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Abstract

A topological quadratic is a two-sheeted branched covering map on the complex plane
with one branch point. Such a map is called postcritically finite if the orbit of the branch
point under iteration is finite. Two such maps have the same dynamics if there exists a
self-homeomorphism of the complex plane conjugating the first to the second. The study
of postcritically finite branched covers was initiated by Thurston, who characterized when
such a map is homotopic to a conjugate of a polynomial map. The problem of which
polynomial this would be, however, was left unsolved.

There are exactly three quadratic polynomials for which the branch point has period 3:
the rabbit, the corabbit, and the airplane. In 2006, V. Nekrashevych and L. Bartholdi
solved the twisted rabbit problem, which asked “given a topological quadratic whose branch
point is periodic with period three, to which quadratic polynomial is it Thurston equiva-
lent?”

Using braids and the mapping class group of a complex plane with punctures, we provide
a new solution to the twisted rabbit problem. In addition, we solve the “twisted three-eared
rabbit” problem, which is the analogous question for period-four quadratic polynomials.
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1
Background

1.1 Julia Sets and the Mandelbrot Set

Definition 1.1.1. Given a polynomial function f: C — C we define the filled-in Julia

set for f to be the set
F ={z¢€C: |f"(z)| remains bounded as n — oo}.

We define the Julia set of f to be the boundary of F. A

The Julia set of a function is a picture of the dynamics of that function; everything
outside of the Julia set diverges to infinity under iteration of f, and everything in the

filled in Julia set stays inside.

Example 1.1.2. Take the function f: C — C defined by f(z) = 22. Then f"(z) diverges
to infinity if |z| > 1, and converges to 0 otherwise. Hence the filled in Julia set for f is the
closed unit disc, and the Julia set is the unit circle. Notice that f has a fixed point at 0,

and so the interior of the filled in Julia set is the attracting basin for 0. O

Exploring further, however, shows that Julia sets become very interesting very quickly.



1. BACKGROUND 9
Example 1.1.3. Take the function z + 2?2 — 1. Figure 1.1.1 shows the filled-in Julia set
for this function. We can see immediately that this is not a simple object. Zooming in, we
see that it exhibits a fractal structure. That is, it appears to have a pattern which repeats
on all scales. Indeed, one could zoom in on its boundary forever and never encounter a
smooth edge.

The dynamics of this function are different from those of z — z2. Notice that z — 2% —1
contains a 2-cycle: 0 — —1 — 0 — —1---. The interior of the filled-in Julia set is the

attracting basin for this 2-cycle. O

s

Figure 1.1.1: The Julia set for f(z) = 22 — 1.
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For now we will be restricting our attention to quadratic polynomials. In fact, if we
are only looking at quadratics, it turns out that we need only consider maps of the form

2+ 22 + ¢ where ¢ € C. To see this, we recall the concept of topological conjugacy.

Definition 1.1.4. Let f,g: C — C. We say that f and g are topologically conjugate

if there exists an orientation-preserving homeomorphism h so that f =hogoh™. A

It follows immediately from this definition that topologically conjugate functions have
the same dynamics, and so they are equivalent. This means that they will have the same

Julia set up to homeomorphism, which motivates the following theorem.

Theorem 1.1.5. Let p: C — C be a quadratic polynomial. Then there exists ¢ € C so

that p is topologically conjugate to z — 2° + c.

Proof. Let p(z) = c12% + caz + ¢3, and let w(z) = ¢; (z + 262> Then
C1

which is of the desired form. O

We now introduce the Mandelbrot set, which describes the behavior of Julia sets for the
family of functions z? + c. The definition of the Mandelbrot set is based on the following

Theorem.

Theorem 1.1.6. [4, Section 3.8] Let f(z) = 22 +c.
1. If the orbit of 0 is bounded, then the Julia set for f is connected.

2. If the orbit of 0 is unbounded, then the Julia set for f is homeomorphic to the Cantor

set.
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Definition 1.1.7. Let f.: C — C be the function z — z? 4+ c¢. The Mandelbrot set M

is the set of all ¢ € C for which sup |f2(0)] < co. A
n—>r00

Figure 1.1.2 shows a picture of this set. Every ¢ value in the black region yields a

quadratic for which the orbit of 0 is bounded.

Figure 1.1.2: The Mandelbrot set.

Definition 1.1.8. Let f: C — C be a function, and let z € C. The forward orbit of z

is the set Of(z) = {f"(2) | n € N}. A

Definition 1.1.9. Let f: C — C be a holomorphic function, and let P be the set of
critical points of f. Let C' = J,c.p Of(2). We call C the postcritical points of f, and

we say f is postcritically finite if C' is finite. A

If we specify the kind of orbit we wish 0 to have, we can find some ¢ value for which

22 + ¢ has precisely those dynamics.

Example 1.1.10. Suppose we want a function f(z) = 2%+ ¢ for which 0 is part of a three

cycle. That is, suppose 0 has the orbit 0 — ¢; — ¢ — 0 — - - -. Solving the equation

f20)=(F+c)*+c=0
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for ¢, we obtain the values

Ccl = 0
o ~ —1.75488
c3 =~ —0.12256 — 0.744861

cs ~= —0.12256 + 0.74486:.

If we let ¢ = ¢; = 0, we obtain the function f,,(2) = 22, for which 0 is a fixed point.
For all of the other solutions, however, we obtain maps f., for which 0 belongs to a three
cycle. We call f., = fa the airplane polynomial, f., = fcr the corabbit polynomial,
and f., = fr the rabbit polynomial. The Julia sets for these functions are shown in
Figure 1.1.3, and the positions of the ¢ values are shown in Figure 1.1.6. The orbit of 0

under fgr is shown in Figure 1.1.4. ¢

Remark 1.1.11. The description of the orbit of 0 in Example 1.1.10 can be described

combinatorially by the following diagram:

The 2 above the first arrow means that an open ball around 0 maps 2-1 to an open ball
around f(0). We call this diagram a critical portrait. These make it easy to see which
orbits for 0 are valid. Any point p € C has at most two preimages under a map z — 2% +c,

and so the following diagram does not yield a valid orbit:
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Figure 1.1.3: The Julia sets for fr and fcr, and fa, respectively, from the top left.

Example 1.1.12. We will find the values of ¢ for which z + 22 + ¢ has the following

critical orbit:

The polynomial we must solve is f2(0) = f3(0). This is the equation

(4 +ec=c+e,
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0.6}
0.5}

0.4f

0.2}

0.1}

-06 -05 -04 -03 -0.2 -0.1 v

Figure 1.1.4: The critical orbit of fg.
and the solutions are ¢ = 0 and ¢ = —2. We once again throw out the solution ¢ = 0. The

Julia set for z — 22 — 2 is shown in Figure 1.1.5, and is in fact just the line segment from

—2 to 2. O

Theorem 1.1.13 ([4, Theorem 4.6]). Let ¢ € C. Suppose z € C is in an attracting periodic

orbit under f.. Then the critical point 0 lies in the basin of attraction of z.

This theorem says that if f. has an attracting cycle, then the orbit of 0 is bounded, so
c lies in the Mandelbrot set. Furthermore, if f. has an attracting cycle, then the same will
be true for nearby values of ¢, and therefore c lies in the interior of the Mandelbrot set.

The connected components of the interior of the Mandelbrot set are called bulbs. The
hyperbolic components are the bulbs whose corresponding functions each have an
attracting cycle. It is conjectured that every bulb of the Mandelbrot set is a hyperbolic
component.

