

the unit circle (see [12]). However, in other cases, the associated Julia sets may have a very complicated
structure (see for example Figures 2.2a, 2.2b,2.2¢).
In this work we consider a family of rational maps on the Riemann sphere of degree d + 1 given by

_ d+l

a? a1 x
1-— EZ

The family (2.1) is a degenerate case in the family z — z¢ 1Z —a

—— where a € C (see [13]). We allow

the factor A in the complex plane and not only restricted to the unit circle. In particular (2.1) contains
Blaschke products.

It is not difficult to verify that each map fy has two super-attracting point at 0 and oo, a single critical
point at z = 1 and critical value A = f,(1). Essentially the behavior of the critical point z = 1 determines
the different dynamics for the family (2.1). By iteration the orbit of the critical point can be attracted to
the attraction basin of one of the two superattractors (but not for both at the same time), it could also be
attracted to the basin of some attractor or parabolic point in the complex plane, and even the orbit could be
trapped on the unit circle, where the critical point may be to eventually converge to some periodic point or
have a dense orbit on the circle (see [14]).

The presence of superattractors in the dynamics is quite a useful feature, as is the case with polynomials,
since we can conformally parameterize a neighborhood around 0 or oo using the Béttcher coordinates. For
example for d = 3 (To avoid complications with the degree d), the Béttcher function is the solution of the
Bottcher’s functional equation

270 falz) = =583 (2)°

normalized $3°(z) ~ z at z = co. By [15] for A € C*, for which the critical point z = 1 does not belong to
the immediate basin of attraction of infinity denoted by A (c0), we have Ay (c0) is simply connected and
$° is given by

82(2) = tim o — G Cayd o i 22)
A koo (= A)1+~--+3"—1 p) 2) IA\E) :
2

1
mapping <7 conformally onto |w| > (IQTI) 2, so that
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(a) Julia set of fy for A on the unit (b) Julia set of fy for A in hyperbolic (c) Julia set of fy disconnected for A
circle. component of period 2. outside of non-escape locus .

Figure 2.2: Julia sets for fy, d = 3.

maps Ay (co) conformally onto A = {w : |w| > 1}.

Essentially, some of the properties of Julia sets for f can be summarized in the following statement
Proposition 2.1.

1. fx not contain Herman rings.

2. The Julia set of f» is connected if only if z = 1 is not in the immediate basin of 0 or cc.

Proof: 1) If such a Herman ring exists, by Shishikura [16, Theorem III] then at least the orbits of
two different critical points would accumulate on the boundary of the ring, that cannot happen in our case,
because our family essentially has only one free critical point.

2) Bottcher’s theorem [11, Theorem 9.3] ensures that if the immediate basin of attraction of a superat-
tractor point does not contain another critical point, then the bottcher map defines an isomorphism between
the immediate basin and a disk, in particular it is simply connected. In our case, as long as the immediate
basin of zero and infinity respectively do not contain the critical point z = 1, then both are simply con-
nected. Then, by the Hurtwitz formula [15], all other components of the basin .A(0) (or A(co)) are simply
connected. In a similar way, but using other isomorphisms (see [11, Teorema 8.2, Theorem 10.5]), it is
verified that attractor and parabolic basins and other components of the Fatou set are also simply connected.
Finally, the Julia set is connected, since all the components of the Fatou set are simply connected. [J

Fig. 2.2 show different Julia sets associated a f. In Fig.2.2a show a Julia sets when the critical point
is recurrent in the circle. Fig.2.2c show a Julia set of renormalizable type. Fig.2.2c show the disconnected
Julia sets when the critical point belong to the attracting basin of occ.

We have that the parameter space corresponds to the complex plane, since (2.1) depends on only one
complex parameter. We define the non-escape locus in the parameter plane, i,e, the set of parameters A for
which the critical point is not trapped by basins of 0 or co. In symbols we have

Mg :={reC": f{(1) » oo, fL(1) » 0, when n — oo}

The non-escape locus M 4 has the following properties

Proposition 2.2.

1. M does not coincide with the connectedness locus.
2. S'c Ma.

3. My is symmetric in relation to real axis.

4. Mgy is bounded.

Proof: 1) By the Proposition 2.1, we have that M is a subset of the connectedness set (the set of
parameters A for which the Julia set is connected). However, this inclusion is strict. Indeed, it is enough to
consider the set of parameters A for which f}'(1) = 2 (or f'(1) = 1/2), for each n > 2. For any of these
parameters ), the Julia set of f is connected, that is, each A\ belongs to the connectedness set, however,
by definition they do not belong to M. 2) As a consequence of the previous Proposition 2.1, because for
A € S1, the critical orbit is contain on the circle, hence A € M. 3) Consequence of symmetries of the
critical orbit in the dynamical plane, f'(1) = f;(l), for all n. 4) Without loss of generality, for the case

d = 3, we have that M3 C A(%, 3) (A ring with external radius and internal radius 3 and 1/3 respectively.),
see [14] for more details. [

