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Abstract

This thesis is a study of the renormalization operator on Lorenz
maps with a critical point. Lorenz maps arise naturally as first-return
maps for three-dimensional geometric Lorenz flows. Renormalization
is a tool for analyzing the microscopic geometry of dynamical systems
undergoing a phase transition.

In the first part we develop new tools to study the limit set of
renormalization for Lorenz maps whose combinatorics satisfy a long
return condition. This combinatorial condition leads to the construc-
tion of a relatively compact subset of Lorenz maps which is essentially
invariant under renormalization. From here we can deduce topologi-
cal properties of the limit set (e.g. existence of periodic points of renor-
malization) as well as measure theoretic properties of infinitely renor-
malizable maps (e.g. existence of uniquely ergodic Cantor attractors).
After this, we show how Martens’ decompositions can be used to
study the differentiable structure of the limit set of renormalization.
We prove that each point in the limit set has a global two-dimensional
unstable manifold which is a graph and that the intersection of an un-
stable manifold with the domain of renormalization is a Cantor set.
All results in this part are stated for arbitrary real critical exponents
> 1

In the second part we give a computer assisted proof of the ex-
istence of a hyperbolic fixed point for the renormalization operator
on Lorenz map with quadratic critical points of the simplest possi-
ble nonunimodal combinatorial type. We then show how this can be
used to deduce both universality and rigidity for maps with the same
combinatorial type as the fixed point.
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Sammanfattning

Denna avhandling &r ett studium av renormaliseringsoperatorn
pé Lorenzavbildningar som har en kritisk punkt. Sddana avbildningar
uppstar naturligt som forstadterkomstavbildningar for geometriska
Lorenzfloden i tre dimensioner. Renormalisering ar ett verktyg som
kan anvandas for att analysera den mikroskopiska geometrin hos dy-
namiska system som genomgéar en fasdvergéng.

I del ett utvecklar vi nya verktyg for att analysera gransméngden
for renormaliseringsoperatorn pa Lorenzavbildningar vars kombina-
torik uppfyller ett langt dterkomsttidsvillkor. Detta villkor anvands
for att konstruera en relativt kompakt mingd av Lorenzavbildningar
som i stort sett dr invariant under renormalisering. Utifrdn detta kan
vi bevisa topologiska egenskaper hos gransmangden (t.ex. existens
av periodiska punkter for renormaliseringsoperatorn) samt métteo-
retiska egenskaper for odandligt renormaliserbara Lorenzavbildningar
(t.ex. existens av entydigt ergodiska Cantorattraktorer). Darefter visar
vi hur Martens dekompositioner kan avéindas for att analysera den
differentierbara strukturen hos gransméngden for renormalisering.
Vivisar att varje punkt i gransméangden har en tvddimensionell global
instabil méngfald som &r en graf samt att snittet av den instabila mang-
falden med doménen av renormalisering dr en Cantorméngd. Alla
resultat i denna del géller f6r godtyckliga reella kritiska exponenter
x> 1.

I del tva bevisar vi att renormaliseringsoperatorn har en hyper-
bolisk fixpunkt av enklast mojliga ickeunimodala kombinatorik. Be-
viset stoder sig pa ett datorprogram for att utfora vissa rigordsa upp-
skattningar. Vi visar dven hur existens av en sddan fixpunkt medfor
universalitet och stelhet for avbildningar av samma kombinatorik.
Denna del géller endast for kritisk exponent & = 2.
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CHAPTER ].

Introduction

1.1 Background

To get a feel for the subject of this thesis before getting into the details I will
begin by relating something of a mystery that occurs in the physical world.

Imagine a narrow tap which has very precise control over the flow of
water coming out of it. The flow is controlled by turning a knob which has
a dial indicating the angle the knob is turned. To begin with no water is
flowing. After turning the knob ever so slightly water starts dripping. At
this point the first interesting thing happens: as the knob is slowly being
turned the frequency with which the water drips will not change, until all
of a sudden the water starts dripping twice as fast as before. Now this pat-
tern repeats itself; as the knob is turned the frequency of the drips does not
change, until all of a sudden the frequency doubles again. This frequency
doubling can be observed a couple of times until the water starts flowing in
a steady stream. In very general terms we call this a phase transition (with
dripping and flowing water being the two phases) via a period-doubling®
cascade.

Let a; denote the angle the knob was turned when the tap started drip-
ping, a> the angle of the knob when the frequency doubled for the first
time, a3 the angle of the second frequency doubling, etc. If this experiment
was performed on another tap the recorded angles would most likely dif-

IThe way we have presented this example it is the frequency which is doubling. How-
ever, if we perform the experiment “in reverse,” then it is the period which is doubling.

1



2 Chapter 1. Introduction

fer wildly. However, and this is the mysterious part, the asymptotic relative
distance between these angles is independent of the tap! That is, if d; = a» — a3
is the distance between the first two recorded angles, d, = a3z — a, the dis-
tance between the next two angles, and so on, then the sequence of ratios
dy1/dy,dy/d3, ... approaches a number which has nothing to do with the
tap used for the experiment:

d;

i+1

— 0~ 4.6692...

The number § is called the Feigenbaum delta (or the first?> Feigenbaum
constant). The particular value of J is not so interesting on its own, but what
is interesting is that it has a tendency to turn up in (dissipative) systems that
undergo a phase transition via a period-doubling cascade.

Another, seemingly unrelated, system where the Feigenbaum delta ap-
pears is in oscillating electric circuits. This example is not as appealing to
the intuition as the dripping tap so I will not go into too many details. The
setup is a simple; connect a resistor, an inductor, and a diode and feed this
circuit by a sinusoidal signal. By increasing the amplitude of the input sig-
nal, the voltage measured across the diode will exhibit the same frequency
doubling characteristic as the dripping tap. That is, if the input amplitude
is increased slowly, the voltage measured over the diode will double in fre-
quency at specific values of the amplitude, call these Vi, V2, V3, etc. As
before, if we form relative distances between these values d1 = Vo, — Vj,
d, = V3 — V, etc., then di/di—H — 0.

The topic of this thesis, renormalization, is a tool for analyzing systems
which, like the above examples, are undergoing a phase transition. On one
level it explains why seemingly unrelated systems such as the dripping tap
and the oscillating circuit exhibit the same behavior during a transition, but
on a deeper level it allows us to give a precise description of the mathemat-
ics underlying this phenomenon.

1.2 Renormalization

The phenomenon presented in the previous section was not discovered by
some mad scientist playing with dripping taps in a lab — it was first ob-
served in the computer experiment outlined below. Only later did people

2There is also a second Feigenbaum constant but its description is a lot less intuitive.



1.2. Renormalization 3

come up with clever ways of reproducing the results in physical systems
(see e.g. Libchaber and Maurer, 1979; Linsay, 1981; Martien et al., 1985). The
computer experiment itself was inspired by phase transitions in statistical
mechanics.

The computer experiment goes something like this: pick a family of
quadratic maps which depend on one parameter, for example the logistic
family

fu(x) =pux(1—x), x€[0,1], u>0.

Now iterate the critical point (x = 1/2) of this map and see where it ends up
after many iterations for different values of the parameter y. The observed
behavior is shown in Figure 1.1 on the following page. For small values of u
the critical point always ends up in a fixed point whose position is given by
the curve coming in from the left in the figure; after y = 3 all of a sudden
the critical point ends up in a period two orbit given by the split into two
curves; a little later the curves split again and now the critical point follows
a period four orbit, and so on. Around y = 3.6 it is no longer clear where
the critical point ends up — it may tend to a periodic orbit but the map may
also be chaotic.

The reason why we look at the fate of the critical point is because it can
be shown that it reflects the behavior of almost all other points in [0, 1] (the
obvious exceptions are x = 0 and x = 1, but there may be others). Another
way of saying this is that the Figure 1.1 on the next page shows what the
attractor of f, looks like for different values of the parameter .

Now let y1 be the parameter value where the curve coming in from the
left splits in two, yi2 where the two curves split into four, etc. (that is, the pa-
rameter values y; record where a bifurcation takes place). As before, form
distances di = po — 1, do = pz — pa, ..., then consider the ratios d;/dz,
dy/dsz, and so on. By now it should come as no surprise that the ratios con-
verge to the Feigenbaum delta. Also, if the experiment is repeated for any
other one-parameter family of maps with a quadratic critical point® (e.g.
families of sine functions) then the same behavior will be observed. The ex-
act values where the bifurcations take place will be different, but the ratio
of distances will still converge to the Feigenbaum delta. This phenomenon
is called universality.*

3That is, any family which can be written /(x?) in a neighborhood of the critical point,
where /1 is a homeomorphism.
4Actually, there is more to universality. What we describe here is known as univer-
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Figure 1.1: Bifurcation diagram for the logistic family x +— wux(1 — x).
Given a value for the parameter y on the horizontal axis, the vertical axis
shows where the critical point ends up after many iterations. For y < 3 it
goes to one spot, after that it may be in one of two spots, then four, then
eight, then ... chaos.

The above experiment was carried out by Coullet and Tresser (1978),
and independently by Feigenbaum (1978, 1979). In order to explain uni-
versality they introduced the period-doubling operator T which is loosely
defined as follows. Consider the space U of real-analytic unimodal® maps
with a quadratic critical point. Take some f € U. If there is an interval C
around the critical point to which the restriction f?|c is affinely conjugate to
some g € U, then define Tf = g (one should also assume that C is maximal
for T to be well-defined). Conjugations preserve periodic points so a prop-
erty of T is that f has a periodic point of period 2n if and only if Tf has a

sality in the parameter plane, but there is also universality in the phase space, or metric
universality, which is described in Remark 6.2.4.
5Unimodal here means with exactly one turning point.



1.2. Renormalization 5

periodic point of period 1. Hence, if X,, C U denotes the codimension one®

surface of maps undergoing a bifurcation from 2"~ !-periodic behavior to
2"—periodic behavior (corresponding to a split in the bifurcation diagram
on the facing page), then T(X, 1) C X, forn > 1.

Now assume that: (i) T has a hyperbolic fixed point f,, (ii) the spec-
trum of the derivative of T at f, is discrete with one expanding eigenvalue
equal to ¢ and all other eigenvalues strictly contained in the complex unit
disc, and (iii) the surface X, transversally intersects the unstable manifold
of f. for n sufficiently large. These assumptions, called the renormalization
conjectures by the above authors, allowed them to explain universality as
follows.

Since T(X,11) C XZ, the A-lemma implies that the surfaces converge
towards the stable manifold of f. and that the rate of convergence is de-
termined by ¢ (since the action of T on a local unstable manifold is simply
multiplication by §). A one-parameter family of unimodal maps is a curve
in U, so we can record parameter values a, at which the curve crosses X,,.
These values converge (for generic’ families) and the rate of convergence,
which is described by the ratios (a,+1 — a,)/(an — a,—1), asymptotically
equals 1/¢. In particular, this only depends on properties of the fixed point
and not on the family under consideration, thereby explaining universality.

Proving the renormalization conjectures turned out to be difficult and
when the first partial proof was announced by Lanford (1982, 1984) it neces-
sitated the use of a computer in order to perform some of the calculations.’
A novelty of Lanford’s proof was the use of interval arithmetic in order to
make rigorous computer estimates on an infinite-dimensional space. Note
that Lanford did not prove the transversality conjecture, this was done by
Eckmann and Wittwer (1987) also using the computer-assisted methods pi-
oneered by Lanford. In Part II we recreate Lanford’s methods to prove a
similar result for maps with a discontinuity.

6The bifurcation surface X, is characterized by a condition on the critical value of each
map in the surface. This is a one-dimensional condition, which explains why X, has codi-
mension one.

"By generic we essentially mean families which cross X, transversally for all n > N,
where N is some large number.

8 As Lanford (1982) puts it in a remark: “Although done by computer, the computations
involved in proving the results stated are just on the boundary of what it is feasible to
verify by hand. I estimate that a carefully chosen minimal set of estimates sufficient to
prove Theorems 1 and 3 could be carried out, with the aid only of a nonprogrammable
calculator, in a few days.”
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The period-doubling operator is defined in terms of the second iterate
of maps; this is a restriction of the more general renormalization opera-
tor R. Briefly, f € U is renormalizable if there exists an interval C around
the critical point such that f"|c is affinely conjugate to a map g € U for
some n > 1, and we define Rf = g (take C maximal for R to be well-
defined). Also, there is no reason to insist that the critical point is quadratic,
instead we should consider the space U, of unimodal maps with critical
exponent « > 1, that is if f € U, then |f(x) — f(c)| = h(]x —c|*) in a
neighborhood of the critical point ¢ for some homeomorphism /.

Intuitively we think of renormalization as a microscope. If f is renor-
malizable, then this means that the interesting dynamics for f takes place
on the subset C (together with the forward orbit of C). Renormalization
takes C and “zooms in” on this interval and gives us a new map R f which
describes the dynamics on C. For certain f (the so-called infinitely renor-
malizable maps) this zooming can be repeated countably many times on
smaller and smaller intervals and this typically means that the dynamics
of f lives on a complicated fractal set. The geometry of such a fractal set
is intimately linked to the topology of the map itself. Renormalization al-
lows us to study the microscopic geometry of maps; it is particularly useful
in connection with phase transitions between maps of different topologi-
cal types. The prototypical example is that of the period-doubling phase
transition to chaos in the logistic family that we described above.

Let us now get back to the historical development of the theory of renor-
malization. Even though computer-assisted methods can be successfully
employed in the special case of the period-doubling operator, they are not
of much use when trying to say something about the renormalization op-
erator. Other methods were needed in order to proceed.

The first conceptual description of the renormalization operator was
given by Sullivan (1992) where he introduced new complex analytic tools
in order to study the limit set of the renormalization operator (note that
the limit set contains the period-doubling fixed point). The idea is that the
limit set is a hyperbolic Cantor set and that the renormalization operator
acts as the full shift on the limit set (this is colloquially referred to as the
renormalization horseshoe). This was proved over the course of several
years by different authors, most notably Sullivan (1992); McMullen (1996);
Lyubich (1999).

A downside with the approach of the above authors is that it relies on
complex analytic methods which only work for even critical exponents (we
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will have more to say about why this is dissatisfying in the next section).
For this reason people have been looking for alternative proofs which do
not rely on complex analysis, without much success so far. A notable ex-
ception is Martens (1998) who proves the existence of periodic points of
the renormalization operator on unimodal maps for any critical exponent.
However, that paper does not touch on the subject of hyperbolicity of the
limit set of renormalization.

In Part I we give a (partial) proof of the existence of a renormalization
horseshoe for a class of maps with a discontinuity. Our approach does
not use complex analysis and works for any critical exponent « > 1. To
our knowledge this is the first result about the structure of a limit set of
renormalization which works for any critical exponent. Moreover, it is one
of very few results on maps having both a discontinuity and a critical point
that goes beyond the purely topological aspects of the dynamics of such
maps.

1.3 Lorenz flows

The previous section discussed the renormalization part of the title of this
thesis. This section concerns the second part, that is Lorenz maps, but first
we need to talk about Lorenz flows.

Historically speaking, a Lorenz flow is a flow associated with the fol-
lowing system of ordinary differential equations in three dimensions called
the Lorenz equations:

X =—0x+0Yy,
(1.1) y=—xz+rx—y,
Z =xy— bz,

This system is a simplified model of convection in the atmosphere. It was
investigated by Lorenz (1963) and has played an important role in the de-
velopment of the subject of Dynamical Systems (see Viana, 2000, for an
overview and recent results). For parameter values ¢ = 10, b = 8/3 and
r = 28 this system exhibits the well-known Lorenz attractor depicted in
Figure 1.2 on the next page.

The Lorenz attractor is the prototypical example of a nonperiodic and
chaotic attractor. Let us take some time to explain what we mean by this.
By attractor we essentially mean a set with an open neighborhood such that
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Figure 1.2: The Lorenz attractor.

any trajectory that passes through this neighborhood approaches the at-
tractor; that is, it has a large basin of attraction. In order for a set to be
an attractor it is also usually assumed that it cannot be decomposed into
smaller parts. This is true for the Lorenz attractor because it has a dense
periodic orbit. By chaotic we mean that the system exhibits sensitive depen-
dence on initial conditions; any two points will eventually separate under
time evolution of the system, no matter how close they initially started out.
Sensitive dependence on initial conditions epitomizes chaotic behavior in
dynamical systems. Finally, by nonperiodic we mean that the attractor is not
simply a periodic orbit. Typically this means that the appearance of the
attractor is very intricate and one glance at Figure 1.2 should be enough to
convince the reader that this certainly is true in the case of the Lorenz at-
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Figure 1.3: Illustration of a geometric Lorenz flow. The origin O is an equi-
librium point of saddle type. The plane cutting the figure in two is part
of the stable manifold 1V* and the curves emanating left and right from O
is the unstable manifold W". The flow is linear on the middle piece which
looks like an inverted T and nonlinear in the two hooks. The nonlinear part
forces the flow to return to the domain S. This ensures that the first-return
map to S is well-defined outside the line down the middle of S, which rep-
resents the intersection S N WV°. Points on this line tend to the origin. One
should also imagine that there is an invariant foliation of S, for example by
lines parallel to the line which cuts S in half.

tractor. Note that a periodic attractor can exhibit chaotic behavior (think of
the doubling map on a circle) even though geometrically it will look very
tame. See Milnor (1985) for a classical discussion on the concept of attractor.

A rigorous mathematical analysis of the system (1.1) for the parameters
given above proved to be quite difficult. It was unknown for a very long
time whether (1.1) really did exhibit a nonperiodic chaotic attractor or if
computer generated pictures like Figure 1.2 on the preceding page were in
fact only showing solution curves approaching a very long stable periodic
orbit. A proof that the Lorenz attractor is nonperiodic and chaotic was
finally announced by Tucker (1998). The proof uses a computer to make
rigorous estimates that would take too long to verify by hand, much like
the first proof of the renormalization conjectures.

It was already known that flows having the same geometric character-
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istic as the flow of (1.1) do exhibit nonperiodic chaotic attractors. Such ge-
ometric Lorenz flows were introduced in Guckenheimer (1976). These days
the name Lorenz flow usually refers to a geometrically defined flow, the con-
struction of which we will now discuss (a detailed description can be found
in Guckenheimer and Williams, 1979).

Figure 1.3 on the preceding page illustrates the construction of a geo-
metric Lorenz flow. Roughly speaking, it is defined by the associated vector
field X having an equilibrium point of saddle type at the origin. This sad-
dle should have a two-dimensional stable manifold and a one-dimensional
unstable manifold. The vector field X is chosen to be linear near the origin
but away from the origin it is nonlinear so that it returns in a controlled
manner. Namely, there should be a two-dimensional domain S which in-
tersects the stable manifold in a curve and any flow trajectory which hits S
outside this curve does so transversally and eventually returns to S. This
means that the first-return map F to S is a well-defined map off the sta-
ble manifold. To simplify the analysis of the geometric flow further, it is
assumed that there exists a foliation of S which is F-invariant and whose
leaves are exponentially contracted by F. Hence the first-return map acts
on the leaves of the foliation and by taking a quotient over leaves we are
left with an interval map which is undefined at the point corresponding to
the stable manifold. Such a map is called a Lorenz map, see Figure 1.4 on
the next page.

The discontinuity of a Lorenz map corresponds to the crossing of the
domain S and the stable manifold in the associated flow. This discontinu-
ity appears because trajectories which hit S on the right side of the stable
manifold will flow through the right hook, whereas trajectories to the left
will flow through the left hook (see Figure 1.3 on the preceding page). On
a one-sided neighborhood of the point of discontinuity a Lorenz map is
topologically conjugate to |x|* restricted to a one-sided neighborhood of
the origin. The number « is called the critical exponent and is given by the
absolute value of the ratio between the weak stable and unstable eigenval-
ues at the saddle point of the associated flow. In particular, « may assume
any positive real value. An important consequence of this is that if we want
to be able to understand physical systems (of which the Lorenz equations is
but one example) then we need to be able to analyze maps of any positive
critical exponent, since nature does not have a preferred value for a. We
stress this point since it explains why the search for renormalization tools
that work for any critical exponent is not purely academic.
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a=1/2 a=2

Figure 1.4: A Lorenz map for different values of the critical exponent «.

Guckenheimer and Williams (1979) show that there is an open set of
vector fields on R® with the structure of a geometric Lorenz flow (that is,
there are many such flows, intuitively speaking). They consider the case
a < 1 with the additional assumption that the Lorenz map is expanding in
the sense that the derivative is bounded from below by V2. In this situation
they use symbolic dynamics on the Lorenz map to show that the associated
flow supports a nonperiodic chaotic attractor.

We will consider the case when a > 1 which is significantly harder to
analyze due to the presence of contraction around the point of discontinu-
ity (think tent maps vs. unimodal maps). Instead of focusing on properties
of the associated flow we will concentrate on the Lorenz map itself, with the
understanding that results about Lorenz maps can be transferred to results
about Lorenz flows. The presence of contraction leads to a much wider va-
riety of dynamics than in the more traditional expanding case which makes
these Lorenz maps an interesting study in their own right. Perhaps more
important is that we wish to further the understanding of one-dimensional
dynamical systems, and in this sense the study of Lorenz maps can be seen
as a natural next step now that unimodal dynamics is well understood.
Of course, Lorenz maps are also important due to their connection with
flows on R3. The presence of a discontinuity introduces significant new
difficulties that do not appear for unimodal maps. We have been forced
to invent new tools to study the renormalization of Lorenz maps and our
hope has been to perhaps use the insight gained from this to better under-
stand unimodal renormalization for arbitrary critical exponents. Our idea
of using decompositions (see the next section) to compute the derivative of
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the renormalization operator seems promising in this respect.

1.4 Statement of results

A Lorenz map f on [0,1] \ {c} is a monotone increasing differentiable map
which fixes 0 and 1, and which has a unique critical point at ¢ € (0,1).
Note that c is not in the domain of f, so when saying that c is a critical
point of f what we mean is that Df(x) — 0 as x — c. Figure 1.5 on the
next page illustrates the graph of a typical Lorenz map. The critical point
has critical exponent @ > 1 which will be fixed once and for all (noninteger
a are permitted).” We will generally assume that f(c~) > ¢ > f(c"), where

f(c7)=limf(x) and f(c")=1limf(x)

xtc xlc

denote the critical values of f. If f(c7) < cor f(c") > ¢, then f is triv-
ial, otherwise it is nontrivial.! Note that f maps its domain [0,1] \ {c}
onto [0,1] and that the inverse of f has two branches, unless f is trivial.
For the sake of simplicity we will assume that f is C> and has negative
Schwarzian derivative even though most of our arguments work, or can be
made to work, for f € C2.

Given an interval C C [0,1] we define the first-return map f to C for f
by f(x) = f"™(x), for x € C\ {c}, where n(x) is the smallest positive
integer such that f"(¥)(x) € C.

A Lorenz map is renormalizable if there exists an interval C C (0,1)
containing c such that the first-return map to C is affinely conjugate to a
nontrivial Lorenz map g on [0,1] \ {¢'} for some ¢’ € (0,1). The renormal-
ization of f is then defined by Rf = g, where C is assumed to be maximal
for R to be well-defined. Note that ¢’ # ¢ in general; this turns out to be
one of the most difficult problems to handle for renormalization of Lorenz
maps.

9One could also consider Lorenz maps with different critical orders on either side of the
critical point. We choose not to pursue this generalization in the name of simplicity. Also,
the first-return maps of geometric Lorenz flows has the same critical order on both sides of
the critical point so this generalization is somewhat unnatural.
10A11 points of a trivial map converge to a fixed point under iteration, which explains
the name trivial.
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Figure 1.5: The graph of a Lorenz map on [0,1] \ {c}.

The type of renormalization is given by the pair of words w = (w ™, w™)
where

oo, if fi(er) <o, o JO, i fi(eT) <,
w (i) = {1, if fi(c™) > ¢, w i) = {1, if fi(ct) > ¢,

fori=0,...,aand j =0,...,b, and where a and b are the smallest positive
integers such that f**1(c~) € C and f'*!(c*) € C, respectively. The type
w = (w~,w") is called monotone if w~ = 01---1 and if w™ = 10---0.
Note that the combinatorial description of Lorenz maps is simplified due
to the fact that Lorenz maps are increasing so there is no need to introduce
permutations as in the case of unimodal maps.

If R¥ f is renormalizable for k = 0, ...,n — 1 then we say that f is 1 times
renormalizable; if this holds for all n > 1, then we say that f is infinitely
renormalizable. In the latter case we define the combinatorial type of f to
be the sequence @ = (wp, wy, - . . ) such that R¥f is wy-renormalizable!! for
all k > 0. If the lengths of both words of w; are uniformly bounded (in 7)
then we say that f has bounded combinatorial type.