The following Theorem helps to explain the importance of postcritically finite polyno-

mials.
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Figure 1.1.5: The Julia set for the map z — 22 — 2.

Theorem 1.1.14. [3] Every hyperbolic component of the Mandelbrot set contains a value

of ¢ for which 0 is periodic under f..

As we saw in Example 1.1.12, 0 need not be periodic. In the case where 0 is not itself
periodic, but where its orbit ends in a cycle, we call 0 pre-periodic. Values of ¢ for which
0 is pre-periodic under f. are called Misiurewicz points. The Julia sets for such maps

are connected, but they have no interior.

1.2 Topological Quadratics

In this section we will construct a set of functions on the Riemann sphere which have all

of the topological properties of quadratic polynomials.

Definition 1.2.1. Let S and T be surfaces, and let f: S — T be continuous. We say
that f is a branched cover if there exists a finite set D C T so that the restriction

f:S—fYD)— T - Dis a cover. A
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Figure 1.1.6: The locations of the points c1, ¢2, ¢3, and ¢4 from example 1.1.10.

The degree of a branched cover f is the degree of the associated covering map, and its

branch points are the points in f~1(D).

Example 1.2.2. Let C be the Riemann sphere, and let s: C — C be the map s(z) = 22.
Then s is a branched cover of degree 2 with branch points 0 and oo, each of which is a

fixed point. In particular, any z € C - {0,00} has two preimages under s, namely +/z

and —/z. O

Example 1.2.3. Any quadratic polynomial p: C — C is a branched cover of degree 2.

The branch points are oo and the critical point of p. %

Example 1.2.4. Any rational map r: C — C is a branched cover of (E, where the critical

values of r (possibly including co) are the branch points. O
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Definition 1.2.5. Let 7: C — C. Then 7 is a topological quadratic if it satisfies the

following properties:
1. 7 is a branched cover of degree 2 with two branch points, one of which is oo,
2. T is orientation-preserving, and
3. 7(00) = o0.
AN

Remark 1.2.6. Since 7-!(c0) = {oo} for any topological quadratic 7, we can restrict 7 to
C without penalty. It will sometimes be convenient to do this, and so we will occasionally

be loose with the requirement that 7 be a map on C. O

Notice that if f is a quadratic polynomial and h is a homeomorphism, then fo h is a
topological quadratic. In fact, any topological quadratic can be written as f o h for some
quadratic polynomial f and some homeomorphism h.

Theorem 1.2.7. Let 7: C — C be a topological quadratic with branch point p. Let s: C

2

— C be the map z — z°. Then 7 = s o h for some homeomorphism h: ((E,p,oo) —

(C,0,00).

We can still talk about postcritical points for topological quadratics. We will have
the branch points play the role of critical points, allowing us to generalize our previous

definition.

Definition 1.2.8. Let 7: C — C be a topological quadratic, and let p be the branch point
of 7. Define the postcritical set of 7 to be the set O,(p). Define 7 to be postcritically

finite if its postcritical set is finite. A

This definition agrees with our earlier definition since quadratic polynomials have pre-

cisely one critical point, which is the same as the branch point. Extending fr, fogr, and
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fa to ((AI, we see that they all are topological quadratics, and in particular, they are post-

critically finite topological quadratics.

1.3 Thurston Equivalence

We have seen that topological quadratics may or may not have representations as quadratic
polynomials. But what if we allow continuous deformation? That is, is every topological
quadratic homotopic to a quadratic polynomial? The answer to this is “not necessarily.”
The clarification of when this is and is not the case is the subject of this project. We

formally define Thurston equivalence as follows:

Definition 1.3.1. An isotopy is a map ¢: I X C — C so that ¢t is a homeomorphism

for all t € I. A

Definition 1.3.2. Let ¢: I x C — C be an isotopy, and let A C C. We say that ¢ is an

isotopy relative to A, abbreviated isotopy rel A, if ¢;|4 does not depend on t. A

Remark 1.3.3. Let B and C be subsets of X with the same cardinality. We will commonly
use the notation f: (X,B) — (X,C) to mean “f is a function from X to X which takes

B bijectively to C”. O

Definition 1.3.4. Let 7: (C,P;) — (C,P;) and v: (C,P,) — (C,P,) be topological
quadratics with postcritical sets P, and P,, respectively. Then 7 and v are Thurston
equivalent, denoted 7 ~ v, if there exist orientation-preserving homeomorphisms
h, k: (@, P;) — (@, P,) where h and k are isotopic relative to Py, and so that the following

diagram commutes:
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A

In other words, 7 and v are equivalent if they are topologically conjugate, up to isotopy

relative to their postcritical sets. If h = k, then 7 and v are topologically conjugate.

1.4 Mapping Class Groups

The problems we will be tackling will be of the following form:

Question: Let 7 be a postcritically finite topological quadratic, let P, be the postcrit-

ical set of 7, and let h: (C, P;) — (C, P;) be a homeomorphism.

1. Is 7 o h Thurston equivalent to some quadratic polynomial p?

2. If so, what is p?

Thurston solved the first of these questions using a criteria involving the cohomology of
C - P, but the second question remains unsolved.
The first step we will take in tackling this problem is to classify all homeomorphisms

h: (@, M) — (@,M) up to isotopy rel M.

Definition 1.4.1. Let M C C be finite, and let h: ((@,M) — (@, M) be a homeomor-
phism. The mapping class of & is the equivalence class [h] of maps g: ((E, M) — ((E, M)
homotopic rel M to h. A
Definition 1.4.2. Let M C C be finite, and let MCG(@, M) be the set of mapping classes
on (((AZ, M). Define the binary operation % on MCG(@, M) by [h] % [g] := [h o g]. A
Theorem 1.4.3. The set MCG(@, M) forms a group under the operation .

Definition 1.4.4. The group (MCG(@, M), ) is called the mapping class group of
(C, M). A

Remark 1.4.5. Since the elements of MCG(@,M ) are equivalence classes, we abuse

notation by saying that h € MCG(@, M) means any representative element h of [h]. ¢
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Let p be a quadratic polynomial, and let h: (@, P,) — (((AZ, P,). Notice that this definition
of h requires only that h permute the elements of P,, and so poh will not necessarily have

the same critical portrait as p.

Definition 1.4.6. The pure mapping class group of (@,M), denoted PMCG(@, M),

is the subgroup of MCG(@, P,) for which each element fixes P, pointwise. A

Remark 1.4.7. Let M C C be finite. Let ¢: MCG(C, M) — S, be the homomorphism
which takes [h] € MCG(@, M) to its corresponding permutation of M. The kernel of ¢ is

then subgroup PMCG(C, M) of MCG(C, M). 0

The generating elements of PMCG(@, M) are homeomorphisms called Dehn twists,

which we now define.

Definition 1.4.8. Let V be the annulus {z € C: 1 < |2| < 2}. Let D: V — V be defined

by

D(z) = ze?™1EDif 2] € [1,2)

Then D is a homeomorphism from V to V which is the identity on the boundary of V.

