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In a recent paper, John H. Hubbard and Peter Papadopol study the dynamics of the Newton
map, N : C% — C?, for finding the common zeros of two quadratic equations P(x,y) = 0 and
Q(x,y) = 0. The map N has points of indeterminacy, critical curves, and invariant circles
that are non-uniformly hyperbolic. Most of the work in their paper is spent resolving the
points of indeterminacy of N, and creating a compactification of C? in a way that is both
compatible with the dynamics of N and that has “tame” topology. This part of their work
requires two very technical tools called Farey Blow-ups and Real-oriented blow-ups. In a
different direction, Hubbard and Papadopol show that the basin of attraction for each of the
four common zeros of P and Q is path connected. However, most further questions about
the topology of these basins of attraction remain a mystery.

The dynamics of N is much simpler if the common roots of P and Q lie on parallel
lines, for instance when P(X,y) = X(X — 1) = 0 and Q(X,y) =y 4+ Bxy —y = 0. The first
component of N depends only on X, while the second component depends on both X and Y.
Many of the complexities described by Hubbard and Papadopol disappear: one must still
do an infinite sequence of blow-ups in order to make N a well defined dynamical system,
but one can avoid the Farey Blow-ups and the Real-oriented blow-ups.

Let r; and rp be the roots in the line X = 0 and r3 and r4 be the roots in the line X = 1

and let W (ry),W(r2),W(r3) and W (r4) be the corresponding basins of attraction of under



iteration of N after this infinite sequence of blow-ups has been performed. There is a
symmetry exchanging r; with rp and exchanging r3 with r4, but for a given B the pair
(r,r2) behaves differently from the pair (r3,rs). More specifically, one pair “attracts” the
points of indeterminacy of N, and the other does not. We consistently make the restriction
that B € Q = {|1 — B| < 1} which guarantees that the pair (ry,r,) attracts the points of
indeterminacy.

We will prove that H; (W (r;)) and H; (W (r5)) are infinitely generated for every B € Q.
There is an invariant circle within the line X = 1 that is super-attracting in the X-direction
and hyperbolically repelling in the line X = 1. Let W; be the super-stable “manifold” cor-
responding to this invariant circle. For the values of B € Q for which W, intersects the
critical value parabola C(x,y) = 0, H; (W (r3)) and H{ (W (r4)) are infinitely generated. For
all other B € Q, H{ (W (r3)) and H;{ (W (r4)) are trivial.

In addition, for the parameter values B that are not in the bifurcation locus—which is
exceptional in the sense of Baire’s Theorem—the statements above remain true if we replace

the closures of the basins with the basins themselves.
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Chapter 1
Introduction

We will consider the dynamics of the Newton map, N : C*> — C2, for finding the com-
mon roots of two quadratic equations P(X,y) = 0 and Q(X,y) = 0. This map has points of
indeterminacy, critical curves, and invariant circles that are non-uniformly hyperbolic.

In a paper to appear as a Memoir of the American Mathematical Society, John Hubbard
and Peter Papadopol [35] analyze the dynamics of this system, especially how to create a
compactification of C? that is both compatible with the dynamics of N and that has “tame”
topology. In a different direction, Hubbard and Papadopol use general principles to show
that the basin of attraction for each of the four common roots of P and Q is both path
connected and is a Stein manifold. However, most further questions about the topology
and the detailed structure of these basins of attraction remain a mystery.

In this dissertation we will restrict our attention to the degenerate case in which the
four roots of P and Q lie on a pair of parallel lines. In this case, the first component of
N(X,y) depends only on X, while the second component depends on both X and y, providing
a dramatic simplification of the dynamics. Systems of this form are commonly referred to
as skew products in the literature and they are often used as “test cases” when developing
new techniques. We develop techniques that allow a much more detailed study of the
topology of the basins of attraction for this degenerate system. While we rely upon the fact
that N becomes a skew product, we hope that some of the techniques developed here can
eventually be adapted to more general systems.

The reader who would like to skip forward to see a statement of our main results should
turn to Section 4.4 on page 31.

To put our work in perspective, we present a brief account of previous work on New-
ton’s Method and relevant work on complex dynamics in many variables. There is much
more work than we can present here, and we apologize for any important works that are
unmentioned.

Classical theory

Given F : C" — C" of class C? and a point ag € C", Kantorovitch’s Theorem [39] provides
sufficient conditions depending on ||F(ag)||, ||[DF (a9)]~'|| and the Lipshitz constant of
DF guaranteeing that the initial seed a¢ is superattracted to some root I of F under iteration
of the Newton map

N(x) = x— [DF (x)] "'F (x).

The reader who would like to see a precise statement and proof of Kantorovich’s Theorem
is encouraged to read sections 2.6 and 2.7, as well as appendices A5 and A6 of [37] or the
original source [39].

Newton’s method as a dynamical system in one complex variable
When F(z) is a polynomial, the Newton map N is a rational function, and many proper-
ties of the dynamics of N follow from general work on complex dynamics in one variable.

Those interested in a survey of one variable dynamics may wish to consult Milnor’s text-
book [43].



Specific results about Newton’s method in one complex variable include the work of
Hubbard, Schleicher, and Sutherland [31], who show that if F is a polynomial of degree
d, there is a finite set Sy, dependent only on d, with the property that given any root r;
of F there is at least one point in Sq converging under iteration of N to rj. An extension
of this result by Schleicher [46] studies the number of iterations necessary to obtain good
approximations to the roots starting with these initial seeds.

In a different direction, works by McMullen [41, 42] show that for polynomials of
degree d > 3 there is no purely iterative rational root-finding method that works for almost
all complex polynomials of degree d and for almost all initial conditions.

A study of Newton’s Method applied to transcendental function is provided by Haruta
[27].

Newton’s method in many complex variables, as a dynamical system

The topological degree di(g) of a mapping g : P" ~~ P" is defined as the generic number
of inverse images of a point. When F is a function of more than one variable, the Newton
map N has

e topological degree di(N) > 1 (and correspondingly N has critical curves), and

e points of indeterminacy.

To this author’s knowledge, the only paper specifically about Newton’s method as a
global dynamical system in many complex variables is [35]. The papers [45] and [26],
which we will describe in more detail below, study ergodic properties of more general
classes of mappings than N and their results are applicable to the global dynamics of N as
well.

Dynamics in many complex variables

Although not nearly as complete as the theory of dynamics in one complex variable, there
are many papers on the dynamics of mappings with one or the other of the two difficulties
mentioned above.

Mappings g : P" ~~ P" with d;(g) > 1, but without points of indeterminacy are maps
given by polynomials of degree > 1 in each component. Such systems have been studied
by Briend [10], Briend and Duval [11], Dinh and Sibony [16], Fornaess and Sibony [21,
23, 22], Hubbard and Papadopol [36], Jonnson [38], and Ueda [49].

Meanwhile, birational maps g : P" ~~ P" (rational maps with rational inverse) are ex-
amples of systems with points of indeterminacy, but with d¢(g) = 1. The famous Henon
mappings from H : P? ~» P? fall under this class. Such systems have been studied ex-
tensively by Bedford and Smillie [2, 3, 4, 5, 6, 8, 7], Bedford, Lyubich and Smillie [1],
Devaney and Nitecki [14], Diller [15], Dinh and Sibony [17], Dujardin [18], Favre and
Jonsson [19], Fornaess [20], Guedj [25], and Hubbard and Oberste-Vorth [32, 33, 34].

Dynamics of mappings g : P" ~» P" with d;(g) > 1 and with points of indeterminacy
Not nearly as much is known about mappings g : P" ~~ P" with topological degree di(g) > 1
and with points of indeterminacy.

The work of Russakovskii and Shiffman [45] considers a measure that is obtained by
choosing a “generic” point, taking the each of its inverse images under g°" and giving them



all equal weight in order to obtain a probability measure 4. Under appropriate conditions
on ¢ they show that the measures [n converge to a measure | that is independent of the
initial point.

In [35], the authors present a proof by A. Douady that g does not charge points in the
line at infinity, a result not obtained in [45].

A recent paper by Guedj [26] proves further properties of the Russakovskii-Shiffman
measure [l. He shows that if the topological degree d;(g) is sufficiently large, then [ does
not charge the points of indeterminacy of ¢ and does not charge any pluripolar set. He then
uses these facts to establish ergodic properties of .



Chapter 2
Newton’s Method in C?

In this chapter we review the basics facts from the paper Newton’s method applied to two
quadratic equations in C? viewed as a dynamical system by John H. Hubbard and Peter
Papadopol [35]. Our notation and perspective on Newton’s Method is virtually entirely
based on this paper. We will outline the first chapter of [35] and fill in the proofs which we
feel will be useful for later in this dissertation.

Certain readers may wish to skip this chapter, returning to it for reference as needed.

2.1 Standard background about Newton’s Method

Given two vector spaces V and W of the same dimension and a mapping F : V — W, the
associated Newton map Ng :V — V is given by the formula

Ng (X) = x — [DF (x)] "1 (F (x). 2.1)

It is important to allow that F maps a space V to a different space W (of the same dimen-
sion.) For example, in the real world, F(X) will commonly represent a measurement in
terms of some units (say Newtons force) and X will be some quantity in different units (say
meters).

Having mentioned the real world, ever so briefly, we might as well mention that New-
ton’s method is of immense importance in the real world. It is the most common (and
almost the only) method used to numerically determine the roots of a nonlinear equation.

The most used and important property of the Newton Map Ng is that so long as the
roots of F are non-degenerate, i.e. DF (r;) is invertible for each root r; of F, then roots of
F corresponds to a super attracting fixed point of Ng. Conversely, every fixed point of Ng
is aroot of F.

Since each fixed point rj of Ng is super-attracting, there is some neighborhood U; of r;
for which each initial guess Xg € Uy will converge to r;. Probably the most used theorem
about Newton’s Method is Kantorovich’s Theorem [39], which gives a precise lower bound
on the size of this neighborhood U;.

One of the most useful general properties of the Newton Map is that it transforms nicely
under linear and affine changes of variables:

Proposition 2.1.1. (Transformation rules) If A:V — V is affine, and invertible, and if
L :W — W is linear and invertible, then:

Niopop = A "o NF o A. (2.2)

The proof is an exercise in the careful use of the chain rule. Those who wish to see
it should consult [35], Lemma 1.1.1. The fact that L is linear, while A is merely affine
indicates that we only care about the origin in W, but not in V.



2.2 The intersection of conics

In the paper [35], the authors quickly specialize to considering only the dynamics of New-
ton’s Method for finding the intersection of two quadratic curves. Using a dimension count,
they prove the following:

Proposition 2.2.1. Newton’s Method to find the intersection of two conics depends only on
the intersection points and not on the choice of curves.

For the proof, see Corollary 1.5.2 [35].

Using the transformation properties proved in Proposition 2.1.1, one can normalize the
system N in many different ways. The normalization that we will most commonly use is:
Normalization 1: We can normalize so that the roots are at (8), ((l)), ((1)), and (g) In this

normalization if we let A = I’TO‘ and B = I%B, then

()= Getom) = (aen) &

The Newton Map is given by:

X\ _ (X)) _ [2x+Ay—1 AXx 1 X2+ Axy —x
NF(Y) - <Y> [ By 2y+Bx—1] <y2+Bxy—y
_ 1 ( X(BX? + 2%y + Ay? — x — Ay) ) 2.4)

A\ y(Bx? 42xy +Ay? —Bx —vy)

where
A =2BX? +4xy +2Ay* — (2+B)x— (2+A)y+1. (2.5)

Figure 2.1 shows a slice through C? along the line y = (14 .1i)x for the parameters
(a,B) =(1.240.3i,0.24-0.5i). Three successive zooms are made, with the location of each
zoom indicated by the black box in the previous image. This figure, and all of the computer
images to follow were computed in the computer program FractalAsm [44], written by Karl
Papadantonakis.

Normalization 2:
Hubbard and Papadopol also use another normalization in order to prove many of the basic
properties about Newton’s Method:

One can normalize to have

X x> —y+a
F = 2.6
<y> (yZ—X+b>’ 20
and correspondingly

w(3) = G s Y 2 (5200

B 1 2x%y +y> —2ay—b 27
T odxy—1\ x> +x2—2xb—a )° '




Figure 2.1: Slices through C? along the line y = (1 + .1i)x with parameters (a,B) =
(1.240.3i,0.2 4+ 0.5i). Three successive zooms are made, with the location of each zoom
indicated by the black box in the previous image.



y=x"+a

X=y>+b

Y

Figure 2.2: Geometric computation of Ng(c,d)

There is a nice geometric interpretation of Ng in this normalization. Given a point (g) ,
to find Np (g), one first finds the points (Czia) on the parabola y = x*> +a and the point

(dZJ ®) on the parabola x = y?+d. Then, N (3) is the intersection of the line tangent to

the parabolas y = x> +a at (czia) with the line tangent to X =y +b at (dzar b). Figure 2.2
illustrates this process.

One can easily check from Equation 2.7 that this geometric interpretation is accurate.
Sometimes the two tangent lines are parallel, or even coincide. When they are parallel,
one can define N (S) to be the point “at infinity” in P? defined by the direction of the
two parallel lines. When the two tangent lines coincide, this fails, and there is a point of
indeterminacy of Ng at (3) Both of these issues will be discussed later.

2.3 Global properties of Nr

Many of the methods used in [35] and in this dissertation rely upon extending Nr to P2, the
complex projective plane.

Proposition 2.3.1. Ng extends to a mapping N : P2 — P? with 5 points of indeterminacy,
the three intersections of the invariant lines and the two points at infinity on the axes of the
parabolas.

We prove Proposition 2.3.1 in the appendix since it involves some lengthy, but elemen-
tary computations in homogeneous coordinates. The extension that we obtain is:

Ne([X:Y:Z])=



[2YX?4+Y?Z— 2aYZ?—bZ3:2XY24+X?Z —2XZ%h—aZ?:4XYZ - 2Z3].

The points of indeterminacy are the points where Ng([X : Y : Z]) = [0: 0 : 0] for some
triple [X : Y : Z] # [0:0: 0]. They are easy to find using Equation 2.8 when Z = 0, this
gives [2Y X2 : 2XY2 : 0], which is zero whenever X = 0 or Y = 0, corresponding to the
point at infinity on the axes of the parabolas y = x*> 4+ a and X = y> + b. It is more difficult
to use Equation 2.8 to determine the points of indeterminacy in the finite plane (Z # 0).
However, using the geometric interpretation of Ng in Normalization 2.4, we see that the
points of indeterminacy in C? are the points (c,d) that result in a common tangent to the
two parabolas. There are three common tangents to the parabolas, so there are exactly three
points of indeterminacy in C2.

Note: if we were working in Normalization 2, these points of indeterminacy that are
in C? are the points of intersection of the lines joining the roots that are not the roots
themselves.

One can do “Blow-ups” to extend N to a continuous mapping on a modification of P2.

Proposition 2.3.2. If the parabolas of equation y = x> +a and x = y> + b are not tangent,
then the mapping Nr extends to the blow-up of P? at the five points of indeterminacy,
mapping each exceptional divisor to a line tangent to both parabolas.

We will refer the reader to Proposition 1.5.4 from [35], since we will do plenty of
blow-ups later in this paper.

In fact, performing the blow-ups at these points of indeterminacy is not sufficient to
make N a well-defined dynamical system. We will say more about this in the following
section.

It is a classical result (known to Cayley?) that the dynamics of the Newton map N(z) to
solve for the roots of a quadratic polynomial p(z) is always conjugate to the map z — z°.
For the latter, the unit circle S! forms the boundary between the basin of attraction of 0
and of oo, If @ is the map conjugating N(z) to z — z2, then @' (S!) is the line in C that
is equidistant from the roots of p. This line forms the boundary between the the basin of
the two roots of p(z) and the dynamics on this line (once you add a point at infinity) are
conjugate to angle doubling on the unit circle.

Proposition 2.3.3. (Invariant lines and invariant circles) The lines joining the roots of F
are invariant under Newton’s Method (Ng) and on these lines Ng induces the dynamics of
the one dimensional Newton’s method to find the roots of a quadratic polynomial.

Within each line is an invariant “circle,” corresponding to the points of equal distance
from the two roots in the line.

(See Proposition 1.5.3 in [35])

Proof: This is easy to see in Normalization 2.4. Given any pair of roots of F, there is an
affine mapping taking them to (8) and ((1)) and a third root to ((1)) The new system is also
within the form of the normalization 2.4, but with the chosen pair of roots on the x-axis.
Using Proposition 2.1.1, we see that if the we can show that the X-axis is invariant under Ng,
then we will have shown that the line connecting the chosen pair of roots is also invariant



Figure 2.3: Invariant lines and invariant circles

under Ng. But this is easy to see because there is a factor of y in the second coordinate of
equation 2.4 for Ng, giving that the X-axis is in fact invariant.
The dynamics on the X-axis correspond to taking the first coordinate of Ng in the nor-

xBX—x) %2 - )
B2 Bx1 — T This is the Newton’s

Method to solve x(1 —x) = 0. Using the transformation rules from Proposition 2.1.1, we
see that the dynamics on each invariant line must be conjugate to this map via an affine map,
hence it must be the dynamics of Newton’s method for finding the roots of a quadratic poly-
nomial. The “invariant circle” is the line of equal distance between the two roots, and the
dynamics on this circle are conjugate to angle doubling on the circle. [J .

malization 2.4 with y = 0. One finds X —

These invariant lines will be important throughout this paper. Figure 2.3 shows all six
invariant lines for a certain choice of A and B. The roots of F are marked by filled dots, and
the three points of indeterminacy of Ng are marked by open dots and labeled p, , and r.

The fact that each invariant line intersects only two basins of attraction is visible in R2.
Figure 2.4 shows the basins of attraction in R? in Normalization 1, when the fourth root
is at (0,B) = (2,3). Notice that each of the invariant lines appears to intersect only two
basins.

Chapter 2 of [35] focuses on the stability of these invariant circles, which is quite a del-
icate issue, since they are not uniformly hyperbolic. For some parameter values Hubbard
and Papadopol are able use holomorphic motions to prove that these circles have topologi-
cal stable manifolds.

Given four points in C2, so long as no three of these points lie on a line, they determine
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Figure 2.4: Newton’s Method in R? with the root (o, B) = (2,3)
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exactly two parabolas.

Proposition 2.3.4. The critical value locus of Nr is the union of the two parabolas that go
through the four roots of F.

In Normalization 2.7, the critical value locus is therefore the union of the two curves
y =x>+aand x =y>+b. The critical points locus is the union of the two cubics of equation
2xy? —x2 +2xb —y+a =0 and 2x?y —y* +2ay —x+b = 0.

Proof: Denote the parabola y = x> +a by Y and the parabola X = y> +b by X. We first
check that any point (Ug,Vp) that is not on the curves X or Y is a regular value. To do so,
we’ll show that given any inverse image (Xo,Yo), there is a locally defined analytic inverse
from a neighborhood U of (ug, Vo) to an neighborhood of (Xo,Yo). We denote this mapping
by ® = (@ (u,V),@®(u,v)) for (u,v) € U.

We choose U to be some small neighborhood of (Ug, Vo) which is disjoint from X and Y .
We check that @ (u,V) is an analytic function in U. A tangent line from (u,Vv) to Y can be
obtained by a slight change in the original tangent line from (y3 +b,Yo) to (U, Vo). Using
this new tangent line, define Y(u,v) = (X,y). Clearly @; (u,V) is the first coordinate of Y, so
checking that ) is analytic will prove that @ is analytic.