11#y—renormalizable” is just shorthand for “renormalizable of type w.”
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We will now fix a finite set 2 of monotone types satisfying the long
return condition of Section 3.1. Roughly speaking, (2 satisfies this condition
if

la] <lw | -1<|2a—1] and b~ <|w'|-1<0b7,

forall w = (w™,w™) € O. The constant b~ must be sufficiently large
and b* depends on the choice of b~. We emphasize that (2 essentially only
depends on b~ , which is large (compared to 2a — 1). It is also worth noting
that b can in general be chosen much larger than b~ so the set (2 is not
small.

The condition on (2 may seem artificial and in all honesty so it is but
it allows us to make some serious estimates. The idea is that increasing
the return time of one branch while keeping the other constant forces the
critical point (of the renormalization) to move into a corner and in this way
we get some control over where the critical point is. Also, by increasing
the return time we push one critical value closer to a fixed point in the
boundary which causes the derivative along the orbit of this critical value
to grow. The combination of control over the position of the critical point
and large return derivatives is what makes all our estimates work.

In Section 3.1 it is shown that there exists a relatively compact set K
such that if f € K is twice renormalizable, then Rf € K. Note that here
and from now on when we say “renormalizable” we mean “renormalizable
of type w with w € ,” unless we specify otherwise. Because of this result
we colloquially call K an “invariant set” even though it is not really invari-
ant (since R f need not be twice renormalizable!). The proof is a series of
estimates that rely on the conditions on (2; in fact, the conditions on (2 were
chosen so that these estimates work.

From this result we are immediately able to prove existence of the so-
called a priori bounds (see Section 3.2):

Theorem A (A priori bounds). If f € K is infinitely renormalizable with com-
binatorial type in QN then {R" f } > is a relatively compact family.

The name a priori (real) bounds was coined by Sullivan (1992). In the
unimodal case Sullivan proves these bounds by employing a shortest in-
terval argument, however in the Lorenz case this argument breaks down
(essential due to the fact that the critical point is not fixed by renormaliza-
tion) which is why we have to work fairly hard for a proof.
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The a priori bounds are a basis for understanding the structure of in-
finitely renormalizable maps. With them we can prove the following;:

Theorem B (Infinitely renormalizable maps). If f € K is infinitely renor-
malizable with combinatorial type in QN then f is ergodic and has no wandering
intervals. Furthermore, if A denotes the closure of the critical orbits of f, then:
1. A is a Cantor set with zero Lebesgue measure and Hausdorff dimension
in (0,1),
2. the basin of A has full Lebesgue measure, and
3. Ais uniquely ergodic.

The proof of ergodicity and nonexistence of wandering intervals uses
the concept of generalized renormalization introduced by Martens (1994).
Specifically, we adapt the definition of the weak Markov property to Lorenz
maps (see Section 2.2). Note that Lorenz maps may have wandering inter-
vals in general, for example if they renormalize to a trivial map (regardless
whether the critical point is flat or not). Finding necessary conditions for a
Lorenz map to not have wandering intervals is still an open problem.

Since Lorenz maps have two critical orbits it is possible to construct
Lorenz maps with a Cantor attractor which supports two ergodic invari-
ant measures. In Section 2.3 we adapt the techniques of Gambaudo and
Martens (2006) to Lorenz maps and use this to construct such a map as well
as to show that bounded combinatorial type is sufficient but not necessary
for the Cantor attractor to be uniquely ergodic.

Having described the structure of the infinitely renormalizable maps
we turn to the more complex task of studying the renormalization operator
itself. Ultimately we want to describe the limit set of the renormalization
operator, but before we get there we address the question of existence of
periodic points (note that periodic points are contained in the limit set).

Martens (1998) proves the existence of periodic points for the renormal-
ization operator on unimodal maps. This is done by studying the action of
the renormalization operator on the boundary of the renormalizable maps
and then using a mapping degree argument to show existence of finite di-
mensional approximate periodic points in a purely topological way (the
“bottom-down, top-up” lemma). The actual periodic points are then found
as limits of the approximate periodic points.

A natural generalization of the “bottom-down, top-up” lemma which
works for any dimension of the parameter plane is given in Appendix A.1.
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B" x X

Figure 1.6: Illustration of the action of a renormalization operator R (uni-
modal, Lorenz, ...). The domain of R is the product of an n—dimensional
ball B" and an infinite-dimensional space X. The action of R is to wrap the
domain around the outside of itself in the parameter directions. By Theo-
rem A.1.1 there is a fixed point of R in the intersection of the two boxes.
This is just an intuitive picture, in general the domain might be more com-
plicated (although in our situation it is essentially this simple).

The general idea is that renormalization acts on a space B" x X, where the
ball B" C IR" represents parameter space and X is some infinite dimen-
sional function space. The parameters in this situation are the critical val-
ues, so n = 1 for unimodal maps and n = 2 for Lorenz maps. The action
of renormalization on sections B" x {x} is to stretch in the general direc-
tion of B"” and wrap the boundary S"~! x {x} around the outside of B" x X
in such a way that the degree of this map is nonzero. Also, there should
be a bounded subset of X which is invariant under renormalization. See
Figure 1.6 for an illustration. This is a rough description of how both the
unimodal and Lorenz renormalization operators act and it seems natural
to think that other renormalization operators are similar. Theorem A.1.1 is
directly suited to this situation.

We apply this fixed point theorem to find periodic points of the renor-
malization operator. The relatively compact “invariant” set X allows us to
construct the periodic points directly without having to take limits of ap-
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proximate periodic points like Martens (1998). This simplifies the argument
considerably. In Section 3.3 we prove the following result:

Theorem C (Periodic points of renormalization). The renormalization oper-
ator has a periodic point for every periodic combinatorial type (w1, ..., wn)* €
ON.

Note that we only prove existence and not uniqueness (even though
presumably there is a unique periodic point for each combinatorial type).

After this we turn to studying the limit set of the renormalization oper-
ator. Let A denote the maps with a complete past, and let B, denote the
maps with a complete future. That is f € Ag, if and only if

f:Rw,lfflr f,] :Ra),zf—ZI f—ZZRw,3f—3/ cey

for some left infinite sequence (..., f_2, f_1) of maps with w_; € (2, and
f € Bq if f is infinitely renormalizable with combinatorial type in QN.12
Think of A, as the “attractor” for K. The limit set of renormalization is
the intersection A = An N Bn. We should perhaps not say the limit set
here since there are in fact many such sets (we can choose (2 in countably
many different ways!) but we think of (2 as being fixed so the terminology
should not cause any confusion.
Every f € Aq has a bi-infinite sequence of words

(- oW, W_1,Wo, W1, W2, ... )/

associated to it as explained above; explicitly, R"f is w,—renormalizable,
for every n € Z. Note that if f is associated with the sequence {w;}icz,
then then Rf is associated with the sequence {wj1}icz, so R shifts the
sequence to the left. This indicates that R should be conjugate to a shift
operator, and conjecturally R is conjugate to the full shift on symbols in (2.
Unfortunately, we cannot prove that each f € A has a unique bi-infinite
sequence associated with it, nor can we prove that each bi-infinite sequence
has a unique f € Aq associated with it, so we are unable to define the
potential conjugacy. However, R|,,, is at least semi-conjugate to the one-
sided shift on symbols in (2 via the map which sends f € B, to its combi-
natorial type.

122 ., is shorthand for the restriction of R to the set of w-renormalizable maps.
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The above paragraph describes the topological structure of the limit set
but we are also able to say something about its differentiable structure.
Conjecturally, the limit set is a horseshoe, that is a hyperbolic set on which
R is conjugate to the full shift. We only prove “half” of the hyperbolicity
statement, namely that each point f € A has a global unstable manifold
WH(f). By global we essentially mean that the unstable manifold stretches
across all domains of renormalization, that is

WHF)NLe #@ and IW'(f)NLe =@, Vaoe |JOm

n>0

Theorem D (Renormalization horseshoe). The renormalization operator on
the limit set A, is semi-conjugate to the one-sided shift on symbols in (2.

Forevery f € Aq there exists a unique global two-dimensional unstable man-
ifold W (f) which is C'.

The intersection of W" () with the renormalizable maps of a given type in 2 is
diffeomorphic to a square, the intersection with the infinitely renormalizable maps
of a given combinatorial type in QN is a point, and the union of all such points is
a Cantor set.

The proof of existence of unstable manifolds can be found in Section 5.4.
It is based on results in Section 5.3 where we show that there exists a cone
field which is invariant and expanded under the action of DR. In order to
prove this we compute the derivative of R in Section 5.1.

We are able to prove the uniqueness statement on the intersections of
renormalizable maps with the unstable manifolds by carefully looking at
the structure of the parameter plane of families of Lorenz maps (see Sec-
tion 5.2). The parameters in this respect are essentially the critical values.

In order to compute the derivative of the renormalization operator we
introduce the machinery of decompositions (Martens, 1998). Since this rep-
resents a certain amount of effort let us discuss why we choose to take this
route. First of all, the renormalization operator is not differentiable on a
Ck—space (since it is essentially just a composition operator) so we need
to make some restriction on the space in order to compute the derivative.
With decompositions we need not worry about this too much as the renor-
malization operator on decompositions contracts exponentially to a subset
where it is differentiable (see Proposition 4.2.8). The second, more fun-
damental problem is that there are “too many” directions in which to de-
form a general diffeomorphism thereby making estimates on the derivative
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very difficult to handle. With decompositions there are “only” countably
many directions to deform in and, more importantly, all deformations are
monotone (in a sense that will be explained in Section 5.1) which makes the
estimates manageable. Any results obtained for decompositions can be au-
tomatically transferred back to Lorenz maps by composing as explained
in Section 4.1.

This concludes the results of Part I. In Part II we make something of
a historical detour. We consider the renormalization operator R, of the
simplest possible nonunimodal'® type, namely w = (01,100). We then
recreate Lanford’s computer-assisted proof of the existence of a fixed point
of the period-doubling operator on unimodal maps and adapt it to R,,.
Note that the results of Part I do not cover this case, so there is no overlap.

Theorem E (Hyperbolic renormalization fixed point). Let w = (10,011).
The restriction of R, acting on a space of real analytic Lorenz maps with quadratic
critical point has a fixed point f.. The derivative DR, (f«) at fi is compact and
has no eigenvalues on the unit circle.

This theorem has two shortcomings: (i) it does not say anything about
the number of unstable eigenvalues (i.e. the dimension of the unstable man-
ifold), and (ii) there is no conclusion regarding the intersection of the unsta-
ble manifold with the bifurcation surfaces X, as in the original renormal-
ization conjectures. The first item is a problem with our proof, the second is
a shortcoming of Lanford’s method which can be corrected as in Eckmann
and Wittwer (1987) but we chose not do this as it makes the computer esti-
mates more difficult.

The proof basically amounts to turning R, into a contraction (without
changing the set of fixed points) via a Newton iteration and then using a
variant of the contraction mapping theorem. The verification that the mod-
ified operator is a contraction uses a computer to make rigorous estimates.
We provide the source code used to make these estimates in Chapter 7.
Given a copy of this chapter it is possible to feed it into a compiler and get
an executable that will perform the estimates. Of course, reading source
code is always rather difficult but we would like to stress that the amount
of code is small enough to include in its entirety complete with documen-
tation.

13Exactly what we mean by nonunimodal is explained in Remark 6.1.4.
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Finally, in Section 6.2 we discuss consequences of the existence of a hy-
perbolic renormalization fixed point. Some of these topics have already
been discussed in Part I, such as the existence of a Cantor attractor for
infinitely renormalizable maps. Hyperbolicity allows us to go a little fur-
ther and show that the conjugacy between Cantor attractor of two infinitely
renormalizable maps of combinatorial type (01,100)® extends to a differ-
entiable map whose derivative is Holder continuous. This important result
is known as rigidity.

1.5 Previous results

Lorenz maps and geometric Lorenz flows were introduced by Gucken-
heimer (1976), but the first investigations of critical Lorenz maps seem to be
by Arneodo, Coullet, and Tresser (1981); Collet, Coullet, and Tresser (1985).
There is a vast literature on expanding Lorenz maps, probably because
these are the ones that arise naturally in the traditional Lorenz system, but
not much seems to have been published on critical Lorenz maps.

Martens and de Melo (2001) contains many results and ideas used in
this thesis. Their paper contains a proof of the full family theorem, a proof
of density of hyperbolicity, a description of quasi-conjugacy classes, as well
as a description of the archipelago structure of domains of renormalizabil-
ity in the parameter plane.

Another source of results for Lorenz maps with a critical point is the
PhD thesis of St. Pierre (1999). It contains, among other things, a construc-
tion of Markov extensions on Lorenz maps, and an admissibility condition
for kneading invariants.

1.6 Future work

The most important piece that is missing from this thesis is the proof of
existence of a codimension two stable manifold at each point in the limit
set of renormalization. Some progress towards this result has been made
but is not yet completed.

Other than that it would of course be desirable to prove the results in
this thesis for any finite set (2 of renormalization types (without the restric-
tions imposed by monotone combinatorics and the long return condition).
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However, this will require new methods as this work cannot handle the sit-
uation when both return times are comparable. It may however be possible
to use the idea of looking at pure decomposed maps in order to compute
the derivative of the renormalization operator for more general combina-
torics.

It would be interesting to get a complete classification of which Lorenz
maps satisfy the weak Markov property as is done for unimodal maps in
Martens (1994). The fact that Lorenz maps have two independent cycles of
renormalization means that the shortest interval argument no longer works
which makes things a lot more difficult.

I think that it should be relatively straightforward to use the methods in
this thesis to give a description of the limit set of renormalization for uni-
modal maps with long return time. This has partly been done in Eckmann
et al. (1984) but their result only holds for critical exponent « = 2 and their
method does not generalize to arbitrary a > 1.
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CHAPTER 2

Preliminaries

This chapter serves as an introduction to Lorenz maps with adaptations of
some well known results for unimodal maps. In Section 2.1 we define the
renormalization operator on Lorenz maps and introduce notation that will
be used throughout the thesis. This is followed by a description of general-
ized renormalization for Lorenz maps in Section 2.2 which is used to derive
ergodicity and non-existence of wandering intervals. Finally, Section 2.3
discusses invariant measures on Cantor attractors for Lorenz maps.

2.1 The renormalization operator

In this section we define the renormalization operator on Lorenz maps and
introduce notation that will be used throughout.

Definition 2.1.1. The standard Lorenz family (u#,v,c) — Q(x) is defined
by

u.( _ (ﬁ)“), if x € [0,c),

2.1 =
2.1) Q(x) 1+U,(_1+(175)"‘), if x € (¢, 1],

where u € [0,1],v € [0,1],c € (0,1), and & > 1. The parameter « is called
the critical exponent and will be fixed once and for all.

Remark 2.1.2. The parameters (u,v, c) are chosen so that: (i) u is the length
of the image of [0, ¢), (ii) v is the length of the image of (c, 1], (iii) c is the

25
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N SRR £ o)

Figure 2.1: llustration of the graph of a (01,1000)-renormalizable Lorenz
map.

critical point (which is the same as the point of discontinuity). Note that u
and 1 — v are the critical values of Q.

Definition 2.1.3. A C*~Lorenz map f on [0,1] \ {c} is any map which can
be written as

22) flx) = {4) o Q(x), %fx €1[0,¢),

PpoQ(x), ifxe(c1],
where ¢, € DF are orientation-preserving C*~diffeomorphisms on [0, 1],
called the diffeomorphic parts of f. See Figure 2.1 for an illustration of a
Lorenz map. The set of Ck—Lorenz maps is denoted Lk the subset £5 C 3
denotes the Lorenz maps with negative Schwarzian derivative (see Ap-
pendix A.3 for more information on the Schwarzian derivative).

A Lorenz map has two critical values which we denote

¢; =limf(x) and ¢ =limf(x).
xTc xlc
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If ¢ < ¢ < ¢ then f is nontrivial, otherwise all points converge to some
fixed point under iteration and for this reason f is called trivial. Unless
otherwise noted, we will always assume all maps to be nontrivial.

We make the identification

£F=10,1]2 x (0,1) x D* x Dk,

by sending (u,v,¢,¢,9) to f defined by (2.2). Note that (u,v,c) defines
Q in (2.2) according to (2.1). For k > 2 this identification turns £F into a
subset of the Banach space R® x D* x DF. Here DF is endowed with the
Banach space structure of C¥~2 via the nonlinearity operator. In particular,
this turns £ into a metric space. For k < 2 we turn £ into a metric space
by using the usual C¥ metric on D¥. See Appendix A.2 for more information
on the Banach space D.

Remark 2.1.4. It may be worth emphasizing that for k > 2 we are not using
the linear structure induced from C* on the diffeomorphisms D¥. Explicitly,
if ¢, € DF and N denotes the nonlinearity operator, then

ap +bp = N"! (aN¢ +bNy),  Va,bcR,

and
H‘PHD" = HN(PHCkfz.

We call this norm on D* the C k_Z—nonlinearity norm. The nonlinearity op-
erator N : D — C¥=2 is a bijection and is defined by

N¢(x) = Dlog D¢(x).
See Appendix A.2 for more details on the nonlinearity operator.

We now define the renormalization operator for Lorenz maps.

Definition 2.1.5. A Lorenz map f is renormalizable if there exists an inter-
val C C [0,1] (properly containing c) such that the first-return map to C is
affinely conjugate to a nontrivial Lorenz map. Choose C so that it is maxi-
mal with respect to these properties. The first-return map affinely rescaled
to [0,1] is called the renormalization of f and is denoted Rf. The oper-
ator R which sends f to its renormalization is called the renormalization
operator.
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Explicitly, if f is renormalizable then there exist minimal positive inte-
gers a and b such that the first return map f to C is given by

= +l(x), ifxelL,
O S
f'(x), ifx €R,
where L and R are the left and right components of C \ {c}, respectively.
The renormalization of f is defined by

Rf(x)=h"tofoh(x),  x€[0,1\{r(c)},

where 11 : [0,1] — C is the affine orientation-preserving map taking [0, 1]
to C. Note that C is chosen maximal so that R f is uniquely defined.

Remark 2.1.6. We would like to emphasize that the renormalization is as-
sumed to be a nontrivial Lorenz map. It is possible to define the renormal-
ization operator for maps whose renormalization is trivial but we choose
not to include these in our definition. Such maps can be thought of as de-
generate and including them makes some arguments more difficult which
is why we choose to exclude them.

Next, we wish to describe the combinatorial information encoded in a
renormalizable map.

Definition 2.1.7. A branch of f" is a maximal open interval B on which f"
is monotone (here maximality means that if A is an open interval which
properly contains B, then f" is not monotone on A).

To each branch B of f" we associate a word w(B) = 0y - - - 05,1 on sym-
bols {0,1} by

o if fi(B) C (0,0),
71 if f/(B) C (c,1),

forj=0,...,n—1

Definition 2.1.8. Assume f is renormalizable and let 4, b, L and R be as
in Definition 2.1.5. The forward orbits of L and R induce a pair of words
w = (w(L),w(R)) called the type of renormalization, where L is the branch
of f2*1 containing L and R is the branch of f**! containing R. In this situ-
ation we say that f is w-renormalizable. See Figure 2.2 on the facing page
for an illustration of these definitions.
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fb | fb+l(R) |
. fa+1(L) . ‘&/\
f(’;z'-)‘ H A [ I B Rl i fH(L)

Figure 2.2: Illustration of the dynamical intervals of a Lorenz map which is
w-renormalizable, with w = (011,100000), 2 = 2, b = 5.

Let@w = (wo, wy,...). If R"f is w,—renormalizable forn = 0,1, ..., then
we say that f is infinitely renormalizable and that f has combinatorial type
@. If the length of both words of wy is uniformly bounded in k, then f is
said to have bounded combinatorial type.

The set of w-renormalizable Lorenz maps is denoted £,,. We will use
variations of this notation as well; for @ = (wy, ..., w,_1) we let Ly de-
note the set of Lorenz maps f such that R'f is w;-renormalizable, for i =
0,...,n —1, and similarly if n = co. Furthermore, if (2 is a set of types
of renormalization, then £, denotes the set of Lorenz maps which are w-
renormalizable for some w € Q.

We will almost exclusively restrict our attention to monotone combina-
torics, that is renormalizations of type

b
fJ\ —~
w=(01---1,10---0).

In what follows we will need to know how the five-tuple representa-
tion of a Lorenz map changes under renormalization. It is not difficult to
write down the formula for any type of renormalization but it becomes a
bit messy so we restrict ourselves to monotone combinatorics. However,
first we need to introduce the zoom operator.

Definition 2.1.9. The zoom operator Z takes a diffeomorphism and rescales
it affinely to a diffeomorphism on [0, 1]. Explicitly, let ¢ be a map and I an
interval such that g|; is an orientation-preserving diffeomorphism. Define

Z(g 1) = gg_(ln 0go(y,

where (4 : [0,1] — A is the orientation-preserving affine map which takes
[0,1] onto A. See Appendix A.2 for more information on zoom operators.
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Remark 2.1.10. The terminology “zoom operator” is taken from Martens
(1998), but our definition is somewhat simpler since we only deal with
orientation-preserving diffeomorphisms. We will use the words ‘rescale’
and ‘zoom’ synonymously.

Lemma 2.1.11. If f = (u,v,c,¢,) is renormalizable of monotone combina-
torics, then

Rf — <u/’ U,, C,, 4)/, lp/)
is given by

,_ Q)] ,_ Q)] L]

T TV e

o =Z(flogil), ¥ =Z(ffop;l),
where U = ¢~ 1o f7*(C)and V = ¢~1o f;°(C).

Proof. This follows from two properties of zoom operators: (i) the map
g(x) = x* on [0, 1] is “fixed” under zooming on intervals adjacent to the crit-
ical point, thatis Z(g; (0,t)) = g fort € (0,1) (technically speaking we have
not defined Z in this situation, but applying the formula for Z will give this
result), and (ii) zoom operators satisfy Z(ho g; 1) = Z(h; (1)) o Z(g; I). O

Notation. The notation introduced in this section will be used repeatedly
throughout. Here is a quick summary.

A Lorenz map is denoted either f or (u,v,¢,¢, ) and these two nota-
tions are used interchangeably. Sometimes we write fy or f; to specify that
we are talking about the left or right branch of f, respectively. Similarly,
when talking about the inverse branches of f, we write f” Land fi 1 The
subscript notation is also used for the standard family Q (so Qg denotes the
left branch, etc.).

A Lorenz map has one critical point ¢ and two critical values which we
denote ¢; = limy f(x) and ¢ = lim,|. f(x). The critical exponent is
denoted & and is always assumed to be fixed to some & > 1.

In general we use primes for variables associated with the renormaliza-
tion of f. For example (u/,v/,c/,¢’,¢') = Rf. Sometimes we use paren-
theses instead of primes, for example c; (R f) denotes the left critical value
of Rf. In order to avoid confusion, we try to use D consistently to denote
derivative instead of using primes.



2.2. Generalized renormalization 31

With a renormalizable f we associate a return interval C such that C \
{c} has two components which we denote L and R. We use the notation
a+1and b + 1 to denote the return times of the first-return map to C from
L and R, respectively. The letters U and V are reserved to denote the pull-
backs of C as in Lemma 2.1.11. We let U; = ¢(U), Ui = f'(U;) for
i=1,...,a,and V; = p(V), Vign = fj(Vl) for j = 1,...,b (note that
Usp1 = C = Viqq). We call {U;} and {V;} the cycles of renormalization.

2.2 Generalized renormalization

In this section we adapt the idea of generalized renormalization introduced
by Martens (1994). The central concept is the weak Markov property which
is related to the distortion of the monotone branches of iterates of a map.

Definition 2.2.1. An interval C is called a nice interval of f if: (i) C is open,
(ii) the critical point of f is contained in C, and (iii) the orbit of the boundary
of C is disjoint from C.

Remark 2.2.2. A "nice interval’ is analogous to a ‘nice point” for unimodal
maps (see Martens, 1994). The difference is that for unimodal maps one
point suffices to define an interval around the critical point (the ‘other’
boundary point is a preimage of the first), whereas for Lorenz maps the
boundary points of a nice interval are independent. The term ‘nice’ is per-
haps a bit vague but its use has become established by now.

Definition 2.2.3. Fix f and a nice interval C. The transfer map to C induced

by f,
T:|Jf™C)—¢C
n>0
is defined by T(x) = f*™)(x), where
: Jf"(C) >N
n>0

is the transfer time to C; that is 7(x) is the smallest nonnegative integer n
such that f"(x) € C.

Remark 2.2.4. Note that: (i) the domain of T is open, since C is open by
assumption, and f~1(U) is open if U is open (even if U contains a critical
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value), since the point of discontinuity of f is not in the domain of f, (ii) T
is defined on C and T|¢ equals the identity map on C.