We call D the canonical Dehn twist. A

Example 1.4.9. Let p: I — C be the path p(t) = (=1 — i)t + (1 — t)(1 +4). Figure 1.4.1

shows (D o p)(t) and (D o (—p))(t). O

Definition 1.4.10. Let o be a simple closed curve in ((AJ,M ), which encloses precisely
two elements of M. Let D be the canonical Dehn twist. Let h: C — C be an orientation-
preserving homeomorphism which takes the annulus {z € C | |z| € [1,2]} to an annulus
with inner boundary « and outer boundary a small enough distance away from « so that

it does not intersect M. We define D, to be the homeomorphism such that the following



1. BACKGROUND

X8

Figure 1.4.1: The result of the canonical Dehn twist on two lines through the origin.

diagram commutes:

We call D, a Dehn twist around o. A

Example 1.4.11. Let «, 3, and v be the loops in the first image in Figure 1.4.2. Then

D, Dg, and D, occur in the annuli shown in the second image. O

8 Ds
@ @

Figure 1.4.2: Three curves «, 3, and 7, and the annuli in which their Dehn twists D, Dg,
and D, take place.
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For a given set M of marked points, the pure mapping class group is generated by a
set of Dehn twists, one around each pair of points [10]. It is not in general an easy task,
however, to define a presentation for PMCG(@, M) using Dehn twists as generators. Later
on, we will use braid groups to find presentations for MCG(((AZ, M) for arbitrary M. For

now, though, we will restrict to the case where |M| < 4.

Remark 1.4.12. It must be noted that Dehn twists around closed curves containing
a single point of M are trivial. Dehn twists around null-homotopic loops are trivial as

well. 0

Theorem 1.4.13 (The Lantern Relation). Let p1, p2, and p3 be three marked points in a

disc. Let o, B, 7, a, b, ¢, and d be the curves shown in Figure 1.4.3. Then

DoDgDy = DyDyDg = DgDyD, = DyDyDeDy.

For now we present this theorem without proof, and we refer the reader to Chapter 3

for a treatment of mapping class groups involving braids.

Remark 1.4.14. Notice that the twists D,, Dy, D., and Dy all commute with each other,

since the curves a, b, ¢, and d are all disjoint. O

Remark 1.4.15. The most important aspect of a Dehn twist is the points around which
it occurs. Where it is clear, we will refer to a Dehn twist around a set of marked points

M as Dj;. We mean by this a Dehn twist around a curve separating M from the rest of

C. O

Lemma 1.4.16. Let M C C be finite, let p € M, and let Dy, € PMCG(((A:, M) be a Dehn

twist around {p}. Then Dy, = id.
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Figure 1.4.3

Proof. Notice that the canonical Dehn twist D can be written as the result of the isotopy

¢:Ix@%@deﬁned by

ze2mit(2—1z2])  if |z| € [1,2]
Pe(2) = { Se2mit otherwise

Notice that ¢;(0) = 0 for all ¢ € I. Choose a homeomorphism h: C — C so that h takes
the annulus {z | |z| € [1,2]} to the proper annulus around {p} and so that h(0) = p. Then
D,y =hoDo h~!, and so it is the result of the isotopy ho ¢; o h~!, which fixes p for each

t € 1. Hence Dy, = id. O
Theorem 1.4.17. Let M C C.

1. If M| < 3, then PMCG(C, M) ~ 1.

2. If M| = 4, then PMCG(C, M) = (A, B,C | ABC = CAB = BCA = id).

Proof. We will only prove this for the first case, leaving the second to chapter 3.
Let | M| = 1. Notice that C—Mis homeomorphic to C. Since all orientation-preserving

homeomorphisms of C are isotopic to the identity, we are done.
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Let |M| = 2. Notice that any curve around the two points in M is contractible, and so

the Dehn twist around the two points is trivial.

Let |M| = 3. Any curve separating two points in M is homotopic to a curve separating

just one, and so any Dehn twist around two points is trivial.

O

Remark 1.4.18. The basic idea for the proof in the case where |M| = 4 is as follows,
although the details here are fuzzy since we do not yet have the machinery to deal with
it. Let p,x € M. Notice that Dy, .y = Dy, .y where y and z are the other two points in
M. Hence any Dehn twist involving p can be written as a Dehn twist involving the other
three points, yielding three generating elements A, B, and C. Supposing, without loss of
generality, that these twists are arranged counterclockwise starting with A (as the curves
a, 3, and v in Figure 1.4.3), we obtain the relation ABC = BCA = CAB = D, = id.
The fact that there are no other relations will for now be taken on faith (we will tackle

this problem in Chapter 3). This leaves us the desired presentation. %



2
Lifting and Rewriting

2.1 Dehn Twist Lifting Theorem

The rest of this project hinges on the fact that we can say things about the Thurston classes
of postcritically finite topological quadratics, if we know what generators of the mapping

class group they come from. The following Theorem is how we derive these relationships:

Theorem 2.1.1 (Dehn Twist Lifting Theorem). Let f: C — C be a topological quadratic.

Let a be a simple closed curve in C.

1. If f~Y(a) = BU~ where B and v are disjoint simple closed curves in C, then
Dyof=foDgoD,.
2. If f~Y(«a) = B where B is a simple closed curve in C, then
D%o f=foDg.

It follows from Thurston’s theorem that if 7: C — C is a topological quadratic with
the period three critical portrait, then 7 is Thurston equivalent to either fr, for, or fa.

Hubbard and Nekrashevych, in [9] used monodromy groups to show that it is possible
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to determine which of these three 7 is equivalent to, if you are given the sequence of
Dehn twists w so that 7 ~ wfgr. The following sections present an alternative proof of
that second fact, using Theorem 2.1.1 and the mapping class group of the 3-punctured

complex plane.

2.2 Rewriting Systems

Let A be the Dehn twist around 0 and fr(0), let B be the Dehn twist around fr(0)
and f%(0), and let C be the Dehn twist around f3(0) and 0. Nekrashevych showed that
Cfr ~ fa and that C~'fr ~ for. We wish to know, given a sequence w of Dehn twists,
which class wfr belongs to. The way we go about figuring this out is by rewriting w until
it reduces to one of C', C~1, or the identity (henceforth denoted 1). To be more formal,
we wish to find a sequence wi,wo, . ..,w, so that for each w;, we have w; f ~ w;y1f, and so
that w, € {C,C~1,1}. Showing the existence of such a sequence for any w is equivalent to
showing that it is always possible to discover which equivalence class wf belongs to, and
to do so in a finite amount of time.

We need a formal system for this sort of computation, and we turn to rewriting systems

for that structure. Much of the following notation comes from [5, Chapter 2].

Definition 2.2.1. We define a rewriting system as a pair (S, —), where S is a set and
— is a binary relation on S. That is, =C S x S, and we write a — b if (a,b) €—. We
write a = b if there exist a1,a9,...,0, so that a — a1 — a9 = -+ — a, — b. If there is

no b € S such that a — b, then we say that a is irreducible. A

Definition 2.2.2. We say that a rewriting system (S, —) is confluent if whenever a = z;
and a = zo, there is some b so that z; — b and 2o — b. We say that (S, —) is terminating
if there does not exist an infinite chain a1 — a2 = a3 — ---. If (5, —) is both confluent

and terminating, we say that it is convergent. A
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Theorem 2.2.3. Let (S,—) be a convergent rewriting system. Let R C S be the set of

irreducible elements of S. Let s € S — R. Then s = r for a unique r € R.

Proof. Let s € S — R. Since (S, —) is terminating, there is some element of R so that
s = r. To prove uniqueness, assume there exist distinct 71,7 € R so that s — 71 and
s = 1. Since (S, —) is confluent, there must be some element b € S so that r; — b and
9 = b. But r1 and 7o are irreducible, so this is a contradiction. Hence s X rfora unique

r € R. O

We can now rephrase our question. Let £ be the set of reduced words in (B, C' |), and
let 1 denote the empty string in (B,C' |). We wish to find a relation — on £ with the

following properties:
1. If w— p, then wf ~ pf.
2. C, C~!, and 1 are the only irreducible elements of L.
3. (L£,—) is convergent.