The mapping Y is defined implicitly by the following equation:

Gi(x,y,u,v) = 2x(u—x)—v+y=20
GZ(X7y7uﬂV) = Xz_y+b:O

since the first equation states that (u,V) is on the tangent line to Y at (X,y) and the second
states that (X,Y) is a point on X. One can solve for (X,y) as an analytic function of (u,v) if
the following Jacobian is non-singular:

det [ 2(u _ZXX) —2x _11 =—-2(U—X)+2X—2x = —-2(u—x)

Hence, Y is analytic for every (U,V) in the neighborhood U since u = x for a solution
of this equation implies that v =y, contrary to the fact that U is disjoint from the curves X
and Y. Therefore, the first coordinate of ® is analytic on U.

An entirely symmetric proof gives that the second coordinate of @ is also analytic on
U.

Looking carefully at the above proof, one can see that points on X and Y are actually
critical values. At inverse images of these points DNF only covers the line tangent to the
curve. Hence, at inverse images of points on X or on Y, but not on both, DNg has rank 1.
At inverse images of points on both X and Y, i.e. the roots themselves, DN is identically
Zero.

In Normalization 2.7, one can check that Ne maps the cubics 2xy*> — x> +2xb—y+a =0
and 2x%y —y? 4+2ay —x+b =0to X and Y with degree 2. [J

The reader should be aware that the critical value locus in Normalization 1 is not generally
the union of the zero sets of P and Q. In this normalization the zero sets of P and Q are not
parabolas.
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X=y>+b

Y

Figure 2.5: Geometric computation of inverse images

Proposition 2.3.5. The Newton Map has topological degree 4.

Proof: Recall the geometric interpretation of Ng in Normalization 2.7. Given a point
(g) that is not in the critical value locus, hence not on either of the parabolas y = x* +a
or X =Yy?+b, there are two lines from (§) tangent to each of the parabolas. The points
mapped to (g) by Ng are then the points of intersection between the vertical lines through
the points of tangency of these lines with y = x> +a and the horizontal lines through the
points of tangency to X = y% + b. There are four such points, so Ng has degree 4. (]

We note that this extends nicely to show that a point on one of the parabolas has two
inverse images, unless it is a root of F, in which case it has a single inverse image under
Ng, the root itself.

Figure 2.5 shows the four inverse images of the black dot obtained by the method de-
scribed above.

2.4 Making N a well-defined dynamical system

If the one wants make N a continuous mapping, one can blow-up at the points of indetermi-
nacy p,q and r. After doing this, since we have blown-up at p, replacing p by the complex
line (exceptional divisor) Ep, it is not clear to which point or points on Ep Nr should map
(X,y). To make Nr(x,y) well-defined, we need to blow-up at (X,y). (In fact, if (X,y) is
a critical point, we will have to blow up two or more times above (X,Y)). But doing this
results in points of indeterminacy at each point that was mapped to (X,y) by N.
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To make Ng well-defined at each of the repeated inverse images of the points of inde-
terminacy, p,q, and r we need to blow-up at every repeated inverse image of p,q, and r.
(Formally this is achieved by an inverse limit.)

So long as there is no degeneracy (like one of the conics P or Q reducing to a pair of
parallel lines), the points that one blows up accumulate in P2. Without further work, these
points of accumulation are terribly wild (for instance, every neighborhood has infinitely
generated second homology.)



Chapter 3
General facts about the topology of the basins.

Given a root rj of F, denote the basin of attraction under Ng by W (r;). In this chapter we
will review the results that were proved by Hubbard and Papadopol about the topology of
the W (r;) and we will then explain why it is necessary to consider these basins after the
sequence of blow-ups mentioned in section 2.4 has been performed.

3.1 Facts proved by Hubbard and Papadopol about W(r;)

In [35], Hubbard and Papadopol prove two surprising results about the topology of W (r;):
W (1) is path connected and H3(W (r;),C) = 0.

Proposition 3.1.1. The basin of attraction of each root r; is path connected.

Proof: The mapping Nf is locally four-to-one near the roots. So, we can choose a con-

nected neighborhood Uy of rj such thatU; = Ng ! (Uop) is connected. Define Uy = Ng ! (Uk—1);
we must prove that each of the Uy is path connected. Suppose that Uy is the first discon-

nected one, choose X € Uy, and choose a path y in Ux_; connecting Ng (X) to some point

in Ug. By a small perturbation of y, we may assume that y does not intersect the critical

value locus '] Ul ,, or the three double tangents Li,L,,L3. Then, the inverse image of y
consists of four arcs, all ending at points in U;. One such arc must lead to X in Uy. Hence,

we have connected every point in Uy to a point in Uy, which is connected. This contradicts

the assumption that Uy was disconnected. [J

Compare to Theorem 1.5.9, [35, p. 28].
Proposition 3.1.2. (Hubbard and Papadopol) For any root ri, W (r;) is a Stein domain.
We refer the reader to [35, p. 122].

Theorem 3.1.3. If M is a Stein Manifold of complex dimension n, then Hj(M,C) =0
forn<i<2n.

This is carried out in detail in Chapter 5 of Hérmander [29], culminating in Theorem 5.2.7
which states that if M is a Stein manifold of dimension n then H'(M,C) = 0 for i > n.
Because we have C coefficients, Hi(M,C) = Hom(H'(M,C),C) =0, for i > n, as well. [J

Corollary 3.1.4. For any root rj, H3(W (ri),C) = 0.

3.2  Why do we use blow-ups?

In the proof that the basins of attraction are path connected, Hubbard and Papadopol used
in an important way the fact that the path Yy is one-dimensional. They were able to choose
that y is disjoint from the critical value locus and from the three double tangents L, L, L3.
These double tangents are in the image of the exceptional divisors at the three points of

14
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indeterminacy p, ¢, and r. By choosing that Yy is disjoint from L, L,,L3. we were able to
completely ignore the blow-ups.

Our further considerations about the topology of W (r;) will be done after performing
the sequence of blow-ups described in Section 2.4. For instance, in the remainder of this
paper, we will study H; (W (rj)) for each of the basins of attraction. Suppose that we had
not done blow-ups to resolve the points of indeterminacy and that we are working in C?.
In this case we can generate many homologically non-trivial loops in a basin of attraction,
but the loops formed this way are in some sense tautological:

Choose one of the double tangents, say Li. One can find a small open ball U that
intersects L, is disjoint from the critical value locus of N, and entirely contained with in
the basin of attraction of a single root W (r;).

Then N~!(U) consists of four disjoint open sets which are entirely contained in the
basin W (r;), except for the point of indeterminacy p, which is not in any of the basins.
Three of the components of N~!(U) intersect the three curves in N~!(L;) and the remain-
ing component contains the point of indeterminacy, p. Denote by U the component of
N~!(U) containing p.

By construction, U is disjoint from the three curves N~!(L;) because if there were an
intersection, it would be in N=!(U), and U is disjoint from the other three components of
N1 (U). Furthermore, because U is an open ball, there is a deformation retraction of U
onto U NLg. This deformation retraction lifts via N to a contraction of U to p.

Take a small closed curve y within U that is linked with L with linking number 1. By
linked, we mean that y is chosen such that any 2-chain 0 having 00 = y must intersect L
with algebraic intersection number 1. Since yis in U, N~!(y) consists of four closed curves
each in a different component of N~ (U) € W(r;). Let ¥ be the one that is in U. We will
show that ¥ corresponds to a non-trivial element in H; (W (r;)).

Because V is contained in the contractible set U, there is a 2-chain ¢ in U with 00 = .
Since U is disjoint from the three curves in N~'(L;) @ is as well, hence o has algebraic in-
tersection number 0 with each of these curves. The algebraic intersection number depends
only on the homology class of G, and since we are working in C? (which has Hy(C?) = 0)
every two chain T with 0T = ¥ has algebraic intersection number O with each of the three
curves in N~1(Ly).

This will imply that if T = ¥ then T must contain the point of indeterminacy p. Since
0t =¥, N(1) is a 2 chain with N(T) =Y. Because we chose Yy to have linking number 1
with Ly, N(T) must have algebraic intersection number 1 with L;. Since T has algebraic
intersection number O with three curves in N~!(L,), this can only happen if T contains the
point of indeterminacy p.

Since p ¢ W (ri), T is not entirely in W (rj) and hence Y is non-trivial in Hy (W (r;)).
Figure 3.1 provides an illustration of this construction.

Similarly, after appropriately perturbing away from the critical value locus of N, curves
in N2(y),N=3(y),--- would all correspond to non-trivial elements of H;(W (r;)), and,
in fact, one could easily prove that they correspond to an infinite set of generators of
Hi(W(rp)).

Within this paper we will do the sequence of blow-ups, avoiding loops of the form con-
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-
L

y=x>+a

X=y>+b

Y

L

Figure 3.1: Without blow-ups, one can easily create non-trivial loops around the points of
indeterminacy.
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Figure 3.2: Does a curve surrounding this bubble correspond to a non-trivial loop in the
orange basin? We will not be able to answer this question, but we will address a simpler
but related question later in this dissertation.

structed above. We are interested in the much more subtle question: what is the topology
of W (rj) within X*, the space obtained from P? after having performed the sequence of
blow-ups. In particular, we will ask: within X* what is H; (W (rj)). This is a much more
difficult question.

By drawing slices in C? through the basins, one finds many “bubbles” and other geo-
metric objects which may or may not correspond to non-trivial elements of H; (W (r;)) and
H,(W (ri)). See for instance the beautiful bubble shown in Figure 3.2.

The groups H; (W (ri)) and Ha(W (r;)) are currently too difficult for our study, so in
the remaining chapters of this dissertation, we will study H; (W (ri)) and Hp(W (r;)) in the
degenerate case where the parabola P becomes a pair of parallel lines. Hopefully some
of the techniques developed in this degenerate case will be fruitful for some of the non-
degenerate cases.



Chapter 4
The degenerate case, A= 0.

The case where the roots of F lie on two parallel lines is exceptional and presumably
much simpler that the general case, because one variable evolves independently of the
other. More precisely, if we set A = 0 in Normalization 1 obtain P(X,y) = X(1 —X) and
Q(x,y) = y?> +Bxy —y and the roots lie on the parallel lines X = 0 and X = 1. The common
roots of P and Q become ry = (0,0),r, = (0,1),r3 = (1,0),and ry = (1,1 —B).

Equation 2.4 for the Newton map simplifies in the following way:

x\ _ 1 X(BXZ +2xy —X)
NF(V) - A(y(Bx2+2xy—Bx—y)

X
= ( V(BE vy Br_y) ) : (4.1)

(2x—1)(Bx+2y—1)
Using that when A =0
A=2Bx>+4xy— (2+B)x—2y+1=(2x—1)(Bx+2y—1).

In the remainder of this dissertation we will drop the subscript F writing N for the Newton
map with the understanding that we are always solving

F(3)= (8 )= (8);
4.1 Basic properties

The critical value locus is the union of the two parabolas going through the four roots. One
of these coincides with P(x,y) = x(1 —x), while the other is the non-degenerate parabola
B>, B?
C(x,y) = y*+Bxy + sz—zx—yzo (4.2)

We will often refer to the locus C(x,y) = 0 by C. Figure 4.1 shows the the curves P(X,y) =0
and Q(X,y) = 0, the critical value parabola C, and the four roots, ry,r;,r3, and ry4.

Another property from Chapter 2 that continues to hold is that N has topological degree
4. One can also see this directly from Equation 4.1, since clearly every X # 0, 1 has two
inverse images and the second component is an equation of degree two in Y.

Recall from Proposition 2.3.3 that any line containing two of the roots is invariant under
N. There are six such lines and, in this degenerate case, these lines have six points of
intersection in C2. Four of these intersections correspond to the roots r,rp,r3, and ry,
while the remaining two correspond to points of indeterminacy, which we label p and q.
These are labeled as p and ¢ in Figure 4.1.

The mapping governing the X coordinate is X — %, which is itself the Newton Map
corresponding to the polynomial X(X — 1), with Julia set consisting of the line Re(x) = 1/2.

18
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Figure 4.1: The degenerate case A = 0.

The dynamics of this one variable Newton map are easily understood, consequently, the
dynamics of the Newton map in the form of Equation 4.1 is much easier to understand:
all points in C? with Re(x) < 1/2 are super-attracted to the line X = 0 and all points with
Re(Xx) > 1/2 are super-attracted to the line X = 1. The vertical line at X = m is mapped to
the line at X = m?/(2m — 1) by the second coordinate of 4.1, which is in fact a rational map
of degree 2, except at those values of m where the numerator and the denominator in the
second coordinate of 4.1 have a common factor. This occurs exactly when x = 1/B,x =
1/(2—B), and x = 1/2. The first two correspond to the points of indeterminacy p and g.

Another way in which the dynamics simplifies for the degenerate case A = 0 is that one
can compactify the space obtaining N : P x P — [P x [P since X evolves independently. In
fact, we will only compactify in the y-direction obtaining N : C x P — C x IP, for reasons
that will become apparent in the next chapter. In this simpler compactification, it is easy to
see that the invariant circles in the lines at X = 0 and X = 1 are in fact super-attracting in the
X-direction. We will denote these circles by Sg and S;. (This is sharply in contrast with the
non-degenerate case of Newton’s Method in which the compactification to P? resulted in a
dense set of points on each of the invariant circles having multiplier exactly one.)

Notice that every point in C x P that is not above Re(X) = 1/2 is superattracted to the
line X = 0 or the line x = 1, and consequently converges to one of the four roots, or to one
of the two circles Sg and S;. From this, we immediately know that N has no wandering
domains and that there are no attracting periodic cycles, other than the fixed points them-
selves. These are two questions that we have no idea how to answer, or even approach, in
the non-degenerate case, A, B # 0, but which are easy to answer in this degenerate case.

The points in C x P that are above Re(X) = 1/2 form a real 3-dimensional manifold
that is invariant under N.

In Chapter 6 we will show that these circles have local superstable manifolds WAOC
and W|. By pulling W% and W, back under the Newton map we generate superstable
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“spaces” Wy and Wi, which are not generally manifolds, but real-analytic spaces. The
space Wy will form the boundary between the basin W (r;) and W (rz), and W will form
the boundary between the basin W (r3) and W (r4). For this reason, we will call Wy and W)
superstable separatrices. Figure 4.2 shows an illustration of these separatrices.

Figure 4.2: Superstable separatrices in the degenerate case, A = 0.

The following symmetry will play a surprisingly important role in the last chapter of
this paper.

Proposition 4.1.1. (Axis of symmetry) Let T denote the vertical reflection about the line
Bx+2y—1=0,thatis: 1(x,y) = (X,1 —Bx—Y). Then, T is a symmetry of N:

ToN=NoT.
Furthermore, N maps this axis of symmetry to the line y = co.

Below it will be convenient to denote the second component of N(X,Yy) by Rx(y). This
symmetry T is illustrated by the dotted arrows in Figure 4.3.
Proof: This vertical symmetry about 2y + Bx — 1 = 0 is exactly the affine map that inter-
changes r; with r, and interchanges r; with ry. Let F (;) = (g((););//))) so that ry,rp,r3, and ry
are the roots of F. By Proposition 2.2.1, the Newton map Ng¢ for finding the roots of F o T
is the same as N, since they have the same roots. By the transformation, Proposition 2.1.1,

Nror = T ' oNoT. Hence:

1

ToN=ToNgst=ToT "oNoTt=NoTt

Alternatively, one can just check computationally. Since T does not change the X-
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4

Axis of symmetry

I3 X

Figure 4.3: The symmetry T.

coordinate, only check that T (%, Rx(y)> = (%, RX(T(X,y))):

1-B (2xxi 1) ~Ru(Y)

_(2X=1)(—Bx+1-2y) x2(—Bx+1—2y)

T (X=1)(=Bx+1-2y) ((2x—1)(—Bx+1—2y))
y(BX? +2xy —Bx —y)
(2x—1)(Bx+2y—1)
(1—-Bx—Yy)(BX?> —2x+2xy+1—Y)

(2x—1)(—Bx+1—-2y)
(1—Bx+Y)(Bx?+2x(1 —Bx+y) —Bx— (1 —Bx+y))
(2x—1)(Bx+2(1—-Bx—y)—1)
= Rx<1_BX_y)

The naturality mentioned above is the reason why this computation actually works.

The axis of symmetry BX+ 2y — 1 = 0 is mapped to the line y = o by N because of
the factor BX+ 2y — 1 = 0 in the denominator of Ry. Since y = o is invariant under N and
attracted to the points at infinity on the invariant circles it is in Wy and Wy, so Bx+2y—1=0
is also in Wy and W;. OJ

Because this symmetry swaps rj and r, and swaps r3 and ry, it interchanges W (r) with
W (r,) and interchanges W (r3) with W (ry4).
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4.2 Computer exploration of N

In this section we will show computer images of the basins of attraction for the four com-
mon zeros of P and Q for B =0.769 —0.625i, and B = 0.887 — .1371i. The separatrices W
and W, are clearly visible in these images forming the smooth boundary between pairs of
basins. The symmetry T will also be evident, especially in slices along vertical lines.

According to our computer images, these two parameter values correspond to different
types of dynamics: In the first, both of the superstable separatrices Wy and W, intersect the
critical value parabola C, and in the second case, the superstable separatrix Wy intersects
C, but W; appears not to intersect C. More specifically, for B = 0.769 — 0.625i there are
clearly clearly points in the green basin sharing a common boundary with points in the red
basin in Figures 4.4 and 4.5. This common boundary is W; NC and the common boundary
between the blue basin and the gray basin is Wy N C.

For B =0.887 —.1371i, one cannot find any places where the green and red basins share
a common boundary in Figures 4.8 and 4.9, so there appears to be no intersection between
W, and C. We do see many places where the blue and the gray basins share a common
boundary, corresponding to the intersection between W, and C.

Case 1: B=0.769 —0.625i

The first kind of slice that we will be looking is that of the critical value parabola C,
ie. C(x,y) =y>+Bxy+ BTZXZ — BTZX —Yy = 0. Figure 4.4 shows an example of such a slice
and Figure 4.5 offers a zoomed in view of the region enclosed in the rectangle drawn in
Figure 4.4. The center of the symmetry T is in the center of Figure 4.4, but outside of Figure
4.5. Notice how reflection across the center of Figure 4.4 is a symmetry interchanging the
basins of attraction.

The other type of one dimensional slice is along a vertical (complex) line, that is a
complex line of constant X. Figure 4.6 shows the vertical line through the point a that is
labeled from Figure 4.5, above, as well as the vertical lines through three inverse images
of a. We have places the center of the symmetry T at the center of these images. Notice
how reflection across this point is clearly a symmetry of these images that interchanges the
basins.

Notice how the line x = a; is divided into two regions in W (r;) and two regions in
W (ry). This is because we had chosen that a is a point on the superstable separatrix Wy
separating W (r;) from W (r;). The vertical line at X = a, and at X = a3 are also shown.
The line X = &, is divided into three regions in W (r;) and three regions in W (r;). The line
X = a3 is divided into five regions in W (ry) and five in W(r;). This behavior is expected
and we describe it in detail in Chapter 8.

Figure 4.7 shows a similar sequence of vertical lines, but this time with the first line
chosen to contain the point b in Figure 4.5. In these vertical lines W, forms a boundary
between W (r3) and W (r4).