Proposition 2.2.5. Let T be the transfer map of f to a nice interval C. If I is a
component of the domain of T, then T|; is constant and 1 is mapped monotonically
onto C by fT0). Furthermore I, f(1), ..., f*D(I) are pairwise disjoint.

Remark 2.2.6. This means in particular that the components of the domain
of T are the same as the branches of T. In what follows we will use the
terminology “a branch of T” interchangeably with “a component of the
domain of T”.

Proof. If I = C then the proposition is trivial since T|¢ is the identity map
on C, so assume that [ # C.

Pick some x € I and let n = 7(x). Note that n > 0 since I # C. We
claim that the branch B of f" containing x is mapped over C. From this it
immediately follows that 7|} = n and f"(I) = C.

Since f"|p is monotone and f(x) € C it suffices to show that f"(dB) N
C = @. To this end, let y € dB. Then there exists 0 < i < n such that
fiy) € {0,611,

If f/(y) € {0,1} then we are done, since these points are fixed by f.

So assume that fi(y) = cand let ] = (x,y). Then f{(J)NaC # @
since f!(x) ¢ C by minimality of T(x). Consequently f"(y) ¢ C, otherwise
f"(J) € C which would imply f"~#(dC) N C # @. But this is impossible
since C is nice and hence the claim follows.

From 7(I) = nitfollows that I, ..., f"(I) are pairwise disjoint. Suppose
not, then | = f/(I) N fi(I) is nonempty for some 0 < i < j < n. But then
the transfer time on I N f~/(]) is at most i + (n — j) which is strictly smaller
than n, and this contradicts the fact that 7(I) = n. O

Proposition 2.2.7. Assume that f has no periodic attractors and that Sf < 0.
Let T be the transfer map of f to a nice interval C. Then the complement of the
domain of T is a compact, f—invariant and hyperbolic set (and consequently it has
zero Lebesgue measure).

Proof. Let U = dom T and let I' = [0,1] \ U.

Since U is open I is closed and hence compact (since it is obviously
bounded).

By definition f~!(U) C U which implies f(I') C I.



2.2. Generalized renormalization 33

We can characterize I" as the set of points x such that f"(x) ¢ C for
alln > 0. Since Sf < 0 it follows that f cannot have nonhyperbolic peri-
odic points (Misiurewicz, 1981, Theorem 1.3) and by assumption f has no
periodic attractors so I' must be hyperbolic (de Melo and van Strien, 1993,
Lemma I11.2.1) .1

Finally, it is well known that a compact, invariant and hyperbolic set
has zero Lebesgue measure if f is at least C!+H1der (de Melo and van Strien,
1993, Theorem I11.2.6) 1 O

Definition 2.2.8. A map f is said to satisfy the weak Markov property if
there exists a K < oo and a decreasing sequence C; D C, D - - - of nice in-
tervals whose lengths tend to 0, such that the transfer map to C, is defined
almost everywhere and has distortion bounded by K, for every n.

Remark 2.2.9. That a “transfer map T has distortion bounded by K” is sim-
ply a convenient way of saying that T|z has distortion bounded by K, for
every branch B of T.

Theorem 2.2.10. If f satisfies the weak Markov property, then f has no wandering
intervals.

Proof. In order to reach a contradiction assume that there exists a wander-
ing interval W which is not contained in a strictly larger wandering inter-
val.

Note that W must accumulate on at least one side of c. Otherwise there
would exist an interval V' disjoint from the orbit of W with ¢ € clV. We
could then modify f on V in such a way that the resulting map would
be a bimodal C?>-map with nonflat critical points and W would still be a
wandering interval for the modified map, see Figure 2.3 on the next page.
However, such maps do not have wandering intervals (Martens et al., 1992).

Now let {Ci} be the sequence of nice intervals that we get from the
weak Markov property. Since W accumulates on at least one side of ¢ there
exists a sequence of nonnegative integers {n;} such that f" (W) C Cy. Let
By be the branch of f" containing W.

The weak Markov property now shows that the distortion of f : W —
Ck is uniformly bounded (in k), so there exists a § > 0 (independent of k)

1The theorems from de Melo and van Strien (1993) that are referenced in this proof are
stated for maps whose domain is an interval but their proofs go through, mutatis mutandis,
for Lorenz maps.
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Figure 2.3: Illustration showing why wandering intervals must accumulate
on the critical point. If f has a wandering interval whose orbit does not
intersect some (one-sided) neighborhood V of the critical point, then by
modifying f on V according to the gray curve we create a bimodal map
with a wandering interval. This is impossible since bimodal maps with
nonflat critical points do not have wandering intervals.

such that f"(By) contains a é—scaled neighborhood of Cy. This Koebe space
can be pulled back and by applying the Macroscopic Koebe Lemma we see
that By contains a ¢’-scaled neighborhood of W, for every k (where ¢’ only
depends on 9).

The above argument shows that B = [ By strictly contains W. Since ¢ ¢
By for any k by definition we also have that B is a wandering interval. Thus
B is a wandering interval which strictly contains the wandering interval W,
but this contradicts the maximality of W. Hence f cannot have wandering
intervals. ]

Theorem 2.2.11. If f satisfies the weak Markov property, then f is ergodic.

Proof. In order to reach a contradiction, assume that there exist two invari-
ant sets X and Y such that |X| > 0, |Y]| > 0and |XNY| = 0. Let {C} be
the sequence of nice intervals that we get from the weak Markov property.
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We claim that

Y NGyl
— =1 and ———
| C| |Ck|

— 1, ask — oo.
Thus we arrive at a contradiction since this shows that | X NY| > 0.

Let I} be the complement of the domain of the transfer map to Cy. By
the weak Markov property |I;| = 0, hence |J I also has zero measure. This
and the assumption that |X| > 0 implies that there exists a density point
x which lies in X as well as in the domain of the transfer map to Cy, for
every k.

Let By be the branch of the transfer map to Cj containing x, and let 7
be the transfer time for B;. We contend that |By| — 0. If not, there would
exist a subsequence {k;} such that B = By, had positive measure, and
thus B would be contained in a wandering interval (which is impossible by
Theorem 2.2.10). Here we have used that C; is a nice interval so the orbit
of By satisfies the disjointness property of Proposition 2.2.5.

Since f(By) = Cy, since f(X) C X, and since there exists a K < oo
bounding the distortion of each transfer map we get

CAX] _ If(BAX)] _ B\ X]
Gl S Bl N B

— 0, ask — oo.

The last step follows from x being a density point, since |Bx| — 0.
Now apply the same argument to Y and the claim follows. O

2.3 Invariant measures

Let f be an infinitely renormalizable map of any combinatorial type? and
let A be the closure of the orbits of the critical values and assume that this
is a Cantor set (in Section 3.2 we prove that A is a Cantor set, although
our proof is only valid for some combinatorial types). In this section we
describe the invariant measures supported on A. The techniques employed
are an adaptation of (Gambaudo and Martens, 2006) which also contains
proofs for all the statements we choose not to provide proofs for here.

2Contrary to other sections, in this section we consider general combinatorial types and
not just monotone types.
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Theorem 2.3.1. If f is infinitely renormalizable (of any combinatorial type) with
a Cantor attractor A, then A supports one or two ergodic invariant probability
measures.

If the combinatorial type of f is bounded then A is uniquely ergodic. Fur-
thermore, it is possible to choose the combinatorial type so that A has two distinct
ergodic invariant probability measures.

Remark 2.3.2. Bounded combinatorial type is sufficient for A to be uniquely
ergodic, but is not necessary as Example 2.3.13 shows.

An infinitely renormalizable map naturally defines a sequence of finer
and finer covers of A. We now describe the construction of these covers
and how they in turn can be identified with certain directed graphs.

Definition 2.3.3. Since f is infinitely renormalizable we get a nested se-
quence of nice intervals {Cy,}. Let a, = 7(c; ) and b, = 7(c]") denote the
transfer times of the critical values to the nice interval C,. Let {U}} and
{V}} be the pull-backs of C, along the orbits of the critical values, that is

filer) e, and foH(U) =Cp, i=1,...,a,+1,
) eVl and fUUN (VY =C, i=1,..., b, +1.

The intervals {U}} and {V};} cover the Cantor set A and they satisfy a
disjointness property expressed by the following lemma. Intuitively, for a
fixed n these sets are pairwise disjoint except that if they overlap at some
time, then all remaining intervals follow the same orbit.

Lemma 2.3.4. There exists k, > 0 such that Uﬁ”“‘i = V,f”“‘i for i =
0,...,ky, and ‘ ‘
Ay = Uiy o vy

i i=1

is a pairwise disjoint cover of A for all n.
Remark 2.3.5. Note that k,, = 0 if f has monotone combinatorial type.

Proof. Since C, is nice it follows that if LIZ”H*k N V,f 1=k # @ for some k,
then UZ"H_i = an 1 foralli = 0,...,k. Define k;, to be the largest such k
(which exists since U™t = C, = V1.

By Proposition 2.2.5 {U.}; is a pairwise disjoint collection and so is
{V}}}i which proves the disjointness property of A,.
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Finally, A/, covers A since the critical values are contained in U} and V}},
both of which are eventually mapped inside C,. O

Definition 2.3.6. The n—th cover of A is defined by
Ay ={INA|I€A,}
The covers come with natural projections
i A= A, 1<,
defined by I = 7;;(]), where I € A, is the unique element which contains
J € Aj. These projections satisfy 71;; = id and 71;; = 7y o 71 if i < k < .

Hence we get an inverse system ({A;};, {7t;; }i<;). The inverse limit of this
system can be identified with A via the natural projections

Pn: A — Ay,

defined by p,(x) = I, where I € A, is the unique element containing x €
A. Explicitly, p : A — lim A, is defined by

p(x) = (p1(x), pa(x),...).

Remark 2.3.7. Note that p is: (i) well-defined, since p; = 7;; o p;, (ii) surjec-
tive, since if (x;); € lim A, then x = lim x; exists and p(x) = (x1,x2,...),
(iii) injective, since if x,y € A are distinct then p,(x) # pn(y) for some n
due to the fact that the diameter of elements in A,, tends to zero as n — oo.

We think of A, as the directed graph where each element in A, is anode
and where an edge connects I to ] if and only if f(I) N ] # @. Note that if
there is an edge from I to |, then f(I) = Junless I = Z, = C, N A. The
image of Z, is contained in the nodes E! = U} N A and E2 = V! N A. For
example, A, could look like:

UZN A} EL =UlnA]

(WBnA=VinAFH{Z,=C,nA

i
(VinalH{vinAl{v2ZnAl{E2=VInA]
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We now describe how the invariant measures on A can be identified
with a subset of an inverse limit of “almost invariant” measures on A,,. We
define the “almost invariant” signed measures on A, as follows.

Definition 2.3.8. Let X, be the c-algebra generated by A,. Note that A,
consists of exactly two loops, by which we mean a maximal collection
{Iy € Ay}x such that f(Iy) = It or I, = Z,. These loops start in E/,
and terminate in Z,. Each loop defines a loop measure,

VX, = R,

by vi(I) = 1if and only if I is a node on the i~th loop of A,,.
Let Hy(A,) denote R-module generated by {v},v2} and let M(A) de-
note the R-module of signed invariant measures on A.

Remark 2.3.9. Note that the (signed) measures in H; (A,) are almost invari-
ant since v, (f~1(I)) = v, (1) if I € A, \ {E}, E2}, but invariance fails since
f~Y(E}) ¢ X,. The notation Hj(A,) comes from the fact that Hy(A,) is
isomorphic to the first homology module of the graph A,,.

Now consider the push-forward
(Pn)ep = pop,’
of u € M(A) under the projection p,:

Lemma 2.3.10. The push-forward of p, is a homomorphism (pn)s« : M(A) —
Hy(Ay) and

(pn)«(1) = u(Ep)vy + u(ER)vy-
The push-forward under the projections 7;; induces an inverse system
({H1(Ai) }i, {(71) « Fi<j)-

Because of the previous lemma and the identification of A with lim A,,, the
inverse limit lim Hy (A,) is isomorphic to M(A) via the isomorphism

pe(p) = ((p1)sp, (p2)stt, - .- )-

Definition 2.3.11. Let Z(A) C M/(A) denote the subset of positive invari-
ant measures.
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Using the above one can check that Z(A) is identified with @1 H (Ay),
where
H{ (An) = {x1v + %002 | x; > 0}
are the (positive) almost invariant measures on A,,.

Lemma 2.3.12. Let W, = (wj;) be the winding matrix defined by
wij = #{I C E;, | I is an element of the j—th loop of A, }.

Then W, is the representation of the push-forward (7T, ,41)+ if we use the loop
measures {vi, vZ} as bases of Hy (A), for k = n,n+ 1.

Proof of Theorem 2.3.1. By the above every invariant measure is represented
by an inverse limit

{(21,22,...) ‘ Zi = Wizi+1,zi S K},

where K C IR? is the cone {(x1,x2) | x; > 0}. This suggests that we should
look at the sets
L, = ﬂ Wi -+« Wy 1K,
m>n
since z, € I,;. The winding matrices have positive integer entries, so either
I, is a one-dimensional or a two-dimensional subspace, for all n > 1.

If I, has dimension two then it is the convex hull of two points and
hence I, N {x; + x2 = 1} has exactly two extremal points. This implies that
there are two ergodic invariant probability measures. Since I, cannot have
have dimension higher than two, this also shows that there can be no more
than two ergodic invariant probability measures. In Example 2.3.13 we
construct a map with exactly two ergodic invariant probability measures.

To see that A is uniquely ergodic in the bounded combinatorial type
case we introduce the Hilbert metric (also known as the hyperbolic metric)
on the interior of K. This metric is defined as in the following figure:

X2

W d(z,z’):log{1+W}

|w—z[[z'—w'|
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Here w and w' are the points on 0K closest to z and z/, respectively, on the
line through z and z’. Note that d(z, z’) equals the log of one plus the cross-
ratio of (w, z,z’,w"). The cross-ratio is well-defined since these four points
are collinear. The Hilbert metric is contracted by positive matrices because:
(i) linear maps preserve cross-ratio, (ii) WK C K, if W is a positive matrix,
and (iii) the cross-ratio of (w, z,z’, w'") decreases if w is moved further away
from z on the line through these four points (and similarly for w’ and z').
If f has bounded combinatorial type, then there is a bound on the con-
traction constant for the winding matrices W, which is independent of n.
This implies that I,, is one-dimensional and hence there is a unique ergodic
probability measure. O

Example 2.3.13. If f is of monotone combinatorial type {(w;,, w; ) }n>0 with
a, = |w; | —land b, = |w, | — 1, then we can compute the winding matrix:

_ 1 bn+1
Wn B <an+1 1 ) .

~_ (1+ayby by +byp
anlwn N ( an + An+1 1+ ananrl

b sp + (apby,) ™! a;l(l—i—rn)
T b (M +sy) 1+ (aphy) Tt

Thus

where s, = a,41/a, and r, = b,41/b,. Assuming a,, b, — o we see that
the above matrix modulo the multiplicative term is asymptotically equal to

sy, O
0 r,/)°
m

IT = ﬂ (WanJrl) T (Wme+1)K1

i=n

If we let

then I} is two-dimensional for all m if we let a, and b, grow sufficiently
fast. Thus the sets I,, in the proof of Theorem 2.3.1 will be two-dimensional,
giving rise to two ergodic invariant probability measures.
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It is possible to compute the contraction constant of the Hilbert metric
in this example (see Bushell, 1973). It is given by

_ Vapb, —1
Vagb, +1°

This constant is an exact bound on the contraction, meaning that there exist
x, y such that d(W,x, W,y) = k,d(x,y).

By choosing a, and b, such that [Tk, = 0 we get that the sets I, are lines
which means that A is uniquely ergodic. In particular, we could choose
{a,} and {b,} unbounded but growing slowly enough for [Tk, = 0 to
hold, hence showing that bounded combinatorial type is not necessary for
A to be uniquely ergodic.

knfl






CHAPTER 3

Invariance

The central result of this chapter is the existence of an ‘invariant’ set K
for the renormalization operator in Section 3.1. This result is exploited in
Section 3.2 to prove a priori bounds which in turn has consequences for the
Cantor attractor for infinitely renormalizable maps. A careful investigation
of the action of the renormalization operator on K in Section 3.3 is then
used to exhibit periodic points of the renormalization operator.

3.1 The invariant set

In this section we construct an ‘invariant” and relatively compact set for the
renormalization operator. This construction works for types of renormal-
ization where the return time of one branch is much longer than the other.
This result will be exploited in the following sections.

Definition 3.1.1. Let ¢ = 1 — ¢. This notation will be used from now on.
Note that e depends on f. Define

K={fecL'|e <e<el,Distg <9, Disty <5}

and
a b

A /-/\\
01---1,10---0) |a- <a<a",b- <b<b"}.

0= {(

We are going to show how K and (2 can be chosen so that K is invariant!
under the restriction of R to types in (2. As always, assume that the critical

IExactly what we mean by ‘invariant’ is expressed in Theorem 3.1.5.

43
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exponent & > 1 has been fixed once and for all. The critical exponent will
essentially determine a4~ and a™ (this is not entirely natural as we would
expect to be able to choose a™ as large as we please but some estimates will
not work then). Finally we are left with a free parameter b~ which when
chosen large enough will give us the invariance we are after.

Remark 3.1.2. Ideally we would like to let (2 be any finite set of types of
renormalization. However, our approach relies heavily on the fact that we
can choose b~ large since this allows us to do some analysis. Also, we
restrict ourselves to monotone combinatorics (i.e. of type (01---1,10- - - 0))
since arbitrary types are more difficult to handle.

We will now show how to choose the constants defining K and (2. Let

(3.1) e =a %, gt =ga (O A-or)—at) /e
where 0 € (0,1), r" =a"+1—a— a~"" and x is a constant which is
defined in (3.14).

The parameter ¢ will be assumed to be small, § = o(1/b™) suffices.
However, § must not be smaller than the bounds for the distortion of R f
in (3.15). For example, we may pick § = (1/b7)>2.

Assume that ¢, a~ and a* have been chosen so that

o—r" 1

- b
B2 a >a—-1+a", a" <2a-1, m<(7§m/

wherer =a  +1—a—a " Finally, choose b such that

1 <r(1 —ort) + a0 atr-

(3.3) " b= —b"4+a — >—>oo, b~ — oo.

o
Remark 3.1.3. Let us briefly discuss the choice of constants. It is important
to realize that they do not represent necessary conditions and as such are
not optimal in any way.

In order fore~ < e" tohold weneed1 —or™ > 0and o > (1 —o0r")/a,
both of which follow from the bounds on ¢ in (3.2).

The lower bound on a~ is used to control the distortion of the return
maps in the proof of Theorem 3.1.5. The upper bound on a™ ensures that
the lower bound on ¢ in (3.2) is positive.

The lower bound on ¢ is equivalent to the constant in front of b~ in (3.3)
being strictly larger than 1. This shows that b™ can be chosen so that b+ —
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b~ — oo as b~ grows, which is important since we want (2 to be “as large
as possible.”
Finally, the condition (3.3) is used to prove that e(Rf) > ¢~.

Example 3.1.4. One possible choice that will satisfy the above constraints is
c=1/a, a =|a], a"=[2a—1].

(If &« =n — A forsomen € IN and A > 0 very close to 0, then b~ may need
to be increased so that the lower bound on a~ holds.)
We now state the theorem which exactly expresses what kind of ‘invari-
ance’ we have for K.
Theorem 3.1.5 (Invariance). If f € £2, and ¢ (Rf) < 1/2 < ¢ (Rf), then
fek = Rfek,
for b~ large enough.

The condition on the critical values of the renormalization excludes
maps which are degenerate in some sense. There is nothing magical about
the number 1/2 here, all we want is for ¢; (R f) to be bounded away from 0
and ¢ (Rf) to be bounded away from 1. An alternative (weaker) statement
which we will also use is:

Corollary 3.1.6. If both f € L3, and Rf € L3, then
fek = Rfek.
for b~ large enough.

Proof. Since f € L N K we can apply Lemma 3.1.9 which shows that
¢; (Rf) — 1and ¢ (Rf) — 0as b~ — oco. Hence Theorem 3.1.5 ap-
plies. O

Remark 3.1.7. The full family theorem (Martens and de Melo, 2001) implies
that there exists f which satisfies the conditions of the corollary. This shows
that both the corollary and the theorem are not vacuous.

The main reason for introducing the set K is the following:

Proposition 3.1.8. K is relatively compact in L.
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Proof. Clearly [e~,e"]is compactin (0,1). Hence we only need to show that
theball B = {¢ € D'([0,1]) | Dist¢ < 5} is relatively compactin D°([0,1]).
This is an application of the Arzela—Ascoli theorem; if {¢, € B} then
|pn(y) — ¢u(x)] < €|y — x| hence this sequence is equicontinuous (as well
as uniformly bounded), so it has a uniformly convergent subsequence. [J

The rest of this section is devoted to the proof of Theorem 3.1.5. We will
need the following expressions for the inverse branches of f:

([ 1/a
(3.4) fol(x)=c—c (M)

lp=1([0,c7 )] )
) = et (1—o (1= DY
(3.5) fir(x)=c+(1 )(1 \¢—1([c1+,1])\>'

Lemma 3.1.9. There exists K such that if f € L5 N K, then 1 — ¢ < Ke?. Also,
¢ — 0 exponentially in b~ as b~ — co.

Proof. For monotone combinatorics ¢ < f;’(c) and ¢; > f;"(c), so the
idea is to look for bounds on the backward orbits of ¢. We claim that

-1
(3.6) fl(z)—c >
(3.7) C—fCOn(C) > (‘ue)“ﬂl . (C/ea)l/(zx—l),

where y > 1 — Ke.
Assume that the claim is true. Then (3.6) shows that

l—c; <1—fiYe)<1l—c—pe=¢e(l—pn)<Ke,
which proves the statement about about c; .

Next, letn = [log,b~]. Thena™ < 1/b~ and (pe)* " > (ue)'’?", so

fOZ(C) <1-— (]18_)1/17_ (C/eé)l/(a—l) <1-— “I/l((l . 8+)/e(s)1/(0¢71)lx_0.

Thus f, " (c) is a uniform distance away from c. Since b~ — [log, b~ | — oo,
and since 0 is an attracting fixed point for f; ' with uniform bound on the
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multiplier, it follows that f,”(c) approaches 0 exponentially as b~ — .
This proves the statement about ¢;".

We now prove the claim. We first show that

e e
(3.8) f1_1(c)_C25' <1_c—f0_b(c)>/
(3.9) c _f(;ﬂ(c) > (Cvc/€§>l/(0c—l) ) (ffl(c) . C)ﬂ(jn

Equation (3.8) follows from a computation using (3.5) and the fact that 1 —
¢ > ¢ — f;%(c) holds for monotone combinatorics.
To prove (3.9), first apply (3.4) to get

c, — X e
fot(x) <c—c (e_‘Sl_) .
This gives
(3.10) folle) <c—c-e ¥ (cy — )",

and if x < ¢ then

-1 s (1 X\
fo (x)<c—c-e (1 c>'

An induction argument on the last inequality leads to

Tdeegq—(n=1) a "
o em ) o

which together with (3.10), 1+ - +a™" < a/(a — 1), and ¢; > f; '(c)
proves (3.9).

Having proved (3.8) and (3.9) we now continue the proof of the claim.
Note that the left-hand side of (3.8) appears in the right-hand side of (3.9)
and vice versa. Thus we can iterate these inequalities once we have some
bound for either of them. To this end, suppose f; '(c) — ¢ > te, for some
t > 0. If we plug this into (3.9) and then plug the resulting bound into (3.8),
we will get a new bound on f; *(c) — c. This defines a map

1/«
65 a/(a—1) Sl—(x’b
t—h(t) = <1-— <(;> e K
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One can check that / is increasing and has two fixed points — one close to 0
which is repelling, and another close to 1 which is attracting. Explicitly, the
fixed point equation t = h(t) gives

" (1 ) =el=* (e/)’x/“l)

If t 1 1 then the solution is approximately
1/«

b= (1- (7e) e )
and if ¢ | 0 then the approximate solution is
b+1 _
to = (e°/c)" T a1,
Hence the proof is complete if we have some initial bound f; (c) — ¢ > te
such that t' > t, because then h" (') — t;.
To get an initial bound we use the fact that f;!(c) — ¢ > |R| and look

for a bound on |R|. Since Rf is nontrivial we have f'*1(R) O R, which
implies

R] < [f* (f(R))] < max f'(x)" - ’|Q(R)| < (¢’ua/c)"e’v (|R|/¢)"
and thus
FlU)—c> |R| > e (Csm’y(“ U

1 = 1ed(+1)/b
Here # is of the order ¢!/ (=1 g=t whereas t; is of the order &*, so t' > tg
for b~ large enough (since e ~ a =" "), O
Lemma 3.1.10. There exists K such that if f € L}, N K then

K™ <Dfi"(x)-a%™" <K, Vx> fyl(o),

K1 SDf(;b(x) bl < K, Vx <c.