This is precisely what we will do next.

2.3 Relations

Figure 2.3.1 shows the lifts of the curves used for the Dehn twists A, B, and C. We use
these in combination with Theorem 2.1.1 to obtain homotopy relations for A, B, and C.
Since a lifts to a single curve homotopic to ¢, we obtain the relation A%f, ~ f.C. Since b
lifts to a single curve homotopic to a, we obtain the relation B2f. ~ f.A. Since c lifts to
two disjoint curves, one of them homotopic to the identity, and the other homotopic to b,

we obtain the relation C'f, ~ f.B.
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p

Figure 2.3.1: The lifts of a, b, and ¢, respectively. The original curves (a, b, and ¢) are
shown in green, and their lifts are shown in blue. Note that each curve is counterclockwise.

Since we have the lantern relation, we can rewrite these rules in terms of only two of
the generators. Since ABC ~ I, we have A ~ C~'B~!. Hence our rules and their inverses

can be rewritten as

c'B7lc B lf~ fC (2.3.1)
BCBCf ~ fC™! (2.3.2)

B’f ~ fCc7'B™! (2.3.3)

B?f ~ fBC (2.3.4)

Cf~fB (2.3.5)
C'f~fB! (2.3.6)

2.4 Liftable Subgroup

It will be useful in our proof to identify exactly which elements of MCG(C*M) can be
“moved across” f, and in what way. That is, given a sequence of Dehn twists w, we wish
to know when there exists another sequence of Dehn twists p so that wf ~ fp. Additionally,

we would like to identify what p is, given w. This prompts the following definition.
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Definition 2.4.1. Let fr: C — C be the rabbit polynomial. The liftable subgroup of

MCG(C, M) with respect to fr is the set
L={S e MCG(C,M) | IT € MCG(C, M) so that Sf, ~ f,T}.
A

To find this subgroup, we begin with the fact that Cfr ~ fgrB, and that B%fp ~

frRC™'B~1. We then ask if BCB~!fg ~ frw for some word w. Observe that
BCB 'fp = BCBB ?fr ~ BFBfpBC ~ BCBC frC ~ frC~'C = fg.

Hence BOCB~!fr ~ fr. Then we know that anything that can be written as a combination

of C, B2, BCB™', and their inverses, can be moved across fgr, and in what way.

Figure 2.4.1

Observe that (B2, C, BCB~! |) is precisely the subgroup of (B, C'|) generated by paths
in the directed graph in Figure 2.4.1 beginning and ending at the base point (denoted as
a red dot). Each vertex has one C' edge going in, one B edge going in, one C edge going
out, and one B edge going out. We choose a spanning tree (the red B edge). Then, for
every edge not in the spanning tree, we choose a path along the spanning tree, then along
that edge, and then back along the spanning tree. For example, the C edge on the right
becomes BCB~ .

Then for any path beginning and ending at the base point, we record the edges it
traverses (eg. BCCBC'), remove each red letter, and replace each blue letter with its

corresponding spanning tree path. For example, BCCBC becomes BCB~'BCB~'B2C.
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Since each path beginning and ending at the base point represents a word with an even
number of Bs, we see that (B,C, BCB~! |) generates the subgroup of (B,C |) with an
even number of Bs. Hence words with an even number of Bs are liftable. Since we have
no relation for B fg, it follows that words with an odd number of Bs are not liftable, and

this prompts the following proposition:

Proposition 2.4.2. Let fr be the rabbit polynomial, and let w be a word in (B,C |). If
w contains an even number of Bs, then wfr ~ frp for some word p in (B,C |). If w

contains an odd number of Bs, then wfr ~ Bfrp for some word p in (B,C'|).

Proof. Let w contain an even number of Bs. Then it can be written as a product of the
generators B, C, BCB~!, and their inverses. Each of those is liftable, so wfg ~ frp where
p is a product of B, C~'B~!, 1, and their inverses. Now assume w has an odd number
of Bs. Then form the word BB~ 'w. Since BB~! = 1, it follows that BB~ lwfr ~ wfg.
Observe that B~'w has an even number of Bs, so BB~ 'wfr ~ Bfrp where rho is a

product of B, C~'B~1, 1, and their inverses. This completes the proof. O

We can now begin to construct the reduction we will put on £. Using Proposition 2.4.2
along with the relations we have on B, C, and BCB~!, we construct the following Thurston

equivalences:

Proposition 2.4.3. Let w be a reduced word in (B,C'|). Let f, be the rabbit polynomial.

Then the following equivalences hold.

wCfr~Bwfr  wC 'fp ~ B lwf, (2.4.1)
wBifr ~C'B \wfp  wB%fgp ~ BCWf, (2.4.2)
wCBfr~C 'B'wB™'f  wC 'Bfp~C B 'wB™fg (2.4.3)

wCB Y fr ~wB L fr wC'B fg ~wB™ f (2.4.4)
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Proof. Observe that equation 2.4.1 follows directly from the original relations. Since
wC fr ~ wfrB, we can move the B around to obtain wC fr ~ Bwfgr. The inverse case is

the same. Equation 2.4.2 also follows directly from the original relations.

For equation 2.4.3, observe that wCBfr ~ wB 'BCBfr ~ wB 'BCB 'B?fp ~
wB 1 frRC~ 1B~ SincewB~ ! frC'B~! ~ C~'B~'wB™!, we have wCBfgr ~ C~'B~lwB~%.

The case for wC~ !B f is similar.

For equation 2.4.4, observe that wCB~'fp ~ wB 'BCB~'fp ~ wB l'fg, so

wCB™  fr ~ wB™! fr. The case for wC~'B~! f is similar.

2.4.1 Proof

Observe that the relations in Proposition 2.4.3 are all of the possible endings for a given
word. Therefore, for any given word, one and only one of these rules will apply. We are now
ready to define our reduction on £. Let A: £ — {B, B~!,1} — L be defined by A(w) = p
where p is obtained by the appropriate relation in Proposition 2.4.3, and then reducing it.
Since we have no relation if w = B, if w = B~!, or if w = 1, we do not define A on those
elements. For example, if w = aC for some reduced word «, then A(w) = Ba if a does
not begin with B~1, and A(w) = «a if it does. Observe that this is a well-defined function:
each w € L is a reduced word, so it has only one representative in £, and A is defined on
all of its domain.

Define —C L x L to be the set {(w,p) € L x L | Aw) = p}. Observe that, by
construction, wfr ~ A(w)fr. Hence if w — p, then wfr ~ pfr. Also by construction,
the set of irreducible elements in (£, —) is {B, B~!,1}. Hence the only thing we have left

to prove is that (£, —) is convergent.
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Since A(w) is only a single element for each w € £ — {B, B~%,1}, it follows that, for
any w, we have w — p for a unique p € L. Hence (£, —) is confluent.
To prove that (£, —) is terminating, we define an order on £ by looking at the “length”
of each w € L. That is, we define |w| to be the number of letters in w. We will show that
for any w € £ — {B, B~!,1} such that |w| > 1, there exists some p € £ so that w - p and

|p| < |w|. We use the notation (w — n) to denote a word with n fewer letters than w.

Proposition 2.4.4. Let w € L —{B,B~',1}. Then there exists p € L such that |p| < |w|

and w = p.

Proof. If w = aC™ for some n € Z — {0}, we know that wfr ~ B"(a — 1)B'fg for
some i € Z — {0}. So we can assume, without loss of generality, that w = aB™ for some
n € Z — {0}. We have four cases.