Case 2: B=0.8871 —0.1371i

Figure 4.8 shows the intersections of the basins of attraction for W (ry), W (r2), W(r3),
and W (r4) with the critical value parabola C. Notice that there are clearly intersections of
the superstable separatrix Wy with C, these are just the boundary between blue and gray.
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Figure 4.4: The critical value parabola C for B = 0.769 — 0.625i. The boundary between
the green and red basins is W; NC and the boundary between the blue and gray basins is
WoNC.
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Figure 4.5: Zoomed in view from Figure 4.4.
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Figure 4.6: Vertical line through point a from Figure 4.5 and three inverse images of this
line. The boundary between the blue and grap basins is the intersection of Wy with these
vertical lines. Notice that there are many closed loops in Wy within these vertical lines. The
center of the symmetry T is at the center of these images.
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Figure 4.7: Vertical line through the point labeled b in Figure 4.5 and three consecutive
inverse images of this line. The boundary between the green and red basins is the intersec-
tion of Wy with these lines. Notice how there are an increasing number of closed loops in
W, within the repeated inverse images of the vertical line through b.
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However, we see no boundaries between the red basin and the green basin, indicating that
W, might not intersect C. Figure 4.9 shows zoom-ins looking for intersections between W
and C.

Figure 4.8: Critical value parabola C for B = (0.8871 —0.1371i. The boundary between the
blue and the gray basins is Wy N C. We see no boundaries between the green and the red
basins, indicating that Wi might not intersect C.

As for the previous value of B, the vertical lines above points of intersection of W with
C and the vertical lines mapped to them by N contain many interestingly loops that are in
Wo.

We cannot find any intersections of W; with C, so in Figure 4.11 we display the inter-
sections of 4 vertical lines with W (r3) and W (r4) above points very near to the separator,
Re(x) = 1/2. Notice how W, appears very bumpy, almost fractal, and how there are no
visible closed loops.
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Figure 4.9: Zoomed in views of C. There is no evidence of any boundaries between the
green and red basins, nor any points in the green basin at all, hence there is no evidence of
intersections between W; and C.



Figure 4.10: Vertical line through a point of intersection between Wy and C, from Figure
4.8, and three inverse images of this line. As for the previous value of B, repeated inverse
images of the vertical line through a point of intersection between Wy and C lead to an
increasing number of closed loops in Wy in each of these lines.
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Figure 4.11: A vertical line through a point in the red basin, W (r3), within C, from Figure
4.8, and three inverse images of the vertical line. The common boundary between green

and the red basins is W;. Notice that there are no closed loops in W; within any of these
lines.
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4.3 Parameter space Q

Let Xy = {(x,y) € CxP:Re(x) > 1/2} and X; = {(X,y) € Cx P: Re(x) < 1/2}. As
mentioned earlier, both X, and X are invariant under N. (The subscript r stands for “to the
right of 1/2” and the subscript | stands for “to the left of 1/2”.)

Figure 4.1 shows the case when both points of indeterminacy p and ¢ are in X|. In terms
of parameter B, the coordinates of p and g are p = (é,O) and q = (ﬁ, %). It is easy to
check that p and q either are both in X|, both in the separator Re(x) = 1/2, or both in X;.
Let

Q={BeC:|1-B|>1}.

If we assume that B € Q then both p and g are in X|. Using the transformation properties of
the Newton Map under affine changes of variables (Proposition 2.1.1) one can check that
we can make this restriction without ignoring any conjugacy class of dynamics. Hence,
from this point on we will always assume that B € Q, so that p,q € X;.

There is a decomposition Q = Qe, U Qp;r, where the “bifurcation locus”, Qyjy, is the
values of B for which there is a tangency between W, and C or between W; and C, and the
“regular locus”, Qyeg, is the complement of the bifurcation locus.

4.4 Statement of The Main Theorem

Let X be X after performing the sequence of blow-ups necessary to define N at p,q, and
all inverse images of p and g. Let Wy and W, be the superstable separatrices of the invariant
circle in the lines X =0 and X = 1.

The goal of this paper is to prove:

Theorem 4.4.1. Let W(r;) and W (r>) be the closures in X;” of the basins of attraction of

ry =(0,0) and r, = (0, 1) under iteration of N and let W (r3) and W (r4) be the closures in
X, of the basins of attraction of r; = (1,0) and ry = (1,1 — B).

o H (W(r1)> and H; (W(r2)> are infinitely generated for every B € Q.

e For B € Q if W intersects the critical value parabolaC(x,y) = 0 then both H; (W (r3)

N———

and H; (W(u)) are infinitely generated, otherwise H; (W (r3)) and H; (W (r4)) are
trivial.

For B € Qy¢,, the separatrices are genuine manifolds, and, as we will see in Chapter 6
the basins and their closures in X,” and X; have the some homotopy type. Hence:

Corollary 4.4.2. For B € Q. Theorem 4.4.1 remains true when replacing the closures of
each of the basins with the basins themselves.

Indeed, for B € Qc,, W(ri) is a manifold with boundary, hence the inclusion W (rj) C
W (r;) is a homotopy equivalence.



Chapter 5
Compactification and resolution of points of
Indeterminacy

Because the variable X evolves independently from Y, it it natural to first compactify the
system as a rational map P! x P!, instead of the compactification to P> that was used for the
non-degenerate systems from the previous chapters. Unfortunately, this compactification
is not the end of the story because N has points of indeterminacy at four points: p =
(1/B.0),q=(1/(2—B),(1—B)/(2—B)), (e,), and (,B/2).

We can ignore the points of indeterminacy at infinity by only considering N as a map
from C x P! to itself. We lose compactness, but are able to avoid many of the difficulties
described in [35]. The Newton map naturally extends to the points at y = o by (X, ) —
(x*/(2x = 1), 00).

What do we do about the points of indeterminacy p and ¢ in C x P! and their inverse
images? To make the Newton Map a well-defined dynamical system, we need to perform
blow-ups at each of these points and at every inverse image of p and .

To simplify notation, we will denote by X, the space C x P'. Before discussing points of
indeterminacy, notice that we can partition X into three invariant subsets X; = {(X,y)|Re(X) <
1/2}, Xy o = {(X,y)[Re(x) = 1/2}, and Xr = {(X,y)|Re(x) > 1/2}. (The subscripts “I” and

€6 99

" are meant to indicate “left of 1/2” and “right of 1/2”.) The invariance of the subsets

follows directly from the invariance of the corresponding subsets in C under X — %, the
first component of N.

We denote the space obtained by this infinite sequence of blow-ups by Xe. This space
will presumably have a very complicated topology at any points where repeated inverse
images of the points of indeterminacy, p and ¢, accumulate. In [35] elaborate techniques
including Farey Blow-ups and Real-oriented Blow-ups are used to “tame” the topology at
these points.

Using the invariance of the three subsets X|, X; /25 and X; under N, we can think of N
as giving separate dynamical systems on X| and on X;. Understanding each of these two
systems is sufficient for a study of the topology of the basins of attraction for the four roots
ry,ra2,rs, and ry because none of the points in X, /2 are in these basins.

Because we assume that B € Q, the two points of indeterminacy p,q € X| so all iterates
of N are well-defined for for every (Xo,Yo) € X;. The points of indeterminacy p,q € X| do
present a problem and we do need to do blow-ups at these points and all of their inverse
images, obtaining the space X as the projective limit, on which we can iterate N.

The advantage of splitting up X this way is that in the space X|, the inverse images of p
and  do not accumulate, instead they go to the “Ends” of X; = {Re(x) < 1/2} x P! without
accumulating. This makes the topology of X;* manageable.

(Note for the reader: those who have a sense of humor sometimes refer to X as the
“bad side” and X; as the “good side”.)

Most of the material in this section and in the following section closely follow the works
of Hubbard and Papadopol [35] and Hubbard, Papadopol, and Veslov [30].
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5.1 Construction of X™ and No : X — X.

In this section we will describe the sequence of blow-ups necessary to make N°K well
defined for each k and the inverse limit that is necessary to make a dynamical system,
which we will call No, : X® — X.

Substitution of the points p and g into C(X,Y) yields %(B 1) and % so values
of B at which these expressions are non-zero, neither p nor q is a critical value.

More generally, let S C Q be the subset of parameter space for which no inverse image
of the point of indeterminacy p or of point of indeterminacy q is in the critical value locus
C. It will be easiest to first describe the construction of X\ for parameter values B € S, and
then explain the necessary modifications for special circumstance when B ¢ S.

It is relatively easy to show that the condition B € S is generic, in the sense of Baire’s
Theorem.

Theorem 5.1.1. The set S is generic in the sense of Baire’s Theorem, i.e. uncountable and
dense in Q.

Because of its computational nature, we will leave it for Appendix B.

Construction of X™ whenB € S

Proposition 5.1.2. Let X|O be the space X; blown up at the points p and g and let 1 : X|0 —
X) be the corresponding projection.

e The mapping N extends analytically to a mapping Ny : X|0 — X.

o Ny maps the exceptional divisors Ep and Eq to the line x = ( B) by isomorphisms.

Proof: We will show the calculation in some detail for p and just state the extension for q.
The definition of a blow-up and many examples are available in Appendix C.
We will work in the chart (x,m) — (X,m(x — é), m) € X; x P!. Denote the components
of the Newton map in Equation 4.1 by Ny (X,y) and N»(X,y) so that N(X,y) = (N1 (X,y),N2(X,y)).
1

In these coordinates we clearly have Nj (x,m) = 3 B2 = B(21—B)'
1=

m(x — £)(BX* +2xm(x— &) —Bx—m(x— £))
(2x—1)(Bx+2m(x —E)—l)
2(Bx—1)(Bx>+2xm(x — ) —B

2x=1)(F+1)(B
B(Bx? +2xm(x — ) —Bx—m

- D)(E+1)
When restricted to the exceptional divisor Ep the mapping becomes

Nz(X, m) =

X—
(x—

UJI'—‘ \_/

))

DB +2imE ) -BE-mE-5)  mE-1)
G-DE+1 T G-1Em+B)
m(1 —B)

~ (2-B)(2m+B)
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If instead we had been working in the chart (y,m’) — (m'y + &,y,m’), we would have ob-
tained a similar extension and the mapping on the exceptional divisoris: m’ — %.
This is consistent with the extension in terms of m since one is obtained from the other by

the change of variables m = %

Both of the expressions for N restricted to Ep are linear-fractional transformations,
hence N maps Ep to the line y = ﬁ by an isomorphism.

We now compute the blow-up at ¢ in the coordinates (X,m) — (X+ ﬁ, m(x — ﬁ) +
1-B

5—g»M). Just as for the point p, Ny (x,m) = (2 gj- We also have Na(x,m) =
(M(x — 51g5) + 3=2) (BX? +2x(M(X — 515) + =By —Bx— (m(x— 515) + 3=8))
(2x—1)(Bx+2(m(x— 51g) + 1=8) — 1)
(M(x— 515) + 1=B) ((x — 715) (Bx+ (1 —B) + m(2x — 1))
(2X— )(B+2m)(x— 51g)
(M(x— y1g) +1=B)(Bx+ (1 —B) +m(2x— 1))
(2x—1)(B+2m)

On the exceptional divisor Egq, this map is:

(1-B)(m—2+2B—B?)
B(2—B)(B+2m)

one can check that N also extends analytically to the one point on Eq that was not covered
by this chart (corresponding to m = .)

Both of the expressions for N restricted to Ep are linear-fractional transformations,
hence N maps Ep to the line X = (2 B) by an isomorphism. []

We will denote the vertical line X = B(2 B) by V, since we use this line so frequently.
This is the vertical line that is tangent to C at its “vertex”.

Because we assume that B € S, we assume that neither p nor q are critical values, each
has four inverse images under No. Because we have blown-up at p and (, each of these
inverse images becomes a point of indeterminacy for Ng. We can then blow-up at each of
these eight points obtaining the space X|1 and the projection TT; : Xll — X|0. One can then
extend Ny to the exceptional divisors, obtaining Nj : X! — X°.

To make iterates N° of N well-defined for all k we must repeat this process for the k-th
inverse images, obtaining successive blow-ups T : Xlk — X|k*l for every k. The following
proposition describes the extension of N to these spaces:

Proposition 5.1.3. Denote by X[ the space X<"! blown-up at each of these 2 - 4 k-th
inverse images of p and g.

e The mapping Ni_; extends analytically to a mapping N : Xlk — Xl"’l.

e Suppose that z is one of the k-th inverse images of p or g and denote the exceptional
divisor over z by Ez. Then, Nx maps E; to Ey ;) by isomorphism.
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Proof: This entire construction is done as Proposition C.4.1 in the appendix. We summa-
rize the results here. As in Proposition 5.1.2 denote the first component of N by Ni(X,y)
and the second component by N»(X,y). Then, in the coordinates (X,m) — (X,mx,m) in a
neighborhood of E; the mapping is given by:

ale + ale m
axN2 + aysz

which is just the linear-fractional transformation induced from DN at z. Since DN is non-
singular at z, this gives an isomorphism from E; to Ey ).

So long as B € S, that is none of the k-th inverse images of p or of q are critical points,
the extension works in this same way at each of these 2 - 2X points. [J

Hence, by repeated blow-ups we obtain a sequence of spaces and projections:
PR LI LA LI LI LD LS (5.1)

The extensions of the Newton map N to these spaces that we calculated in Propositions
5.1.2 and 5.1.3 we obtain another sequence of spaces and mappings:

X 0 x0 Myt o2 T oys Nooya T oys Jo (5.2)

However, we do not have a single space X*, nor a single mapping N from this space
to itself. However, there is a standard procedure using Inverse Limits to create such a space
and mapping from a sequence of spaces 5.1 and the sequence of mappings like 5.2. That
is, we will let X be the inverse limit of the blown-up spaces and projections in sequence
5.1 and then use the sequence of extensions of the Newton maps 5.2 to define a mapping
N : X;® — X which naturally corresponds to an extension of N.

There are two ways to describe the inverse limit, the first via a universal property and
the second via a construction. We will briefly describe both.

Definition 5.1.4. An Inverse system, denoted (M;,o;), is a family of objects M; in a cate-
gory C indexed by the natural numbers and for every i a morphism g : Mj — M;_;.

The Inverse Limit of an inverse system (M;, g;), denoted by liLn(Mi,Gi), is an object X in
C together with morphisms a; : X — M; satisfying a;_; = oj o a; for each i satisfying the
following universal property:

For any other pair Y,[3; : Y — M; such that Bi_; = gj o 3j, we have a unique morphism
u:Y — X so that for each i we have 3 = ajou.

For our uses, the category will always be analytic spaces and the morphisms holomor-
phic maps. One should notice that we have restricted the objects M; to be indexed by the
natural numbers N. Inverse systems and inverse limits are typically defined for objects M;
indexed by a filtering partially ordered set |, but we do not need this level of generality
here.

The following proposition gives a construction of lim(M;, 0i) as a subset of the product
space ;M.
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Proposition 5.1.5. Given an inverse system (M;, ;) indexed by N (i.e. gj : Mj — M;_;), we
can construct the inverse limit as follows:

m(Mi,oi) = {(mg,my,my,ms3,---)|m; € M; and o;(m;j) =m;_; }.
We define X = liLn(Xf‘, T ). Using Proposition 5.1.5 we can state more concretely that
X = {(X0,X1,X2,X3,--- ) |Xi € X|i and TG(Xj) =Xj—1}.

We now need to extend the mappings Nk to a mapping N, : X — X,* using the sequence
of mappings 5.2.
We define N : X — X* by

Neo (X0, X1,%2,X3,-++)) = (N1 (X1), N2 (%2),N3(x3), - -+ ).
Notice that Nj(Xj) € X|i_1 so that this definition makes sense.

Construction of X™ whenB ¢ S
For parameter values B ¢ S, the blow-ups done at p and g in Proposition 5.1.2 are exactly
the same, since we have seen that N extends to these blow-ups for any value of B. (It is
worth noticing that there is actually a critical point of N on both Ep and on Egq.)

However, special care needs to be taken when a k-th inverse image of p and of ¢ is a
critical point of N critical points. We describe the process here, although leave some of the
details for the appendix.

The goal is to produce a space X,k and a projection Tk : X,k — X,kf1 in such a way that
N extends to a map (without singularities) N : X,k — X,k_l. If we can create the spaces X,k
and extensions N at every “level” k, we can use exactly the same process above to make
X and Neo : X° — X/,

So, suppose for the moment that z is a k-th inverse image of p and that none of the n-th
inverse images of p for n < k were in the critical locus N~!(C). In this case, there is a
single exceptional divisor in Xlkf1 above N(z). Because the Z is critical, the extension of N
to E; will map all of E; (except for one point) to a single point in Ey (). (See Appendix,
section C.4). However, at the slope Myer € Ez which is in the kernel of DN, the extension to
E; has another point of indeterminacy! Consequently, one has to blow-up this point on E,
obtaining a second exceptional divisor E, above Mg . In Proposition C.4.2 from Appendix
C, we show that N extends to EJ by an isomorphism from EJ to En(z)- Figure 5.1 shows
this situation.

These two blow-ups above z are sufficient to extend N.

However, the fact that there are two exceptional divisors above Z results in a further
complication at every point W that is mapped to z. Suppose that we have blown-up at
w. The extension of N to E, has a point of indeterminacy at point that is mapped to
Mker € Ez. Because of this, one has to blow-up a second time above W to resolve this point
of indeterminacy. In fact, at every repeated inverse image of Z one will have to blow-up at
least twice to resolve N.

There are further problems is an inverse image of Z is again critical. At such a point,
one will have to do even more blow-ups to resolve N. A detailed description of this process
becomes rather tedious, and we will stop here.
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Figure 5.1: Blowing up a point on an exceptional divisor.

5.2 The mappings from E; to V

We saw in the previous section that N maps each exceptional divisor that was newly created
in X|k to one of the exceptional divisors newly created in Xlkf1 by either an isomorphism, or
a constant map. Since N maps each Ep and Eq isomorphically to the line V the composition
N°k+1 maps each of the newly created exceptional divisors E; in X,k to V either by an
isomorphism, or a constant map. In summary:

Proposition 5.2.1. Let E; be one of the exceptional divisors newly created in X,k and letV
be the line x = 1/(B(2 —B)). Then N°k*! maps E, to V by an isomorphism, or a constant
map.

5.3 Homology of X; and of X

Our eventual goal is to relate the homology of the basins of attraction for the four roots of
F to the homology of the spaces X; and X and to the homology of a “separator” which
happen to be the superstable sets of the superattracting circles at X =0 and X = 1. The
next section is devoted to these superstable spaces. (We say spaces because they may have
singularities for some values of the parameter B.) In this section, we will compute the
homology of X; and X.

Given a set S, we will denote by 7S the submodule of the the product 7S where each
element has at most finitely many non-zero components.

We will often find it necessary to encode information about the generators of these
homology spaces within the notation describing them. For example, the module yAllY
means the module Z that is generated by the fundamental class of [K].

Proposition 5.3.1. We have:
[ ] HO(X() — Z
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o Hy(X) =z}
e Hi(X;)=0,fori=£0or?2.

The homology of X is much more complicated. Unfortunately homology does not
behave nicely under inverse limits.

Therefore, instead of directly using the fact that X;” is an inverse limit to compute it’s
homology, we will write X;* is a union of open subsets Uy C U; C U, C --- in such a way
that Hp(U;) = Z LYV where L; is the set of fundamental classes of exceptional divisors
contained in Uj and [V] is the fundamental class of the vertical line V given by x = ﬁ.