Proof. The proof makes use of the following expressions for the derivatives

of {1
-1 ~1 _ 1-1/a
)
-1 17+ 1-1/a
o ot D ()
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We start by proving the lower bound on Df;”. From (3.12) we get
Df;'(x) > e~%¢/a and hence

Df*(x) > e “(e/a)",  Vx €[], 1].

Note that ¢~ has a uniform bound since a < b~ and 6b~ — 0 by assump-
tion.
Next consider the upper bound on Df;“. By assumption

x> fol(e)>c (1 — (e%)”“) ,
where we have used (3.4). This together with (3.12) implies

DfT(x) < (e/a) (@ /o) (¢ (£ (e) 1)) < K(e/a)
It remains to show that K is uniformly bounded. Briefly, this follows from
0" > (1—€c)" >1—ae’c] —1
and from

('@ —c) "< (0-9"0- @) (- /5 @)")

< ((1-ae)(1-a(e)*) (1 -acf /£ () =0,
asb~ — oo. (We have used Lemma 3.1.9 to get ac;” — 0; a6 — 0 and ae — 0
follows from the choice of K and (2.)

We now turn to proving the bounds on Df” b We claim that
(3.13)

e SR (A2 T g (o)
C

¢ 1

which together with (3.12) gives

b—

(o) =2 T1 (%

i=
26 .\ b
e*’c
S(_)-
€

x) (thl)/az#l
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1—a~?

The product can be rewritten as ((c; — x)/cy ) which is proportional

toel ="’ by Lemma 3.1.9, so all we need to do is to prove that the constants
above are uniformly bounded. This follows from a similar argument to the
above and the fact that be' — 0 for every t > 0, and b6 — 0, as b~ — oo (by
the assumptions made on K and (2).

To finish the proof, let us prove the claim (3.13). The lower bound fol-
lows from (3.4) and the estimate

fo'® A N

c; — X o (x S b/ (c1 —x)
c c c;

An induction argument finishes the proof of the lower bound.
For the upper bound we assume x < c and use (3.4) again to get

q—ﬁﬂww_c.q—ﬁﬂ<>c—ﬁ<>_iwm(q—xym

3 a e fy' ) ¢ a /'
where
" < o — fy e ¢ —c c
a c=folle) aq e=fyl(e)
_ c —1/«
<l+e <e—5 L ) <1+0(e71%)
€1
Another induction argument finishes the proof for the upper bound. ]

Lemma3.1.11 If f € LL,NK and cf (Rf) <1/2 < ¢; (Rf), then
1 c IRN"2 DfP(y) _ 52

e = (E07) & oy <2
for some x € f(L)andy € f(R).

Remark 3.1.12. This lemma can be stated in much greater generality (the
proof remains unchanged). In particular, we do not use the bounds on ¢
and it works for any type of renormalization.

Proof. From 0 < ¢ (Rf) <1/2 < ¢ (Rf) < 1weget

()| PR
1/2 < q <1 and 1/2<7|C| <1.
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The mean value theorem implies that there exists x € f(L) and y € f(R)
such that

DF)If(L) = L) and DFWIF(R)| = [ (R)].
From f(L) = ¢ 0 Qo(L) and f(R) = ¢p o Q1(R) we get

- [f(L)] - If(R)]
e 5§W§85 and e ‘5§W§e‘5.

Now combine these equations to finish the proof:

v <C IRI)“ < 2fR o5 DFY(x) fHR)] ) 25 DF?(x)

u

e [L]

=CU@ = DY) 1D T DA

The lower bound follows from a similar argument. O

Proof of Theorem 3.1.5. The proof is divided up into three steps: (1) show
that the distortion of f’|¢g) is small, (2) show that e~ < e(Rf) < e,
(3) determine explicit bounds on the distortion for the renormalization.

Step 1. The map f, ’|c extends continuously to [0, c; ] so in order to use
the Koebe lemma we need to show that both components of [0,¢; ]\ C are
large compared to C. The relative length of the left component is large since
|C| is at most of order &!/%, so we focus on the right component only.

There are two cases to consider: either |[L| > |R|, or |[R| > |L| (the latter
will turn out not to hold, but we do not know that yet).

Assume |R| > |L|. For monotone combinatorics we have

FR) < (fy " o), fo "4 (),
thus
o ") = fo "N o) = IF(R)] = e %0(|R| /)",
and consequently
0 1/a
M (S5 0-5"01) 50 st e

This shows that the relative length of the right component of [0,c; ]\ C
tends to infinity and hence the distortion of f?| £(r) tends to zero.
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Next, assume that |[L| > |R|. Since f is renormalizable f(L) C C and
hence
2|L| > |C| = Df*(x)|f(L)| = Df*(x)e~°u(|L|/c)*,

for some x € f(L). Now apply Lemma 3.1.10 to get that
|L| < Ksa/(w—l).

By assumption (3.2) a > « — 1 so once again we get that the relative length
of the right component tends to infinity as we increase b™.

Step 2. We first show that e(Rf) < ™. Apply Lemma 3.1.11 to get
_ 1/a
R _ IR _e ( Dfy () ,26,2,;)

=1
ORI =T IR S S |

v Df"(x)

for some x € f(L) and some y € f(R). Now apply Lemma 3.1.10 and
Step 12 to get

N\ 1/
(3.14) e(Rf) <« (Mbmgafafm b) .

(This defines the constant x of (3.1).) The exponent of ¢ is negative by as-
sumption (3.2) so inserting e > &~ gives us e(Rf) < ket where
b-(1—ort)—at

14

=

This shows that e(Rf) < e*.
We now show that (R f) > &¢~. A similar argument to the above shows
that [R|/|L| > ka~!, where

t:1<b+_f<1<fr>.b—_a—+ﬂ 7 >
44 14 14

Recall that e~ = o~ 7" so we would like b~ > t, which is equivalent to

1 <r(1—(7r+)+zx2(7‘b__b++a__a+r> “o
w w w

2We need Step 1 to get a bound on D b (y), since we do not know if y < ¢ and this is
the only case Lemma 3.1.10 treats.
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By assumption (3.3) the left-hand side tends to co as b~ grows. Hence
IR|/|L| > ka® ~te™,

so the right-hand side is greater than e~ if b~ is sufficiently large. Conse-
quently this is also true for (R f) since

R IR (R
E(Rﬁ‘ruﬂm‘u'(”ru)

and |R|/|L| is small. Thus, e(Rf) > ¢~ if b~ is sufficiently large.

Step 3. We now use the Koebe lemma to get explicit bounds on the dis-
tortion for R f. From Step 2 we know that |L| > |R| and thus the arguments
of Step 1 shows that |C| is at most of the order &/ (*~1), Hence Lemma 3.1.9
shows that the right component of (¢}, ¢; ) \ C has length of order € and the
left component has length of order 1.

The inverses of the return maps f*|;;) and f b £(r) extend continuously
(at least) to (¢, c; ) so the Koebe lemma implies that the distortion of the
return maps is of the order ¢/, where t = —1+a/(a — 1) > 0. That is

(3.15) Dist¢(Rf) < Ke' and Distp(Rf) < Ke'.

Note that Ke! < § if we e.g. choose 6 = (1/b7)2.
This concludes the proof of Theorem 3.1.5. ]

Many of the results used to prove Theorem 3.1.5 do not rely on the as-
sumption that ¢ (Rf) < 1/2 < ¢; (Rf). Note that without this assump-
tion we cannot say anything about the critical point of the renormalization,
nor can we ensure that the distortion of the diffeomorphic parts shrink un-
der renormalization. In other words, we can not prove invariance of K
without this extra assumption. We collect these results and state them here
as one proposition as they will be needed later.

Proposition 3.1.13. If f € L3, N K, then
1. 1—¢; < Ke? for some K not depending on f,
2. ¢ — 0exponentially in b~ as b~ — oo,
3. Dff|u = (e/a)",
4. DfY|y =< abe 1+,



54 Chapter 3. Invariance

Remark 3.1.14. We use the notation g(x) < y to mean that there exists K <
oo not depending on g such that K~!y < ¢(x) < Ky for all x in the domain
of g.

Proof. The first two items are proven in Lemma 3.1.9. The last two follow
from Lemma 3.1.10 and Step 1 of the proof of Theorem 3.1.5. O

3.2 A priori bounds

In this section we begin exploiting the existence of the relatively compact
‘invariant” set of Theorem 3.1.5. An important consequence of this theo-
rem is the existence of so-called a priori bounds (or real bounds) for infinitely
renormalizable maps. We use the a priori bounds to analyze infinitely
renormalizable maps and their attractors.

Theorem 3.2.1 (A priori bounds). If f € L2 N K is infinitely renormalizable
with @ € ON, then {R" f } >0 is a relatively compact family (in L£°).

Proof. This is a consequence of Corollary 3.1.6 and Proposition 3.1.8. O

Theorem 3.2.2. If f € L2 N K is infinitely renormalizable with @ € QN, then
f satisfies the weak Markov property.

Before giving the proof we need the following lemma. Intuitively, it
states that if f is renormalizable and I is a branch of f", then f"(I) is large
compared with the return interval C, in the sense that f"(I) \ C contains
intervals from both cycles of renormalization. (See the end of Section 2.1
for an explanation of the notation used.)

Lemma 3.2.3. Assume that f is renormalizable. Let C = LU {c} UR be the
return interval, let a + 1 be the return time of L, let b + 1 be the return time of R.
If I is a branch of the transfer map to C, if | D I is a branch of f", and if | is
disjoint from C, then there exist i € {1,...,a} and j € {1,...,b} such that
fi(L) is contained in the right component of f"(J) \ C and fI(R) is contained in
the left component.

Proof. Since | is a branch of f”, either 0~ ] = 0 or there exists 0 < [ < n
such that 3 f/(J) = c. In the former case the left component of f(]) \ C
contains f(R). Assume the latter case holds. By Proposition 2.2.5 f/(J) D R,
since f!(I) must be disjoint from C. Hence the left component of f(]) \ C
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contains f"~!(R). Note that n — I < b+ 1since f**1(R) is mapped over the
critical point (so f is not monotone on f'*1(R)). Furthermore, n —1 # b+1,
since f/(I) N R = @ and thus f"***1(I)NC = @.

Now repeat the same argument for the other boundary pointof . [

Proof of Theorem 3.2.2. Since f is infinitely renormalizable there exists a se-
quence Cyp D C; D --- of nice intervals whose lengths tend to zero (i.e. C,
is the range of the n-th first-return map and this interval is nice since the
boundary consists of periodic points).

Let T, denote the transfer map to C,. We must show that T, is defined
almost everywhere and that it has uniformly bounded distortion.

By a theorem of Singer® f cannot have a periodic attractor since it would
attract at least one of the critical values. This does not happen for infinitely
renormalizable maps since the critical orbits have subsequences which con-
verge on the critical point. Thus Proposition 2.2.7 shows that T), is defined
almost everywhere.

In order to prove that T, has bounded distortion, pick any branch I
of T, with positive transfer time i = 7(I), and let ] be the branch of f’ con-
taining I. By Lemma 3.2.3 both components of f/(]) \ C, contain intervals
from the forward orbit of C, = clL, UR,, say fl”(Ln) and f™(R,) (note
that these do not depend on the choice of branch J). We contend that

(3.16) inf [f'(L,)|/|Cs| >0 and inf [f™(R,)|/|Cy| > 0.

Suppose not, and consider the C'—closure of {R"f}. The a priori bounds
show that this set is compact and hence there exists a subsequence {R" f}
which converges to some f.. But then f, is a renormalizable map whose
cycles of renormalization contain an interval of zero diameter. This is im-
possible, hence (3.16) must hold.

This shows that f'(]) contains a é-scaled neighborhood of C, and that
0 does not depend on n or |. The Koebe lemma now implies that T, has
bounded distortion and that the bound does not depend on n. O

Theorem 3.2.4. Assume f € L2 N K is infinitely renormalizable with © € ON.
Let A be the closure of the orbits of the critical values. Then:
o Aisa Cantor set,

3Singer’s theorem is stated for unimodal maps but the statement and proof can easily
be adapted to Lorenz maps.
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A has Lebesgue measure zero,

the Hausdorff dimension of A is strictly inside (0,1),

A 'is uniquely ergodic,

the complement of the basin of attraction of A has zero Lebesgue measure.

Proof. Let L, and R, denote the left and right half of the return interval of
the n—th first-return map, let i, and j, be the return times for L, and R, let
Ao = [0,1], and let

in—1 . jn—1 .
Ap=Jdf (L) U df(Ry), n=12,...
i=0 j=0

Components of A, are called intervals of generation n and components of
Ap—1\ Ay are called gaps of generation n (see Figure 3.1 on the facing page).

Let I be an interval of generation 1, let ] C I be an interval of generation
n+1,and let G C I be a gap of generation n + 1. We claim that there exists
constants 0 < y < A < 1 such that

w<|/|] <A and u<|G|/|I| <A,

where y and A donot depend on I, | and G. To see this, take the L9—closure
of {R"f}. This set is compact in £°, so the infimum and supremum of
|T|/]I| over all I and ] as above are bounded away from 0 and 1 (otherwise
there would exist an infinitely renormalizable map in £° with I and ] as
above such that |J| = 0 or |I| = |J|). The same argument holds for I and G.
Since {R" f} is a subset of the closure the claim follows.

Next we claim that A = (A,. Clearly A C N A, (since the critical
values are contained in the closure of f(L,) U f(R,) for each n). From the
previous claim |A,| < A|A,_1] so the lengths of the intervals of generation
ntend to0asn — co. Hence A = N A,.

It now follows from standard arguments that A is a Cantor set of zero
measure with Hausdorff dimension in (0,1). That A is uniquely ergodic
follows from Theorem 2.3.1 since f has bounded combinatorics due to the
fact that (2 is finite.

It only remains to prove that almost all points are attracted to A. Let T,
denote the transfer map to the n—th return interval C,,.. By Proposition 2.2.7
the domain of T}, has full measure for every n and hence almost every point
visits every C,. This finishes the proof. O
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0 Lo c Ro 1
. R{ o R? o Ly Ry L] .
3 3 5 6
5%‘ Ly .R% o L3 . Ii‘z R3 Ly R L3 'R_El‘ RS L

Figure 3.1: Illustration of the intervals of generations Q, 1 and 2 for a
(01,100)-renormalizable map. Here L, = f'(L,) and R}, = f'(R,). The
intersection of all levels n = 0,1, 2, ... is a Cantor set, see Theorem 3.2 .4.

3.3 Periodic points of the renormalization operator

In this section we prove the existence of periodic points of the renormaliza-
tion operator. The argument is topological and does not imply uniqueness
even though we believe the periodic points to be unique within each com-
binatorial class.*

The notation used here is the same as in Section 3.1, in particular the
sets (2 and K are the same as in that section. The constants ¢, e and ¢
appear in the definition of .

Theorem 3.3.1. For every periodic combinatorial type 0 € QN there exists a
periodic point of R in L.

Remark 3.3.2. We are not saying anything about the periods of the periodic
points. For example, we are not asserting that there exists a period-two
point of type (w, w)* for some w € (2 — all we say is that there is a fixed
point of type (w)®. The point here is that (w,w)® is just another way to
write (w)® so these two types are the same.

To begin with we will consider the restriction R, of R to some w € (2
and show that R, has a fixed point. Let

Y=L5nK, and YV ={fe€V|cf(Rf)<1/2<c(Rf)}.

The proof is based on a careful investigation of the boundary of ) and the
action of R on this boundary. However, we need to introduce the set )’ be-
cause we do not have enough information on the renormalization of maps
in Y, see Theorem 3.1.5.

“4The conjecture is that the restriction of R to the set of infinitely renormalizable maps
should contract maps of the same combinatorial type and this would imply uniqueness.
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Definition 3.3.3. A branch B of f" is full if f* maps B onto the domain of f;
B is trivial if f" fixes both endpoints of B.

Proposition 3.3.4. The boundary of Y consists of three parts, namely f € 0Y if
and only if at least one of the following conditions hold:

(Y1) the left or right branch of R f is full or trivial,

(Y2) 1—c(f) = e(f) € {ee*,

(Y3) Dist¢(f) = 6 or Distyp(f) = 4.

Also, each condition occurs somewhere on 0.

Before giving the proof we need to introduce some new concepts and
recall some established facts about families of Lorenz maps.

Definition 3.3.5. A slice (in the parameter plane) is any set of the form

S =101 x {c} x {¢} x {y},

where ¢, ¢ and 1 are fixed. We will permit ourselves to be a bit sloppy with
notation and write (#,v) € S when it is clear which slice we are talking
about (or if it is irrelevant).

Aslice S = [0,1]? x {c} x {¢} x {¢} induces a family of Lorenz maps
S (u,0) = fup = (w,0,c,¢,9) € L.

Any family induced from a slice is full, by which we mean that it realizes all
possible combinatorics. See (Martens and de Melo, 2001) for a precise defi-
nition and a proof of this statement. For our discussion the only important
fact is the following;:

Proposition 3.3.6. Let (u,v) +— fy,0 be a family induced by a slice. Then this
family intersects L, for every w such that Lo # . Note that @ can be finite or
infinite.

Proof. This follows from (Martens and de Melo, 2001, Theorem A). O

Recall that C = cl L U R is the return interval for a renormalizable map,
and the return times for L and R are a2 + 1 and b + 1, respectively (see the
end of Section 2.1).
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Lemma 3.3.7. Assume that f is renormalizable. Let (1,c) be the branch of f**!
containing L and let (c,r) be the branch of f*+1 containing R. Then

YD <1 oand  fPTYr) >
Proof. This is a special case of (Martens and de Melo, 2001, Lemma 4.1). [

Proof of Proposition 3.3.4. Let us first consider the boundary of L0,. If either
branch of Rf is full or trivial, then we can perturb f in C° so that it no
longer is renormalizable. Hence (Y1) holds on 9£0. If f € LY, does not
satisfy (Y1) then any sufficiently small C%-perturbation of f will still be
renormalizable by Lemma 3.3.7. Hence the boundary of renormalization is
exactly characterized by (Y1).

Conditions (Y2) and (Y3) are part of the boundary of K. These bound-
aries intersect £, by Proposition 3.3.6 and hence these conditions are also
boundary conditions for ). O

Fix 1 —cop =gy € (e7,et)and let S = [0,1]? x {co} x {id} x {id}. Let
p: be the deformation retract onto S defined by

pt(1,0,¢,¢,9) = (u,v,c+t(co—c), (1 —t)p, (1 —t)p), te][0,1].

In order to make sense of this formula it is important to note that the linear
structure on the diffeomorphisms is that induced from C° via the nonlinear-
ity operator N (see Remark 2.1.4). Hence, for example t¢ is by definition
the diffeomorphism N~!(tN¢). Let

Rt:ptOR.

The choice of slice is somewhat arbitrary in what follows, except that we
will have to be a little bit careful when chosing c( as will be pointed out in
the proof of the next lemma. However, it is important to note that the slice
intersects ).

Lemma 3.3.8. It is possible to choose co so that R; has a fixed point on 0)' for
some t € [0,1] if and only if R has a fixed point on )’

Remark 3.3.9. The condition ¢ (Rf) < 1/2 < ¢; (Rf) roughly states that
u(Rf) >1/2and v(Rf) > 1/2. Thus )’ has another boundary condition
given by equality in either of these two inequalities. Instead of treating
these as separate boundary conditions we subsume them into (Y1) by say-
ing that the left branch is trivial also if c; (Rf) = 1/2 and similarly for the
right branch.
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Figure 3.2: Illustration of the action of p; o R|s. The shaded area corre-
sponds to a full island. The boxes shows what the branches of p; o R f look
like on each boundary piece.

Proof. The ‘if” statement is obvious since R = R, so assume that R has no
fixed point on 0)'. Let f € 0)’ and assume that R;f = f for some t > 0.
We will show that this is impossible.

To start off choose ¢g € (¢7,e") and let co = 1 — g as usual (we will be
more specific about the choice of ¢ later).

Note that (Y2) cannot hold for R;f since ¢g € (¢7,¢") and hence the
same is true for (R, f), since t > 0 and ¢(Rf) € [e~, "] by Theorem 3.1.5.

Similarly, (Y3) cannot hold for R;f since the distortion of the diffeo-
morphic parts of Rf are not greater than ¢ (by Theorem 3.1.5) and hence
the distortion of the diffeomorphic parts of R;f are strictly smaller than &
(since t > 0).°

The only possibility is that f = R;f belongs to the boundary part de-
scribed by condition (Y1).

If either branch of R f is full then corresponding branch of R;f is full as
well which shows that f cannot be fixed by R, since a renormalizable map
cannot have a full branch. Thus one of the branches of R f must be trivial.

5This follows from Dist(1 — t)¢ < Dist ¢ if, t > 0 and Dist¢ > 0.
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Assume that the left branch of Rf is trivial (see Remark 3.3.9). Then
c; (Rf) = c(Rf) since c(Rf) > 1/2. In particular, Rf is not renormaliz-
able since c; for a renormalizable map is away from the critical point by
Lemma 3.1.9. Because of this lemma we can assure that R;f is not renor-
malizable for all s € [0,1] by choosing ¢ close to ¢ . In particular, R;f is
not renormalizable and hence cannot equal f.

Assume that the right branch of R f is trivial (see Remark 3.3.9). Then
¢; (Rf) = 1/2since ¢(Rf) > 1/2. In particular Rf is not renormalizable
since that requires c; (R f) to be close to 0 by Lemma 3.1.9. The same holds
for Rsf forall s € [0,1] since 1/2 > ¢*. In particular, f cannot be fixed by
Rt since f is renormalizable.

We have shown that f ¢ 0)’ which is a contradiction and hence we
conclude that Rf # f forall t € [0,1]. O

The slice S intersects the set £, of renormalizable maps of type w by
Proposition 3.3.6. This intersection can in general be a complicated set, but
there will always be at least one connected component I of the interior such
that the restricted family I 5 (u,v) + f, is full (see Martens and de Melo,
2001, Theorem B). Such a set I is call a full island. The action of R on a
full island is illustrated in Figure 3.2 on the preceding page. Note that the
action of R on the boundary of I is given by (Y1) which also explains this
figure.

Lemma 3.3.10. Any extension of R1|ayr to Y’ has a fixed point.

Proof. If Rq has a fixed point on 9}’ then there is nothing to prove, so as-
sume that this is not the case.

Let S = [0,1]2 x {co} x {id} x {id}. By the above discussion there is a
full island I C S. Note that 9 C 9.

Pick any R : I — S such that R|3; = R1|5;. Now define the displace-
ment map 6 : 9] — S' by

_ x—R(x)
T LRI

This map is well-defined since R; was assumed not to have any fixed
points on )’ and dI C 9)’. The degree of ¢ is nonzero since I is a full
island. This implies that R has a fixed point in I, otherwise 6 would extend
to all of I which would imply that the degree of § was zero. This finishes
the proof since R was an arbitrary extension of R1|y; and 91 C 9)". O
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Proposition 3.3.11. R, has a fixed point.

Proof. By the previous two lemmas either R, has a fixed point on 0}’ or
we can apply Theorem A.1.1. In both cases R, has a fixed point. ]

Proof of Theorem 3.3.1. Pick any sequence (wy, . .., w,—1) with w; € Q. The
proof of the previous proposition can be repeated with

'R/:'an,lo’”ono

in place of R to see that R’ has a fixed point f,. But then f. is a periodic
point of R and its combinatorial type is (w, . .., wn—1)%. O



CHAPTER 4

Decompositions

This chapter introduces decompositions in Section 4.1. Decompositions
can be thought of as generalizations of diffeomorphisms, or perhaps more
fundamentally as the internal structure of the diffeomorphisms that appear
naturally in the study of composition operators. In Section 4.2 the renor-
malization operator is lifted to decomposed Lorenz and it is shown that
renormalization contracts to the subset of pure decomposed Lorenz maps.

4.1 Decompositions

In this section we introduce the notion of a decomposition. We show how
to lift operators from diffeomorphisms to decompositions and also how
decompositions can be composed in order to recover a diffeomorphism.
This section is an adaptation of techniques introduced in Martens (1998).

Definition 4.1.1. A decomposition ¢ : T — D?([0,1]) is an ordered se-
quence of diffeomorphisms labelled by a totally ordered and at most count-
able set T. Any such set T will be called a time set. The space D is defined
in Appendix A.2.