Case 1: Assume w = aCB. Then
aCB — C'B 'aB™
If « = (v —n)B™", then
c'B~taB' S (c7'B Y2t (a—n—-1)CF' BT 5 (¢ B Y2 (a—n—1)B7L
Repeating this process one more time gives us
(Cc'B 2t (a—n-1)B' 5 (C’le*l)nTﬂjH(a —n—p—2)B7!

for some p € N U {0}. Observe that ](Cilel)nTﬂ)‘H(a —n—-p—-2)B7 Y =|a/+1<
|| + 2 = |w|. Hence w = p for some p with |p| < |w].

Case 2: The proof for w = aC~!' B is exactly the same as in case 1.

Case 3: Assume w = (w — 2)C*!B~!. Then w — (w — 2)B~!, so we are done.

Case 4: Assume w = (w — 2)B*2. Then w — (CB)*!(w — 2). Since (CB)*!(w — 2) has

the same number of twists as w but one fewer B terms, we are done.
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The previous proposition shows that (£, —) is terminating. Hence (£, —) is convergent.
Since the set of irreducible words in £ is precisely {C,C~! 1}, it follows that wf, is
Thurston equivalent to precisely one of Cf,, C~1f,, or f., and that we can determine

which one it is in a finite amount of time.



3
Braid Groups

Braids are very versatile objects: they have an intuitive geometric interpretation, a nice
algebraic structure, and are used widely throughout mathematics. We will be using them
because of their intimate relationship with homeomorphisms of C—their algebraic struc-
ture can be used as a powerful tool to attack the problem of Thurston equivalence. In this
chapter we will first develop some of the general theory behind braids, and then introduce

their connection to the mapping class group.

3.1 The Braid Group B,

A braid, in essence, is a geometrically intuitive object. Think of the standard hair braid: we
take three bundles of hair, do a sequence of twists, and then tie it off. The “endpoints” of
the bundles are then fixed (i.e. attached to the head or tied off), and the bundles certainly
cannot pass through each other. The notion of being unable to undo a braid gives us a
natural idea of equivalence—two braids are the same if, when one pulls the strands tight,

they have the same crossings.
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These are essentially all of the properties we want a mathematical braid to have—two
or more strands twisted together and then fixed, so that the strands cannot untwist. T'wo

braids will be equivalent if one can be deformed into the other without crossing the strands.

Definition 3.1.1. A braid §: I — C is a set of continuous paths

/B(t) = {pl(t),pg(t), cee 7pn(t)}

so that at any time t we have p;(t) # p;(t) for all i # j. A

Remark 3.1.2. Each path p; in a braid 5 is called a strand. It will occasionally be useful

to refer to a specific strand of a braid /3, and for this we use the notation 5;(i) := p;(t). <

Example 3.1.3. The path t — {t, 14t} is a braid, since t # 1+t for all t € I. The following

is a graph of this path, looking at it from the perspective of the negative imaginary axis.

0 1 2
0 S EE—
t \
R — )
0 1 2

O

Example 3.1.4. The path t — {¢,2t}, shown below, is not a braid, since at t = 0, we

have t = 2¢t = 0.

[\
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Example 3.1.5. The path

1i7rt 1 1i7rt 1
t»—>{( e —1—2 , 26 —1—2 , T

is a braid with a crossing of the first and second strands:

[\

O

Example 3.1.6. Let 5 be the path from Example 3.1.5, and let « be the equivalent

crossing of 1 and 2. We can form a new braid « by concatenating 8 and . We denote this

as a = f:
0 1 2
]
t J
1 — —
__“
0 1 2
Note that we can only do this when 81 = «p. O

Since we can only concatenate braids when they have endpoints in common, we will

define some notation to make keeping track of said endpoints easier.
Definition 3.1.7. Let 5 be a braid. We call the set of points in 5y the begin points of

B, and we call the set of points in §; the end points of 5. A

Definition 3.1.8. Let A, B C C be finite sets. We will let Braid(A, B) denote the set of

braids with begin points A and end points B. A
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We can also think of a braid on n strands as a path in what is called “configuration

space.” The configuration space of n points in C is simply the space of n-element subsets

C.

Definition 3.1.9. The space
Cn(C) = {{m1,22,...,an} € X" | a; # xj for i # j}
is called the configuration space of n points in C. A

The configuration space inherits a topology as a quotient of a subspace of C™. Using
this topology, it is easy to see that any continuous path 8: I — C,(C) in the configuration
space is in fact a braid, and so we can use this as an alternate but equivalent definition.

We wish to consider two braids the same if one can be deformed into the other, keeping
the endpoints fixed, and without crossing the strands. The natural way to do this is to

look at homotopy classes of paths in C,(X).

Definition 3.1.10. Let o, 8 € Braid(A, B). We say that « and  are braid homotopic,

denoted o ~ 3, if there exists a homotopy of paths ¢: I x I — C,,(C) so that ¢y = «, and
= B. A

This is precisely what we want; at any two times ¢ and r, ¢.(r) is still an element of
Cn(C), and so the strands of a braid never cross during homotopy.
We can now define a group structure on braids. If we choose a base point N € cn(@),

then we can form the fundamental group (Cn(@),B) of homotopy classes of braids

starting and ending at N.

Definition 3.1.11. Let n € N, and let N ={0,1,2,...,n—1} € Cn(@) The braid group

on n strands, denoted B,, is the group 7 (Cn(@), N). A

Taking two elements 8 and a of By, we see that the group product S« is the same as

the concatenation defined in Example 3.1.6
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Remark 3.1.12. At this point we have several different sets of notation for the same thing.
Part of the reason braids are so useful is that they have so many equivalent representations;
this same property, however, makes it difficult do define a consistent notation for them.

For this reason, we will in general use whatever notation is convenient, without further
discussion. So a braid 8 on a finite set A is either a path in C,(C), a tuple of paths, or a
family of functions g;: A — C.

We will also, in general, not care about the distinction between braids and homotopy
classes of braids. Therefore the set Braid(A, B) refers to homotopy classes of braids, and
so we can use Braid(A, A) to denote the group m(C,(C), A). The standard braid group

B, is still specifically the group of braids on {0,1,...,n}. O

The group B,, is generated by n — 1 crossings X1, Xo,...,X,,_1, where X is the braid

in which the strand j crosses “in front” (that is, via the lower half-plane) of j + 1.

Definition 3.1.13. Let n € N and j € {1,...,n — 1}. The braid X; € B, is defined to

be the homotopy class of the braid

‘ 1., 2j+1\ (1., 2j+1\ .
tes 31,2, 5= 1, [ —zemt 4 T2 Zeimt 2T % on—1%.
H{’? 7.] 7< 26 + 2 )7(26 + 2 >7j+7 7n }

A

~

One can check that this is indeed an element of C,,(C) for all ¢ € I. Notice that the

inverse element of X; is the class of braids generated by

1 25+1\ (1 ., 2j+1
t»—>{1,2,...,j—1,(—26”t+‘7;>,<26”t+ ‘7; >,j+2,...,n—1}.

We use X to refer to this element.
The identity element of B, is the braid id(¢t) = {0,1,...,n — 1}. Figure 3.1.1 shows

X1X1, which is the same as the identity.

Theorem 3.1.14. The group B, is generated by n — 1 elements X1, ..., X,—1, with the

following relations:
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Q=111

Figure 3.1.1: The braid X; X, which is equivalent to id.
1. If’l—]| 22, then Xl‘XjZXin.
2. XiXin1 X = Xim1 Xi X foralli<n—1.