Recall that the projection Tt: X® — X| is continuous, we will create an exhaustion of
X by open sets Uy C U; C Uy C --- as inverse images of open subsets in X;.

Let Vk =X — Upk{N~"(p),N~"(q) }. Clearly V is an open subset of X;, so we will let
Uk = 101 (Vi). Ttis also clear that U; € Uy C U3 C - - and that [Jg_, Uk = X/

Lemma 5.3.2. For each k, Ha(Ux) = Ha(XK)

Proof: Notice that Uy canonically isomorphic to X — Up_ {N~"(p),N~"(q)}. Removing
a discrete set of points from a 4 (real) dimensional manifold does not affect the second
homology. Hence, Ha(Uy) 2 Hp(XK). O

Lemma 5.3.3. Hy(X<) 2 Z LWV | where Ly is the set of fundamental classes of excep-
|
tional divisors in X

Proposition 5.3.4. Hy(X*) = Z\UNVID| where L is the set of fundamental classes of ex-
ceptional divisors in X* and V] is the fundamental class of the vertical line V.

Proof: Since X = Up_; Uk and Ha(Uy) =2 Ha(XF) = ZLUIVID | we have that Ha (X°) =2
tim (Z(5VID ), which s clearty ZWW(MD. O

—

In the generic case where none of the inverse images of p or g under N are in the critical
value parabola C, we can describe Ha(X”) somewhat more explicitly:

Proposition 5.3.5. Let p=(1/B,0)andq= (1/(2—B),(1—B)/(2—B)) be the two points
of indeterminacy for N. If none of the inverse images of p or g under N are in the critical
value parabola C, we have

o Hy(X*)=Z

o Hy(X®) = 7V} @ <@Nk Z{ Ex] ) <@Nk Z{ Ex}})
e Hi(X”)=0,fori=0or2.

That is, the second homology of X|* is generated by the fundamental class [V| of the ver-
tical line V := {x = ﬁ}, from the original product {Re(x) < 1/2} x P!, and by the
fundamental classes of the exceptional divisors at the points of indeterminacy p and q and
at every inverse image of p and g.
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Proof: This is just a restatement of Proposition 5.3.4 using that when B € S, only a single
blow-up is necessary at each k-th inverse image of p and of g for every k. []

We will need the following proposition about the intersection of classes in H (X*):

Proposition 5.3.6. Let [V] and [E_] be the fundamental classes of a vertical line V and an
exceptional divisor Ez in Hy(X”) then:

e [V]-[V]=0,and
o [E-[Ef<-1L

Proof: We have chosen the vertical line V so that points on it are never blown-up, hence
within X it has self-intersection number 0, just as it did in X;.

If no points on the the exceptional divisor E; have been blown-up, then it is a classical
result that [E;] - [E;] = —1. Otherwise, if points in E; have been blown-up, it is a classical
result that each blow-up reduces [E| - [EZ] by 1, hence [E] - [E;] < —1. (See [24].)

OJ



Chapter 6

Superstable separatrices W, and W,.
6.1 Superattracting invariant circles

Recall the invariant circles Sg and S; in the lines X = 0 and X = 1 equidistant from r; and
I, equidistant from r3 and r4 respectively. Using that ry = (0,0),r, = (0,1),r3 = (1,0),
and ry = (1,1 —B) we have:

So = {(xy)eX”:x=0,ly[=[1-Yy[}
Si = {(xy)eX:x=0,ly|=|(1-B)—yl}.

Proposition 6.1.1. The invariant circles Sop and S; have multiplier O in the x-direction and
they have multiplier 2 in the direction normal to the circle, within the invariant vertical
line.

Proof: The vertical lines X = 0 and X = 1 are superattracting in the X-direction, hence the
circles So and S; within the lines are superattracting as well. Within these vertical lines, N
is the Newton’s method for finding the roots of the quadratic polynomial with roots r; and
I (or r3 and ry), so the invariant circle is repelling with multiplier 2. [J

In this next proposition we will show that these circles have local superstable manifolds.

Proposition 6.1.2. The invariant circles Sp and S; have local superstable manifolds W(')OC
and W/,

More specifically, there are neighborhoods Uy,U; C C of x =0 and x = 1 and subsets
W% X, W C X, so that:

o N(WJ%) C W% and N(W/°¢) c W|o

° W(QOC is the image of some @ : Uy x Sp — X;* which is analytic in the first coordinate
and quasiconformal in the second.

° WI'OC is the image of some ®; : U; x S; — X; which is analytic in the first coordinate
and quasiconformal in the second.

In the following proof we will use the theory of holomorphic motions and the A-Lemma
of Maiie, Sad, and Sullivan [40], instead of the more standard graph transformation ap-
proach. The following argument is due to Sebastien Krief. A somewhat different stable
manifold theorem for the invariant circles in the non-degenerate case (A # 0) is proved us-
ing the A-lemma in [35]. While points in the manifolds obtained in our proof are genuinely
attracted to the circles Sp and Sy, the situation in [35] is much more complicated, with dense
sets of points that are not attracted to the invariant circles.

Proof: To simplify computations we will make the change of variables z(X) = %1 and

X
w(y) = y%l which conjugates the first coordinate of N to z — z? and places the invariant

40
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circle Sp at {z =0, |w| = 1}. In the new coordinates (z,W), the Newton map becomes:

72

N ( VZV ) = ( W2+ (Bw—Bu?)z- w22 ) : (6.1)
1+(B—Bw)z+(Bw2+B—1-2Bw)Z

and the critical value locus of N in these coordinates is just the image of C under the change
of variables, which we denote by C’. Because we are only interested in local properties of
N, we can restrict our attention to (z,w) € D¢ x P C X® where Dy is an open disc of radius
€ centered at 0.

Let

Desg={(z,y)eX”: |zl <eand 1 -8 < |y| < 1+ &}

so that Ag 5 is an open neighborhood of So. The boundary of A¢ 5 consists of the vertical
boundary 0¥ A 5 = {|z| = &} and the horizontal boundary 0" A 5 = {|y| = 1 +3}.
We must choose € and 9 so that:

1. A 5 is disjoint from the critical value locus C’, and

2. N maps Ag 5 into D x P so that N(aHA&a) is entirely outside of Ag 5 and so that
N(0YA¢ ) is entirely inside of |z| < €.

Figure 6.1 shows a depiction of the second condition for (z,y) € R x C.

The first condition is easy to ensure. The critical value locus C’ intersects the vertical
line z = O transversely at W = 0 and W = oo, Because the intersection is transverse, we can
choose € sufficiently small so that C’ intersects D¢ x IP outside of A& 1

Now, we must show that we can reduce € and & so that the second condition holds.
Because the first coordinate of N is just Z — 7%, we need not make any further restrictions
to ensure that N (YA 5) is entirely inside of |z| < €. In the line z = 0, N(z,w) = w?, so by
continuity we can clearly choose € and d small enough that N (6VA875) is entirely outside of
Ag 5.

Let D¢ be the open disc |z| < € in C for this €. Conditions 1 and 2 on € and & are chosen
so that the following lemma is true:

Lemma 6.1.3. Suppose that D C A 5 is a complex disc which is the graph of an analytic
function n : Dg — P. Then N~!(D) N A 5 is the union of two disjoint complex discs, each
given as the graph of analytic functions ;,¢{; : D¢ — P.

Proof of Lemma 6.1.3: The locus N~!(D) N A s satisfies the equation N(z,w) € D, which
is equivalent to N»(z,w) = 1(z?), because D is the graph of . Because D C Agp, D is
disjoint from C’, so dyN3(z, W) is non-zero in a neighborhood of N~!(D), and we can use
the implicit function theorem to solve for w = {;(z) and W = {(z). There are exactly two
branches because Ny (z, W) is degree 2 in w.

The graphs of {; and {, form the two complex discs N~!(D) N D¢ 5.

0J Lemma 6.1.3.
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Figure 6.1: The Newton map N maps 0" (D¢ 5) outside of A 5 and N maps 0V (Ae ) inside
of inside of |z| < €.

In the old coordinates (X,Y), the line y = oo is invariant under N and attracted to the
point (0,0) € Sy. The image of this line under the coordinate change is W = 1, which is
therefore invariant under N in the coordinates (z,w) and attracted to the point (0, 1) € Sy.
Let Do = {(z,w) : |z| < &,w = 1}. This disc will form the first part of W/.

Since Do C Ag 5, satisfies the conditions of Lemma 6.1.3, letting Dy = N—1(Dg) N TAVES
we obtain two complex discs in A¢ 5 each of which is given by the graph of some analytic
function n : D¢ — P and each of which is mapped within Dy by N. These discs intersect Sq
and oo and the first inverse image of oo.

Because each of the discs in D satisfies the hypotheses of Lemma 6.1.3 we can repeat
this process, letting D, = N~ (Dy) NAg 5, which this lemma guarantees is the union of four
disjoint discs in A¢ 5, each of which is the graph of some analytic function n : Dg — P.
These four discs intersect Sy at the four inverse images of oo,

Of course we can repeat this process indefinitely, obtaining Dy, consisting of 2" disjoint
complex discs in Ag 5, each of which is given by the graph of an analytic function. These
discs intersect Sy at the 2" inverse images of .
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Let:
Doo — U Dn
n=0

which consists of a union of disjoint complex discs through each of the dyadic points D on
Sp. Each of these discs is the graph of an analytic function from D¢ to P, and every point
in Dy is forward invariant to Sg under N.

Looking at D, a different way, Dc, prescribes a holomorphic motion:

@:Dex D — P

where @(z,0) is given by n(z) where n : D¢ — P is the analytic function whose graph is the
disc in Do, containing 0 € S.

By the A-lemma of Maie-Sad-Sullivan [40], @ extends continuously to a holomorphic
motion on Sy, the closure of D.

@:De xS — P

Then, the map @ : Sg x Dg — D x P C X;* given by (z,8) — (z,9(z,0)) is holomorphic in
z and quasi-conformal in 6. We let W(;OC be the image of ®. Clearly N (W(I)OC) C W(l)OC and
every point in W(l)oc is forward invariant to Sy.

The existence of W is an easy adaptation.

L] Proposition 6.1.2.

Because the local superstable manifolds W% and W/ are forward invariant under N,
we can define global invariant sets Wy and W, by pulling back under N:

Recall from Chapter 4 that we defined the “bifurcation locus” Qi C Q to be the set of
parameter values for which there is a tangency between Wy and C or a tangency between
W, and C and that we defined the “regular locus” Qe; = Q — Qpjy.

One might expect that Wy and W; are manifolds, since the inverse function theorem
gives that the pull-back of N _k(W(;OC) (or N=K(W/%€)) by N is “locally manifold” at points
where N=K(W}%) (or N~K(W/})) is disjoint from or transverse to the critical value locus
C. However, we do expect that there will be some values of the parameter B for which
there is a tangency between N*k(W(;OC) (or N*k(WlI °¢)) and C. Therefore, at B € Quir Wy
(or Wy) will not be a manifold, but for B € Q,es both Wy and W; will be manifolds. Instead
of calling Wy and W; manifolds in general, we will call them separatrices, and only call
them manifolds when B € Q.

Proposition 6.1.4. The bifurcation locus Qy; is residual in Q in the sense of Baire’s The-
orem.
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Proof: This is relatively standard use of Baire’s Theorem, so we omit the details. [

Proposition 6.1.5. For every B, the separatrices W, and W, are real analytic subspaces of
X, and X;, each defined as the zero set of a single non-constant real-analytic equation in
an neighborhood of Wy and in a neighborhood of Wy, respectively.

Proof: As in the proof of Proposition 6.1.2, we make the change of variables z = xTX1 and
W= 3% and in these coordinates
72

N ()= ( WP+ (BW—BWR )2 WP ) : (6.2)
1+(B—Bw)z+(Bw2+B—1-2Bw)Z2

with Sy is given by {z = 0, |w| = 1}. We will show that

o(z,w) = lim (NJ(z,w))"/*"
is well defined and converges on a neighborhood of Wy so that w(z,w) = log |@(z,w)]| is a
non-constant real analytic function in a neighborhood of Wy, vanishing on W.

For every (z,w) € Wp, [NJ'(z,w)| converges to 1 because Sop = {|w| = 1} and hence
log |(N9(z,w))!/ 2"| converges to 0. So, we only need to show that 6(z,W) is a non-constant
real analytic function in a neighborhood of Wy. The proof will be reminiscent of the proof
of Bottcher’s Thoerem in one variable dynamics. (See Milnor [43, Section 9].)

Notice that wis defined with the invariance property w(N(z,w)) = 2-w(z,w). Therefore
we can assume that |X| is arbitrarily small.

With these restrictions, the second coordinate of N can me written as:

Na (2, W) = W +20(z,w)

with g(z,w) which is analytic in the neighborhood |z| < € for an appropriately small €.
We can write @(z,W) := limp_(N5'(z,w)) "/ 2" as a telescoping product:

. 6.3
Na(Z W) N2 (2 W)/ ©

®(z,w) = Ny (z,w)

so that the general term is of the form

1/2k+1

NI+ (z,w) 172" (ND(z,w))> +N(z,w) - g (N(z,w),N(z,w))
ND(z,w)1/2" (NJ(z,w))?

n 1/2K+1
72 /

- O*mwag@%w“MD

using that N{'(z,w) = 2
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In order to define the power st L we need to check that we can restrict, if necessary, the
neighborhood of definition for ¢(z,w) so that

The only real difficulty is when (z,w) € W (ry) so that (NJ(z,w))? goes to 0. However,
there is a neighborhood U C W (r) of the line z = 0 in which the term in the numerator 72"
will be sufficiently small to make the entire term 6.4 small:

In [35], the authors perform blow-ups at each of the four roots, and observe that the
Newton map N induces rational functions of degree 2 on each of the exceptional divisors
Er,,Er,,Er;, and Ey,. Let’s compute the rational function s : E;;, — Ey,. In the coordinate
chart m = VZV, the extension to Er, is obtained by:

s(m = lim m°w?(1 4 (B —Bw)mw + (Bw’ +B — 1 —2Bw)m*w?)
T Wwe0 w2 + (BW _ BWZ)mW —w2Zm2w2

2

m

14+Bm

b

since W = 0 on Ey,.
The rational function S(m) has m = 0 as a superattracting fixed point, so there is a
neighborhood of m=0 € E,, within W (r{) so that for any point (z, w) in this neighborhood,

limp— 00

N“ ‘ = 0. Pulling back this neighborhood under N we find a neighborhood

VCcWw (rl) of the line z = 0 in which this limit is true.
So long as we restrict the points (z,w) € W (ry) to be within this neighborhood V and
restrict all other points (z,w) in X* so that ‘ﬁ g (Z,W))‘ is less than 1/2, we can assume

that condition 6.4 holds.
Because Equation 6.4 is satisfied for every (z,w) € A\, we can use the binomial formula
to define the factors in the product 6.3 in A:

o a(a—1)---(a—n+1
(1+u)?= Z) ( ) n'( + )un, when |u| < 1.
& !

Now that the terms in the product 6.3 are well defined, we check that the product con-
verges on the neighborhood A of Sy. For this product to converge it is sufficient to show
that the corresponding series of logarithms converges. The general term in this series is:

k1
1/2 log?2

22n 2" NN
o . N <
1g<1 (Nﬂaw»29<z’ ALWD) AL

using Equation 6.4 and the triangle inequality so that

n

z° 20 NN
L o W))z-g<z ,Nz(z,w)) <2.
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This is clearly sufficient for the series of logarithms to converge and hence for the
product 6.3 to converge to the analytic function on @z,w) on A. This way w(z,w) =
log|@(z,w)]| is a real analytic function on /\, and by the invariance properties of @ on w(z, W)
is an analytic function on a neighborhood of W.

The proof that W is the zero locus of a non-constant analytic function is very similar.
OJ

Understanding the topology of Wy and W will become very important to us since know-
ing their topology helps us study the topology of the basins of attraction for the four roots.
Two preliminary observations are:

Proposition 6.1.6. Every point in X;* that is not attracted to ry or r, is on the separatrix
W, i.e. Xloo = W(I’l) UW(I’Q) UWp.

Similarly, every point in X; that is not attracted to r3 or r4 is on the separatrix Wy, i.e.
Xy =W (I’3) uUw (I’4) WA

Proof: Every point in X is attracted to the line X = 0. The only invariant sets on this
line are the two roots, I, Iy, and the invariant circle Sg, hence the points that are not in
W (ry) or W(ry) are in Wp. Similarly, every point in X, is attracted to the line X = 1, and the
decomposition follows. []

Proposition 6.1.7. The fundamental classes [Sp] and [S;] are non-zero in H;(Wy) and
H; (W), respectively.

Proof: The proof is the same for each circle, so we prove it for Sg. If [Sg] = 0, then there is
some 2-chain 0 in Wy with do =W. Every point in X is attracted to the line X = 0. Since
0 is a compact subset of Wp, one can choose k so that NK(0) is within an arbitrarily small
neighborhood of Sy.

The Newton map N maps S to itself by angle doubling, so Nk(So) = 2KS). Since
ONK(o) = NK(dg) = 2KSy, this would give that [Sq] is torsion within this neighborhood.
However, small neighborhoods of Sy C Wy are topologically So x D and [Sp] is not torsion
in Hi(So x D). 2 z{I&} O

Proposition 6.1.8. (Neighborhoods of Wy and W;) Within X* and X; there are neighbor-
hoods A (Wp) and A (W;) of Wy and W, that deformation retract onto Wy and W;.

Proof: Any A C M that is globally defined by the vanishing of a single non-constant real-
analytic function g : M — R has this property:

Since g : M — R is non-constant and real-analytic, the critical points of g cannot accu-
mulate, consequently we can choose a neighborhood A((A) so that the only critical points
of g in A(A) are actually in A. Similarly, the only critical points of g> will have be on A.
Hence, the vector field —g? will be zero on A, but it will have no zeros on AN (A). Flow
along this vector fields provides a deformation retraction of A’(A) onto A. J
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6.2 Mayer-Vietoris computations

By Proposition 6.1.6 we have that X" =W (r;) UW (r), and Wo =W (r;) "W (r2). Because
of the neighborhood A’(Wp) that deformation retracts onto Wy, we can use the Mayer-
Vietoris exact sequence to relate the homology of W (ry) and W (r3) to that of X® and W.
For a reference about the Mayer-Vietoris exact sequence, we recommend [9] and [28].

Denote the inclusions Wy < W (r;) and Wy < W (r,) by i; and i and the inclusions
W (ry) — X and W(r;) — X by ji and j,. We have:

0 — Hy(Wo) 2% Hy(W(r)) @ Ha(W(r2)) 22720 Hy(x=) 2
0 — Hs(Wo) 2 Hy(W(r)) @ Hs (W(r2)) 22725 Hy(x=) 2
0 — Hy(Wo) 2 HyW(r)) @ Hy (W(r2)) 22724 Hy(x=) &
0 — Hi(Wo) 225 Hy(W(r)) @ Hy (W(ry)) L2 (x|°°>i
0 — Ho(Wo) 2% Ho(W(r)) @ Ho(W(r2)) 2724 Hy(X) —

Recall from Proposition 5.3.4 that Hy(X”) = 0 for i # 2,0 from this we obtain:
Ha(W (r1)) &Ha(W (r2)) = Hy(Wo),  Hz(W(r1)) &Hs(W (r2)) = H3(Wo).
and the exact sequence:

0 — Ha(Wo) 2 Hy (W) & Ha (W(r2)) 12
Ha(X™) 9, Hi (W)~ I1*€9Iz* Hi(W(r))®Hi(W(r2)) —0 (6.5)

since we can truncate the 0-th homology from Exact Sequence 6.5 because each of these
spaces is connected.