Remark 2.1. The parameters mentioned in the first part of Proposition 2.2 can be located in the
smallest blue and oranges bubbles (see Figure 2.4b ).
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We divide the \-parameter space into the following hyperbolic components observed in numerical
simulations. Every hyperbolic component in the A -plane belongs to one of the following four types.

e The central orange region in Figure 2.4a, is the hyperbolic component centered at the singular
constant map at 0. In this case, the critical point z = 1 necessarily lies in the basin of zero .

e The unbounded blue region in Figure 2.4b, is the hyperbolic component centered at the singular
constant map at co. In this case, the critical point z = 1 necessarily lies in the basin of infinity.

e Mandelbrot type. Here there are attracting orbits of periods 1, 2, or more, with one free critical
point in the immediate basin of this. For an example in the parameter plane of Mo, see Figure 2.5.

e Capture type. Here the free critical points are not in the immediate basin of zero or infinity, but
some forward image of each free critical point belongs in one basin or the other. (These regions
are either blue or orange in Figures 2.4a, 2.4b,2.6a,2.6b, 2.7c, according as the orbit of z = 1
converges to oo or 0.)

The set of all A for which the Julia set is disconnected consists of the union of the the central orange
region and the unbounded blue region (see Figures 2.4a and 2.4b).

Using techniques of quasiconformal surgery [12], it is possible to show that the hyperbolic escape
components both of zero and infinity are simply connected, and consequently that M is connected (see
[14]).

In the parameter spaces of (2.1) we not observed Arnold tongues and tricorn-like set, because our dy-
namics is not anti-holomorphic, contrary to what was observed in Canela [13] for the maps z + 2> T=-,a €
C. One type of shrimp-shaped structure present in the parameter space in Fig. 2.3, had already been ob-
served in other contexts (see, for instance, [17]).

Figure 2.3: Shrimps in the parameter space of z ~— 23 ——,a € Cin[13]

1

Considering the case d = 3 (for other cases it is also possible), a direct computation allows us to make
some special parameters explicit.
Proposition 2.3. The following statements are valid
1. The Blaschke product fy,, for j = 1,2,3,4, has a critical orbit of period two, where

Moo= i(l—&-\/ﬁ—&—\/?(\/ﬁ—l)) 23)
Ao = i(l—\/ﬁ—&-i\/%\/ﬁ—kl)), (2.4)

and \3 = % A1 = Ay, and | Ao = 1.
2. For \j = 6%1(61 + 5iV/15), (j = 1,2), the Blaschke product fx; have a fixed point parabolic in
the circle of multiplier 1 given by zy, = %(7 +i/15).
For A = —1 the critical value (1) is repulsive fixed point p = —1.
4. For X = 1/2 ou \ = 2 the second image of the critical point ¢ = 1 by fy is the super attractor
z=0o0rz=o00.

w
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2.1. Simulations.

Non-escape set. The set M, was defined in a similar way to how the Multibrot set (see Fig. 2.1)
is defined for the case of unicritical polynomials, i.e, the set of parameters ¢ for which the iterates of the
critical point z = 0 of z ~ 2% + ¢ do not converge to infinity. Fig. 2.4a shows the structure of the non-
escape set Mo, this is a special case, because for |A\| = 1 each f) are diffeomorphisms of the circle, and it
is possible to classify them by their number of rotation. For the cases d > 2, the situation is different, for
|A] =1, f\ are critical covering map of the circle. Regarding the structure of the parameter space, the Fig.
2.4b confirm what we know from Proposition 2.2, that the unit circle is contained in each Mg, d > 2.

(a) Ma. (b) Ms.

Figure 2.4: Non-escape locus My, d = 2, 3.

Mandelbrot-like sets. The presence of Mandelbrot-like sets is related to the fact that the dynamics is
renormalizable, that is, the adequate restriction of the iterates of the functions f have a polynomial-like
behavior in the Douady-Hubbard sense [18]. We do not prove that these sets are in fact quasiconformal
copies of Mandelbrot sets associated to z — 2% + ¢, ¢ € C, that requires the techniques of the aforemen-
tioned article. We limit ourselves to numerical simulations that show the presence of an infinite number of
these baby Mandelbrot sets stuck along the unit circle in the parameter plane.

Figure 2.5: Mandelbrot-like sets for d = 2

McMullen [19] proved that Mandelbrot set is universal, i.e, the copies of generalized Mandelbrot set
are dense in the bifurcation locus for generic families of rational maps. Fig. 2.5 show an infinite collection
of cubic Multibrot sets along a part of the unit circle for d = 2. Similar observations are obtained for any
value of d.