We refer the reader to [8] for a proof of this fact. Figure 3.1.2 shows the geometric idea

behind the relation XzXH—le = Xi+1XiXi+1-

JJ b,
_\J
}—

s ¢

Figure 3.1.2: The relation XZXZ—‘,-le = XZ'+1X1'X¢+1.

Remark 3.1.15. We will mostly be working with Bs and B4, and so instead of using
the general notation defined above, I make the following notational conventions: A = X3
and a = X1, B = X, and b = X, etc. So our relations are nicely written as AC = C'A,
ABA = BAB, and so on. Figure 3.1.3 shows the generators A and B for Bs, along with

their inverses. O

21 R IR IR

Figure 3.1.3: The two generators A and B of B3, and their inverses.
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The following is a relation that we will use often in Chapter 4.

Lemma 3.1.16. Let n € N, and let i < n— 1, and let X; € B,. Then YZ-XZQ_HX,- =

X XIXi1.
Proof. Observe that Yleq—I—lX’l = Y1X3+1X1Xi+1yi+1 = YiXiq_FllXiXi+1XiYi+1 =

XiXiXip1 XIXip1 = Xim X! X 41 O

3.2 The Mapping Class Group and Braids

Braids in C and homeomorphisms of C are intimately related. In particular, if M is a set of
marked points, any homeomorphism h: (C, M) — (C, M) has unique braid representative
in Braid(M, M). In addition, any such braid is a representative for a unique class of
homeomorphisms in the mapping class group of (C, M). This section will illuminate some

of the theory behind this connection.

Definition 3.2.1. Let M = {mj,ma,...,m,}. Given a homeomorphism h: (@, M) —

(@, N), let ¢ be an isotopy with ¢g = id and ¢1 = h. The braid § defined by

B(t) = {ge(m1), ..., ¢e(mn)}

is called a braid representative for h. A

Example 3.2.2. Let n > 1, and let B = {1,2,...,n} C C. Consider an isotopy
¢: I x C — C. Since ¢ is an isotopy, it follows that ¢(j) # ¢¢(k) for any j # k and
all t € I. Hence for any isotopy ¢ and any set of marked points {mj,...,m,}, we get a

braid

t= {pe(ma), ..., ¢e(ma)}.

Figure 3.2.1 shows a braid induced by some isotopy ¢.
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( ) ¢0 (ma) olma) \ do

mg)

Figure 3.2.1: A braid in C induced by some isotopy ¢.

Example 3.2.3. The representative braid for a Dehn twist around two points is a double

twist of the two points. The figure below shows the representative braid for a Dehn twist

around 0 and 1.

o
—_

Ta_a>

e

<7 v>

O

We know that any homeomorphism gives rise to a braid, but we also want the other
direction. That is, we want a class of braids to be a representative for a unique class of

homeomorphisms. Proofs of the following theorems can be found in [8, Chapter 1].
Theorem 3.2.4. Fvery braid is a representative for some homeomorphism.

Theorem 3.2.4 essentially says that any braid beginning and ending at a set of marked

points M is a picture of some homeomorphism h: (C, M) — (C, M).
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Theorem 3.2.5. Let h,k: (@,M) — (((A:, N) be homeomorphisms. If h and k have a

common braid representative, then h and k are isotopic rel M.

Theorem 3.2.5 in combination with Theorem 3.2.4 says that to every 5 € Braid(M) we
can assign a unique (up to isotopy rel M) homeomorphism. That is, we have a function
Braid(M) — MCG(C, M). This function is not, however, one to one. That is, it is not
true that every homeomorphism class in MCG(C, M) has a unique braid representative
in Braid(M)—a full twist around all points in M is isotopic rel M to the identity. Any
such twist is represented in the braid group as a 360° twist around all of the strands. The

following sequence of theorems expresses this idea formally.
Definition 3.2.6. Let n € N. The element
Ay, =(X1Xo - X)) (X1 Xo- - Xp—2) - (X1 X2) X, € By
is the 180° twist in B,. The element 6,, = A2 is the 360° twist in B,,. A

Figure 3.2.2 shows Aj (the 180 degree twist on 5 strands) and 65 (the 360 degree twist

on 5 strands).

Theorem 3.2.7 ([8, Theorem 1.24]). Let n > 3. Then the center of By, is the infinite
cyclic subgroup generated by the 360° twist 0,

Remark 3.2.8. We can talk about the group Braid(M) for any arbitrary finite set M. In
fact, if |M| = n, this group is always isomorphic to B,,. To see this, pick any element ~y of
Braid({0,1,...,n}, M). Then conjugating elements of Braid(M) by =y gives us the desired

isomorphism. %

Lemma 3.2.9. Let h € MCG(@, M), and let B be in the center of Braid(M). If h has

braid representative B, then h is isotopic rel M to the identity.

Proof. We will prove this only for the case where M = {1,...,n}. By Theorem 3.2.7, 8

is either the identity, or it is some power of 6,. Let ¢ be the isotopy which twists C by
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\
2

N N,
~,
N7
N,
~,
\\ N
~,
~ 7”7 N
~
~,

N

Figure 3.2.2: The braids As and 05, respectively.

360° around the origin. Then the braid representative for ¢ is the element 6,, € Braid(M).
By Theorem 3.2.5, any homeomorphism h: (@, M) — (@, M) with braid representative

0,, is isotopic rel M to ¢1, which is isotopic rel M to the identity. ]

Armed with Lemma 3.2.9, we can finally construct our isomorphism. Modding out
Braid(M) by its center gives us precisely the equivalence on braids that we want: any

braid with a 360 degree twist is equivalent to itself without the 360 degree twist.

Theorem 3.2.10. Let M C C. Let Z be the center of Braid(M). The function
Braid(M)/Z — MCG(C, M)

taking a braid to its homeomorphism class is an isomorphism.

Proof. This follows directly from Theorem 3.2.5 and Lemma 3.2.9. O

Remark 3.2.11. Now that the isomorphism between MCG(C, M) and Braid(M)/Z is

established, we will make no distinction between homeomorphisms and braids. That is,
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we will write things like 8 o h where (8 is a braid and h is a homeomorphism. In such a

case we will mean “the homeomorphism to which  is associated, composed with h.”

Example 3.2.12. Recall the lantern relation from Section 1.4. We can now prove this
relation using braids. Let M = {0,1,2}. Then MCG(C, M) is generated by the three Dehn
twists Do 1, D12 and Dy 2. As braids, these are represented as the Dy 1 = A2, Dy = B2,

and Dy = BA?B. The inverse 360 degree twist in Bs is the braid ababab, shown in the
\ ‘\
AV

A R

The lantern relation says that the composition of Dehn twists Dy 1.D1,2Dg 2 is equivalent

following figure:

to a 360° twist around the set {0, 1,2}. In the braid group, the relation is as follows:
BA?bB?A? = 5.

A proof of this fact via braid diagrams is shown inf Figure 3.2.3 (note the introduction of
ababab in step 3).
Additionally, we can write down a purely algebraic proof using the relations in the braid

group:

BA’bB?A%? = BA’BA? = BABABA = ABAABA = 0.



“Soooct

5o EX

'e’ /\J)(\ ~

5oSoe

Soc S



4

Braids and Postcritically Finite Polynomials

Recall that any topological quadratic can be written as 7 = f o h for some quadratic
polynomial f and some homeomorphism h taking the postcritical set to itself. This fact,
in combination with the correspondence between homeomorphisms and braids, allows us to
use braids to shed some light on the problem of Thurston equivalence between topological
quadratics.