We can repeat these calculations in X;. We denote the inclusions W; — W (r3) and
W; < W (r4) by i3 and i4 and the inclusions W (r3) < X; and W (r4) < X; by j3 and ja.
Using that Hy(X;) = 7P} and Hi(X;) =0 fori # 2,0, we get:

Ha (W (r3)) © Ha(W (rg)) = Hy(Wo), H3 (W (r3)) ®© H3(W (rs)) = Hz(Wp).

and the exact sequence:

0 — HaWy) 2 by (W(r)) @ HyW(ra)) 227
ZAF 25 Hy (W) 25 1 (W () @ Hy (W (rg)) — 0

Lemma 6.2.1. The boundary map @ : Z{[F'l} — H, (W;) from exact sequence 6.6 satisfies
d([P']) = [S1]. In particular, 0 is injective.

Proof: One can choose the vertical line X = 1 as the generator P of Hy(X;). Since W,
intersects this line transversely along Sy, we have a[P!] = [S;]. O

In combination with exact sequence 6.6 we find:
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Corollary 6.2.2. The map

HaWy) 224 Hy (W(rs)) @ Ha (W(re)) (6.6)

is an isomorphism and the sequence

0 — P %1y wy) 224 1y (W () @ Hy (W () — 0 6.7)
is exact.

6.3 Replacement of W(r;) with W(r;).

In many cases one would prefer to make statements about the homology of the genuine
basins of attraction W (r;), instead of the closures of the basins W (r;).

Proposition 6.3.1. For the parameter values B in which Wy is a manifold, W (r;) is homo-

topy equivalent to W (r;) and W (r;) is homotopy equivalent to W (r7).
Similarly, for parameter values B in which W; is a manifold, W (r3) is homotopy equiv-

alent to W (r3) and W (r4) is homotopy equivalent to W (ry4).

Proof: This follows from the relatively standard fact that if M is a manifold with boundary,
then M and the interior of M are homotopy equivalent. []

Recall that Q.; C Q is the set of parameters B for which there are no tangencies be-
tween Wy and C and no tangencies between W; and C. For these parameter values, both W,
and W, are manifolds and hence:

Corollary 6.3.2. For every B € Qeg, Hi (W (ri)) = H.(W(rj)) fori=1,2,3, and 4.



Chapter 7
Morse Theory for W, and W,

In this chapter we will use Morse Theory to prove that if W; NC = 0, then W, is homotopy
equivalent to S; and we will also see why the same method fails to work for Wy,

In general, Wy and W, are not manifolds but merely real-analytic spaces. However, we
will only end up using Morse theory on W in the special case where W; NC = 0 and hence
W, is a genuine manifold.

Recall Short Exact Sequence 6.7 from Corollary 6.2.2:

0z 2 Hy (wy) — Hy (W) S H, (VW) — 0.

By Lemma 6.2.1 we have that 0([P]) = [S;], so that if W; is homotopy equivalent to Sy,
then Hy (W) = Z{S]} = Image(d). By exactness of the sequence, this will show that if
W;NC =0, then H; (W (r3)) =0=H;(W(rs)). Since W; is a genuine manifold in this case,
Proposition 6.3.1 will give that H; (W (r3)) = 0 = H;(W(ry4)), as well, which is part of the
third statement in Theorem 4.4.1.

7.1 Morse Theory for W; and W,

Consider the function h : C x P — R given by
X

(5)-
y

x2

2X—1
2
2xX—1 1

X
— (7.1)

which is chosen so that

Q) et () e

The extension of h to the exceptional divisors is given by extending % in the standard
way (algebraically) then composing with the modulus |- |. The result is a C* function on
h:X* —R.

We will consider the restriction of h to the super-stable separatrix Wy and W; and use it
as a Morse function to study their topology.

There is a geometric description of the critical points of h: Notice that Wy and W,
intersect the critical value parabola C in real-analytic sets. Let K be the set of points in C
where Wy NC (or W; NC) and the level curves of h|C are parallel. The critical points of h
are inverse images of points in K and repeated inverse images of points in K under N.

It is relatively easy to search for points in K for specific parameter values. Figures 7.1
and 7.2 show the part of the critical value parabolas for two different values of B, with the
level curves of h|C superimposed. Some of the points in K are marked for each of these
parameter values.

49
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Figure 7.1: Level curves of the Morse function h within the critical value parabola C. The
points labeled ki, kz,ks and k4 are all in K, as well as any others. The critical point of h|C
is labeled S.
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Figure 7.2: Level curves of the Morse function h within the critical value parabola C. The
points labeled ki ,k», and k3 are all in K, as well as any others.
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Proposition 7.1.1. Let K be the set of points in C where Wy C (or W; NC) is parallel to
the level curves of h|C. Then, the set of critical points of h on Wy and W; is Uy_; N*k(K).

Proof: Applying the chain rule to Equation 7.2 we find:

() o)-a()ul) s

Notice that }h (;) =0 only when X = 0. Therefore, Equation 7.3 gives that if Dh (;) =0.

for a point (;) on W then either:

1. Dh (N (;)) = 0 giving that (;) is an inverse image (possibly an n-th inverse image)
of another critical point of h. Or,

2. DN (;) is singular and Dh (N (;)) is 0 within the image of DN.

The condition in the second case says that (X,Y) is on the critical points locus of N, and
that Dh(N(X,y)) is zero when restricted to the image of DN. Geometrically, this says that
the curve W NC is tangent to the level curves of h|C at N(x,y). [J

It is also possible that there may be critical points of h|W that are some of the excep-
tional divisors E; that were introduced in the construction of X;°. We ignore this possibility
for the moment, and eventually we will restrict our attention to Morse Theory in X;.

Notice that if h : Wp — R has no critical points, or if h : W; — R has no critical points
(except at X = 0 and x = 1), then the negative gradient flow —[lh gives a deformation
retraction of Wy to Sy or the gradient flow [Jh gives a deformation retraction of Wj to S;.

Although we cannot find any specific values of the parameter B for which we can prove
that W; does not intersect C, our computer calculations indicate that this may often be the
case. For example, this is probably the case in Figure 7.1, and clearly is not the case in
Figure 7.2. If W; and C are disjoint, there are clearly no critical points of h:

Proposition 7.1.2. If there are no points of intersection between W, and the parabola
C(x,y) =y*>+Bxy+ BTZX2 — BTZX —y =0, then W, is homotopy equivalent to S;.

Corollary 7.1.3. If there are no points of intersection between W; and the parabolaC(x,y) =
0, then the basins of attraction W (r3) and W (r4) for the roots r3 = (1,0) and ry = (1,1 —B)
have trivial first and second homology groups.

Proof: For H; (W (r3)) and H;(W(rs4)) this is a consequence of our discussion at the be-

ginning of this chapter. For the second homology it is a consequence of the isomorphism
6.6.
We will never have this special situation in X, for the following reason:

Proposition 7.1.4. There are always critical points of h : Wy — R.
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Proof: First, notice that there is a unique critical point of h|C: Implicit differentiation of
C(x,y) =0 gives

dx BZ dx B2dx

2y +B—y+BX+ —X77— ——F— — 1=0
dy y

which is equivalent to:

Therefore the unique point of intersection between the line BX+2y — 1 = 0 and the parabola
C(x,y) = 0is a vertical tangent to C and hence a critical point of h|C. This critical point is
labeled S in Figures 7.1 and 7.2.

The line L, = {y = o} is clearly within Wy, and the line Bx+ 2y — 1 = 0 is mapped to
L. by N, hence it is in Wy as well. Therefor, this critical point of h|C is actually in Wy. By
Proposition 7.1.1, the inverse images of this point under N are critical points of h|W,. [J

One might consider using further details about the critical points of h in order to study
the topology of Wy and W when there are intersections with the critical value locus, C, but
this seems like a difficult approach, especially since these spaces may have singularities,
and we will avoid it.

Instead, in the next chapters we will use linking numbers to prove that if W; intersects
the parabola C(X,y) = 0, then the basins of attraction for the roots (1,0) and (1,1 —B) have
infinitely generated first homology. We will also prove that the basins of attraction for the
roots at (0,0) and (0, 1) always have infinitely generated first homology, as a consequence
of the fact that Wy always intersects the parabola C(x,y) = 0.



Chapter 8
Many loops in W, and W,.

In this chapter we will show that intersections between Wy and the critical value locus C
lead to an infinite number of closed loops in Wy and that intersections between W; and
C lead to an infinite number of closed loops in W;. In the chapter following this one we
will show that infinitely many of them are homologically distinct, finishing the proof of
Theorem 4.4.1.

8.1 The mapping on fibers

Denote the projective line in C x IP above a fixed value of x by Py. Often we will informally
call such a set a “vertical line”. Notice that if X 7 1/2 then N maps Py to Py /5, _1) by the
rational map:

y(BX? +2xy — Bx —)

ReY) = =D Bx 2y = 1)

It is worth noticing that when X = é and when X = ﬁ, a common term cancels from the
1-B

numerator and denominator of Ry, giving Ry(y) = ¥ + 8 and Ry(y) = ¥, respectively.

In this section, we will use the details of Ry to understand the topology of intersections
of Wy with vertical lines Px having Re(X) < 1/2 and the topology of intersections of W
with vertical lines Py having Re(Xx) > 1/2.

Recall that X is the space C x PP having Re(x) < 1/2, after the infinite sequence of
blow-ups that is necessary to resolve all iterates of N and that X; is the space C x P having
Re(x) > 1/2, and that no blow-ups were necessary in X;.

If a vertical line Py in X; does not contain a point that we have blown-up, it naturally
corresponds to a subset of X|. Otherwise, if the vertical line Px does contain a point in X
that we have blown-up, then by the vertical line Py in X we mean the proper transform of
P under the blow-ups. Hence, it is meaningful to discuss vertical lines X;*.

Proposition 8.1.1. The critical values of Ry are the intersections of the critical value

parabola C with the line IPx. There are two distinct critical values, except when x = B(ZEB) :

Proof: The critical value curve C(x,y) = 0 for N is exactly the image of the locus where
0yN>(x,y) = 0. Hence, the critical values of Ry are just the points of intersection between
C(X,y) = 0 and Px. There are two such points of intersection, except when the the discrim-
inant (Bx — 1)? —B?(x?> —x) = (B? —2B)x+ 1 = 0, that is, when X = ﬁ This makes
sense because the vertical lines containing p and g and the exceptional divisors Ep and Eq

each map to the line x = ﬁ by isomorphisms. []
Re-stating the previous proposition in somewhat more topological terms:

Corollary 8.1.2. For vertical lines not at x = é,x = ﬁ, i.e. not containing p or q, the
mapping Ry : Py — Py jiax—1) is a ramified covering map of degree 2 with two distinct
points of ramification.

54
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8.2 Intersection of Wy and W, with vertical lines.

The goal of this section is to show that if there is an intersection of Wy with the critical value
parabola C(X,y) = 0 in X;*, then the super-stable separatrix Wy divides certain sequences
of vertical lines into arbitrarily many simply connected domains and, otherwise, if there
is no such intersection then every vertical line in X|* is divided into exactly two simply
connected domains by Wy. We will also show that the same statement holds for X; if we
replace Wy with W;. More formally:

Proposition 8.2.1. Let x; be the i-th iterate of x under x — %
For x having Re(x) < 1/2:

o IfWoN{C(x,y) =0} = 0for each i, then Wy N [P, forms a simple closed curve divid-
ing Py into two simply connected domains.

e If there is some k with Wy N {C(xk,y) = 0} # 0, then Wy NPy forms a curve dividing
Py into at least 2K+ 2 distinct simply connected domains.

Similarly, for x having Re(x) > 1/2:

o IfW;N{C(x,y) =0} = 0for each i, then W; NPy forms a simple closed curve divid-
ing Py into two simply connected domains.

e If there is some k with Wi N {C(xk,y) = 0} # 0, then W; NPy forms a curve dividing
PPy into at least 2K+ 2 distinct simply connected domains.

Figure 8.1 illustrates this proposition.

The closed loops generated in W, and W; bounding the simply connected domains guar-
anteed by Proposition 8.2.1 will be used the next chapter to show that H; (W) is always
infinitely generated and to show that if W; intersects C, then H; (W) is infinitely generated.

We prove Proposition 8.2.1 for X, since it follows in a similar, although easier way for
Xr. The proof will require some build-up.

Lemma 8.2.2. For any choice of B, there are gy > 0 and €; > 0 so that if [x — 0| < &, then
Wy NPy forms a simple closed curve and so that if |[x — 1| < €, then Wy NPy forms a simple
closed curve.

Proof: This is a direct consequence of Proposition 6.1.2 where we prove the existence of
W€ and W{°¢. (I

Lemma 8.2.3. Let R : P — P be a ramified covering map of degree d and letU C IP be a
simply connected open subset of P containing the image of at most one point of ramification
of R. Then, R~!(U) consists of a finite number of disjoint simply connected domains.
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Py, Py,

Figure 8.1: Forming many closed loops in Wy. A sequence of vertical complex lines
Py, Py, ,Py,, and Py;, one mapped to the next by N. Because Wy intersects C in the line
Py, , Proposition 8.2.1 states that these vertical lines are divided by Wy into at least 10, 6,4,
and 2 simply connected domains.

Proof: Because U is a simply connected open subset of P, U is contractible. Let Ct :
U x [0,1] — U be this contraction having ¢;(U) = up, some base point in U. Recall that
contractions satisfy Ct(Ug) = Ug for all t.

If U does not contain the image of a ramification point, then R: R~1(U) — U is a
genuine covering map, and by the homotopy lifting property this contraction lifts, providing
a contraction to R~ (U) to the points R~ (up).

Otherwise, if U contains a ramification point, we can modify our contraction C so that
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the base point Ug is this ramification point. Then, the mapping C lifts over U — Uy and
clearly extends by continuity over Ug since it Ct(Up) = Up for all t.
Hence, R~!(U) consists of a collection of disjoint simply connected domains. The

number of these domains is bounded above by the degree d.
U

2
Let X = % so that we have Ry, : Py, — Px,. The symmetry 4.1.1 gives us two nice

properties: First, since the critical values of Ry, occur at symmetric points, either Wy NPy,
contains both critical values or neither of them.

Second, Since the symmetry interchanges W (r) with W(r;), any simply connected
domain in Py, — W) and its image under the symmetry are disjoint. Since the two critical
values of Ry, are at symmetric points, such a domain can contain at most one of these
critical values. Therefore, the inverse image of a simply connected domain will be some
finite number of simply connected domains. The following lemma counts this number:

Lemma 8.2.4. Letx; = x3/(2xo — 1) and suppose that U is a simply connected domain in
Py,

e If U contains one of the critical values of Ry, then R%l(u) is a single simply con-
nected domain.

e If U contains does not contain a critical value of Ry,, then Rg)l (U) is two simply
connected domains.

Proof: Notice that Ry, : R%l(U) — U is a ramified covering map of degree 2, so the
Riemann-Hurwitz formula applies giving, )((R;O1 (U)) =2x(U) —k where K is the number
of critical values of Ry, in U. (Here, k =0 or k = 1.) Since U is a single simply connected
domain and R;OI (U) is a finite union of simply connected domains, the Euler characteristic
just counts the number of domains. Hence, if U contains a critical value, kK = 1, and there
are 2 — 1 = 1 domains in R);]I (U). Otherwise, if U does not contain a critical value, k = 0
and there are 2 — 0 = 2 domains in R;OI V). O

2

Corollary 8.2.5. Letx; = % If Wy divides Py, into m simply connected domains then

o If Wy NPy, contains the critical values of Ry, then W, divides Py, into exactly 2m
simply connected domain.

o IfWo NPy, does not contain the critical values of Ry, then W divides PPy, into exactly
2m — 2 simply connected domains.

Proof: If Wy NPy, contains the critical values of Ry,, then none of the m domains in Py,
contain a critical value. By Lemma 8.2.4, each of these domains has two domains as inverse
image under Ry, and hence W divides [Py, into exactly 2m simply connected domain.
Otherwise, at most two of the domains in [Py, contain critical values of Ry,. Each of
these two domains has a single domain as inverse image under Ry,, while each of the
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remaining M — 2 domains has 2 domains as inverse image, giving a total of 2+2(m—2) =
2m — 2 domains in Py,
O

Proof of Proposition 8.2.1: Let xi be the k-th iterate of Xy under X — % Suppose that
Wy divides the vertical line Py, into m pieces. Because the line X = 0 is globally attracting
in X*, there is some K so that |xx — 0| < & Using Lemma 8.2.2, Wy NPy, forms a simple
closed curve in [Py, and hence divides Py, into only two simply connected domains.

Let X, be the last point in the sequence Xi,Xp,- -+, Xk having Wo N {C(Xn,y) =0} # 0
Repeated use of Lemma 8.2.5 gives the lower bound m > 2™M1 —2n=1 _on=2_ ... _ 9 —
21 _ 2" 4 2 = 2"+ 2 The upper bound on the number of simply connected domains is
clearly 2", so we have 2"+2 < m < 2"1.

This proves Proposition 8.2.1 for X*. The proof is virtually identical for X;. [J

8.3 Sizes

Suppose that Wy N Py divides Py into 2m simply connected domains. By the symmetry, m
of these domains are in the basin W (r;) and m of them are in W (r,). Denote the domains
inW(ry) by Uy, -+ ,Un, and the domains in W (ry) by Vi, ---,Vm. Let k be chosen so that
Wy forms a simple closed curve in Py, (where Xy is the k-th iterate of X under X — %.)
Denote by U the domain in Py, within W (ry) and by V the domain in Py, within W (r7).

Under the mapping NX, each of the domains Uy, ---,Un, covers U with some degree
I1,---, I and each of the domains Vi, ---,Vy covers V with degree py,---,Pm. Then, the
following is true:

Proposition 8.3.1.

Proof: The sum zi”;l li counts the number of times that U is covered by Uimlei C Py. Since

Py covers Py, with degree 2K we must have Ziril li = 2K, The proof for the second sum is
the same. [J
Given a region U; in W(ry) we will can assign size(U;) = —% and given a region V;
_ b

in W (rz) we can assign size(Uj) = 5. Where K, li, and pj are as in the above proposition.
This is well defined because given k| and k; as above, the |; corresponding to k; and the |;
corresponding to ky will differ by 2K~k

Corollary 8.3.2. Suppose that Wy NPy divides Py into 2m simply connected domains:
Up, - ,UnCW(r;)and Vy, -+ ,Vm CW(r). Then:

size(Uj) = —1, size(Vi) =1

M3
M3
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Figure 8.2: Example of a curve V; surrounding a simply connected domain U; in some
vertical line. In the next chapter we will prove that curves of this form are non-trivial in
H; (Wp) (or H; (W)) by linking these curves with an object that is disjoint from Wy (or from
Wi.)

8.4 Many loops in Wy and W,

Given a region U; or V; in some vertical line Py let yj be the curve in Wy bounding U;. Since
yi is a subset of Wy NPy, it is a piecewise smooth curve. (This will be useful later when we
want to consider the class [yi| € H; (Wp).)