The space of decompositions Dy over T is the direct product

Dr=]]D*(0,1])
T

together with the /!-norm

161l =3 llge |l

TeT

63
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The notation here is ¢ = ¢(7). The distortion of a decomposition is de-
fined similarly:
Distp = ) _ Dist pr.
TeT
The sum of two time sets Tp @ T; is the disjoint union

To® T = {(x,i) ’ X € Ti,iZO,l},

with order (x,i) < (y,i) if and only if x < y, and (x,0) < (y,1) for all x, y.
The sum of two decompositions

Po D P1 € Doy,

where ¢; € Dr,, is defined by ¢o @ ¢1(x,1) = $;(x). In other words, ¢o ® ¢1
is the diffeomorphisms of ¢y in the order of Ty, followed by the diffeomor-
phisms of ¢ in the order of T.

Note that @ is noncommutative on time sets as well as on decomposi-
tions.

Remark 4.1.2. Our approach to decompositions is somewhat different from
that of Martens (1998). In particular, we require a lot less structure on time
sets and as such our definition is much more suitable to general combina-
torics. Intuitively speaking, the structure that Martens (1998) puts on time
sets is recovered from limits of the renormalization operator so we will also
get this structure when looking at maps in the limit set of renormalization.
We simply choose not to make it part of the definition to gain some flexibil-

ity.
Proposition 4.1.3. The space of decompositions Dr is a Banach space.

Proof. The nonlinearity operator takes D?([0, 1]) bijectively to C°([0, 1]; R).
The latter is a Banach space so the same holds for Dr. O

Definition 4.1.4. Let T be a finite time set (i.e. of finite cardinality) so that
we can label T = {0,1,...,n — 1} with the usual order of elements. The
composition operator O : Dy — D? is defined by

O¢ = ¢p-10---0do.

The composition operator composes all maps in a decomposition in the
order of T. We can also define partial composition operators

Oljx¢ = dxo--- o 0<j<k<n
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As a notational convenience we will write O instead of O etc.

Next, we would like to extend the composition operator to countable
time sets but unfortunately this is not possible in general. Instead of D? we
will work with the space D3 with the C!-nonlinearity norm:

9l = INgller = max{ID(Ng)[}, g €D
Define D3 = {¢: T — D? | ||p||1 < oo}, where

11l =Y _llp<lla.
Note that ||-|| will still be used to denote the C’-nonlinearity norm.

Proposition 4.1.5. The composition operator O : D3 — D? continuously ex-
tends to decompositions over countable time sets T.

Remark 4.1.6. It is important to note that there is an inherent loss of smooth-
ness when composing a decomposition over a countable time set. Starting
with a bound on the C!-nonlinearity norm we only conclude a bound on
the C’-nonlinearity norm of the composed map. This can be generalized;
starting with a bound on the C¥*!-nonlinearity norm, we can conclude a
bound on the C*-nonlinearity norm for the composed map.

The reason why we loose one degree of smoothness is because we use
the mean value theorem for one estimate in the Sandwich Lemma 4.1.9. If
necessary it should be possible to replace this with for example a Holder
estimate which would lead to a slightly stronger statement.

In order to prove this proposition we will need the Sandwich Lemma
which in itself relies on the following properties of the composition opera-
tor.

Lemma 4.1.7. Let ¢ € Dr be a decomposition over a finite time set T, and let
¢ = O¢. Then

e W< Jg') < eI, " < |1 pl|eI?, and ||g|| < [|p]el?].

If furthermore, ¢ € D3, then

ol < (1 + 11811l
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Remark 4.1.8. Note that the lemma is stated for finite time sets, but the way
we define the composition operator for countable time sets (see the proof
of Proposition 4.1.5) will mean that the lemma also holds for countable time
sets.

Proof. The bounds on |¢'| and |¢”| follow from an induction argument us-
ing only Lemma A.2.11.

Since T is finite we can label ¢ so that ¢ = ¢,_10---0¢p. Let ¢; =
O-(¢) and let Py = id. Now the bound on ||¢|| follows from

n—1
N¢(x) = ;) N, (;(x)) i (x),

which in itself is obtained from an induction argument using the chain rule
for nonlinearities (see Lemma A.2.8).
Finally, take the derivative of the above equation to get

n—1
(N)'(x) = 3 (N)'(9i(x))9i () + N (i (x) )/ ().
i=0
From this the bound on ||¢||; follows. O

Lemma 4.1.9 (Sandwich Lemma). Let ¢ = ¢,_1 0 - - - 0 ¢ and let 1 be obtained
by “sandwiching -y inside ¢;” that is,
Yp=¢n10---opioyopij0---0dy,

for some i € {0,...,n} (with the convention that ¢, = ¢_1 = id).
For every A there exists K such that if v, ¢; € D3 and if ||y|1 + X/l ¢ill1 < A,
thent || — ¢l < K|[v[]

Proof. Let¢p, = ¢ppo0---o¢;, andlet¢p_ = ¢;_10---0¢_;. Two applications
of the chain rule for nonlinearities gives

INY(x) = Ngp(x)| = [N(¢p4 07) (- (x)) = Ny (¢ (x))| - [¢ ()]
= [N+ (v(¥)7'(y) = N+ (y) + Ny (y)| - [9- (x)],

where y = ¢_(x). By assumption N¢, € C! so by the mean value theorem
there exists 7 € [0, 1] such that

N¢i (v(y)) = N+ (v) + (No+)'(17) - (¢(y) — y) -
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Hence
[N(x) = Ne(x)| < Ig/(x)]
(INs )] 17 () =11+ |2/ @) - (N@sY ()] - [ (w) =yl + INA(9)])
< Ky (Kol —1) + Ko = 1) + ol < Kl

The constants K; only depend on A by Lemma 4.1.7. We have also used
Lemma A.2.11 and Lemma A.2.12 in the penultimate inequality. O

Proof of Proposition 4.1.5. Let ¢ € D3 and choose an enumeration 6 : N —
T. Let ¢, denote the composition of {@y(g),---,Pg(n—1)} in the order in-
duced by T.

We claim that {¢,,} is a Cauchy sequence in D?. Indeed, by applying
the Sandwich Lemma with A = ||$||1 we get a constant K only depending
on A such that:

m+n—1 m+n—1

[n — Pl < Z i1 — il <K Z [po@i)|l — O, as m,n — oo.
1=m

Hence ¢ = lim ¢, exists and ¢ € D?. This also shows that ¢ is independent
of the enumeration 6 and hence we can define O¢ = ¢. O

We can now use the composition operator to lift operators from D to Dr,
starting with the zoom operators of Definition 2.1.9.

Definition 4.1.10. Let I C [0,1] be an interval, let ¢ € D3 and let I; be the
image of I under the diffeomorphism O ($). Define Z(¢;I) = p, where
Yr = Z(¢Pr; 1), forevery T € T.

Remark 4.1.11. An equivalent way of defining the zoom operators on D3 is
to let I, = ¥ 1(J), where ¥ = O>.(¢), ] = ¢(I), and ¢ = O¢(I). This is
equivalent since O¢ = O>+(¢) 0 O1(¢).

The original definition takes the view of zooming in on an interval in the
domain of the decomposition, whereas the latter takes the view of zooming
in on an interval in the range of the decomposition. We will make use of
both of these points of view.

Zoom operators on diffeomorphisms are contractions for a fixed inter-
val I by Lemma A.2.16. A similar statement holds for decompositions:
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Lemma 4.1.12. Let I C [0, 1] be an interval. If ¢ € D3 then

1Z(@; D)II < eIV min{|1], [¢(D)[} - (1]l
where ¢ = O¢.

Remark 4.1.13. Since we are only dealing with decompositions with very
small norm this lemma is enough for our purposes. However, in more gen-
eral situations the constant in front of ||¢| may not be small enough. A
way around this is to consider decompositions which compose to diffeo-
morphisms with negative Schwarzian derivative. Then all the intervals I,
will have hyperbolic lengths bounded by that of | (notation is as in Re-
mark 4.1.11). This can then be used to show that zoom operators contract
and the contraction can be bounded in terms of the hyperbolic length of |.

Proof. Using the notation of Definition 4.1.10 we have

1Z(@: DIl = YN Z(¢e Il < Y [Te| - [l el < sup\lf\ 1]

TeT TeT

For every 7 there exists {; € I such that |I;| = (O<T( ))'(&r) - |I| which
together with Lemma 4.1.7 implies that |I;| < ell#l.|I|. Similarly, there
exists #r € ¢(I) such that |¢(I)| = (O><(¢)) (17) - |I¢| so by Lemma 4.1.7
|I] < el |p(1)] as well. O

This contraction property of the zoom operators leads us to introduce
the subspace of pure decompositions (the intuition is that renormalization
contracts towards the pure subspace, see Proposition 4.2.8).

Definition 4.1.14. The subspace of pure decompositions Ot C Dr consists
of all decompositions ¢ such that ¢ is a pure map for every T € T.

The subspace of pure maps Q C D consists of restrictions of x* away
from the critical point, that is

Q = {Z(x[x|*"};I) |intI # 0}.

A property of pure maps is that they can be parametrized by one real vari-
able. We choose to parametrize the pure maps by their distortion with a
sign and call this parameter s. The sign of s is positive for I to the right of 0
and negative for I to the left of 0. With this convention the graphs of pure
maps will look like Figure 4.1 on the facing page.
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5s>0 s=0

s <0

Figure 4.1: The graphs of a pure map p; for different values of the signed
distortion s.

Remark 4.1.15. Let pus € Q. A calculation shows that

Dist s = |log p15(1) / 1(0) |

and from this it is possible to deduce an expression for y:

(14 (exp{;55}—-1)x)" -1
exp{:27} —1 ’

@1 ps(x) = € [0,1], s #0,

and o = id. We emphasize that the parametrization is chosen so that |s|
equals the distortion of ys. For this reason we call s the signed distortion
of us. Figure 4.1 shows the graphs of y; for different values of s. Equa-
tion (4.1) may at first seem to indicate that there is some sort of singular
behavior at s = 0 but this is not the case; the family s — 5 is smooth.

The next two lemmas are needed in preparation for Proposition 4.2.8.
Lemma 4.1.16. Let ¢ € D? and let I C [0, 1] be an interval. Then
d(Z(9;1), Q) < [I]-d(¢, Q),
where the distance d(-, -) is induced by the C°~nonlinearity norm.
Proof. A calculation shows that

rs(w — 1 S
NPS(’”:M' fs:exp{a_l}—l-
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Let I = [a,b] and let {;(x) = a+ |I| - x. Then

d(Z(¢;1), Q) = inf max |N Z($;1))(x) —N‘us(x)‘

s€R x€[0,1]
- Cr(e—1)
= r1>nf1§£[a>1( 1] - Nep(Z1(x)) 14+ rx
oy
— inf I[-N -
prl-} 4] 7€l e

where p = r/(b — (1 + r)a). Note that 1 + px has a zero in [0,1] if p < —1,
so the infimum is assumed for p > —1. Thus

. _ pla—1)
d(Z(p;1), Q) = |1|- p;nflrggg; Ng¢(x) — T 4px |
Taking the max over x € [0, 1] finishes the proof. O

Lemma 4.1.17. Let ¢ € D3 and let I C [0, 1] be an interval. Then

d(2(g:1), Or) < el min{|1|, [p(I)} - d(¢, Or),
where ¢ = O¢.

Proof. Use Lemma 4.1.16 and a similar argument to that employed in the
proof of Lemma 4.1.12. O

The pure decompositions have some very nice properties which we will
make use of repeatedly.

Proposition 4.1.18. If $ € Qr and ||p|| < oo, then ¢ = O is in D™ and ¢ has
nonpositive Schwarzian derivative.

Remark 4.1.19. Note that ||¢|| < oo is equivalent to Dist$ < oo, since

Dist u = exp {’ /01 Ny(x)dx’},

for pure maps u. Hence the norm bound can be replaced by a distortion
bound and the above proposition still holds.
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Proof. Let i1 be the nonlinearity of a pure map. A computation gives

1k
DYy (x) = {2 w0

Hence, if 17 is bounded then so are all of its derivatives (of course, the bound
depends on k). Thus Proposition 4.1.5 shows that ¢ = O¢ is well-defined
and ¢ € D, for all k > 2 (use Remark 4.1.6).

Finally, every pure map has negative Schwarzian derivative so ¢ must
have nonpositive Schwarzian deriviative, since negative Schwarzian is pre-
served under composition by Lemma A.3.4. O

Notation. We put a bar over objects associated with decompositions to dis-
tinguish them from diffeomorphisms. Hence ¢ denotes a decomposition,
whereas ¢ denotes a diffeomorphism. Similarly, D denotes a set of decom-
positions, whereas D is a set of diffeomorphisms.

Given a decomposition ¢ : T — D, we use the notation ¢ to mean ¢(7)
and we call this the diffeomorphism at time 7. Moreover, when talking
about ¢ we consistently write ¢ to denote the composed map O¢.

We will frequently consider the disjoint union of all decompositions in-
stead of decompositions over some fixed time set T and for this reason we
introduce the notation

T)ZUT)T and Q:UQ_T.
T T

4.2 Renormalization of decomposed maps

In this section we lift the renormalization operator to the space of decom-
posed Lorenz maps (i.e. Lorenz maps whose diffeomorphic parts are re-
placed with decompositions). We prove that renormalization contracts to-
wards the subspace of pure decomposed maps. This will be used in later
sections to compute the derivative of R on its limit set.

Definition 4.2.1. Let T = (Tp, T1) be a pair of time sets, and let Dr denote
the product Dy, x Dr,. The space of decomposed Lorenz maps L1 over T is
the set [0,1]? x (0,1) x Dr together with structure induced from the Banach
space R? x Dr with the max norm of the products.
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Definition 4.2.2. The composition operator induces a map £3. — £ which
(by slight abuse of notation) we will also denote O. Explicitly, if f =
(u,0,¢,¢,9) € L1, then f = Of is defined by f = (u,v,c, 0P, Op).

We will now define the renormalization operator on the space of decom-
posed Lorenz maps. Formally, the definition is identical to the definition of
the renormalization operator on Lorenz maps. To illustrate this, let f = Of
be renormalizable. Then, by Lemma 2.1.11, Rf = (v, 7', ¢/, ¢', ¢'), where

42 J=1QMm)/ul, I =IQW)I/IV < =ILI/[C]
¢ =Z(f*o¢;U)and ¢' = Z(f° o ¢; V). Zoom operators satisfy

Z(goh 1) =Z(gh(I))oZ(h; 1),

SO we can write

¢' = Z(; Q(Us)) 0 Z(Q; Uy) o - - - 0 Z(1p; Q(U) ) 0 Z(Q; Un) © Z(¢p; U),
V' =Z(¢;Q(Vp)) 0 Z(Q; Vy) 0--- 0 Z($; Q(V1)) 0 Z(Q; V1) 0 Z(9; V).

Definition 4.2.3. Define Rf = (v/,7,c,§', '), where ', v/, ¢’ are given
by (4.2) and

¢ =Z(¢;U) ©Z(Q; ) & Z(h; QL)) & - -+ & Z(Q; Ua) & Z(9h; Q(Ua)),
P =Z(H V)8 Z(Q V1) & Z($;Q(V1)) & - B Z(Q Vi) & Z($; Q(Vh)),

where Z(Q; -) is now interpreted as a decomposition over a singleton time
set. See Figure 4.2 on the facing page for an illustration of the action of R.

Definition 4.2.4. The domain of R on decomposed Lorenz maps is con-
tained in the disjoint union £ = | |y Lt over all time sets T. Just as before
we let £, denote all w-renormalizable maps in £; Lz denotes all maps in
L such that R'f € L,,, where @ = (wo, w1, ... );and Lo = Uyen Lo-

Remark 4.2.5. Note that R takes the renormalizable maps of Lt into Ly,
where T’ # T in general. This is the reason why we have to work with the
disjoint union | | L.
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¢ Qo (] Qo P P Q1 ¢
1/\4/\4/\4/\4/\4 A/\A/\A/\l
C B |
L/
v (=
0 0

Figure 4.2: Illustration of the renormalization operator acting on decom-
posed Lorenz maps. First the decompositions are ‘glued” to each other with
Q according to the type of renormalization, here the type is (01,100). Then
the interval C is pulled back, creating the shaded areas in the picture. The
maps following the dashed arrows from U to C and from V to C represent
the new decompositions before rescaling.

Lemma 4.2.6. The composition operator is a semi-conjugacy. That is, the follow-
ing square commutes

UL, — 13

o| lo

ucs —% 2
and O is surjective.

Remark 4.2.7. This lemma shows that we can use the composition operator
to transfer results about decomposed Lorenz maps to Lorenz maps.

Proof. The square commutes by definition so let us focus on the surjectiv-
ity. Fix T € T and define a map Iy : D — Dr by sending ¢ € D to the
decomposition ¢ : T — D defined by

- $, ift=r,
1) =
P(t) {id, otherwise.

Then O o I = id which proves that O is surjective on Dy and hence it is
also surjective on Lr. O
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The main result for the renormalization operator on Lorenz maps was
the existence of the invariant set K for types in the set (2, see Section 3.1.
It should come as no surprise that K and (2 will be central to our discus-
sion on decomposed maps as well. The first result in this direction is the
following.

Proposition 4.2.8. If f € L2 is infinitely renormalizable with @ € ON, if
|pll < Kand ||¢|| < K, and if Of € K N L3, then the decompositions of R" f
are uniformly contracted towards the subset of pure decompositions.

Proof. From the definition of the renormalization operator (and using the
fact that d(Z(Q;I), Q) = 0) we get

d(§', Q) =) d(Z(§; Q(Wy)), Q) +d(Z(p; U), Q).
i=1
Now apply Lemma 4.1.17 to get

atl )
d(¢', Q) < eIy |uild(p, Q) + el | |d(¢, Q).
i=2

From Section 3.1 we get that }_|U;| and }_|V;| may be chosen arbitrarily
small (by choosing the return times sufficiently large). Now make these
sums small compared with max{el?l,el?ll} to see that there exists u < 1
(only depending on K) such that

d(§', Q) +d(¥', Q) < p [d(¢, Q) +d(¥, Q)] -

Our main goal is to understand the limit set of the renormalization op-
erator and the above proposition will be central to this discussion.

Definition 4.2.9. The set of forward limits of R restricted to types in (2 is
defined by
n>1 weOn

Remark 4.2.10. In other words, Aq, consists of all maps f which have a com-
plete past:

f:’R«w,lf*lz f_;lsz,zf—Zr cey ('UZGQ

This also describes how we can associate each f € A with a left infinite
sequence (..., w_n,w_1).
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Proposition 4.2.11. A, is contained in the subset of pure decomposed Lorenz
maps.

Proof. This is a direct consequence of Proposition 4.2.8. O

Since A, is contained in the set of pure decomposed maps we will re-
strict our attention to this subset from now on. This is extremely convenient
since pure decompositions satisfy some very strong properties, see Propo-
sition 4.1.18, and it will allow us to compute the derivative at all points
in Ap in Section 5.1.

Next we would like to lift the invariant set K to the decomposed maps,
but simply taking the preimage O~!(K) will yield a set which is too large!
so we will have to be a bit careful.

Definition 4.2.12. Define
K= {(w,v,c,p,P) | e <1—c< et Dist¢ <, Distp <94, ¢, ¢ € o},
and ) o ) )
Kao={feKnLq| cf(Rf) <1/2< cl_(Rf)}

Note that K is defined analogously to K but with the additional assumption
that the decompositions are pure. The notation used here is the same as that
of Section 3.1.

Proposition 4.2.13. If b~ is sufficiently large, then R(Kq) C K.

Proof. Let f = Of = (u,v,¢,¢, ). Note first of all that Dist$ < § implies
that Dist ¢ < §, since Dist satisfies the subadditivity property

Dist ¢, o y1 < Dist 1 4 Dist 5.

Hence, f automatically satisfies the conditions of Theorem 3.1.5, so all we
need to prove is that Dist¢’ < ¢ and Dist¢’ < 4. This is the reason why
we define K by a distortion bound instead of a norm bound. Note that f
has nonpositive Schwarzian since the decompositions are pure, see Propo-
sition 4.1.18.

! Any preimage under O contains decompositions whose norm is arbitrarily large. As
an example of how things can go wrong, fix K > 0 and consider ¢ : IN — D defined
by ¢ui1 = ¢! and |¢n| = K for every n. Then ¢o, 1 0---0 ¢y = id for every n, but
Llinll = co.
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We will first show that the norm is invariant, then we transfer this in-
variance to the distortion. The reason why we consider the norm first is
because it satisfies the contraction property in Lemma 4.1.12 which makes
it easier to work with.

From the definition of R and Lemma 4.1.12 we get

19"l = 11Z(® H+ZHZ P QMU+ [[2(Q: W) |

i=1

_ _ +1 a
< G- ||+ eI )+ Y2

i=2 i=1

The norm of a pure map is determined by how far away its domain is from
the critical point. More precisely, we have that

a

nguu—a—lzd

i=1

Each term in this sum is bounded by cross-ratio of U; inside [¢,1]. Since
maps with positive Schwarzian contract cross-ratio, since Sf < 0, and since
U; is a pull-back of C under an iterate of f, this cross-ratio is bounded by
the cross-ratio x of C inside [c1 ,1]. Thus, the above sum is bounded by

a(a — 1)x. From the proof of Theorem 3.1.5 we know that y is of the order
¢! for some t > 0. Since a < b~ and b~ ¢! — 0 we see that the above sum
has a uniform bound which tends to zero as b~ — oo.

A similar argument for ¢’ gives

111+ 191l < (Il + 1) exp {11l + 1911} (ILi] + Yo |Vil) +m
= kol +1¢l) +m,

where m = Y||Z(Q; U;)|| + L||Z(Q; Vi)||. The arguments above and the
proof of Theorem 3.1.5 show that we can choose b~ and ¢ so that

m

>
02 11—k
which proves that

Il +1¢l <6 = ¢l + ¢l <o
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The final observation which we use to finish the proof is that if y € Q

then Dist
_ B ] 1St 7y o
Il = -1 (exp { 22T -1},

That is ||| ~ Distvy for pure maps y with small distortion. This allows
us to slightly modify the above invariance argument for the norm so that it
holds for the distortion as well. O







CHAPTER 5

Differentiable structure

This chapter begins with a calculation of the derivative of the renormal-
ization operator on a subset of the pure decomposed Lorenz maps in Sec-
tion 5.1. The derivative restricted to the parameter plane is orientation-
preserving and this turns out to have strong consequences on the geometry
of the domains of renormalization. This is discussed in Section 5.2. After
this the estimates on the norm of the derivative are used to construct an
expanding invariant cone field in Section 5.3. The cone field is then used in
Section 5.4 to construct unstable manifolds at each point in the limit set of
renormalization.

5.1 The derivative

The tangent space of R on the pure decomposed Lorenz maps can be writ-

ten X XY, where X = R2and Y = R x /! x /1. The coordinates on X

correspond to the (u,v) coordinates on Lr. Let (x,y) € X X Y denote the

coordinates on the tangent space and recall that we are using the max norm
on the products. The derivative of R at f is denoted

My M

oy i (M ).

where M : R2 5> R, My : Y - RE M3 :R2 - Yand My : Y — Y are
bounded linear operators.

79
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Remark 5.1.1. The fact that the derivative on the pure decomposed maps can
be written as an infinite matrix is one of the reasons why we restrict our-
selves to the pure decompositions. Deformations of pure decompositions
are also easy to deal with since they are ‘monotone’ in the sense that the
dynamical intervals that define the renormalization move monotonically
under such deformations. This makes it possible to estimate the elements
of the derivative matrix.

Theorem 5.1.2. There exist constants k and K such that if f € K N Lq, then

M > kmin{ul ™, VI -1l M) < KlC]

lx1| | [x2] 1

IMsx] < K <+ , M4l < Kplc] ™,
P\al v P

where p = max{¢’, Dist ¢, Dist P} and b~ is sufficiently large.

Remark 5.1.3. The sets K and K are introduced in Definition 4.2.12 and
(2 is given by Section 3.1 as always. Some results in this section are stated
for K but others are only valid for the subset K. The main difference
between these two sets is that maps in K, have good bounds on u, v and
c for the renormalization due to Proposition 4.2.13, whereas for maps in K
we cannot say much about the renormalization.

Proof. The proof of this theorem is split up into a few propositions that
are in this section. The estimate for M; is given in Corollary 5.1.11. The
estimates for M, and My follow from Propositions 5.1.12 and 5.1.15. Finally,
the estimate for M3 follows from Propositions 5.1.12 and 5.1.13. O

Notation. Let f = (u,v,¢,$, ) and as always use primes to denote the
renormalization Rf = (u/,v/,c,¢’,¢P’'). We introduce special notation for
the diffeomorphic parts of the renormalization before rescaling:

(5.1) D= flog, ¥ =floy,

sothat®: U — C,¥ :V — C,and C = (p,q). Note that p and g are by
definition periodic points of periods a + 1 and b + 1, respectively.