The basic idea of this chapter is that any given topological quadratic 7 is Thurston
equivalent to s o h where s is the map z + 22. Then h will give us a unique braid
representing 7. To determine the Thurston class of 7, we then simplify h as much as
possible by lifting it across s and conjugating, much as in Chapter 2. We begin by showing

that one can lift braids across quadratics in a meaningful way.

4.1 Squaring And Lifting

Recall that a braid can be thought of as an injective function 8: I x N — C, where N is
a finite subset of C. In this section we will simply use N to denote the set {0,1,2,...,n}.

Instead of using the map z — 22, we will use the angle-doubling map:
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Definition 4.1.1. The angle-doubling map is the function ¢: C — C defined by

C(Z) _ ’2‘6% arg(z).

A

Remark 4.1.2. We will refer to the set of braids in Braid(N, M) which fix 0 as

Braido(N, M). O
Definition 4.1.3. A lift of N is a set N with |[N| = |N| and ¢(N) = N. A

Definition 4.1.4. Let N; and N, be lifts of N. Let 8 € Braido(Nl,Ng) with 5;(j) #

—B¢(k) for j,k € N — {0} for all t € I. The square of (3 is the braid oy = ¢ o . A

Example 4.1.5. Let § € Braid({0,1,2},{—1,0,2}) be a single crossing of the first two

strands:

O

Theorem 4.1.6. Let vy € Braido(Nl,Ng). Then there exists a unique (up to isotopy rel

N ) braid B € Braidg(N, N) so that B =¢or.
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Proof. First, observe that there exists an a € Braid(N, N) so that v ~x «, where ¢ o oy
injective for all ¢ € I. Then the braid 8 € Braid(N, N) defined by ; = ¢ o ay satisfies the

requirements. ]

Now that we have defined the square of a braid, we wish to understand which braids are

liftable—i.e. which braids are squares of other braids. We define this concept as follows.

Definition 4.1.7. Let § € Braidg(V, N), and let Ni be a lift of N. We say (3 is liftable
starting at N; if there exists a lift Ny of N and a braid 3 € Braid(Ny, No) so that the

following diagram commutes.

C
/
S
IxN——C
g
We call 3 a lift of /3 starting at Nj. A

Example 4.1.8. Let 8 € Braid(N, N) be the braid a?:

0 1 2

r
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The homotopy lifting property from algebraic topology tells us that, given a braid

B € Braidg(NV, N) and a lift of 3y, we get a unique braid lifting :

Proposition 4.1.9 ([6, p. 60]). Given a braid 5;: N — C fizing 0 and a map Bo: N —C

so that < o By = Bo, there exists a unique braid B;: N — C so that

Proposition 4.1.10. Let § € Braidg(N, N), and let Ny be a lift of N. Then there exists

a unique lift No of N and a unique (up to isotopy rel N) lift § € Braid(Ny, Ny) of 5.

4.2 Representatives

Now that we know how to lift braids across ¢, we can set about finding braid representatives

for topological quadratics.

Theorem 4.2.1. Let 7 be a topological quadratic with postcritical set Py and branch points
{p,o0}. There exists an orientation-preserving homeomorphism h: (C,p,o0) — (C, 0, 00)

so that

T~GOh

and so that h(N) C NU—N.

Proof. Let h: (C,N,0) — (C, P-,7(p)) be a homeomorphism. Let k be a homeomorphism

such that the following diagram commutes:

(C,£N,0) Kk (C,7~Y(P;),p)

BT

(C, Pr,7(p))

<

(C,N,0)
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Then we have Tok = hog, and so

r~klorok
~klohoc

~cok toh.

Then k~! o h is the desired homeomorphism. O

Definition 4.2.2. Let 7: (C,P;) — (C,P;) be a topological quadratic, and let
h: (C,N,0) — (C,£N,0) be a homeomorphism so that 7 ~ ¢ o h. Let ¢; be an isotopy

taking the identity to h. The braid ¢.(V) is called a braid representative of 7. A

Theorem 4.2.3. Let 7 and v be topological quadratics with |P;| = |P,|, and suppose that

B s a braid representative for both T and v. Then T ~ v.
Proof. This follows directly from Theorem 3.2.5. O

Example 4.2.4. Let fg be the rabbit polynomial. Let ¢ = fg(0), and let d = f2(0). Let
k:C — Chbea homeomorphism that sends —c to 0, 0 to 0, and ¢? to 1. Let g¢: C — C
be the function z +— z — c¢. Let h be a homeomorphism so that the following diagram

commutes:

~

(©,d,0,¢) — 0 (@.d,0,¢) (€, —2,0,-1)

g 5 ;
((AI, 0,¢c,d) —— (@, —c,0,c%) ((@,4,0, 1)

z—C

The following is a graph of a braid representative for the homeomorphism k~! o h, and

hence a braid representation for fg.
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1.0

0.5

0.0

O

Example 4.2.5. We obtain braid representatives for for and f4 in a similar fashion to

Example 4.2.4:

1.0

0.5

0.0

-2 0 2 4

A braid representative for the corabbit polynomial fog.

1.0 —

05 //

0.0 | | | | l | | | | | |
-2 0 2

A braid representative for the airplane polynomial f4.

4.3 Lifting Relations

Remark 4.3.1. A braid in Braid(N, N) may be thought of as a braid 3 € Braid(N, N)
followed by a braid v € Braid(N, £N). Notice that v can be described entirely by N. We

will then describe braid representatives of topological quadratics as objects of the form

BN. O
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Example 4.3.2. Let v € Braid({0, 1,2},{0,1,2}), and let 8 € Braid({0, 1,2}, {0, 1,2})

be a crossing of the first two strands, as shown below:

‘We move the first strand over:

Squaring the bottom-most braid yields a double crossing:
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o
—_
()

H

I

r

L/

|
(3]

|
—
=]
—
o

We move the bottom braid up to the top via Thurston equivalence:

1

o
)

r

HJ

|
(3

|
—
=]
—
N

We can write out the above process as follows:
¢{0,1,2}a~y ~

ca?{-1,0,2} vy ~

§{—1,0, 2}'7@2

93
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The algebraic version of Example 4.3.2 is seriously cumbersome. In order to do any
sorts of calculations using that method, we need to streamline the notation. We make the

following conventions:

1. We will use a more compact notation for the sets N: we write {—1,0,2} as (102),

we write {—2,—1,0} as (210), and so on.
2. Since we are always squaring via ¢, we entirely drop it from the calculation.

3. We reverse the order of composition to better reflect the “top down” nature of the

graphs.
Example 4.3.3. The calculation in Example 4.3.2 becomes

~va(012) ~

a?v(102)

O

Example 4.3.4. The braids representatives for the rabbit, corabbit and airplane polyno-

mials can be written as follows:

The following lifting relations can be easily verified using the method detialed in Ex-

ample 4.3.2



4. BRAIDS AND POSTCRITICALLY FINITE POLYNOMIALS 59
Theorem 4.3.5. Let w € Braid(N,N). Let N be a lift of N, and let m;,miy; € N.

Suppose |m; —m;t1| = 1.
1. If neither of m;,miy1 is 0, and if m; < m;y1, then Xmiw]\Nf ~ wX;N.
2. If neither of m;,m;y1 is 0, and if m;y1 < m;, then Xmle]\Nf ~wX;N.