In the next chapter we will see that size(U;) for such a region equals the linking number
for y; with an appropriate geometric object in X*. (This object will remain mysterious for
the moment.) These linking numbers will descend to the homology H;(Wp), which will
allow us to show that if there is an intersection between Wy and C(x,y) = 0, then H; (Wp)
is infinitely generated. The similar statement about simply connected domains in vertical
lines in X; will be true as well.



Chapter 9
Linking numbers

The classical scenario is the linking of two oriented loops ¢ and d in S®. The linking
number Ik(c,d) € Z is found by taking any oriented surface [ with oriented boundary ¢
and defining Ik(c,d) to be the signed intersection number of I" with d. For example, in the
following diagram Ik(c,d) = +2.

d

To see that Ik(c,d) is well-defined in S, we can express this computation in terms of
homology, letting ¢ and d be one-cycles and I" a 2-chain with I = ¢. (Because H(S3) =0,
[c] = 0, so the existence of ' is guaranteed.) We can then consider [d] € H;(S? ¢) and
[F] € Ha(S?,¢). We define Ik(c,d) =[] - [d], where - indicates the intersection product on
H.(S?,¢).

Suppose that '’ is some other 2-chain with oI’ = ¢, then (I — ") = [c] — [c] = 0,
and so (I —T'") forms a homology class in Hy(S?). Since Hy(S?) = 0 we must have that
[T —T'] = 0 and so the intersection number is [ — '] - [d] = 0. Therefore: [[]-[d] =[I"]-[d],
giving that Ik(c,d) is well defined.

The two properties that we used were that [c] = 0, so that there are 2-chains I with
oI = 0 and that Hy(S?) = 0 to check that the linking number is independent of the choice
of I'.

To summarize: if M is a 3-dimensional manifold with Hy(M) = 0, let Z;(M) be the
1-cycles in M and By (M) C Z;(M) be the 1-boundaries in M. Given a 1-cycle d, let B{(M)
be the 1-boundaries in M that are disjoint from d. Then, we have homomorphism, which
we write

Ik(-,b) : B¢(M) — Z
defined by Ik(c,d) =[] - [d], where I is a 2-chain with dI" = c. Since we require that C be
disjoint from d, there is no ambiguity about this intersection number.

In this chapter we will build up the tools necessary to define some notion of linking in
X\, which has an infinitely generated H»(X*). Making linking numbers well defined in this
space will be a major difficulty that we overcome in the next few sections.

60
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9.1 Linking in manifolds M with non-trivial intermediate homology.

Suppose that M = S? x S!, so that Hy(M) = 78} Let ¢ be the equator of S? crossed with
some point on p € S! and let d be the copy of S! above say the north pole of S?. Figure 9.1
shows these curves in S? x [—1,1], and it is left to the reader to identify the endpoints of
each interval, in order to visualize S* x S!.

Figure 9.1: Linking in a weird space.

Let’s see that Ik(c,d) is not well defined: Suppose that I'| is the northern hemisphere
of S? crossed with p and that I; is the southern hemisphere of S? crossed with p. Choose
orientations for 0"y = ¢ and 0, = C.

Since M1 has intersection number 1 with d and I, has intersection number 0 with d, we
see that 1k(c,d) is not well-defined! This follows from the simple reason [S?] - [d] = 1.

Let d’ be the copy of S! above say the north pole of S* minus the copy of S! above the
south pole of S2. This way, [d'] - [S?] = 0 so that ' - [d’] =, - [d’] for any Iy and I, having
boundary c. In this case, Ik(c,d’) = +1.

This is the same as showing that the curve ¢ is homologically non-trivial in S? x S! with
the two curves forming [d’] removed: [c] # 0 € H(S*> x S! —d’).

Linking kernel: LZ,(M)

Suppose that M is a 3-dimensional manifold with Hy(M) # 0. As in the previous ex-
ample, we can define a linking number, so long as the second argument d has [d] -0 = 0 for
every 0 € Hy(M). We define LZ;(M) C Z;(M) to be the sub-module of Z;(M) with this
property. As before, given d € £Z;(M), we denote by B4(M) the 1-boundaries in M that
are disjoint from d. Then, the map:

Ik(-,d) : B{(M) — Z

given by Ik(c,d) =T -d is well-defined, i.e. independent of I".

In a manifold M of dimension m, one can define a linking number between boundaries
¢ of dimension n and cycles d of dimension p so long asn+p=m— 1. If Hy; (M) =0,
Ik(c,d) =T -d for an n+ 1-chain " with dI" = ¢ provides a well-defined linking number.

Otherwise, one must make a similar restriction as above restricting to d € LZp(M) sat-
isfying [d] -0 = 0 for every 0 € Hp;1(M). We will then denote by BY(M) the n-boundaries
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in M that are disjoint from d. We get

Ik(-,d) : BI(M) — Z.

9.2 Linking kernel for X

Recall from Chapter 4 that except in the exceptional situation when one of the inverse
images of the points of indeterminacy is on the critical locus,

H2(X,°°):Z{M}® @ ALSIE IS @ 7{Ex]}
NK(x)=p NK(x)=g

Recall from Proposition 5.3.6 that each exceptional divisor [E;] has [Ej] - [Ei] < —1 and
that [V]-[V] = 0 so that if w= ap[V] +a;[E;] + - -an[En|, and satisfies w- 0 = 0 for every
0 € Hy(X™) a =0 for all i # 0, that is, w=ap[V].

In summary, £LZ,(X,*) consists of only the 2-cycles that are homologous to multiples
of [V]. The particular curves that we will consider here, i.e. the Yj, have linking number 0
with [V], since each of these curves is entirely within some vertical line. So, to show that
all of these curves are non-trivial, we will need to look elsewhere for something to link
with. We will do this by extending the definition of linking to linking with “positive closed
currents”.

9.3 Linking with currents

Just as distributions are defined as the topological dual of smooth functions with compact
support, currents are the topological dual of smooth differential forms of compact support.
In fact, naturally, the dual of A%(M) is the space of n-currents (or generalized n-forms), not
generalized functions as is usually stated.

More precisely, if we let Ac (M) denote the (n — q)-forms with compact support on a
smooth manifold M, the linear maps T : A¢ 9(M) — C that are continuous are the currents
of degree q (or, as some say, the currents of dimension n —q) and are denoted by DY(M).
If M has a complex structure, one defines the currents of bi-degree (p,q), denoted DP9(M)
as the topological dual of the (n — p,n — q)-forms with compact support A¢ ""9(M).

The reader who would like more background on currents should consult [24, section
3.1 and 3.2], or one articles on complex dynamics which outlines the basic properties of
currents and their use in dynamics, [36, 48, 47].

Throughout the remainder of this section we will only be interested in currents on 2-
dimensional complex surfaces and complex curves.

We will be interested in a very small sub-space of currents, the closed, positive (1,1)
currents T which, according to the dd®-Poincaré Lemma, are locally expressed as T =
dd®@ for a plurisubharmonic function @.
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Reminder: An upper semicontinuous function g : U — RU {—o} is said to be subhar-
monic if for every x € U and every r > 0 for which B(x,r) C U, and for every real val-
ued function h on B(x,r) that is harmonic on B(x,r) and satisfies h > g on 0B(x,r), it
holds that h > g on B(X,r). Given a domain A C C", an upper semicontinuous function
g: N\ — RU{—oo} is said to be plurisubharmonic if for every line L, f|L is subharmonic
on ANL.

We will try to avoid using many details about plurisubharmonic functions, but we will
occasionally need to use them to describe the geometry of closed-positive currents. Denote
by Z}r’l (M) the closed-positive (1,1) currents on M. Given a current T € Zl+’1 (M), and a
piecewise smooth 2-chain 0 having 00 disjoint from the support of T, we have the pairing:

C(M)xZ' (M) = R

defined by (0,T) = [;T. Itis a well known result that this depends only on the homology
class of O.

Denote by LZ}F’1 (M) the space of positive closed currents T having [;T = 0 for every
0 € Hy(M). Given T € LZLI(M), let BT (M) be the 1-boundaries in M that are disjoint
from the support of T. We can define a linking number with respect to T by:

Ik(-,T):B] (M) =R

by Ik(c,T) = /- T, where I is any 2-chain with 9 = c. Since T € £Z' (M), we have that
Jr T = J£ T for any other I'" with I’ = ¢ since [ T = 0. Since ¢ is disjoint from the
support of T, there are no problems.

9.4 Finding an element of LZL1(><|°°)

In this section, we will find an element of LZL1 (X\?) by successively determining elements
of £211 (X)), £z (X0), £211 (X)), £Z11 (XP), - - where X, is the space X after having
completed the blow-ups at level j. In the limit, we will find an element of LZ_lgl(le),
which in the next section will be useful for linking.

Let L; be the invariant line that goes through (0,0) and (1,0), i.e. y = 0 and L, be the
invariant line that goes through (0,1) and (1,1 —B), i.e. y+Bx— 1 = 0. (To remember the
indexing, think that L contains r; and L; contains r,.) Note that we can use the Poincaré-
Lelong formula (see for example [24, p. 388] or [48] to express the fundamental classes of
these lines as positive-closed currents:

_ e _ 1 e _
L= 5-ddCloglyl,  [Lo] = 5-ddClogly+Bx—1

Notice that each of these lines intersects any given vertical line P with intersection number

1, or equivalently that
[Li=1= [Iul
P P
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Hence, because [V | is the sole generator of Hy(X|) we have that [L,| — [L] € LZLI(XQ.
Now, suppose that we want to find an element of LZL1 (X,O), that is, a positive-closed
1-1 current that evaluates to 0 on every element of H2(X|O) > 7AVL Bl [Bal} | In fact, we also

have that:
/Ep[Ll]zlszl[Lz]

/Eq[Ln:o:/E[Lz]

So, in fact [Lo] — [L1] € £Z}"(X0)
However, this luck will not continue. Let Z be one of the two preimages-images of p
that is in the invariant line L;. Since L; and L, intersect at the single point p, z ¢ L,. This

results in the fact that
L=1#0=[ (L]
EZ EZ

So that [Ly] — [L1] ¢ £Z3' (X1).
Consider the inverse images under N of the lines Ly and L,. The Poincaré-Lelong
formula gives

1
N=Y(L))] = =—ddlog|N,(x
Nl = o log ().
[N_l(Lz)] = E[ddclog|N1(X,y) +B-Na(x,y) — 1
where Nj(x,y) and Ny (x,y) are the first and second components of the Newton map N.
Let’s check that [N~ !(La)] — [N~ 1(L1)] € £ (X}).
This is slightly easier to prove if we instead work with [N=2(L;)] and [N~2(L,)], the
second inverse images of L; and L,.

In general, if we denote by NK(x,y) and NX(x,y) are the first and second coordinates of
N2, then:

_ 1

INT(L)] = 5-dd®log|N5(x.y)],

_ 1

NT(L2)] = 5-dd®log|N{(x,y) +B-Nj(x.y) ~ 1|

Before proceeding, we will need the following lemma:

Lemma 9.4.1. For every k > 0 we have

LNl = [N

Proof: The k-th inverse images N%(L;) and N%(L,) both have degree 2X in y, so they
each intersect a generic vertical line exactly 2K times. This intersection number coincides
with the integrals. [J
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Suppose that E; is one of the exceptional divisors in XI From Proposition 5.2.1 we
know that N! induces a ramified covering from E, to V = P, ;g /(B(2—B)) Of some degree d
(which is possibly 0) where | =1 or | = 2. Then we can compute the following:

/EZ[N‘Z(LO] =/N,(EZ)[N2"L1] =d/V[N2—'L1]

/L IN(L)] = I o Nl =d /N

and these are both equal because f,,[N>~'L;] = f;,[N>"'L,] by Lemma 9.4.1
Since Hz(Xll) is generated by the fundamental classes of V, Ep, Eq, and those intro-
duced at the inverse images of p and of g, we conclude that [N=2(L,)] — [N"2(L{)] €
L1yt
cz} X)),
There was nothing special about this situation; it generalizes to give the following
proposition.

Proposition 9.4.2. [N~kD (L)) — [N~k (L)] e £z (X4

Proof Let E; any one of the exceptional divisors in Xlk. Using Proposition 5.2.1, there is
some d and some | < k+ 1 so that N! maps E, toV by a ramified cover of degree d (possibly
with d = 0.) Then, just as in the discussion above:

/E[N(kJrl)(Ll)] :/NI(E)[ —(k+1) +|L d/ —(k+1) +IL
/E[ k-H( )]_/Nl(E)[ (k+l)+||_2 _d/ —(k+1) +|L]

and these are both equal, using Lemma 9.4.1.

Since Hk(X|1) is generated by the fundamental classes of V and the fundamental classes
of each of the exceptional divisors E; we conclude that [N~ 1 (L)) — [N~ (L)) e
£z (0. O

Fundamental classes such as [N %(L,)] and [N~(L;)] probably seem quite abstract at
the moment. Because the inverse images of these lines are varieties in X,”, which is a rather
complicated 2 complex-dimensional manifold, they are rather difficult to visualize. One
can actually see something in R?: In the top of Figure 9.2 we show N~!(L;) (in gray) and
N~!(Ly) (in black) in R?, with B = —0.3. In the bottom of Figure 9.2 we show N~2(L;)
(in gray) and N —2<|_2) (in black). The points where these two curves cross are at the points
in indeterminacy, which are labeled. We hope that this will give the reader some idea about
these inverse images.

Since X" = liln(Xlk, 1) and because ([N~ 1 (L) — [N~k (Ly)] e LZL1 (XK) it seems
that a limit as k — oo of [N~ 1 (Ly)] — [N~ (L;)] will be an element of £Z}(X).
We must be careful to make clear what limit we are taking, but we do so below.
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Figure 9.2: Newton map in R?, B = —0.3. Top: N~!(L;) in black and N=!(L,) in gray.
Bottom: N~2(L;) in black and N=2(L;) in gray.
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First, we choose to normalize [N~ 1 (L,)] and [N~ (L,)] so that their integrals
overV are 1. By dividing by the degrees, we define:

1
A = *IN (Ll)]——dd"—log\N2<x y)l,
1
A = &N (Lz)]:—ddC—log\N (%,Y) +B-N5(xy) — 1|

Both )\'1‘ and )\5 are still positive closed currents because we have only divided by 2K,
We let

1
A= lerc}oAk = —ddC hm ?log\le‘(x,y)\,

. 1
A = l}g{}o?\z:ﬁdd‘:klgrgoﬂlog\N'f(x,Y)ﬂLB'N'z‘(x,y)—1|-

We will first check that these limits exist and define positive-closed 1-1 currents, and
then we will show that Ay —Aj € LZJIF’1 (X).

Proposition 9.4.3. The limits

1
Gl <X7y) = khnolo ? lOg ‘ N§<X7y)‘

—

.1
GZ<X7y) = kh_)rg?log‘Nll%X?y) +B- N|2((X7y) - 1|
exist and are plurisubharmonic functions in the basins of attraction W (ry) and W (r»),
respectively. Hence, A; = 2-dd°G;(x,y) and A, = 5-dd°G,(x,y) are positive closed 1-1

currents on X, that is: A, Ay € Z1' (X®).

Proof: To see that G;(X,y) and G,(X,y) are well-defined and plurisubharmonic, we will
show that G;(x,y) and Gy(X,Yy) coincide with the potential functions that were described
in [35, p. 21] and [36]. We will do this for G;(X,Y), and leave necessary modifications for
Ga(X,Y) to the reader.

Supposing that (0,0) is a root, Hubbard and Papadopol [35] consider the limit

1
Grp(x,y) = lim ¢ log|IN*(x,y)]|

which they show exists and is a plurisubharmonic function on the basin of (0,0). The
reader should notice that Gup does not depend on the choice of the norm || - || that is
used to define it because any two different norms on a finite dimensional vector space
are equivalent by a finite multiplicative constant, which is eliminated by the multiplicative
factor of §1R Therefore, we can use the supremum norm.

We will show that G; = Gup on W (r}), to see that G is plurisubharmonic.

If INX(x,y)| > |NK(x,y)| for all (x,y) as k — oo, then the supremum norm coincides with
INX(x,Y)| giving G;(X,y) = Gup(X,Y). This condition is equivalent to the condition:

NK(x,y) |~

1
Jim S log

9.1)
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which will now show is a consequence of a standard result from the dynamics of one
complex variable.

In [35], the authors perform blow-ups at each of the four roots, and observe that the
Newton map N induces rational functions of degree 2 on each of the exceptional divisors
Er,,Er,,Er;, and Ey,. Let’s compute the rational function s : E;;, — E,. In the coordinate
chart m= %, the extension to Ey, is obtained by:

s(m) i mx(Bx? +2mx? — Bx — mx)
= m
Xx—0 X2(Bx+2mx—1)
m(Bx+2mx —B—m)

= i =m(B+m
xl—r% Bx+2mx —1 (B+m)

since X = 0 on Ey,.
Since condition 9.1 is a limit, it suffices to check it in an arbitrarily small neighborhood

k
of the origin. In a small enough neighborhood, we can replace %%% with s (%) obtaining
1 t

= lim ilog |sK(m)| = Gs(m). (9.2)

lim — log Jm =

k— o0 2k

NX(x,y) ‘
NK(x,y)

where Gg(m) is the standard Green’s function from one variable complex dynamics associ-
ated to the polynomial s(m). This last equality is actually a delicate but well-known result
that was proved by Brolin [12]. A more friendly proof is available in [48, Section 9].
Having the last equality, it is a standard result, for example see Milnor [43] pages 95
and 96, that Gs(m) = 0 on the filled Julia set K(s) and that Gg(m) > 0 outside of K(S).
This justifies the replacement of the supremum norm from Gyp by [NX(x,y)|, and hence
gives that G (X,y) = Gup(X,y). O

Corollary 9.4.4. Lets: E;, — E;, be the polynomial induced by the Newton map N and let
Gs: Er; — R be it’s Green’s function. We have:

1
Gl<x7y) = GS <¥) _log ; .
Proof: This just comes from the algebra:
.1
G, (X7y) = &E}}o ? lOg ‘N|2(<X7y)‘
NX(x.y)

.1 K
— im — (1 log [N

Y <0g N'f(x,y)‘Jr e 1<X7y)‘>
B AN k
— Gs <§) _|_k]1_)n°10?10g|N1<X7Y)‘

= () o) e

2 .
Because NK(x,y) = 5% is conjugate to X — X* near X = 0. [J
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9.5 Nice properties of A, and Aq:

In this section, we will prove some of the nice properties if Ay and A;. We will finish the
section by showing that Ay —A| € LZ],.

Lemma 9.5.1. (Normalization) Suppose that Py is a vertical line that is divided into ex-
actly two simply connected domainsU C W(ry) andV C W(rz) by Wy. Then:

/}\zzlz/Aland/)\Z:O:/)\l
Vv U U Vv

Proof: Because NX(x,y) and BNK(x,y) + NX(x,y) — 1 are of degree 2X in y, both AE
and AX are nonnahzed to that [, AK =1 and [, )\'5 = 1. Since the potential for AX and A%
converge uniformly on compact subsets to A1 and A;, we have

/7\1 hm)\k—hm }\k—hml—l
U U k—oo k—o0

and similarly for A,. The proof that f; A, =0 = fv A is identical. [J

Corollary 9.5.2. Suppose that Py is vertical line, then fp Ao =1 = [p A;.
The currents A| and A, have nice invariance properties:

Lemma 9.5.3. (Invariance) Suppose that ' € Z>(X"), then

)\1:2-/)\1 )\2:2~/)\2
N(T) v N(T) v

Proof The proof is the same for A and A,, so will will show it for A;:

1
/ A= / lim — 10g|N (X,¥)) |_/11m 10g|Nk+1(X y))l
N() 2

k~>oo

— k+1
= /2k+111m 2k+1log\N (xX,y))|=2- /)\1

O

Proposition 9.5.4. (Support disjoint from W) There is a neighborhood © of Wy in X;*
which is disjoint from the support of A; and disjoint from the support of A,.