We will use the notation d,t to denote the partial derivative of t with re-
spect to s. In the formulas below we write 0t to mean the partial derivative
of t with respect to any direction.

The notation g(x) < y is used to mean that there exists K < oo not
depending on g such that K~'y < ¢(x) < Ky for all x in the domain of g.
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The 0 operator satisfies the following rules:

Lemma 5.1.4. The following expressions hold whenever they make sense:

62) (0 5)(x) = Af(3(x)) + F (5(x))dg (x),

63) AP (x) = LD )af (),
e

o4 W = 1)

Furthermore, if f(p) = p then

_9f(p) )
(5.5) op =
SNIOE
Remark 5.1.5. The d operator clearly also satisfies the product rule
(5.6) I(f-g)(x) = af (x)g(x) + f(x)ag(x).

This and the chain rule gives the quotient rule

67) 3 /) x) = LS L2

Proof. Equation (5.2) implies the others three. The second equation is an
induction argument and the last two follow from

0=0(x) =0(fof'(x)) =af (f(x)) + f (f(x)a(f(x)),
and
A(p) = a(f(p)) = f(p) + f'(p)ap
Equation (5.2) itself can be proved by writing f:(x) = f(x) +ef(x), g:(x) =
g(x) + e¢(x) and using Taylor expansion:
fe(ge(x)) = fe(g ( ))+€fg(8(x)) (x) +0(e?)
= f(g(x) +e{f(g(x)) + f'(g(x))g(x)} + O(e). O

We now turn to computing the derivative matrix M. The first three rows
of M are given by the following formulas.
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Lemma 5.1.6. The partial derivatives of u’, v' and ¢’ are given by

;_ 9(Qo(c) = Qu(p)) —u'-9 (27 (q) — 21 (p))

ou

ul ’
L (0i(g) ~ Qi) ~ o (¥ () — ¥ (p))
V] '
de—p)—c"-9q—p)
oc' = ,
C|
Proof. Use (4.2), Lemma 5.1.4 and Remark 5.1.5. O

Let us first consider how to use these formulas when deforming in the
u, v or ¢ directions (i.e. the first three columns of M). Almost everything in
these formulas is completely explicit — we have expressions for Qp and Q;
so evaluating for example 9, Qo(c) is routine. In order to evaluate for ex-
ample the term 9,¥'(g) we make use of (5.4) and (5.3). This involves
estimating the sum in (5.3) which can be done with mean value theorem
estimates. The terms dp and dq are evaluated using (5.5) and the fact that
p=PoQou(p)and g = ¥ o Q1(q). There are a few shortcuts to make the
calculations simpler as well, for example 0,® = 0 since ¢ does not contain
Qo which is the only term that depends on u, and so on.

Deforming in the ¢ or i directions (there are countably many such di-
rections) is similar. Here we make use of the fact that the decompositions
are pure and we have an explicit formula (4.1) for pure maps where the
free parameter represents the signed distortion (see Remark 4.1.15), so we
can compute their derivative, partial derivative with respect to distortion
etc. These deformations will affect the partial derivatives of any expression
involving @ or ¥, but all others will not ‘see” these deformations. The cal-
culations involved do not make any particular use of which direction we
deform in, so even though there are countably many directions we essen-
tially only need to perform one calculation for ¢ and another for .

We now turn to computing the partial derivatives of ¢’ and ¢'.

Lemma 5.1.7. Let py = Z(ps; I), where ys, uy € Q and I = [x,y]. Then

' d(Dps)(y) _ 9(Dps)(x)
9s" = Nus(y)oy — Nps(x)dx + Dinly)  Du(x)
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Proof. By definition s = log{Dyus(1)/Dus(0)}. Distortion is invariant un-
der zooming, so this shows that s’ = log{Dus(y)/Dus(x)}. A calculation

gives
d(Dps)(x)
Dps(x)

By definition ¢’ consists of maps of the form Z(ys; I) (as well as finitely
many of the form Z(Q; I) but these can be thought of as lims_ +e Z(is; I)).
Hence the above lemma shows us how to compute the partial derivatives
at each time in ¢’. Note that we implicitly identify R with Q via s — ps.

In order to use the lemma we also need a way to evaluate the terms dx
and dy. One way to do this is to express these in terms of dp and dg which
have already been computed at this stage. If we let T : I — [p, g] denote
the “transfer map’ to C, then p = T(x) and hence (5.2) shows that

dp — 9T (x)
DT(x)

The terms 0T and DT can be bounded by 0@ and D® (or 0¥ and DY) all
of which have already been computed as well.

d(log Dus(x)) = + Nps(x)ox. O

ox =

Proposition 5.1.8. If f € KN L, then

1 (141w _Qp ) _ 1D

M= | ™ u DfI(p) -1 [ul v D

Pl Do) Q) ¢<1 4 1o _1-0()
VI'w D¥(¥1(p)) DF*1(p)=1 V]

o D
uD
where the error term MY is negligible.

Remark 5.1.9. Note that this proposition does not need any assumptions on
the critical values of the renormalization (cf. Theorem 3.1.5). This will be
important later on when we discuss the structure of the parameter plane.
Also note that the M; part of the derivative matrix has nothing to do with
decompositions so it is stated for nondecomposed Lorenz maps.

Proof. We begin by computing dp and dg. Use @ o Qo(p) = p, ¥ 0 Q1(q) =
g, and (5.5) to get

Do 20,Q o, Y
68 == (%1())) 1( L =—be+(%)@)'
_ _ 9%®P(Qu(p)) __ D¥(Q1(9))9,Qi1(q)
(5.9  dp= fa+1(0) ) 9 = — belﬂ(q) Qi)
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Here we have used that 9,® = 0 and 9,¥ = 0.

Next, let us estimate 9,¥. Let x € V and let x; = f’ o ¢(x). From (5.3)
we get

-1
0¥ (x) =0y (f’ o) (x) = duf (xp-1) + ; Df* 7 (x;)9uf (xi-1),

where 9, f(x) = ¢'(Qo(x))Qo(x)/u. Note that 9, f(x;_1) < e¥x;/u. In
order to bound the sum we divide the estimate into two parts. Let n < b
be the smallest integer such that Df(x;) <1 for all i > n. In the part where
i < n we estimate

be_i(xl-)xi = Df”_i(xi)be_”(xn)xi < K1%Df(xb,1)xi < K2€1_1/lx.
1
Here we have used the mean value theorem to find ¢; < x; such that

Df"" (&) = x4/x; and Df""(x;) < KyDf"7I(&;), since ¢ has very small
distortion. In the part where i > n we estimate

Df*(xi)x; < Df (xp1) < Ke'71/%,
Summing over the two parts gives us the estimate
b-1
Y DY (xi)0uf (xim1) < K(b—1)e' V%,
i=1
Hence
(5.10) ¥ (x) = 0uf (f ogp(x)) +O(be V%) ~ 1.

We will now estimate d,®. Let x € U and let x; = f% o ¢(x). Similarly
to the above, we have

0@ (x) = 9o f (x5-1) + uz;j Df*!(x;)00f (xi-1),

where 9, f(x) = —¢'(Q1(x))(1 — Qi(x))/v. By the mean value theorem
there exists & € [x;,1] such that Df* (&) = (1 — x,)/(1 — x;), since
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f*i(x;) = x,. From Lemma 3.1.10 it follows that Df*~(x;) < Df* 7 (§).
Putting all of this together we get that the sum above is proportional to

a—1
; Dff (&) (1 —xi) = (a—1)(1 - xa).

Thus
(5.11) 9, D(x) < —ae,

since x, € Cand hence 1 — x, = e+ O(|C|) x &.

We now have all the ingredients we need to compute M;. Lemma 5.1.6
shows that

[U|9,u" = 3,Qo(c) —9uQo(p) — Qo(p)Iup
—u' (DO (9)2ug — DO (p)aup)

Here we have used 9,® = 0. Now use (5.8) to get

/ _ Df**1(p) - _ 3uQo(p)
Qo(p)oup = —auQO(WWI DO (p)aup = _DfﬂTop)—l'
Thus
(1—u")0,Qo(p) w'0,¥(Qi1(q))

(5.12)  |U|9uu’ =1+

+ .
Dft+i(p) =1~ DO(@~(q))(Df*'(q) — 1)
The last term is much smaller than one because of (5.10) and since |D®| >
1 (and also Df'*1(q) ~ a/€e > w).
From Lemma 5.1.6 we get
[V19,0" = 9,Q1(q) + Q1(9)90q — 9.Q1(c)

— o/ (DY~ (9)3.0 — DY (p)2p)
Here we have used d,¥ = 0. Now use (5.9) to get

_0Qu@DfNG) gy o %Qi()

Q1 (q)9vq = Dft+i(g)—1 ° T DftHl(g) -1
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Thus

(1-9)0,Q1(q) v'9,®(Qo(p))
Dftti(q) =1  D¥(¥~'(p))(Df+(p) = 1)

The last term is much smaller than one by (5.11) and since |D¥| > 1 (and
also Df*l(p) =~ a/c > ).
From Lemma 5.1.6 we get

(.13)  |V|oer' =1—

[Ufouu’ = =Qp(p)dup — u' (307 (q) + DO (9)3uq
—0,® !(p) — D@‘l(zﬂ)avr))-

Let us prove that that the dominating term is the one with d,4. From (5.9)
we get
9y = —2Q(9) _Df"(g)
Qi(q) Df*+'(q) -1

which diverges as b~ — oo, since |R|/¢ — 0 and hence Q/(q) — 0 (by
Proposition 3.1.13). From (5.9) and (5.11) we get that d,p — 0, which shows
that the last term is dominated by the term with d,9. Now, 9,® !(x) =
—0,®(x)/D®(x), which combined with (5.11) shows that the term with
d,q dominates the two terms with d,®~!. Furthermore

_3.®(Qo(p)) Df*"'(p)
D®(Qo(p)) Df*+1(p) =1

which combined with (5.11) shows that the term with d,q dominates the
above term. Thus

Qo(p)oop =

DY(¥'(q) 9.Qi(q)
D (®-1(q)) Dft+1(q) —1

where the error term e is tiny compared with the other term on the right-
hand side.
From Lemma 5.1.6 we get

(5.14) |U|o,u’ = u' +e,

VIuo' = Qi(9)3uq — o/ (3.7 (g) + D¥ ' (9)2ug

—0,¥ (p) - D‘P‘l(P)auP)
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Let us prove that that the dominating term is the one with d,p. From (5.8)
we get

_auQO(p) ng+1(P)

Qy(p) Df**H(p) =1

which diverges as b~ — oo, since |L|/c¢ — 0 and hence Q;(p) — 0. From
(5.8) and (5.10) we get that d,q is bounded and hence the d,p term domi-
nates the second term involving 9,,9. Now, 9,¥ ~!(x) = —0,¥(y)/D¥(y),
y = ¥~ !(x), which combined with (5.10) shows that the 9, p term domi-
nates the two terms involving 9, ~!. Furthermore

_%¥(Qilg) Df"g)
D¥(Q1(q)) Dft*1(q) — 1

which combined with (5.10) shows that the d,,p term dominates the above
term. Thus

oup =

Qi (Q)auq =

,DO(@ 1 (p))  3.Qo(p) e
DY¥Y(¥-'(p)) Df*i(p)—1

where the error term e is tiny compared with the other term on the right-
hand side. O

(5.15) |V|9,0' = —v

Corollary 5.1.10. If f € KN L, then det My > 0 for b~ large enough.

Proof. Let
_ Do(@7(p)) DY (¥'(q))
Do (e~1(q)) D¥ (¥ (p))
From Lemma 3.1.10 and Proposition 3.1.13 we know that the distortion of
@ and Y tend to zeroas b~ — co. Hence t — 1.
From Proposition 5.1.8 we get

u'v/ Q(p)(1 - Q(q))
U||V|detM; >1—t .
uo (Df+(p) —1)(DfP+1(q) — 1)
Note that Df**1(p) ~ a/c’ and Df?*1(q) ~ a/e. If u/,o' > 1/2, then
¢’ < 1by Theorem 3.1.5 and so det M; > 0. If not, then we can estimate
t c'e t 1

U||V|detM; > 1— —— l— e >0,
[U||V|det My > 2uo(a—c)(a—¢)  2uvd(a—1/22

since 1 and v are close to one and t can be assumed to be close to one by
the above. 0
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Corollary 5.1.11. There exists k > 0 such that if f is as above, then

IMyx]| > k-min{ || [V} lx].

a _ b

u v
M= (W),

[u] 4

(Here we have used that the distortion of @ and ¥ are small, so D®/DV¥ =
|V|/|U|.) Then

Proof. Write M; as

M = (ad — be)™? (d|u| b|U]> :

[Vl alV|
We are using the max-norm, hence
M| = (ad — be) ™! - max{ (b + d)|U], (c +a)|V]}.

It can be checked that (b +d)/(ad — bc) and (a + ¢)/(ad — bc) are bounded
by some K. Let k = 1/K to finish the proof. O

Proposition 5.1.12. If f € K N L, then
o' < —|C|7Y, o < |C|I7Y, o =< —c¢|C| Y,
o, = U™, 9, =< —c€|V| L
Proof. A straightforward calculation shows that

90Qo(x) _ x4 9Qi(y) = 1-x

Q)(x) ¢ Q(x) 1—c
This together with @ o Qo(p) = p, ¥ © Q1(q) = ¢, (5.1) and (5.5) gives

5 _ EDF(p) — 0 @(Qu(p)) o D) — 0¥ (Qi(9))
P = Dfa-i—l(p) -1 ’ ] = be+1(q) 1

From (5.3) and (5.16) we get

(5.16)

accb(x)Z—EEDf”‘f<xi>-<1—xi>, xi=flop(x), xel,

b—1
o.¥(x) = —% ) D7 (x;) - x;, xi=flop(x), x€V.
i=0
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Using a similar argument as in the proof of Proposition 5.1.8 this shows
that
Bc@(X) = —a and ac‘f’(x) — —O(bgl’l/"‘),

and hence d.p < 1 and 9.q < 1.
Now apply Lemma 5.1.6 using the fact that ®~1(p) = Qo(p) to get

\Ujocu’ = —(1—u")9c(Qo(p)) — u’ac(cb_l(q)).

A calculation gives

_ Df""Hp) (£ = 9:2(Qu(p))) _ 1
Do(Qo(p)) (Df*+1(p) —1) = DP(Qo(p))

ac (QO(p))
and
acq — ac@(®7l(q)) _ 1
Do(@~(q))  DP(e7'(g))
(In particular, both terms have the same sign.) But D®(x) =< |C|/|U]|, so

this gives d.u’ < —|C|~!. The proof that 9.0’ =< |C|~! is almost identical.
From Lemma 5.1.6 we get

|IClocc’ = (1 —9.9) +€(1—09:p),

(P (q) =

and hence
o D) —elC 71— 0:¥(Qi(q)))
T Dft+1(q) -1
L €D (p) =l (1 = 9:P(Qu(p)))
c Df*i(p) —1

_ d(1=0:F(Qi(9)  €(1—09:2(Qu(p)))
ICI(DfP*(q) =1)  [C(Df**'(p) —1)
Now use Df'*1(q) ~ a/¢' and Df*"1(p) ~ a/c’ to get d.c' < —c'¢'|C|~L.
(Note that 0.®(x) < 0and 9, F(x) < 0.)
Apply Lemma 5.1.6 to get

|C|auc/ — _C/auq - slaup.

+0O(c'e /¢).

This and the proof of Proposition 5.1.8 shows that

gc — C(DF(p) = 1)2u¥ (Qu(q)) + ¢ (Df*"(g) — 1) DE(Qo(p))3uo(p).

CI(Df**(p) = 1) (Df***(q) —1)
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Since ¢/ (Df*(p) — 1) < a — ¢, ¢(Df**1(q) — 1) < a — €, |0,¥| < |DP|,
and 9,Qo(p) =~ 1, this shows that

D®(Qo(p)) _ c'¢
0y =< —— =100 = |
C| uj

The proof that d,¢’ < —c’¢’|V|~! is almost identical. O

Notation. We need some new notation to state the remaining propositions.
Each pure map ¢, in the decomposition ¢ can be identified with a real
number which we denote s, € R, and each ¢ in the decomposition ¢ can
be identified with a real number ¢; € R:

R 35, ¢ ¢ =P(0) € Q, R > tr <> ¢ = P(7) € Q.

We put primes on these numbers to denote that they come from the renor-
malization, so s/, € R is identified with ¢'(¢’) and #/, € R is identified
with ¢’(7'). Note that ¢, ¢’ are used to denote times for ¢, ¢’, and 7, T/ are
used to denote times for ¢, ¢, respectively.

Proposition 5.1.13. There exists K such that if f € K N L, then

/ / !
9usl,| < KISl 195t | < KISl 8us, | < k2l
7T Ul v 71T C|

! ! !
0t | < kel 0ot < kel 0| < kil
|uj V] C|

Proof. We will compute dys/,; the other calculations are almost identical.
There are four cases to consider depending on which time in the decom-
position ¢’ we are looking at: (1) ¢'(¢') = Z(¢s; 1), (2) ¢'(¢') = Z(y; 1),
3)¢'(¢') = Z(Qo; 1), (4) ¢'(¢') = Z(Q1;I). In each case let I = [x,y] and
let T : I — C be the ‘transfer map’ to C. This means that T = f’ o v for
some i and 1 is a partial composition (e.g. v = O>,(¢) in case 1) or a pure
map (in cases 3 and 4).
In case 1 Lemma 5.1.7 gives

, _ N¢o(y) N¢o ()
avsa’ - DT(]/) (avq_avT(y)) - DT(JC) (avp—aUT(x))'

By Lemma A.2.16 N¢,(y) = N¢/,(1)/|I| and hence

Ngo(y) _ N/ _ s
DT(y) ~ I/l I
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Here we have used that the nonlinearity of ¢!, does not change sign so

si, = [ N¢/, and that [ N¢/, ~ N¢!,(1) since the nonlinearity is close to
being constant (which is true since ¢’ is pure and has very small norm).

We now need to estimate 9, T but this can very roughly be bounded by

0, P since .
0T (y) = dufi(v(v)),

so the estimate that was used for d,® in the proof of Proposition 5.1.8 can
be employed. From the same proof we thus get that d,4 dominates both
dyp and 0, T.

The above arguments show that

o e DHQUD) s 1
1T~ TICIDf*(g) 1~ V[ D () — 1

/
005, =<

This concludes the calculations for case 1.
Case 2 is almost identical to case 1. Case 4 differs in that Lemma 5.1.7
now gives two extra terms

ausy = NAW 0 o 1(y)) - NAW 5o, 1))

DT(y) DT(x)
20 20i(x)
Qi) Qi (x)
However, 0,01 = 1/v so the last two terms cancel. The rest of the calcula-
tions go exactly like in case 1. Case 3 is similar to case 4. O

Remark 5.1.14. A key point in the above proof is that deformations in a
decomposition direction is monotone. This is what allowed us to estimate
the partial derivatives of the ‘transfer map’ T by the partial derivatives of
QorY.

Proposition 5.1.15. There exists K and p > 0 such that if f € K N Lq, then

Kef Kef Kc'e'e
'] < |§| R e Téf,
KeP|s!, KeP|t!,|
0,80 | < -, |0,th | < T,
v C] . C|

for x € {sg, t¢}.
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Proof. Let us first consider o;,, that is deformations in the direction of ¢,.
Since ¢, is pure we can use (4.1) to compute

(5.17) ds, P (x) < —x(1 — x).
From (5.5) we get
95,2 (Qo(p)) 9, ¥ (Q1(9))
b =Dy 1 4 %=y 1

so the first thing to do is to calculate the partial derivatives of @ and ¥.
Let x € U, then

95, P(x) = 05, (fiZ 0 O>¢(P) 0 po o0 O<,7(q_>)) (x)
= D(ff © O>¢7(4_’)) (OSU(‘f_’)(x)) 'asa¢0(o<a(4_’)(x))-

Note that we have used that f; does not depend on s,. From (5.17) we thus
get that

(5.18) |95, P(x)] < K'-D®(x)(1—x) < Ke.

Let x € V and let x; = f o 1(x). As in the proof of Proposition 5.1.8 we
have

asg ( )—asng(xb 1 +ZD xz)asng(xl l)
i=1

From (5.17) we get

195, fo(xi-1)| = [D(O=0($)) (O<o (@) © Qo(xi-1)) - 35, (O<o (@) © Qo(xi-1)) |
< K|x.

Using the same estimate as in the proof of Proposition 5.1.8 this shows that

(5.19) 195, ¥ (x)| < K'(1—x3) + O(be!"1/%) = O(be ~1/%).

We can now argue as in the proof of Proposition 5.1.8 to find bounds on
9s,* for x € {u/,v',c'}. From Lemma 5.1.6 we get

o 1w 9, 2Q(p)  Df(p) | w 9,P(P1(9) ~9sq
v |ul  De(Q(p)) Df**Y(p)—1 [U] Do(d-1(q)

,_1-0 3,¥(Q(q) DfNe) | v 3¥(¥(p) - 0p

%¥ = [ D¥(QW) D) -1 V] D¥(¥i(p)
s 0, F(Qi(q) L, 95,2(Qo(p))
asg _CW—'_SW



5.2. Archipelagos in the parameter plane 93

Use that D¢ < |C|/|U|, D¥ < |C|/|V|, Df**1(p) < a/c’ and Df'*1(q) <
a/¢€ to finish the estimates for ds, 1/, 05,0’ and 05, ¢’. Note that be" — 0 for
any r > 0 so it is clear from (5.18) and (5.19) that we can find a p > 0 such
that [0, @| < Ke? and |05, ¥ | < KeF.

In order to find bounds for x € {s/,,t’,} we argue as in the proof of
Proposition 5.1.13. The last two terms from Lemma 5.1.7 are slightly differ-
ent (when nonzero). In this case they are given by

asa(D(Pa)(y) BSH(Dcpg)(x).

D¢s(y) Déo(x)

Using (5.17) we can calculate this difference. For |s;| < 1itis close toy — x
which turns out to be negligible. All other details are exactly like the proof
of Proposition 5.1.13.

The estimates for d;, are handled similarly. The only difference is the
estimates of the partial derivatives of @ and ¥. These can be determined
by arguing as in the above and the proof of Proposition 5.1.8 which results
in

(5.20) 0:, @(x)| < Ke'"V% and |0:, ¥ (y)| < Kae,

for x € U and y € V. The remaining estimates are handled identically to
the above. [

5.2 Archipelagos in the parameter plane

The term archipelago was introduced by Martens and de Melo (2001) to de-
scribe the structure of the domains of renormalizability in the parameter
plane for families of Lorenz maps. In this section we show how the infor-
mation we have on the derivative of the renormalization operator can be
used to prove that the structure of archipelagos must be very rigid.

Fix c., ¢, ¥, and let F : [0,1]> — L denote the associated family of
Lorenz maps

(u,0) = A= Fy = (4,0, C, s, s).
We will assume that: (i) S¢. < 0and Sy, < 0, (ii) Dist ¢. < § and Dist ¢, <

5, and (iii) e~ < 1 — ¢, < e'. These conditions ensure that F, € K. The
notation (2, K, §, e~ and e is introduced in Section 3.1.
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Definition 5.2.1. An archipelago A, C [0,1]? of type w €  is the set of
A such that F, is w-renormalizable. An island of A, is the interior of a
connected component of A,,.

For the family A — F, we have the following very strong structure theo-
rem for archipelagos (this should be contrasted with Martens and de Melo,
2001). Note that c., ¢, and 9, are arbitrary, so the results in this section
holds for any family which satisfies conditions (i) to (iii) above.

Theorem 5.2.2. For every w € (2 there exists a unique island I such that the
archipelago A, equals the closure of 1. Furthermore, I is diffeomorphic to a square.

Remark 5.2.3. This theorem shows that the structure of A, is very rigid.
Note that the structure of archipelagos is much more complicated in gen-
eral. There may be multiple islands, islands need not be square, there may
be isolated points, etc.

Corollary 5.2.4. For every @ € QN there exists a unique A such that Fy has
combinatorial type . The set of all such A is a Cantor set.

Proof. By Theorem 5.2.2 there exists a unique sequence of nested squares!

Ihb>DLHhDLD---

such that A € I implies that F) is renormalizable of type (wy, . .., w_1). We
contend that the relative diameter of I;,; inside I; is uniformly bounded
(from above and from below). Otherwise the a priori bounds would give
us a subsequence {Ay;) € Iy} such that ’Rk(j)F/\k(j) converges (in £°) to a
renormalizable Lorenz map with a critical value on the boundary. This is a
contradiction since a map cannot be renormalizable if it has critical values
in the boundary. We conclude that the intersection NI is a point.