Escape components. Fig. 2.6a show a (orange) escape component of period 2, i.e, the critical point
z = 1 after two iterations belongs to the immediate basin of attraction of 0. Escape bubbles can have quite
complicated geometry, for example see Fig. 2.6b, where an escape region is shown stretching along a spiral.
On the other hand, at a smaller scale it is possible to visualize eight-shaped structures around Mandelbrot-
like sets, for example in Fig. 2.7c, near the parameter A = i, where the escape components of zero and
infinity are also shown in orange and blue respectively.
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(a) Escape component of period 2. (b) A escape component along a spiral.

Figure 2.6: Escape components.

(a) Near to parabolic parameter \,. (b) Zoom near to parameter \p,. (c) Near to parameter A = 3.

Figure 2.7: Zooms in the parameter space.

Near to the parabolic parameter. For d = 3, it is not difficult to determine the parameters for which
the critical point z = 1 has a parabolic fixed point on the circle, by Proposition 2.3 this exactly corresponds
to the parameters )\, = &(61 + 51\/@) For parameters A in a neighborhood of parameter A, without
leaving the circle, we have the phenomenon of parabolic explosion.

Fig. 2.7a shows us a region of the parameter space near a parameter A, on the boundary of the hy-
perbolic component of period 1. Fig. 2.7b shows us a zoom in the region of Fig. 2.7a , where we can
observe a structure in the parameter spaces formed by Mandelbrot-like sets accumulating near the parabolic
parameter.

3. Some Questions.

Geometric Limits. In this work we have considered f) a family of functions of degree d + 1. As
we increase the degree d, the numerical simulations that both the Julia sets and the non-escape set begin
to decrease geometrically, showing in the limit (in some suitable topology) a tendency to a set limited to a
ring around the unit circle. Recently, [20] studied this type of problem for Julia sets on a family of rational
functions. The study on geometric limits for the non-escape locus of the Blaschke products is an open
problem.

In Fig. 3.1 shows the convergence of the structure of M, when the degree d increases. In Figures
3.1a,3.1b,3.1c, we observe that both the component of period 1 (the largest component), as well as all
the escape components and the Mandelbrot-like sets are geometrically smaller and smaller, accumulating
around the unit circle.
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(a) M. (b) M. (¢) Mao.

Figure 3.1: Non-escape locus M 4, when the degree d increases.

Combinatorial structure in the parameter space. As we already mentioned, the structure of the
parameter space for non-polynomial functions is far from being fully understood, even in the quadratic
polynomial case the major conjecture about local connectedness of the Mandelbrot set remains unresolved.
Topological problems such as the local connectedness of both the Julia sets, as well as the corresponding
parameters, are generally difficult problems. In the polynomial case, a combinatorial tool is Yoccoz puzzles,
which have been successful in solving problems of a topological and metric nature related to Julia sets.
Also, there is the version of this tool in the parameter space. However, such partitions are only possible to
construct for certain types of rational functions, see for example [21], [22]. In the case of the family (2.1), a
special case of such a construction was studied in [14]. Studying the feasibility of building such structures
for the parameter space of Blaschke products would be an interesting project to consider.

Figure 3.2: Some external rays in the parameter space

Fig. 3.2 shows one of Yoccoz’s puzzle-building ingredients, external rays. Here we are showing the
approximations of outer rays in parameter space converging for some special parameters on the boundary of
M. Blue rays converging to parameters on the boundary of the period 1 component. Red rays landing on
parameters of the boundary of the period 2 components and green rays landing on the boundary of period
3 components. A priori, we do not know if all the rays external converge to parameters on the unit circle.
A starting point to address this conjecture would be studying the local connectivity in the parameters of the
unit circle.

Julia-like sets in the parameter space. Recently the author [23] presented a family of rational maps
depending on two complex parameters in particular containing Blaschke product, where numerical simu-
lations show the presence of infinite Julia-like sets in the slice of parameter space. This phenomenon is
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particularly interesting because the natural habitat of the Julia sets is the dynamical plane, and its presence
shows the chaotic structure also in the parameter plane. For instance, Buff and Henriksen [24] show that the
bifurcation locus of a two-parameter cubic polynomial family contains quasiconformal copies of quadratic
Julia sets. Exploring other dynamical systems beyond the polynomial where this phenomenon occurs would
be interesting.

4. Conclusions. In this work, we show the structure of the parameter space for a family of Blaschke
products. We first described the decomposition of parameter space in hyperbolic components and showed
by numerical simulations how the behavior of the critical value described all dynamics. The importance
of performing numerical simulations using the power of current computers is undeniable, and it is a useful
tool not only to visualize objects geometrically but also allows us, with adequate care, to make conjectures
about certain topological properties of the complicated structures that appear in the plane of parameters in
dynamic systems in a complex variable.

We hope that the questions posed in the last section will attract the attention of readers interested in
problems of holomorphic dynamics, both from a theoretical and computational point of view.
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