Proof: By construction, A has support in W (ry) and A, has support in W (r,). We will find
a neighborhood, which we also call ©, of Wy in W (ry) that is disjoint from the support of
A1. Clearly similar methods will work in W (r;) and the desired neighborhood is the union
of the two.

Recall from Corollary 9.4.4 that

Gi(x,y) =Gs (%) —log
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where Gg is the Green’s function associated to the polynomial s : Ey;, — E;, induced by N
at r;. Recall that s(m) = m(B 4 m) in the coordinates m = § on E;, sothat m=o0is a
superattracting fixed point. (This is the standard situation for a quadratic polynomial.)

It is a standard result from one-variable dynamics, for example see [43] p. 96, that Gs
is harmonic outside of the Julia set J(S). In particular, G is harmonic in a neighborhood of
oo (not including ). A related standard result that Gg has the singularity

G(m) =log|m|+O(1) asm — oo
We check that this singularity exactly cancels with —log |+ | coming from Gy (x,y) = Gs (%) —
log ‘ % ‘:

Gi(xy) = log)g)—log'i +0(1) as )%)—mo

= logly|+0O(1) as ‘%‘ — o

Therefore, G (X,mx) is harmonic on a neighborhood U of m = oo, including the point co.
Choose 8 > 0 so that if [m| > 6, then G (X, mx) is harmonic.

Let ©p = {(X,y) € W(r;) such that |£| > 6}. This is the open cone of points in W (ry)
with slope to the origin greater than 0. Since the invariant circle Sy is above m = oo, Qy is
a neighborhood of Sy (within W (ry).)

By construction,

0= D N~"(®y)
n=0

will be invariant under N and open. Because @ is disjoint from the support of Ay, the
invariance properties for A; from Lemma 9.5.3 give that all of © must be disjoint from the
support of Aj.

Finally, since O contains a neighborhood of Sy, and both Wj and O are invariant under
N, © forms an open neighborhood of Wy. [

Corollary 9.5.5. Given any piecewise smooth chain o € Wy, we have that [;A; = 0 and
JsA2=0.

Proposition 9.5.6. A\ — A, € LZLI(Xlw)

Proof: This proof will be along the lines of the proof from Proposition 9.4.2, but will be
even simpler, using the invariance of A; and A, shown in Lemma 9.5.3.

An element of H(X?) is a linear combination of the fundamental class [V | with a finite
number of fundamental classes of exceptional divisors E;. By Corollary 9.5.2, we have
NAL= Ao

Any exceptional divisor E; was created during the blow-ups at some level Kk, and using
Proposition 5.2.1 there is some | so that N°K+1) maps E, to V = P1/(B(2—B)) by a ramified
covering mapping of degree |, (possibly | = 0). Then:

| |
A:—/A:—/A: A
E, 1 2k v 2 2k v 2 E, 1
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using that fy, A; = [, A2. Hence [g (A2 —A;) = 0 for any exceptional divisor E;.

Since an element of Hy(X?) is a linear combination of the fundamental class [V| with
a finite number of fundamental classes of exceptional divisors E;, we have shown that
A=A e £201(X®). O

9.6 Linking with currents in X

We have infinitely many cycles y; in Wy and we now have (A, —A;) € LZ_lgl(le) with
which we can try to link them.

Proposition 9.6.1. Suppose that vy; is a curve in a vertical line bounded by a simply con-
nected domain U;. Then:

|k(w,)\2 —)\1) = SiZG(Ui)

Proof of Proposition 9.6.1:

This will follow easily from Lemma 9.5.1 and the invariance properties of A, and A}
that were proved in Lemma 9.5.3.

Recall that size(U;) is defined as :i:EIiR where K is such that N maps to a vertical line Py
that is divided by W into only two domains U C W (r;) and V C W (r,) and where [; is the
degree of this mapping to U or V. The sign — if U; is mapped to U and + if U; is mapped
to V. Without loss in generality, suppose that U; is mapped to U, and hence size(U;) < 0.
Using Lemma 9.5.3 we have that:

|
/uiM_)“ _ 2k/Nk Ay —)\1

1

7l 2k/ M= e =)

where we are using that [;A; =0and [jA; =1.0

Recall from Chapter 7 that W, always intersects the critical value parabola C and from
Chapter 8 that such an intersection leads to sequences of vertical lines that are divided
into arbitrarily many simply connected domains. Hence, there are always regions U;j hav-
ing |size(U;)| arbitrarily small, but non-zero. Consequently, there are always Y; € By (Wp)
having |IK(Yi,A2 —A})| arbitrarily small, but non-zero:

Proposition 9.6.2. The image of the homomorphism:
k(- A2 —Ap) s B2M(X®) - R

contains elements of arbitrarily small, but non-zero, absolute value.
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9.7 H;(Wp) is infinitely generated.

Since H{(X”) = 0, every l-cycle in X is in fact a 1-boundary in X*. In particular,
Z1(Wo) C B1(X®). By Lemma 9.5.4, the support of A, — A is disjoint from Wy, giving
that Z; (Wp) C B)l‘z_)‘1 (X?). Hence, we can restrict Ik(-,A2 — A1) to 1-cycles in Wp:

|k(-,)\2—)\1) Zzl(W()) —R

Proposition 9.7.1. For every y € Z; (W), Ik(y,A2 —A;) depends only on [y] € H;(Wp). In
other words, the linking number descends to H; (Wp):

|k(-,)\2—)\1) . Hl(W()) — R

Proof: Suppose that y; — Y, = 00, with 0 € C;(Wp). since the support of A, — A is disjoint
from W, fo)\z —)\1 = 0. Hence, Ik(y1,7\2 —)\1) = |k(y1,)\2 —)\1). (]

Corollary 9.7.2. The image of the homomorphism
Ik(-;A2—A1) :Hi(Wp) — R
contains elements of arbitrarily small, but non-zero, absolute value.
This gives us our desired result:
Corollary 9.7.3. The homology group H; (W) is infinitely generated.

Recall the Mayer-Vietoris exact sequence 6.5 from Chapter 6:
[R— [ 0 a —_ —_
Ho (W) ) @ Hz (W(r2)) — Ha06°) 2 Hi(Wo) — Hy (W) @ Hy (W(r2)) =0

If Image(0) = 0, or even if we knew that |size(0(0))| were bounded away from O for every
0 € Hy(X*), we would be able to conclude that H; (W (rl)) and H; (W (r2)> are infinitely
generated. However, this is not the case.

Proposition 9.7.4. There are o € Hy(X”) with [Ik(d(0),A2 — Ay)| arbitrarily small, but
non-zero.

Proof: For every k, there exists some exceptional divisor E having N¥ : E — V an isomor-
phism. This is easy to see for generic parameter values B € S. In this case, any exceptional
divisor at a (k — 1)-st inverse image of p will have this property, since, for generic B there
is a single exceptional divisor above each point that we have blown up, and N : E; — Ey()
is always an isomorphism.

For the values of B ¢ S, which are non-generic, there may be many blow-ups done at
each (k— 1)-st inverse image of p. So, we take a detailed look at the sequence of blow-
ups from section 5.1 that was used to create X|k_1 from X|k_2. One must check that for

each exceptional divisor E;\I(Z) that occurs in the sequence of blow-ups at N(z), there is
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an exceptional divisor in the sequence of blow-ups at z that maps isomorphically to E,i\l(z).
Using this fact, one can always choose a sequence of exceptional divisors starting with Ep,
and working backward to find an exceptional divisor E above some (K — 1)-st inverse image
of p with the property that N1 : E — Ep is an isomorphism. Since N : Ep — V is always
an isomorphism, E is the desired exceptional divisor.

Because NK maps E isomorphically to V, it maps d([E]) to d([V]). We can use the
invariance property from Lemma 9.5.3 to check that

1 1

k(O([E]). A2 = A1) = ¢ Ik(A(V]), A2 = A1) = o

L] Proposition 9.7.4.

9.8 H, (W(r1)> and H, <W(r2)> are infinitely generated.

The following idea will allow us to show that H; (W (r1)> and H, (W(rg)) are infinitely

generated, despite the fact that [Ik(0(0),A, —A1)| can be arbitrarily small, but non-zero, for
O c HQ(X|°°).

Recall from Proposition 4.1.1 that N has a symmetry of reflection about the line Bx 4
2y — 1 = 0 which exchanges the basins of attraction. Denote this involution by T: X;* — X*.

Even and odd parts of Homology:
Notice that T induces an involution T, on H.(X*),H.(Wp), and H.(W (r1)) ® H,(W(r2)).
Every homology class ¢ will have T2(0) = 0 and consequently the eigenvalues of G are
+1.

We say that a homology class O is even if it is in the eigenspace of T, corresponding
to eigenvalue +1, and we say that 0 is odd if it is in the eigenspace of T, corresponding to

eigenvalue —1.
Because the Mayer-Vietoris exact sequence commutes naturally with induced maps, we
have a decomposition of the sequence 6.5 into even and odd parts:

(Ha (WD) & Ha(W(T2))™ — H5'(6°) % HE* (W) — (Hi (W(T)) @ Hi (W(r2))™ — 0

(Ha(W (1)) @ Ha(W(r2))) ™ — HSE () 2 HP (Wh) — (Hi (W(r,)) & Hy (W(r2))® — 0

We will only need the odd part of the homology.
The involution T exchanges the currents A, and Ay:

Lemma 9.8.1. If o is some piecewise smooth chain, then:

/)\2:/ A and /M:/ As. 9.3)
o} 1(0) a 1(0)
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Proof:
Recall the definition of A and A;:

iz 1 y
)\1 == ﬁaal}Lngo?IOg|N2(Xay)|a

i 1
A = 00 lim Sy log NF(xy)+B- N(xy) ~ 1.

Since precomposition with T exchanges the line BX +y — 1 with the line y = 0, clearly
Equation 9.8.1 holds. [J

Corollary 9.8.2. For every [y] € H{(Wp) we have:

IK(Y, A2 — A1) = —1k(T(y),A2 = A1)

Proof:
Suppose that 0 is a piecewise smooth 2-chain with 00 =Y. Then we certainly have
0(t(0)) =1(y). Lemma 9.8.1 gives:

Ik(y,)\z—)\l):/}\z—)q:/ A=A
o 1(0)
_ —/ A2 A1 = —IK(T(y), A2 = A1)
1(0)
0

Proposition 9.8.3. If y € H4(Wj) is in the image of the boundary map 9 : H{4(X*) —
Hfd(W()>, then Ik(y,A2 — A1) =0.

We will need the following lemma:

Lemma 9.8.4. For any exceptional divisor E; we have

0(T:[E]) = —T.(0([E4)) 9.4)

Proof: This proof will depend essentially on the explicit interpretation of the boundary
map 0 from the Mayer-Vietoris sequence. In the following paragraph we closely paraphrase
Hatcher [28], p. 150:

The boundary map 0 : Ha(X) — Hn_; (AN B) can be made explicit. A class o € Hn(X) is
represented by a cycle z. By appropriate subdivision, we can write Z as a sum X+Y of chains
in A and B, respectively. While it need not be true that X and y are cycles individually, we
do have 0x = —0dy since z = X+ is a cycle. The element 0 is represented by the cycle
ox = —ay.

The details of the next two paragraphs depend heavily on Figure 9.3.
We use this explicit interpretation of d to check Equation 9.4. Notice that T.[E] = [E;(y)]
consistent with the orientation that E; and Eq(; have as Riemann surfaces. Therefore we
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Figure 9.3: Showing that 0(T.[Ez]) = —T.(0([EZ])).

have that 9(T4[EZ]) = 0([Eq(y] = [0U1] = —[0U,], where U, is the oriented region of Er;
that is in W (ry) and Uy is the oriented region of E; that is in W (r;).
Similarly 9([Ez]) = [0V1] = —[0V2], where V| and V, are E;NW (ry) and E;NW (r2).

Because T maps E to Eq(; swapping W (r;) with W (r2) we have:

T.(9([E)) = [0Ua] = —0(1.[ES])

O

Proof of Proposition 9.8.3:
Since elements of the form [E] — [T(E;)] span H94(X), we need only check that the images
of differences like this under 0 have 0 linking number:

Ik(([EZ] — [T1(E2)], A2 —A1) = 1K(9([E4)) — (T ([E2))), A2 — A1)
= Ik(0([E4]) +1(0([E4])), A2 = A1) = O

The last term is 0 by Lemma 9.8.4. [J
Proposition 9.8.5. The image of Ik(-,A> — A1) : H4(Wp) — R contains elements of arbi-
trarily small, but non-zero absolute value.

Proof of Proposition 9.8.5:
Recall from Proposition 9.7.2 that we can find 1-cycles y that have IK(y,A; — ) arbitrarily
small, but non-zero. Notice that [y—T(Y)] is obviously odd, and using Lemma 9.8.4:

Ik(y—=1(Y),A2=A1) = Ik(y,A2—A1) = IK(T(Y),A2— A1)
= Ik(y,A2 = A1) +1k(y,A2 = A1) = 2Ik(y,A2 — Ap).

Hence, by choosing Y so that Ik(y,A, —A) is arbitrarily small, but non-zero, we can make
IK(y—1(Y),A2 — ;) arbitrarily small, but non-zero with [y—1(y)] € HX(W). O

Figure 9.4 illustrates the proof Proposition 9.8.5.
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Figure 9.4: Diagram illustrating the proof of Lemma 9.8.5.

Recall the last part of the exact sequence on the odd parts of homology:

— HE0G7) 2 Y Wo) 2 (b (W) ) @+ (W) ) ) — 0

where i; and i, are the inclusions Wy < W (r;)and Wy < W () respectively.

As a consequence of Proposition 9.8.3, given any T € <H1 (Vm) @& H; (W))Od we
can define IK(T,A; — A1) = Ik(y,A2 — ;) for any y € H?(Wy) whose image under i1 &1, is
T. As a consequence of Proposition 9.8.5 we know that there are T € <H1 <W(r1)> ®H, (VW) ) Od
with arbitrarily small |Ik(T,A2 —A;)|. This proves the the desired result:

Theorem 9.8.6. Let W (ry) and W (r») be the the closures in X of the basins of attraction
of the roots r; = (0,0) and r, = (0, 1) under the Newton Map N. Then H, (VW) and

H, (W(rz)) are infinitely generated.

Recall also:

Corollary 9.8.7. For parameter values B € Q,, we can replace W (r;) and W (r,) with
W (ry) and W (r,) finding that H; (W (ry)) and H; (W (r,)) are also infinitely generated.

9.9 Linking with currents in X,

Much of the work in the previous few sections was to overcome the fact that Hy(X®) is
infinitely generated in order to develop well-defined linking numbers. In contrast, Ha (X, ) =
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7P} so it is relatively easy to find elements in LZ;(X;).
However, one can also just mimic the work in the previous sections for X;. If we define
A3 and A4 in a similar way as A and A, were defined, then:

Proposition 9.9.1. Suppose that vy; is a curve in a vertical line bounded by a simply con-
nected domain U;. Then:

|k(w,)\4 — )\3) = SiZG(Ui)

If W, intersects the critical value locus C, then W, divides vertical lines in X, to arbi-
trarily many simply connected domains, and hence to domains of arbitrarily small size. As
in X\, these linking numbers descend to the homology Hi (W) showing:

Proposition 9.9.2. If W, intersects the critical value locus C(x,y) = y2 + Bxy + BTZXZ —
BTZX —y =0, then H; (W) is infinitely generated.

Since there is only one generator of H(X;), without going to odd and even parts, this
directly gives:

Theorem 9.9.3. If W, intersects the critical value locus C(x,y) = y? + Bxy + BTZXZ — BTZX —
y =0, then H, <W(r3)> and H; <W(r4)> are infinitely generated.

where W (r3) and W (ry4) are the closures in X, of the basins of attraction of roots r3 = (1,0)
and ry = (1,1 —B) under N.

Corollary 9.9.4. For parameter values B € Q;, we can replace W (r;) and W (r,) with
W (ry) and W(r;) finding that H; (W (r;)) and H; (W (r,)) are also infinitely generated.

This is the last part of the “Main Theorem” from Chapter 4 that we needed to prove. [
Theorem 4.4.1.
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The extension of Ng to CP?

Many of the methods used in [35] and some of the details from Chapter 1 of this disser-
tation rely upon extending Ng to P2, the complex projective plane. This is easy to do in
either normalization, here we extend in Normalization 2.7. Let (X,Y,Z) be homogeneous
coordinates on P2, The extension must satisfy the following for Z = 1

2 2 _ 2 2 _ _
NE (XY, 1) = 2Y X~ +Y~ —2aY b,ZXY +X=—2Xb a,1
4XY —1 4XY —1
(2YX2 Y2 —2aY —b,2XY2 + X% —2Xb—a, 1(4XY — 1))

which we can write in homogeneous coordinates as:

Ne(X,Y,Z) =
(2YX2 +Y?Z —2aYZ? —bZ3 2XY? + X?Z — 2XZ?h— aZ>,4XYZ - Z%)

where the subscripts indicate the first and second coordinates. To check that an extension

makes sense, one must see that this defines a continuous map in the two other coordinate
charts (1,y,z) and (x,1,z) on P>. We divide by the first coordinate and by the second
coordinate respectively to find how the mapping 2.8 is defined in these coordinates:

2XY2 + X?Z - 2XZ*b - az? 4Xyz-73 -
T2YX2+Y2Z-2aYZ2 —bZ3 T 2YX2 +Y2Z-2aY¥Z2 —bZ3 |

[ () (B 2o
2(%)- (%) (8)-2(%) (%) -p(%) 2(%)- (%)

Therefore, in the (Y, z) coordinates, we have:

N|:<y>: 1 2y? +7—27°b —az’
z 2y +Yy2z —2ayz% — bz’ 4y —23.

Similar work can be done to express N in the coordinates (X, z), where X = é andz = %

obtaining
N <x>: 1 2x% +7 —2az? — bz3
F\z 2X +Xx2z — 2xz2b — az3 4xz — 73 '
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Appendix B
Proof of Theorem 5.1.1

Let S C Q be the set of parameter values B for which no inverse image of the point of
indeterminacy p or the point of indeterminacy ( is in the critical value locus C. Recall that
we are especially interested in B € S because for these parameter values the sequence of
blow-ups described in section 5.1 is especially easy to describe.

Theorem 5.1.1 states:

Theorem. The set S is generic in the sense of Baire’s Theorem, i.e. uncountable and dense
in Q.

This will follow as a corollary to:

Theorem. (Baire) Let X be either a complete metric space, or a locally compact Hausdorf
space. Then, the intersection of any countable family of dense open sets in X is dense.

See Bredon [9], Theorem 17.1 and Corollary 17.3, for example, for a proof.
Proof of Theorem 5.1.1:

Let Sy C C be the subset of parameter values B for which none of the n-th inverse
images of p or g under N are in the critical value locus C.

Lemma B.0.5. Sy, is a dense open set in C

Proof: Let R, be the set of B for which an n-th inverse image of p is in C and let Ty, be the
set of B for which an n-th inverse image of ¢ in C. We will show that R, and Ty, are finite,
showing that S, = Q — (RhUThp) is a dense open set.