The bound on the relative diameters is uniform in both w and F, since
(2 is finite and K is relatively compact. It now follows from a standard
argument that the union of the above intersections over all combinatorial
types in QN is a Cantor set. O

The family F) is monotone, by which we mean that u + F, ) (x) is
strictly increasing for x € (0, ¢x), and v > F, () is strictly decreasing for
x € (c4,1). As a consequence, if we let

Ml ={xy) | x>uy <o} and M, ={(xy)|x<wuy=v}

1By a square we mean any set diffeomorphic to the unit square.
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then
peM] = F,(x)>F\(x) and peM; = F,(x) <F\(x),

forall x € (0,1) \ {c}. In other words, deformations in M; moves both
branches up, deformations in M,” moves both branches down. This simple
observation is key to analyzing the structure of archipelagos.

Definition 5.2.5. Let 7t : R® — RR? be the projection which takes the rect-
angle [c,1] x [1 —¢,1] x {c} onto S = [1/2,1]?

- 1—x 1—-vy
s (%, €) = (1_ =0 a >

and let H be the map which takes (1,v, ¢, ¢, ) to the height of its branches
(c is kept around because 775 needs it)

H(u,v,c,¢, ) = (¢(u),1—9(1—-0),c).
Now define R : A, — S by

R()\) = Tlg © Ho R(F/\)

Remark 5.2.6. The action of R can be understood by looking at Figure 5.1
on the next page. The boundary of an island I is mapped into the bound-
ary of the wedge W by the map H o R. The four boundary pieces of the
wedge correspond to when the renormalization has at least one full or triv-
ial branch. Note that the image of dI in W will not in general lie in a
plane, instead it will be bent around somewhat. For this reason we project
down to the square S via the projection 7tg. This gives us the final opera-
torR: A, — S.

Proposition 5.2.7. Let I C A, be an island. Then R is an orientation-preserving
diffeomorphism that takes the closure of I onto S.

Remark 5.2.8. This already shows that the structure of archipelagos is very
rigid. First of all every island is full, but there are also exactly one of each
type of extremal points, and exactly one of each type of vertex. In other
words, there are no degenerate islands of any type! Extremal points and
vertices are defined in Martens and de Melo (2001), see also the caption of
Figure 5.2 on page 97.
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HoRoG

Figure 5.1: Illustration of the action of R on the family F),. The dark
gray island is mapped onto a set which is wrapped around the wedge W.
That is, the boundary of the island is mapped into the boundary of W
with nonzero degree. Note that in this illustration we project the image
of R to R? via the map H. The maps H and G convert between criti-
cal values (cj,¢;) and (u,v)-parameters. Explicitly G(c;,1 — ¢}, c.) =

(951 (c ), L=t (e ), cos s ).

Proof. By definition R maps I into S and 9! into dS. We claim that DR, is
orientation-preserving for every A € cl 1.2 Assume that the claim holds (we
will prove this soon).

We contend that R maps clI onto S. If not, then R(9I) must be strictly
contained in 95, since the boundaries are homeomorphic to the circle and
R is continuous. But then DR, must be singular for some A € dI which
contradicts the claim.

Hence R : clI — S maps a simply connected domain onto a simply
connected domain, and DR is a local isomorphism. Thus R is in fact a
diffeomorphism.

We now prove the claim. A computation gives

prs(rye = (PP 0L )

2The notation DR, is used to denote the derivative of R at the point A.
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(1,1)
] A3
RF)\B : \
:)\ 2 ‘_/,R’P?\Z
A"
RF/\4 :
P RE,
: L
e ]

(@ (ea), 1= 91 ()

Figure 5.2: Illustration of a full island for the family F,. The boundary cor-
responds to when at least one branch of the renormalization RF) is either
full or trivial. The top right and bottom left corners are extremal points; the
top left and bottom right corners are vertices.

and
¢'(u) 0

DHupeppy =1 0 ¢'(1-0)
* *

The top-left 2 x 2 matrix is orientation-preserving in both cases and the
same is true for DR by Corollary 5.1.10. Thus DR is orientation-preserving.
O

Lemma 5.2.9. Assume f"(c;) = ¢ = f"(c]") for some m,n > 0. Let (I,c)
and (c,r) be branches of f™ and f", respectively. Then f™(1) < land f"(r) > r.
In particular, f is renormalizable to a map with trivial branches.

Proof. In order to reach a contradiction we assume that f”(I) > I. Then
f™(1) 1 x for some point x € (I,c] asi — oo, since f™(c;) = c. Since
is the left endpoint of a branch there exists t such that f/(I) = cf . Hence
f™t(c{) = I so the orbit of ¢]” contains the orbit of I. But the orbit of ¢,
was periodic by assumption which contradicts (1) 1 x. Hence f™ (1) < I.

Now repeat this argument for r to complete the proof. O
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Definition 5.2.10. Define

,yt;lV {/\ E 2 ‘ Fa—H( ) = Cx and F/\( ) > C*/ — IZ},
’)/trlv_{/\6 2’Fb+l( )_C*andFA( )<C*;Z—1 b}

(The notation here is g(c; ) = limyy., g(x) and g(c;) = lim, ., g(x).)

Lemma 5.2.11. The set <y, is the image of a curve v — (g(v),v). The map g is
differentiable and takes [1 — ;1 (c), 1] into [p; (cs), 1).

Similarly, ., is the image of a curve u — (u, h(u)) where h is differentiable
and takes [¢p; 1 (c.), 1] into [1 — ;1 (cx), 1).

Proof. Define

g(v) =¢. o (P, 0Q1) "(cx) and h(u) =11, o (¢.0Qo) (cs).

Note that Q; depends on v and Qg depends on u so g and h are well-defined
maps. It can now be checked that these maps define 7y, and 7., . O

Lemma 5.2.12. Assume that vy crosses v, and let A € v, N7, Then
the crossing is transversal and there exists p > 0 such that if r < p, then the
complement of 7y, U 7., inside the ball B,(A) consists of four components and
exactly one of these components is contained in the archipelago Ay, .

Proof. To begin with assume that the crossing is transversal so that the com-
plement of 7y, U7, in B;(A) automatically consists of four components
for r small enough. Note that 1y, ;, U, does notintersect M; UM, \ {A}.
Hence, precisely one component will have a boundary point y € 7, ;, such
that .l intersects M} Denote this component by N. Note that if we move
from p inside N N M; then the left critical value of the return map moves
above the diagonal. If we move in N N M, from a point in 7Y, then the
right critical value of the return map moves below the diagonal.

By Lemma 5.2.9 F, is renormalizable and moreover the periodic points
pa and g, that define the return interval of F) are hyperbolic repelling by
the minimum principle. Hence, if we deform F, into N it will still be renor-
malizable since N consists of u such that F;}H(c_) is above the diagonal
and Fﬁ“(c*) is below the diagonal. By choosing r small enough all of N
will be contained in A, .

Note that if we deform into any other component (other than N) then at
least one of the critical values of the return map will be on the wrong side
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Figure 5.3: Illustration of the proof of Theorem 5.2.2. Both A and y must be
in the boundary of islands, which lie inside the shaded areas. These two
islands have opposite orientation which is impossible.

of the diagonal and hence the corresponding map is not renormalizable.
Thus only the component N intersects A,,.

Now assume that the crossing is not transversal. Then we may pick
A in the intersection ... N 7., so that it is on the boundary of an island
(by the above argument). But then A must be at a transversal intersection
since islands are square by Proposition 5.2.7 and the curves 7, and 7,
are differentiable. Hence every crossing is transversal. O

Proof of Theorem 5.2.2. From Proposition 5.2.7 we know that every island
must contain an extremal point which renormalizes to a map with only
trivial branches, and hence every island must be adjacent to a crossing be-
tween the curves 7, and .. . We claim that there can be only one such
crossing and hence uniqueness of islands follows. Note that there is always
at least one island by Proposition 3.3.6.

By Lemma 5.2.11 v,,,, and 7, terminate in the upper and right bound-
ary of [0,1]?, respectively. Let A be the crossing nearest the points of termi-
nation in these boundaries. Let E be the component in the complement of
Yeriw U Vi, in [0, 1]? that contains the point (1,1). The geometrical configu-
ration of 7y, and <, is such that E must contain the piece of A, adjacent
to A as in Lemma 5.2.12. To see this use the fact that deformations in the
cones M moves both branches of F up.
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In order to reach a contradiction assume that there exists another cross-
ing u between 7, and 7. (see Figure 5.3 on the previous page). By
Lemma 5.2.12 there is an island attached to this crossing but the config-
uration of v, and 7,5, at y is such that this island is oriented opposite to
the island inside E. But R is orientation-preserving so both islands must be
oriented the same way and hence we reach a contradiction. The conclusion
is that there can be no more than one crossing between 7, and 'ytfiv as
claimed.

Finally, the entire archipelago equals the closure of the island since the
derivative of R is nonsingular at every point in the archipelago. Hence
every point in the archipelago must either be contained in an island or on
the boundary of an island. O

5.3 Invariant cone field

A standard way of showing hyperbolicity of a linear map is to find an in-
variant cone field with expansion inside the cones and contraction in the
complement of the cones. In this section we show that the derivative of the
renormalization operator has an invariant cone field and that it expands
these cones. However, our estimates on the derivative are not sufficient to
prove contraction in the complement of the cones so we cannot conclude
that the derivative is hyperbolic. The results in this section are used in Sec-
tion 5.4 to construct unstable manifolds in the limit set of renormalization.
Let

H(f,x) ={(xy) | lyl <xllx|I}

denote the standard horizontal x—cone on the tangent space at f € Kq,
where

Ka={feKknLao|c(Rf)<1/2<c (Rf)}.

As always, K and (2 are the same as in Section 3.1. Recall that we decom-
pose the tangent space into a two-dimensional subspace with coordinate
x and a codimension two subspace with coordinate y. The x—coordinate
corresponds to the (u,v)-subspace in K. We use the max-norm so if
z = (x,y) then ||z|| = max{|[x[|, [[y|[}.

Proposition 5.3.1. Assume f € Kq and define

k~(f) = K~ max{e¢, Dist$, Distpp} and x*(f) :K+min{ }
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It is possible to choose K+, K~ (not depending on f) such that if k < k™ (f), then
DR;(H(f,x)) € H(Rf,x" (Rf).
In particular, the cone field f — H(f, 1) is mapped strictly into itself by DR.

Remark 5.3.2. Note that as b~ increases, k= | 0 and k™ 1 co. Thus a fatter
and fatter cone is mapped into a thinner and thinner cone. In particular,
the invariant subspaces inside the thin cone and the complement of the fat
cone eventually line up with the coordinate axes.

Proof. Assume |ly|| < «||x||. Letz’ = Mz where z’ = (x/,y') and z = (x,y).
Then

%] Ml — (Ml ] Mg = x|

1yl = IMax[| + IMall[[yll — [[Mapll 4[| M|

We are interested in a lower bound on ||x'|| /||y || so this shows that we need
to minimize
_ IMayx| — x| Myl

| Max]| + x| M| *

g(x)

subject to the constraint ||x|| = max{|x1|, |x2|} = 1.
By Proposition 5.1.8, asymptotically

X1 & xy
il afV|

X1 X2
+ =
(a=D1)juf ||

7

||M1x|| = max {

Here we have used that f € Ko and hence 1 — 4/ < 1,1-79 < 1,
Df**(p) < a, Df'*1(q) < a/€¢/,and D®(x)/DY¥(y) < |V|/|U| for x € U,

yeV.
Let o’ = max{¢/, Dist¢’, Dist ¢’ }. By Theorem 5.1.2

Alx| BIXZ!)
+ /
iup v

|Max| < o (

so we are lead to minimize

7

1 't
max a7
{‘ [uj alV]

gi(t) = ” (

1
o ﬁ‘} — || Ma|
o+ Bl M /)




102 Chapter 5. Differentiable structure

(corresponding to x; = £1) and

t / t 1
max {| iy = w1 | | iy — |} — <llMel

o (a5 + B + xllMall /")

7

(corresponding to x, = +1) over t € [0,1]. Note that we have to assume
that a(a — 1) > ¢’ here or the numerators might be zero (we can assure that
this is the case by increasing b~ if necessary). These maps are piecewise
monotone so the minimum is assumed on a boundary point. The points
t =0,t =1 are boundary points of both g; and g». Let

V] 2—a vVl w o

ty = 1 - : d H=1-- - .
T U a1 a—e M T w1 are

If & < 2, then fy is a boundary point of g if tp < 1, otherwise t;' is a
boundary point of g,. For « > 1, if t; < 1 then t; is a boundary point of g,
else t; ! is a boundary point of g,.

It is now routine to check the values of g; in these boundary points.
Instead of writing down all the calculations, let us just do one:

2:(0) = V™! — x| My L 1-xK|VI/C]
o' (BIVI=t + (M| /0") — p" (B+xKe|V]/[C])

Hence, if for example x < |C|/(2K|V|), then ¢»(0) > (o’ (2B + K4/K3)) L.
The other boundary points will lead to similar conclusions, but perhaps
with |U|/|C| instead of |V|/|C| dictating the choice of k. Now define K™
as the smallest constant in the bound on x and define K~ as the largest

constant next to p’ that comes out of the evaluations at the boundary points.
Ul

Proposition 5.3.3. Let f € K. Then DR is strongly expanding on the cone
field f — H(f,1). Specifically, there exists k > 0 (not depending on f) such that

IDRzl| > k- min{|U|™ [V} Jlzll, vz € H(f,1)\ {0}
Proof. Use Corollary 5.1.11 to get
IMz]| > [[Myx + Moy|| > [k min{[u] ™, [V]71} — [ M| - || x].

Now use the fact that ||z|| = ||x|| for z € H(f, 1) to finish the proof. O
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5.4 Unstable manifolds

The norm used on the tangent space does not give good enough estimates
to see a contracting subspace so we cannot quite prove that the limit set
of R is hyperbolic. However, these estimates did give an expanding invari-
ant cone field and in this section we will show how this gives us unstable
manifolds at each point of the limit set.

Instead of trying to appeal to the stable and unstable manifold theorem
for dominated splittings to get local unstable manifolds we directly con-
struct global unstable manifolds by using all the information we have about
the renormalization operator and its derivative. This is done by defining a
graph transform and showing that it contracts some suitable metric simi-
larly to the Hadamard proof of the stable and unstable manifold theorem.
We are only able to show that the resulting graphs are C! since we do not
have hyperbolicity. Our proof is an adaptation of the proof of Theorem 6.2.8
in Katok and Hasselblatt (1995).

Definition 5.4.1. Let A be as in Definition 4.2.9 and define the limit set of
renormalization for types in (2 by

Remark 5.4.2. Here L~ denotes the set of infinitely renormalizable maps
with combinatorial type in QN and A, can intuitively be thought of as the
attractor for R. The set (2 is the same as in Section 3.1, as always.
Note that
Aq C 0,112 x (0,1) x @2,

where Q denotes the set of pure decompositions, see Definition 4.1.14.

Theorem 5.4.3. For every f = (u,v,¢,,P) € A there exists a unique global

unstable manifold W*" (f). The unstable manifold is a graph
W) ={(xe(W) [A e},

where 0 : 1 — (0,1) x Q x Q is xk—Lipschitz for some x < 1 (not depending
on f). The domain I is essentially given by

7 (R(Lw) N ([0,1]2 x {c} x {¢} x {$})),

where 7T is the projection onto the (u,v)—plane, and w is defined by f being in the
image R(L,,). Additionally, W" is C*.
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Remark 5.4.4. Note that in stark contrast to the situation in the ‘regular” sta-
ble and unstable manifold theorem we get global unstable manifolds which
are graphs and that these are almost completely straight due to the Lipschitz
constant being very small. The statement about the domain I is basically
that I is “as large as possible.” This will be elaborated on in the proof.

Another thing to note is that we cannot say anything about the unique-
ness of f € Aq for a given combinatorics. That is, given

@= (..., w_1,wp,wi,...)

we cannot prove that there exists a unique f € A, realizing this combina-
torics. Instead we see a foliation of the set of maps with type @ by unstable
manifolds. If we had a hyperbolic structure on Ap, this problem would go
away.

Corollary 5.4.5. Let f € A and let @ € QN. Then W (f) intersects the set of
infinitely renormalizable maps of combinatorial type @ in a unique point, and the
union of all such points over @ € ON is a Cantor set.

Proof. Theorem 5.4.3 shows that the unstable manifolds are straight (see
the above remark) and hence Lemma 5.4.6 enables us to apply the same
arguments as in Corollary 5.2.4. O

Lemma 5.4.6. There exists x close to 1 such that if v : [0,1]> — (0,1) x Q2 is
k—Lipschitz and graphy C K, then L, N graph vy is diffeomorphic to a square,
for every w € .

Proof. By Theorem 5.2.2 the set £, N K is a tube for every w € (2. Take a
tangent vector at a point in the image of 3£, N K. Such a tangent will lie
in the complement of a cone H, = {||y|| < «||x||} for ¥ < 1 close to 1, since
the projection of the image of a tube to the (1, v, c)-subspace will look like
a (slightly deformed) cut-off part of the wedge in Figure 5.1 on page 96.
By Proposition 5.3.1, R ~! maps the complement of Hy into itself and hence
every tube “lies in the complement of H,”. That is, a tangent vector at a
point in the boundary of a tube lies in Hy, so the tubes cut the (u, v)—-plane
at an angle which is smaller than 1/x.

Now if we choose « as above, then the graph of x will also intersect ev-
ery tube on an angle. Hence the intersection is diffeomorphic to a square.
The main point here is that with x chosen properly, v cannot ‘fold over’
a tube and in such a way create an intersection which is not simply con-
nected. O
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Proof of Theorem 5.4.3. The proof is divided into three steps: (1) definition
of the graph transform I', (2) showing that I is a contraction, (3) proof of
C'-smoothness of the unstable manifold.

Step 1. From Proposition 3.1.13 we know that the critical values for any
map in K are uniformly close to 1 so there exists 4 < 1 such that if we
define the ‘block’

B=[1-u1?x(0,1)x @*nK,

then LoNK C B,1—u > ¢~ (c) and u > ¢~ 1(c) for all (u,v,c,¢,¢9) €
O(B). In other words, the block B is defined so that it contains all maps
in K which are renormalizable of type in (2 and the square [1 — y,1]? is
contained in the projection of the image R (L N K) onto the (1, v)—plane.
Fix fy € Ag and k¥ € (x~,1), where x~ is the supremum of x~(f) de-
fined in Proposition 5.3.1 and « is small enough so that Lemma 5.4.6 ap-
plies. Associated with fj are two bi-infinite sequences {w; }icz and {f; }icz
such that R, f; = fi11 foralli € Z. Now define G;, the “unstable graphs
centered on f;,” as the set of x—Lipschitz maps 7; : [1 — u,1]> — (0,1) x Q2
such that graph y; C B and 7;(A;) = (c;, §;, i), where f; = (A;, ¢i, §i, ¥;).
Let G = [T, Gi. We will now define a metric on G. Let

i(A) —0;(A
di(7i,0;) = sup W, i, 0i € Gi,
rellopip A=A

and define
d(v,0) =supd;(vi,0;), 71.0€g.
ieZ

This metric turns (G,d) into a complete metric space. Note that it is not
enough to simply use a C’~metric since we do not have a contracting sub-
space of D'R. The denominator in the definition of d; is thus necessary to
turn the graph transform into a contraction.

We can now define the graph transform I' : G — § for fo- Lety; € G;
and define I;(7;) to be the 9}, ; € G;y such that

graphvi,, = Ru,(graphv; N Le,) N B.

Let us discuss why this is a well-defined map I; : G; — G;1. Lemma 5.4.6
shows that R, (graphv; N L) is the graph of some map I C R?> —
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(0,1) x @2, where I is simply connected. That I O [1 — p,1]? is a conse-
quence of how B was chosen. Finally, this map is x-Lipschitz by Proposi-
tion 5.3.1.

Actually, we have cheated a little bit here since Proposition 5.3.1 is
stated for maps satisfying the extra condition

T (Rf) £1/2 < ¢ (Rf).

In defining the graph transform we should intersect C_wi with the set de-
fined by this condition before mapping it forward by R,,. Otherwise we do
not have enough information to deduce that the entire image is k—Lipschitz
as well. However, this problem is artificial. We could have chosen the con-
stant 1/2 closer to 1 and still gotten the invariant cone field. All this means
is that domain I of the theorem is slightly smaller than it should be (we
have to cut out a small part of the graph where v is very close to 0 but v is
still allowed to range all the way up to 1 so this amounts to a very small
part of the domain). This is one reason why we say that “I is essentially
given by ...” in the statement of the theorem. The other reason is that the
intersection with R (L,,) should be taken with a surface with a small angle
and not a surface which is parallel to the (u, v)—plane.
The graph transform is now defined by

T(v)={Lm},epy  v=Ariticz €6

We claim that I is a contraction on (G,d) and hence the contraction
mapping theorem implies that I' has a unique fixed point v* € G. The
global unstable manifolds along { f;} are then given by

W"(fis1) = graphTi(v]), VieZ.

In particular, this proves existence and uniqueness of the global unstable
manifold at fy. That these are the global unstable manifolds is a conse-
quence of Lo N K C B. Furthermore, the Lipschitz constant for these
graphs is much smaller than 1 since we can pick x close to x~. Again,
we are cheating a little bit here since we have to cut out a small part of the
domain of the graph as discussed above.

Step 2. We now prove that I' is a contraction. The focus will be on
I; for now and to avoid clutter we will drop subscripts on elements of G;
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and G;,1. Pick 7,0 € G; and let o/ = T;(y) and 0’ = I;(6). Note that
/ /
Y ,9 - gi+1.
We write .
Rf = (A(A ), B(A, 7)),
where f = (A,77), A € R?and A(A,7) € R Let A, (A) = A(A,7(A)) and
similarly B, (A) = B(A,y(A)). With this notation the action of I is given
by
(A 7(A) = (Ay(2),By(A)) = (A7 (A")).
Hence

)=o) I 0 Ay (1) — 00 Ay (1))
d; 7/10/ = su H’)’( = su r i .
Al ) = TR T S T A = A0

Recall that the notation here is (A;, 7(A;)) = fi and (Ai11, 7' (Air1) = fir1-
The last numerator can be estimated by

17" 0 Ay(A) = 0" 0 Ay (A
< 17" 0 Ay(A) = 0" 0 Ag(A)[| + 1670 Ay (A) — "0 Ag(A) ||
< [IBy(A) = Bo(A)[| + x| Ay (A) = Ag(A) ]
< ([IMa]| + x| M2[}) [[y(A) = 6(A) .

The denominator can bounded by Proposition 5.3.3
1Ay (A) = Ay (A || = k- min{|U| ™, [V]71} - []A = Ad.

Thus
(| My]| + x| M2]])

~ k-min{|U|1, |V]- 1}

Theorem 5.1.2 shows that v < 1 uniformly in the index i. Hence I" is a
(very strong) contraction.

dit1 (’Y o' ) di <'}’/ 9) = le'(’)/,9>.

Step 3. Going from Lipschitz to C! smoothness of the unstable mani-
fold is a standard argument. See for example Katok and Hasselblatt (1995,
Chapter 6.2). O
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Existence of a hyperbolic
renormalization fixed point
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CHAPTER 6

Computer assisted proof

This chapter contains excerpts from (Winckler, 2010).

The main result of this chapter is that the renormalization operator has
a hyperbolic fixed point of combinatorial type (01,100)%, which is proved
using the contraction mapping theorem on an associated operator. We use
a computer to rigorously compute estimates to show that this associated
operator is indeed a contraction. This method was pioneered by Lanford
(1982) when he proved the existence of a fixed point of the period-doubling
operator on unimodal maps (see also Lanford, 1984). However, Lanford’s
paper only gives a brief outline of the method he employs without an ac-
tual proof, so we have gone through quite a lot of pains to include all the
missing details (many of which were borrowed from Koch et al., 1996).

6.1 Existence of a hyperbolic fixed point

We choose a different set of coordinates for Lorenz maps in this part in
order to simplify the implementation of the computer estimates. Instead
of keeping the domain fixed and letting the critical point vary we fix the
critical point at 0 and let the domain vary. We also choose the domain to
be the smallest invariant domain which contains the critical point. Lastly,
instead of considering C* maps we will only consider maps whose branches
are restrictions of analytic maps.

111
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Figure 6.1: A Lorenz map in the “smallest invariant domain coordinates” of
Definition 6.1.1. This is the actual graph of the fixed point of Theorem 6.1.3.

Definition 6.1.1. A Lorenz map f on a closed interval I = [I,r], where
I < 0 < r, is a monotone increasing continuous function from I\ {0} to I
such that f(07) =, f(0T) = I (see Figure 6.1).

We require that f(x) = ¢(|x|*) forall x € (I,0), where @ is a symmetric!
analytic map defined on some complex neighborhood of [/, 0], and similarly
f(x) = (|x|*) for x € (0,7), where ¥ is a symmetric analytic map defined
on some complex neighborhood of [0, 7].