3. If miy =0 or mjy1 =0, then ngN ~ inNg, where Ny is the same as N with the

0 and 1 strands swapped.

Theorem 4.3.6. Let w € Braid(N, N). Let N be a lift of N, and let m;, m; € N. Suppose

Imi; —mj| =1 and m; <0 < m;.

1. If |m;| < |mj|, then

Xfle ~ CUNQ,
where Ny is N with the m; and m; strands swapped.

2. If |mj| < |mil, then

X]ilw]v ~ ng,
where Ny is N with the m; and m; strands swapped.

Definition 4.3.7. Let w € Braid(/N, N). The transpose of w, denoted w?, is the braid

obtained by conjugating w by A,,. A

Example 4.3.8. Let w € Braid({0, 1,2, 3},{0, 1,2, 3}) be the braid A2BCA. Then
w! = ABCABA A?BC A abcaba = C* BAC.

O

Remark 4.3.9. The transpose of a braid essentially flips all of the crossings about the
the midpoint of N. That is, if we are in By then A7 = C and BT = B. If we are in Bs,

however, AT = B and BT = A.
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Additionally, we will abuse notation by defining N7 to be N with the order of the

strands reversed. O

Theorem 4.3.10. Let w € Braid(N, N), and let N be a lift of N. Then
wA,N ~ wNT.

Proof. Observe that the square of a 180° twist is a 360° twist, which is equivalent to the

identity. O

Corollary 4.3.11. Let w € Braid(N, N) and let N be a lift of N. Then

wN ~ Apw” NT

4.4 The Rabbit Revisited

We are now ready to begin twisting the rabbit. Recall that the rabbit polynomial fr has
the following braid representative:

0 1 2

\

We can write this down algebraically as a(210). A Dehn twist around 0 and f3(0) then
has braid representative A%2. We begin by showing that twisting fr once yields the corabbit,
as expected. We will use the relations defined in Theorems 4.3.5, 4.3.6, and 4.3.10, as well

as all of the relevant braid relations from Chapter 3.
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A?a(210) ~
A(210) ~

fer

Things get slightly more interesting as we add another twist:

A%a(210) ~
A3(210) ~
AB(201) ~
bBAB(201) ~
b(102) ~
(201) ~

fa

We will now prove that given any period-three topological quadratic 7 and any
orientation-preserving homeomorphism h, we can determine the Thurston equivalence

class of 7 o h. We begin with a Lemma.

Lemma 4.4.1. Letw € Bj be the braid B™ for somem € N withm > 1. Let N = {0, 1,2},
and let N be a lift of N. Then wN ~ vNy where Ny is a lift of N and where v has strictly

fewer crossings than w.
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Proof. If N = (102) or (201), we are done, since Bw(102) ~ w(201) and vice-versa.

Suppose N = (012). Then we have
B™(012) ~
A%a*B™(012) ~
a’B™A(102) ~
B™Ab*(102) ~

BAV?(102) or (201)

Observe that

BAV?(102) ~ a?BA(102) ~ BAa(012) ~ B(012),
and
BAV?(201) ~ Ab*(102) ~ ab*A(012) ~ Ba?b(012) ~ a*bB(012) ~ A(102).

This completes the proof. O

Theorem 4.4.2. Let w € By. Let N = {0,1,2} and let N be a lift of N. Suppose w has

m crossings, where m > 1. Then wN ~ Ny where v has strictly fewer crossings than w.

Proof. Lemma 4.4.1 shows that if w is a power of B, then we are done. Suppose then
that w contains at least one of A or a. Since B and A? are always liftable, we can assume

without loss of generality that w = AB~y for some v € Bs. Observe that

AB~YN ~

ABABA~NTNT ~ b BABABAHTNT ~ byNT,
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and so we are done. Now assume that w = aB~ for some v € Bs. Then we have

aB*yN ~
ABAbAYTNT ~
BABbAYTNT ~

BA*YTNT.
In the worst case, BA%2yTNT lifts to either yZ AB(201) or v/ BA(102). Observe that

7T AB(201) ~
vTbBAB(201) ~

7T'b(102),

and similarly

7T BA(102) ~
YTaABA(102) ~

~va(201),
so we are done. O

Theorem 4.4.2 shows that any topological quadratic is Thurston equivalent to ¢ o 8
where 8 has at most one crossing. It is not hard to show that any such braid is equivalent

to one of a(210), A(210), or (201), which solves the twisted rabbit problem.



5
The 3-cared Rabbit

5.1 Period-4 Quadratics and Their Braids

There are 6 quadratic polynomials with the following critical portrait:

Solving the equation ((c? + ¢)? + ¢)? + ¢ = 0 for ¢, we obtain the following solutions:

c1 ~ —1.9408
co ~ —1.3107
c3 =~ —0.15652 — 1.03225¢

¢ ~ —0.15652 + 1.03225¢
cs ~ 0.282271 — 0.5300614
ce ~ 0.282271 + 0.530061:
cr=—1

cg =0

We throw out c¢7 and cg, since they yield maps which are period 0 and period 2, respec-
tively. The values ¢; through cg, however, are all period 4 maps. We name the correspond-

ing polynomials as follows:
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e We call f., the three-eared rabbit. This has braid representative aba(3210), shown

below.

e We call f,, the co-three-eared rabbit. This has braid representative ABA(3210),

shown below.

e We call f,, the circledrite. This has braid representative a(3102), shown below.
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e We call f., the co-circledrite. This has braid representative A(3102), shown below.

==

-3 -2 -1 0 1

e We call f,, the 2-basilica. This has braid representative (3201), shown below.

e We call f., the long plane. This has braid representative (3012), shown below.

The Julia sets for these functions are shown in Appendix A.

Example 5.1.1. Let f3p be the three-eared rabbit polynomial. We will show that fsp
composed with a Dehn twist around 0 and f3(0) yields a topological quadratic which is

Thurston equivalent to the 2-basilica.



5. THE 3-EARED RABBIT

A?aba(3210) ~
Aba(3210) ~
baB(3210) ~

a(3210) ~
a? A(3210) ~
Ac(3201) ~
cA(3201) ~
Aa(3201) ~

(3201)

Hence f3p 0 A? ~ fap, where fop is the 2-basilica polynomial.

Example 5.1.2. Similarly, twisting fsp twice yields the long plane:

A'aba(3210) ~
A3aba(3210) ~
baB?(3210) ~
aB%(3210) ~
AB?¢(3201) ~
baB?c(3102) ~
A%Bac(3102) ~

BacB(3012) ~

63
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acBC(3012) ~
aBC(2013) ~
ABCH(2103) ~
AcBO(2103) ~
ABC(3102) ~
beb(2013) ~
cb(1023) ~
be(1023) ~
¢(2013) ~

(3012)

O

Based on a very preliminary inspection, it appears to be the case that the polynomial
we get by twisting f3r by (A?)" depends on the base-4 expansion of n, as is the case for

the rabbit polynomial.



Appendix A
Julia Sets for the Period 4 Maps

Figure A.0.1: The Julia set for f., ~ 22 — 1.9408
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Figure A.0.2: The Julia set for f., ~ 2% — 1.3107
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Figure A.0.3: The Julia set for f., ~ 2% — 0.15652 — 1.03225i
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Figure A.0.4: The Julia set for f., ~ 22 — 0.15652 + 1.03225i
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Figure A.0.5: The Julia set for f.. ~ 2% + 0.282271 — 0.530061:
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Figure A.0.6: The Julia set for f., ~ 2% + 0.282271 + 0.5300613
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