Lemma B.0.6. For each n, T, is a finite set.

Proof: In terms of equations, B € Ty if:

2 BZ

B
Y +Bxy+ X - Xy =0, NJ(xy) =

1—
1 N (x,y) =

B (B.1)

2—-B’
has a solution. Here, as in other parts of this paper, N{' and NI' denote the first and second
coordinates of N". By clearing the denominators in the second and third equations, con-
dition B.1 can be expressed as the common zeros of 3 polynomials Py (x,y,B), P>(x,y,B),
and P3(X,y,B) in the three variables X,y, and B. We will check that there are only finitely
many solutions to these three polynomials. It is sufficient to check that there is no common
divisor of Py (x,y,B),P2(X,y,B), and P3(x,y,B).

First, notice that Py (X,y,B) = y> + Bxy + BTZXZ — BTZX —y = 0 is irreducible. There are
many ways to see this, we used the computer algebra system Maple [13].

Hence P; has a factor in common with P, or Ps if and only if P; divides P, or P;. We
will show that this is impossible by examining the lowest degree terms of P, and Ps. If Py
divides P, or P3, then the lowest degree term, —Y, of P; must divide the lowest degree term
of P, or the lowest degree term of Ps.

79



80

Let’s check by induction that the lowest degree term of P; is £1 for every n. To simplify
notation, let an(X,Yy,B) be the polynomial obtained by clearing the denominators from the
second equation in Equation B.1, specifically for the n-th iterate of N. (L.e. a, is P, for this
specific n.)

By clearing denominators of Ni(X,y) = 515, we find a; (x,y,B) = x>(2—B) — 1(2x —
1) = 2x2 — Bx*> — 2x+ 1, so a;(X,y, B) has constant term &1. Now suppose that an(X, Y, B)
has constant term +1. By definition, an1(X,Y, B) is obtained by clearing the denominators
of an(N;(x,y),N2(x,y),B) = 0. Because the denominators of both Nj(x,y) and Nj(X,y)
have constant term £1 and because an(X, Y, B) has constant term 1 we find that an11(X,Y,B)
has constant term 1.

So, P, has constant term +1 for every n, hence P; cannot divide P,, and we conclude
that there are no common factors between P; and P».

A nearly identical proof by induction shows that lowest degree term of Ps is also 41
for each n. Hence P; does not divide Pz, and we conclude that P; and P; have no common
divisors.

To see that P, and P3 have no common divisors, notice that P,(X,y,B) = 0 is an equation
for many disjoint vertical lines, while P3(x,y,B) = 0 stipulates that the n-th image of this
locus has constant y = 0. Since vertical lines are mapped to vertical lines by N, P, and P3
can have no common factors.

Hence, P;,P,, and P; are algebraically independent, so they have a finite number of
common zeros, giving that T, is a finite set. L] Lemma B.0.6.

Lemma B.0.7. Ry, is a finite set.

Proof: Now we show that Ry, the set of B so that an n-th inverse image of p under N is in
C, is finite. In terms of equations, Ry, is the set of B so that:
2 B>, B’ n 1 n
y -i—Bxy-l—Zx —Zx—y:O, Nl(x,y):E, Ny (X,y) =0 (B.2)
has a solution. Let Q, Q>, and Q3 be the polynomials equations resulting from clearing the
denominators in Equation B.2.

The proof is the same as for T, except that a different proof is needed to see that Q;
does not divide Q3. An adaptation of the proof that P; does not divide P; fails because the
lowest degree term of Q3 has positive degree in y. We will check that Q; does not divide
Q3 and leave the remainder of the proof to the reader.

The X-axis, Yy = 0, is one of the invariant lines of N and it intersects the basins W (ry),
W (r3) and the separator Re(x) = 1/2. Therefore it is disjoint from the two basins W (r)
and W (r4). By definition, Q3(X,Y, B) is the equation for the n-the inverse image of the x-
axis. So, for a given B, the locus Q3(X,y,B) = 0 is also disjoint from the two basins W (r;)
and W (ry).

For every B, the critical value parabola C goes through the four roots ry, I», r3, and Iy,
so it intersects all four basins of attraction. By definition, C is the zero locus Qi (X,Y,B) =
0. Therefore, if Q; divides Q3, there is a component of the zero locus Q3(X,y,B) =0
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intersecting all four basins W (ry), W (r2), W(r3) and W (r4) for every B. This is impossible,
so Q; cannot divide Q3.
UJ Lemma B.0.7.

Because R U Ty, is finite Sy = Q — (RaU Ty) is an open-dense set.
J Lemma B.0.5.

Since Sp is a dense open set in Q for each nand S = N_,Sp, so it follows from Baire’s
Theorem that S is uncountable and dense in the parameter space Q.
U Theorem 5.1.1.



Appendix C

Blow-ups of complex surfaces at a point.

Blow-ups are explained in [24, pp. 182-189 and 473-478] and in the introduction of [30],
where some nice examples are computed. In this dissertation, we will only need blow-ups
of complex surfaces M at individual points.

C.1 Blowing up C? at a point

The first situation in which one considers doing blow-ups is to make a rational mapping
R: C? — C? well defined at a point of indeterminacy. Suppose that R has (0,0) as a point
of indeterminacy. One can try to extend R to the blow up of C? at (0,0):

Choo) = {(z1) eC*xP' :z€1} (C.1)

where we consider P! to be the space of directions in C2.
__ The same definition, but a slightly different perspective, is obtained by considering
C%O 0 C C? x P! as the hypersurface defined by the equations

21l =22l Ll =171l

where z = (z1,23) are Euclidean coordinates in C? and | = [I},l,] are the corresponding
homogeneous coordinates on P!, B

There is a natural projection p : C%o,o) — C? given by p(z,1) = z. The set E(g) =
p~1((0,0)) is referred to as the exceptional divisor.

A standard check shows that the blow-up is independent of the choose of coordinates,
so the blow-up of a complex surface M at a point z is well-defined.

A rational map R : C? — C? can be lifted to a new rational mapping R : (C%O,O) —E0,0 —
C? be defining R(x,1) = R(x) for x # 0. The exceptional divisor E(0,0) is a closed subset of
@%070) of real-codimension 2, so one San try to extend ﬁby continuity. If the indeterminacy
in R at (0,0) was reasonably tame, R extends to all of E (g by continuity. This happens,
when the definition of R at (0,0) depends only on the direction of approached to (0,0). Oth-
erwise, there will be points of indeterminacy of R on E(O,o) at which R cannot be extended,
and one can try further blow-ups at these points to resolve these new points of indetermi-

nacy. The extension of R to E (g ) is analytic except at any new points of indeterminacy
because E g o) is a space of complex co-dimension 1.

C.2 Examples:

The quickest way to understand blow-ups is to do a few. In this section we work through
some of these easiest cases.
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Example 1. R(x,y) = (1,;-‘,).

The second coordinate of R is indeterminate at (0,0), so we blow up there. It is often

easiest to do computations in local coordinates. Suppose (X,Y) are the standard coordinates

on C2. There are two coordinate charts on @%0.0) given by (x,m) — (X,xm,m) and given by

(m,y) — (MY, Y, 5)- N

In the first chart, we have R(X,m) = R(x,xm) = (1, %) for x # 0. Clearly, we can
extend to X = 0 by continuity, defining IEQV(O,m) = (1, n%) In the second chart, we have
R(m,y) = R(ym,y) = <1, @> for y # 0. Clearly, we can extend to y = 0 by continuity,
defining R(m,0) = (1,m).

Therefor, the extension R : (6%070) — C? maps E(0,0) isomorphically to the line X = 1.

Example 2. R(x,y) = (1 +}—(’,§—‘,>.

This time, both coordinates of R are indeterminate at (0,0). Computing R in both local
coordinates, we find:

s

e R(x,m) =R(x,xm) = (14 %, %) for x # 0, which extends by continuity to

Om=(+mb).

A

sy

(m,y) =R(my,y) = (1 + a0 %) for x # 0, which extends by continuity to
R(M,0) = (1+%,m).

So, this time R : @%0 0~ C? maps E(0,0) to the curve x =1+ % by isomorphism.

Example 3. R(x,y) = (2x+y?+ 1,2y +1).

This mapping R has no points of indeterminacy in C, but we can still do a blow-up at
(0,0) to see what happens.

e R(x, m) = R(x,xm) = (2x+ (xm)?4-1,2xm+ 1) for X # 0, which extends by continu-
ity to R(0,m) = (1,1).

° ﬁ(m,y) = R(my,y) = (2my +y? + 1,2y + 1) for y # 0, which extends by continuity
to R(m,0) = (1,1).

Because R does not have a point of indeterminacy (0,0) R collapses E g o) to the point
R((0,0)) = (1,1).
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Example 4.

Suppose that we have already blown-up C? at (1,1) obtaining @%171) and the extension
R;: @%171) — C?of R(X,y) = (2X+y*>+ 1,2y +1).

We can also instead think of Ry as a map from @%1,1) to @%1 1y but each of the points
mapped by R to (1,1) becomes a point of indeterminacy. In this case the only inverse
image is (0,0). To resolve the indeterminacy at (0,0) we can blow up again obtaining a
map Rj : (C(l,l)7(070) — @%171) in the following way:

In a neighborhood of (0,0) we can use the original coordinates (X,y) from C? as if they
are now coordinates on (E%Ll)'

e Ro(x,m) =Ry (x,xm) = <2x 4+ (xm)24-1,2xm + 1, M) for x # 0, which extends

2xm
by continuity to Ry(0,m) = (1,1, ).

»Lom

e Ry(myy) =Ri(my,y) = <2my+y +1,2y+1, 2my+y ) for y # 0, which extends by
continuity to Ry(m,0) = (1,1, m).

where the third coordinate is expressed in both extensions in the same chart on E(; 1) = P
Hence, because we had already blown up at (1,1) we now have that R maps E0,0) to E(11)
by an isomorphism.

Example 5.

For this final example, suppose that R(X,y) = (x? + 1,y +X*+ 1) and suppose again that we
have already blown-up at (1, 1) obtaining R; : @%171) — C? extending R(X,y) = (x> +1,x> +
y?+41). If we then decide to blow-up at (0,0) we can obtain a map R; : @%171)7(070) — @%1,1)
in the following way:

In a neighborhood of (0,0) we can use the original coordinates (X,y) from C? as if they
are now coordinates on @%1,1)‘

e Ry(x,m) = Ry(x,xm) = (x2+1 X2+ (xm)? + 1 ) for x # 0, which extends

X
7 X2 4(xm)?

by continuity to Ry(0,m) = <1, 1, 1+mz>

* Ry(m,y) = Ri(my,y) = ((my)2+1,(my) +Y 1, (()—zlyz) for y # 0, which ex-
tends by continuity to Ry(m,0) = <1, 1, 11‘2mz>

where the third coordinate is expressed in both extensions in the same chart on Ej 1) = P!.

Hence, because we had already blown up at (1, 1) we now have that R, maps E(0,0) to E(1,1)

; . 1
the degree 2 rational map: m — e
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C.3 Effect of blow-ups on homology

When we did a blow-up at 0 € C2, we obtained @%0 0) = {(x,1) € C* xP!|x € 1} which

may be familiar to the reader, it is the “canonical line bundle” over Pl In any case, it
is easy to check that C%o,o) has the homotopy type of the exceptional divisor P'. Hence,
H (T2,
those of C2. (Here, and elsewhere Z{[N} will mean the module Z that is generated by the
fundamental class [N].)

This follows from the general fact:

0)> = 7ZE00l} | while the other homology groups of (E%o,o) are trivial, the same as

Proposition C.3.1. If M is a complex surface and x is any point in M, then the blow-up My
has the following homology:

o Hy(My) = Hy(M) & ZAEN

e Hi(My) = Hi(M) fori#2

Proof: This is simply a matter of doing a Mayer-Vietoris computation and using a knowl-

edge of the homology of C%o,o)'

Let @: C> — M be some chart with @(0) = x. If B is the open unit ball of radius € in
C? centered at 0, let U = @(By¢) and let V = M — @(Bg). Then, U UV =M, and U NV has
the homotopy type of S°.

If we blow up U at (0), obtaining U, we have that U UV = My and U NV still has the
homotopy type of S?. Using that U has trivial homology, except in dimensions 0 and 2, the
Mayer-Vietoris exact sequence gives:

0 — Ha(V) — Ha(My) — Z — H3(V) — H3(My) — 0 — Z{Bd g Hy (V) — Hy(My) —

0—-H (V) —=H(Myx) =Z —-Z&Hp(V) = Ho(Mx) — 0

We easily obtain that Ha(My) 22 Hy (V) & ZUEBS 2 Hy(M) @ ZUE | using that Hy(V) 2
H2(M) since V has the homotopy type of M with a single point removed. Checking that
0: Ha(Mx) — H3(UNV) = Z is surjective, we see that Hi(My) = H;i(M) for i # 2. O

Although we will not prove it here, it is a general fact that the fundamental class [E;]
has self-intersection number —1. If further blow-ups are made, each time a point on E; is
blown up, the self intersection number [E;| - [E;] decreases by 1. (See [24], for proof.)

C.4 Repeated blow-ups

The following propositions help to clarify the sequence of blow-ups from Section 5.1. One
might think of this sequence of blow-ups as a very difficult process but the blow-ups at
inverse images of the points of indeterminacy p and ( are relatively easy to compute. The
blow up at one of these inverse images will depend on whether DN is non-singular, singular
but non-zero, or zero. (The case where DN = 0 never occurs in the sequence of blow-ups,
but it does occur when we blow-up one at one of the roots rj.)
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Proposition C.4.1. Suppose M is a complex surface that has already been blown up at z
and suppose R : M; — M is a rational map. If R(w) =z and DR(w) is non-singular, then R
extends to a rational map R : Mz, — Mz mapping E, to E; via an isomorphism.

As in the last two examples, we consider R : MZ — Mz and every inverse image of Z becomes
a point of indeterminacy of R. (In particular w is a point of indeterminacy of R.)

Proof: Suppose that z = (z,2;) and let (X;,X) be a system of coordinates centered at w.
Since R(W) = z and DR(w) is non-singular, R has a Taylor series expansion centered at W:

X1\ _ (1 Ox,R1 0x,R| < X ) S1(x1,%2)
R( X2 ) - < 2 >+ { xRy Ry |\ X2 ) T Sy(xi )
where Sy (X1,X2) and Sy(X1,X;) are of degree 2 and higher in X; and X,.
We compute the extension of R to I\7IZ7W in the chart (X;,m) — (X, mx;,m):

Z] -l-ale]Xl +aX2R1mX1 -I-Sl(Xl,le)

R ( X1 ) — Vi) -|-6x1 RyX4 +aX2R2mX1 -I-Sz(Xl,le)
m 0x1 Ry X1 +0% Ry mx; +S; (X;,mx; )
0x1 Rox| +0x Romx; +S (X1, )

for x; # 0. If DR is non-singular, we can factor out X; from the numerator and denominator
of the third component. Then, the mapping from E,, to E; is given by the third coordinate,
with X; = 0:

alel +0X2R1m
axl R, + aX2 Rom

which is a non-degenerate linear-fractional transformation, since DR is non-singular. Hence
it is an isomorphism from E,y to E;. (To be entirely precise, one must also check the
extension in the other chart (m,X;) — (MXz,X2,M) to be sure that the map extends to Ey, at
the one point not covered in this chart. We leave this for the reader.)

O]

Proposition C.4.2. Suppose M is a complex surface, R : M, — M is a rational map, R(w) =
z and that DR(w) is singular but non-zero. Let my be the slope in E,, corresponding to the
kernel of DR(w).

Then:

e R extends to a rational map R : I\ﬁLW — Mz mapping all of E,, — mg to a single point
on E. The point my becomes a point of indeterminacy of R.

e If the second derivative D,R is non-singular, a further blow-up at my allows for an
extension of R to En, mapping Em, isomorphically to E..

Proof: Suppose that z = (z,2;) and let (X;,X) be a system of coordinates centered at w.
We will compute the blow-up in the charts (X;,m) — (X;,mx;,m) as we did in the proof
of Proposition C.4.1. (We assume that 0y Ry or 0x,R> is non-zero, otherwise a similar
computation would have to be done in the other chart (m,x) — (MXa,X2,m).)
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We can then factor X; from the numerator and denominator and then, the mapping from
Ew to Ez is given by the third coordinate, with X; = 0, that is:

alel +6X2R1m
m—
axl R2 + axz Rzm

Since DR is singular, the numerator is a multiple, A, of the denominator, hence R maps
every m € Ey to A € E; except for my, the point in Ey corresponding to the kernel of
DN (w), which is a point of indeterminacy.

Blowing up at mg we compute the extension of Rina neighborhood of Epm,. For this
proof, we assume that my is in the image of the coordinate chart (X;,m) — (X;,mx;, m) that
we used to compute the extension to Ey. (Otherwise, another chart will do.) We use the
chart (X1,n) — (X1, NXy + Mg, N) — (X1, X1 (NX] 4+ M), NX; +Mmc,n) = (X;,NX3 + XMk, NX; +
My, N) in a neighborhood of Ep, . In this extension, we find

0X1R1X1 + 0%2R1 (X3 -+ X1 M) + S (X1, X3 + X1 M)
0X1RaX1 + 0%2Ra (NX3 + X1 M) + S2.(X1, NXT -+ X1 M)

The extension to Ep, is given by in the limit as X; — 0. We find:

; aszlnx%-i—x%Sl(l,mk) . 0x2R1n+Sl(1,mk)
x1—0 aXZRan% +x%82(1,mk) N 0X2R2n+32(17mk)

which is non-constant so long as either Sy (1,my) # 0 or Sy (1, mk) # 0. Therefore it provides
an isomorphism from Ey, — Ez. [

Proposition C.4.3. Suppose M is a complex surface and suppose R : M, — M is a rational
map. If R(w) =z, DR(w) =0, and D?R is non-singular, then R extends to a rational map
R : Mzw — Mz mapping Ey, to E; via rational map of degree 2.

Proof:
Suppose that Z = (z1,2;) and let (X1, Xz) be a system of coordinates centered at wW. R has
a Taylor series expansion of the form

X1\ _ (21 S1(x1,X%2) T1(X1,%2)
R( X2 ) - ( 22 >+< Sa(X1,%2) )+ ( To(X1,%2)
where S;(X1,X2) and Sy(X;,Xz) are of degree 2 in X; and X, and Ty (X;,Xz) and T (X1, X;) are

of degree 3 and higher in X; and X;.
We compute the extension of R to My in the chart (X;,m) — (X;,mx;,m):

Zl-l-Sl(Xl,mX])-i-T(Xl,le)

ﬁ( X ) — | 224+ Sa(x1,mxq) +To(X1,mxq)
m Sy (Xq,Mxy ) +Ty (X1,MXy )
S (X1,mxy ) +Ta (X1,Mxq )
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for X; # 0. To understand the extension to E,y, we must extend to X; = 0. As usual, the only
difficulty is in the third coordinate:

St (X1, mxp) + Ty (X1, mxq)
Sz(Xl,mX1> +T2(x1,mx1))

To extend this to X; = 0 we factor out X% from the numerator and denominator, obtain-
ing:

Sy(1,m) + Ty (xg,mx;)/x3
Sz(l,m) +T2(x1,mx1)/x%

this extends to m — %82;, which is a non-degenerate rational map of degree 2, since S is

non-degenerate. [
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