The definition of the renormalization operator for this choice of coordi-
nates is almost identical to the definition in Section 2.1 so we avoid restating
it here. However, we would like to make one important remark regarding
the choice of smoothness.

Remark 6.1.2. When defined on the space of Lorenz maps with analytic
branches the renormalization operator is differentiable and its derivative
is a compact linear operator. This follows from the fact that R f only evalu-
ates f on a strict subset of the domain of f (see Sections 7.4.4 and 7.4.5). On

Here ‘symmetric’ means ¢(Z) = ¢(z), where bar denotes complex conjugation.
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the other hand, if we only were to demand C’-smoothness for the branches
of our Lorenz maps then R would no longer be differentiable, see de Faria
et al. (2006) and de Melo and van Strien (1993, Ch. VI.1.1).

We now state the main theorem of this part:

Theorem 6.1.3. Let w = (01,100). The restricted renormalization operator R,
acting on the space of Lorenz maps with critical exponent &« = 2 has a hyperbolic
fixed point.

Remark 6.1.4. The fixed point of Theorem 6.1.3 is the simplest nonunimodal
fixed point of R. By this we mean that if w = (01, 10) then the fixed point
of the period-doubling operator on unimodal maps corresponds to a fixed
point for R, as follows.

Let g : [-1,1] — [—1,1] be the fixed point for the period-doubling
operator normalized so that g(0) = 1. Then g is an even map that satisfies
the Cvitanovi¢-Feigenbaum functional equation

glx) = -A""g%(Ax), A =—g(1).

Now define a Lorenz map f by f[(_19) = g and f| = —g. Itis easy
to check that the first-return map f to U = [~A, A] is f = f? and that U is
maximal. Thus

T ) = i
Rf(x) = A f(Ax) = {/\)zng)f:\)x): _ii; éi i 8:

which shows that f is a fixed point of R,.

6.2 Consequences

The existence of a hyperbolic renormalization fixed point has very strong
dynamical consequences, some of which we will give a brief overview of
here. Throughout this section let R denote the restricted renormalization
operator R, where w = (01,100), and let f, denote the fixed point of
Theorem 6.1.3.

Corollary 6.2.1 (Stable manifold). There exists a local stable manifold W, . at f
consisting of maps in a neighbourhood of f, which under iteration of R remain in
this neighbourhood and converge with an exponential rate to f..
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Figure 6.2: Illustration of the dynamical intervals of generations 0, 1,2 for
renormalization of type w = (01,100).

The local stable manifold extends to a global stable manifold VV* consisting of
maps which converge to f. under iteration of R. If f € W then f is infinitely
renormalizable.

Proof. The existence of a stable manifold is a direct consequence of the sta-
ble and unstable manifold theorem. If f converges to f,, then R"f is de-
fined for all k > 0, which is the same as saying that f is infinitely renormal-
izable. O

We now turn to studying the dynamical properties of maps on the stable
manifold. Let f € W5, then the times of closest return (a,, b,,) are given by
the recursion

Ap4+1 = an + bl’l/ a; = 2/
bpi1 =2a,+b,, by =3,

These determine the first-return interval U, = cl{L, UR,} for the n-th
renormalization, by

L= (f(01),0), Ry =(0,f"(0)).

In other words: the first-return map fu to U, is given by f,(x) = f (x) if
x € Lyand f,(x) = fo(x) if x € R,,.
Define

Lk =f5L,), k=0,...,a,—1,
Rk = fX(Ry,), k=0,...,b,—1.

The collection of these intervals (over k) form a pairwise disjoint collection
for each n, called the intervals of generation 7 (see Figure 6.2).
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Theorem 6.2.2 (Cantor attractor). If f € W? then the closure of the critical
orbits of f is a measure zero Cantor set Ay which attracts almost every point in
the domain of f.

Proof. The critical orbits make up the endpoints of the dynamical intervals
{LE} U{RE}, so Af is contained in

n

(6.1) (<{E.UF,},  whereE, =|JLfand F, = JRE.
k k

Note that E,, 1 C E,, and F,, 11 C F,.

First assume that f = f,. Then the first-return maps f, are all equal to f
itself (up to a linear change of coordinates) so the total lengths of E,, and F,
shrink with an exponential rate (the position of U,,11 inside U, is the same
for all n, so we can apply the Macroscopic and Infinitesimal Koebe princi-
ples as in the proof of the “real bounds” in de Melo and van Strien, 1993).
Hence the intersection (6.1) is a measure zero Cantor set, and consequently
Ay is as well.

Now, if f is an arbitrary map in W?* then Rf converges to f.. In other
words, the first-return maps {f,} converge to f, (up to a linear change of
coordinates). Now use the same arguments as above.

Finally, the above arguments can be adapted to prove that f satisfies the
weak Markov property as in Theorem 3.2.2 and hence the basin of Ay has
full measure. ]

Theorem 6.2.3 (Rigidity). If f,¢ € W?° then there exists a homeomorphism
h: Ay — Ag conjugating f and g on their respective Cantor attractors. If fur-

thermore f,g € W5, then h extends to a C'™* diffeomorphism on the entire
domain of f.

Proof. Define h(f"(07)) = ¢"(07) and h(f"(0")) = ¢g"(0™"). This extends
continuously to a map on Ay as in the proof of de Melo and van Strien
(1993, Proposition VI.1.4).

If f,g € W, then there exists C > 0 and A < 1 such that d(f",g") <
CA" so we can use an argument similar to that in de Melo and van Strien
(1993, Theorem V1.9.4) to prove the second statement. O

Remark 6.2.4 (Universality). The second conclusion of Theorem 6.2.3 is a
strong version of what is known as “metric universality”: the small scale
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geometric structure of the Cantor attractor does not depend on the map it-
self (only on the combinatorial type and the critical exponent). That is, if
we take two maps f,¢ € ¥ . and zoom in around the same spot on their
Cantor attractors then their structures are almost identical since a differ-
entiable map (i.e. the extended /) is almost linear if one zooms in closely
enough.

For example, the limit of |L,11|/|Ls| as n — oo exists and is indepen-
dent of f (it equals the ratio |La(fx)|/|L1(f+)| for f.). More generally, the
multifractal spectrum (and Hausdorff measure in particular) of Ay does not
depend on f (only on f,).

6.3 Outline of the computer assisted proof

In this section we give a brief outline of the method of proof and how to
calculate rigorous estimates with a computer.

6.3.1 Method of proof

Given a Fréchet differentiable operator T with compact derivative on a Ba-
nach space X of analytic functions we would like to prove that T has a
hyperbolic fixed point. The main tool is the following consequence of the
contraction mapping theorem:

Proposition 6.3.1. Let @ be a Fréchet differentiable operator on a Banach space X,
let fo € X, and let B,(fo) C X be the closed ball of radius r centered on fy. If there
are positive numbers ¢, 0 such that

1. [|[D®¢|| < 0, forall f € B:(fo),

2. [ @fo— foll <

3.e<(1—0)r,
then there exists f. € B.(fo) such that @f, = f, and @ has no other fixed points
inside B, (fo). Furthermore, || f« — fol|l < e/(1—6).

Our strategy is to find a good approximation fy of a fixed point of T
and then use a computer to verify that the conditions on 7, ¢, 6 hold if r is
chosen small enough. Unfortunately, this is not possible for T itself since in
our case it is not a contraction so first we have to turn T into a contraction
without changing the set of fixed points. This is done by using Newton’s
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method to solve the equation Tf — f = 0, which results in the iteration

f f= (DT = D™YTf = f),

where I denotes the identity operator on X. The operator we use is a slight
simplification of this, namely

Of =f— (T =D)HTf~f) =T =D~ (I =T)f,

where I is a finite-rank linear approximation of DTy, (chosen so that I — I
is invertible). The operator @ is a contraction if fy and I" are chosen care-
fully.? Note that @f = f if and only if Tf = f, so once we verify that the
conditions of Proposition 6.3.1 hold for @ it follows that T has a fixed point.
To prove hyperbolicity we need to do some extra work. The derivative
of ¢ is
D&y = (I —I)"(I' - DTy).

At this stage we will have already checked that the norm of this is bounded
from above by 1. By strengthening this estimate to

(T —e'I)(I' = DTy)|| <1,  VteR, Vf € B,(fo),

we also get that DTy, is hyperbolic at the fixed point f,. To see this, as-

sume that e’ is an eigenvalue of DTy, with eigenvector h normalized so
that ||#|| = 1. Then

I(I = ¢*1) (I = DTy )| = [[(T = ')~ (T — &' D)il| = 1] =1,

which is impossible. Since DT was assumed to be compact we know that
the spectrum is discrete, so the lack of eigenvalues on the unit circle implies
hyperbolicity.

6.3.2 Rigorous computer estimates

In order to verify the above estimates on a computer we are faced with
two fundamental problems: (i) arithmetic operations on real numbers are
carried out with finite precision which leads to rounding problems, (ii) the

2Here is how to choose fy and I': use the Newton iteration on polynomials of some
fixed degree to determine fo and set I' = DTj,. The hardest part is finding an initial guess
such that the iteration converges.
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space of analytic functions is infinite dimensional so any representation of
an analytic function needs to be truncated.

The general idea to deal with these problems is to compute with sets
which are guaranteed to contain the exact result instead of computing with
points: real numbers are replaced with intervals, analytic functions are re-
placed with rectangle sets Ag x - - - x A; x {C} in R" representing all func-
tions of the form

{a0_|_..._|_gkzk—|—zdh(z) laj€ Aj, j=0,...,k [h]| <C},

where { A} are intervals. This takes care of the truncation problem and the
rounding problem is taken care of roughly by “rounding outwards” (lower
bounds are rounded down, upper bounds are rounded up). Once these
set representations have been chosen we lift operations on points to opera-
tions on sets. Since the form of these sets are most likely not preserved by
such operations, this lifting involves finding bounds by sets of the chosen
form (e.g. if F and G are rectangle sets of analytic functions and we want
to lift composition of functions, then we have to find a rectangle set which
contains theset {fog | f € F, g € G}.)

Section 7.2 contains all the details for computing with intervals and Sec-
tion 7.4 contains all the details for computing with rectangle sets of analytic
functions.

Let us make one final remark concerning the evaluation of the operator
norm of a linear operator L on the space of analytic functions. In order to
get good enough bounds on the estimate of the operator norm we will use
the ¢!-norm on the Taylor coefficients of analytic functions. The reason for
this is that estimating the operator norm with

IL[| = sup |[Lf]]
Fl<1

will usually result in really bad estimates. With the ¢!-norm, if we think
of L as an infinite matrix (in the basis {z*}), the operator norm is found by
taking the supremum over the norms of the columns of this matrix, that is

ILIl = sup|[Léll,  &k(z) = 2"
k>0

Evaluating the norms of columns gives much better estimates and for this
reason we choose this norm. See Section 7.4.11 for the specifics.
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6.4 The proof

First we restate the definition of the restricted renormalization operator,
then we change coordinates and restate Theorem 6.1.3.

6.4.1 Definition of the operator

From now on we fix the domain of our Lorenz maps to some interval
[—1,7]. The right endpoint cannot be fixed since it generally changes un-
der renormalization (we will soon change coordinates so that the domain
is fixed).

Instead of dealing with functions with a discontinuity we represent a
Lorenz map F by a pair (f,g), with f : [-1,0] — [—1,7], f(0) = r, and
g:10,r] = [-1,7],g(0) = —1.

With this notation, the first-return map to some interval U will be of the
type (F, F?)|y if F is renormalizable. For the type w = (01,100), we can
be more precise: in this case a = 2, b = 3 and the first-return map is of the
form (go f, f o f o g)|u if it is renormalizable.

Let T denote the restricted renormalization operator R, and fix the
critical exponent « = 2. If T(f, g) = (f,$) then T is defined by

f(z) = A7'go f(Az),
$(z) =A7'fo fog(Az),
A= —f*(-1).

6.4.2 Changing coordinates

To ensure the correct normalization (¢(0) = —1) and the correct critical
exponent (x = 2) we make two coordinate changes and calculate how the
operator T transforms. We will also carefully choose the domain of T so
that all compositions are well-defined (e.g. Az is in the domain of f etc.).
This is checked automatically by the computer (and also shows that T is
differentiable with compact derivative, since f and g are analytic). Finally,
itis important to realize that the choice of coordinates may greatly affect the
operator norm of the derivative; not every choice will give a good enough
estimate.

The domain of T is chosen to be contained in the set of Lorenz maps
(f, g) with representation f(z) = ¢(z?) and ¢(z) = ¥(z?), where ¢ and ¢
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have domains {z : |z — 1| < s} and {z : |z| < t}, respectively (the constants
s and t will soon be specified). Rewriting T in terms of ¢ and ¢ gives

$(z) = A" "p(p(A%2)?)
(z) = A7 p(p(p(A*2))?)
A=—p(9(1)?)
This coordinate change ensures the correct critical exponent.

The next coordinate change is to fix the normalization and also to bring
the domain of all functions to the unit disk. Fixing the normalization has
the benefit that the error involved in the evaluation of A is minimized (since
we only need to evaluate f close to z = 0, see Section 7.4.8). Changing all

domains to the unit disk simplifies the implementation of the computer
estimates.

Definition 6.4.1. Define X to be the Banach space of symmetric (with re-
spect to the real axis) analytic maps on the unit disk with finite /!-norm.
That is, if f € X then f(z) = Y a;zF with ay € R and ||f|| = L|ax| < co.

Definition 6.4.2. Define Y = X x X with the norm
I(F, &)y = I fllx + llgllx

and with linear structure defined by
a(f,8) +B(f.8") = (af + Bf' ag + Bg').
Clearly Y is a Banach space (since X is).

Change coordinates from ¢, P to (f,g) € Y (note that f and g are not
the same as above) as follows

¢(z) = f([z—1]/s),
P(z) = —1+2z-g(z/t),

where we will choose s = 2.2 and t = 0.5. Rewriting T in terms of f and g
gives

fw) =2 {1+ F R [w+ 1 -7 g (P w1 - H7) ],
sw) = = {14 A7 (1f (hog (Vo) [Vhog (V) —2] 1) = 1)},
A= ([f(0)*~1]/s).

This is the final form of the operator that will be studied.
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6.4.3 Computing the derivative

In order to simplify the computation of the derivative of T we break the
computation down into several steps as follows:

prw) =A-(w+s™) =s7"  pg(w) = w

fi=fopy 81 =8°pg
h=f g2=1pg- g
fa=falt =8 (82—2)/s
fa=gofs ga=fogs
fs==1+fr-fa & =(g5—1)/s
foe=fs/A 86 = fogs

g7 = 86/ A

8s(w) = (g7(w) +1)/(t- w)

With this notation we have that T(f,g) = (fs,g3). Note that the result of
g7(w) + 1 is a function with zero as constant coefficient so in the imple-
mentation of gg we will not actually divide by w, instead we will ‘shift” the
coefficients to the left.

It is now fairly easy to derive expressions for the derivative. If f is
perturbed by 6f and g is perturbed by Jg, then the above functions are
perturbed as follows:

Spr(w) =2-A-0A-(w+s')  dpg(w)=2-A-61-w
(5f1:Dfopf.(5pf—|—(5fopf 081 = Dgopg-dps+6g0pg

6f2=2f16f1 6g2 =1t (Opg- &1+ pg-081)

ofs = ofa/t 0683 =082+ (82— 2)/s+ 82+ 082/s
0fs =Dgofs-0fs+06g80f3 084 =Dfogs-083+0dfogs

Ofs =0fa-fa+ fa:0fa 085 =284 084/s

Ofe =0fs/ A — fs- 6N/ A 096 = Df 0g5-0g5+df 0gs

097 = 096/ A — g6 - OA/A?
ogs(w) = 0g7(w)/ (t- w)

With this notation we have that DT ,)(df,68) = (3fe, 08s)-



122 Chapter 6. Computer assisted proof

6.4.4 New statement

We now state Theorem 6.1.3 in the form it will be proved. The discussion
in Section 6.3.1 shows how this result can be used to deduce Theorem 6.1.3.

Theorem 6.4.3. There exists a Lorenz map Fy and a matrix I" such that the sim-
plified Newton operator @ = (I' — I)~Y(I" — T) is well-defined and satisfies:

1. |D®k|| < 0.2, forall |F — K|| <1077,

2. |®F — Rl <5-1077.

3. (I —e*'I)~Y(I' = DT§)|| < 0.9, forall t € R, |F — Fy|| <107

Proof. The remainder of this part is dedicated to rigorously checking the
first two estimates with a computer. The third estimate is verified by cov-
ering the unit circle with small rectangles and using the same techniques
as in the first two estimates to get rigorous upper bounds on the operator
norm. However, we have left out the source code for this estimate to keep
the page count down and also because the running time of the program
went from a few seconds to several hours (we had to cover the unit circle
with 50000 rectangles in order for the estimate to work). O

Remark 6.4.4. The approximate fixed point Fy and approximate derivative I
at the fixed point are found by performing a Newton iteration eight times
on an initial guess (which was found by trial-and-error). We will not spend
too much time talking about these approximations but they could poten-
tially be used to compute e.g. the Hausdorff dimension of the Cantor at-
tractor of maps on the local stable manifold.

We did however compute the eigenvalues of I" and it turns out that I’
has two simple expanding eigenvalues As ~ 23.36530 and A, ~ 12.11202,
and the rest of the spectrum is strictly contained in the unit disk. Since I'" is a
good approximation of DTy, and both operators are compact it seems clear
that the spectrum of DT}, also must have exactly two unstable eigenvalues.

Lanford (1984) claims that in the case of the period-doubling operator
if an analog of the third estimate of Theorem 6.4.3 holds and “if I" has spec-
trum inside the unit disk except for a single simple expanding eigenvalue,
then the same will be true for DTy, .” It seems plausible that a similar state-
ment holds in the present situation with two simple expanding eigenvalues
but have not yet managed to prove this (it is easy to see that if I and DT},
were both diagonal then the third estimate would imply that they have the
same number of unstable eigenvalues).



CHAPTER 7

Implementation of estimates

This chapter was previously published online as “supplementary material”
to (Winckler, 2010).

In this chapter we implement the computer program which performs
the estimates needed to prove Theorem 6.1.3. The literature on this type of
computer assisted proof seems to have a tradition of never including these
details, most likely because it would require an order of thousands of lines
of source code. We make a conscious break from this tradition and show
how to implement all estimates in only 166 lines of source code.! The key
behind this reduction in size is to use a pure functional programming lan-
guage since it allows us to program in a declarative style: we specify what
the program does, not how it is accomplished. Purity means that functions
cannot have side-effects (the output from a function only depends on its in-
put) which makes it easier to reason about the source code. In our context
this is important since it means that we can check the correctness of each
function in complete isolation from the rest of the source code (and a typi-
cal function is only one or two lines long which simplifies the verification
of individual functions). To further minimize the risk of programming er-
rors we choose a strongly typed language since these are good at catching
common programming errors during compilation.

We would like to take this opportunity to advocate the programming
language Haskell for tasks similar to the one at hand — it has all the benefits

IThis includes: definition of main operator and its derivative (40 lines), an interval
arithmetic library (30 lines), a library for computing with analytic functions (65 lines), a
linear equation solver (15 lines).
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mentioned above and more, but at the same time manages to produce code
which runs very fast (thanks to the GHC compiler). Unfortunately, many
readers will probably have had little prior exposure to Haskell and for this
reason we have in Section 7.9 included a brief overview of Haskell as well
as a table highlighting its syntax to aid the reader in understanding the
source code.

7.1 Verification of contraction

In this section we implement the main operator and compute the estimates
of Theorem 6.4.3. Before reading this section it may be a good idea to take a
quick glance at the beginning of Section 7.4 in order to understand the way
analytic functions are represented. It may also be helpful to use Table 7.1 in
Section 7.9 to look up unfamiliar syntax in the source code.

7.1.1 The main program

To begin with we import two functions from the standard library that will
be needed later:

import Data.List (maximumBy,transpose)

The entry point of the program is the function main, all that is done here
is to print the result of the computations to follow:

main = do putStrLn $ "radius = " ++ show beta
putStrLn $ "|Phi(£f)-f| < " ++ show eps
putStrLn $ "|DPhi] < " ++ show theta

The initial guess? is first improved by iterating a polynomial approxima-
tion> of the operator @ eight times (the derivative is recomputed in each
iteration, so this is a Newton iteration):

approxFixedPt = iterate (\t -> approx $ opPhi (gamma t) t) guess !! 8

Compute the approximation I' of the derivative DT at the approximate
fixed point:

approxDeriv = gamma approxFixedPt

2Gee Section 7.7
3See Section 7.4.10
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Compute an upper bound on the distance* between the approximate fixed
point and its image under ¢:

eps = upper $ dist approxFixedPt (opPhi approxDeriv approxFixedPt)

Construct a ball® of radius B centered around the approximate fixed point
and then compute the supremum of the operator norm® of the derivative
on this ball:

theta = opnorm $ opDPhi approxDeriv (ball beta approxFixedPt)

The rest of this section will detail the implementation of the operator
@ and its derivative. The generic routines for rigorous computation with
floating point numbers and analytic functions are discussed in the sections
that follow. All input to the program (d, sf, sg, guess, beta) is collected
in Section 7.7. Instructions on how to run the program and the output it
produces is given in Section 7.8.

7.1.2 The main operator

The operator T is computed in a function called mainOp which takes a
Lorenz map (f,g) € Y and a sequence of tangent vectors {(df, 0gx) €
Y}, and returns (T(f, g), {DT{y,¢) (6 fk, 68k) }{_,)- We perform both com-
putations in one function since the derivative uses a lot of intermediate
results from the computation of T(f, g).

Given a Lorenz map (f,g) and a list of tangent vectors ds, first compute
fe and gs as in Section 6.4.3 and split the result so that the polynomial parts
have degree at most d — 1. Then compute the derivatives and return the
result of these two computations in a pair:

mainOp (f,g) ds = ((split d £6,split d g8), mainDer ds) where
1 = lambda f

pf = F [(1"2-1)/sf,172] O ; gl = compose g pg
pg = F [0,172] © g2 = pg * gl .* sg
f1 = compose f pf g3 =g2 * (g2 -2) ./ st
f2 = f1°2 g4 = compose f g3

£3 = f2 ./ sg

f4 = compose g £3
5 = -1 + f2xf4
f6 = f5 ./ 1

gh = (g4"2 - 1) ./ sf
g6 = compose f gb

g7 =g6 ./ 1

g8 = lshift g7 ./ sg

4Gee Section 7.4.3
5See Section 7.4.12
6See Section 7.4.11
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The actual computation of the derivative is performed next inside a local
function to mainOp. If there are no tangent vectors, no computation is per-
formed:

mainDer []1 = []

Otherwise, recurse over the list of tangent vectors and compute Jfs and
0gs and again split the result so that the polynomial parts have degree at
most d — 1:

mainDer ((df,dg):ds) = (split d df6,split d dg8) : mainDer ds where

dl = dlambda f df
dpf = F ([2%1*d1]1=*[1/sf,1]) O ; dgl = dcompose g pg dg dpg

dpg = F [0,2%1*d1] O ; dg2 = (dpg*gl + pgxdgl) .* sg
dfl = dcompose f pf df dpf ; dg3 = 2%(dg2*g2 - dg2) ./ sf
df2 = 2xf1xdfl ; dg4 = dcompose f g3 df dg3
df3 = df2 ./ sg ; dgb = 2%gd*xdgd ./ sf

df4 = dcompose g £3 dg df3 ; dg6 = dcompose f gb df dgb
df5 = df2xf4 + f2xdf4 ; dg7 = dg6./1 - g6.%(d1/172)
df6é = df5./1 - £5.%(d1/172) ; dg8 = 1shift dg7 ./ sg

Note that the constants s and t of Section 6.4.3 are called sf and sg respec-
tively in the source code.

The above function can be used to compute the action of T by passing an
empty list of tangent vectors and extracting the first element of the returned
pair:
opT fg = fst $ mainOp fg []

Similarly, we can evaluate DT by extracting the second element:

opDT fg ds = snd $ mainOp fg ds

Using this function we compute an approximation I' of DT|¢ ) by evaluat-
ing the derivative at the 2d first basis vectors’ of Y and approximating the
result with polynomials and packing them into a 24 x 2d matrix (transpos-
ing the resulting matrix is necessary because the linear algebra routines®
we use require the matrix to be stored in row-major order):

gamma fg = transpose $ map (interleavePoly . approx)
$ opDT fg (take (2*d) basis)

7See Section 7.4.11.
8See Section 7.5.
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Finally, the operator @ (and its derivative) is implemented by taking a
Newton step’ with T (for convenience we pass the approximate derivative
as the parameter m):

opPhi m x
opDPhi m x ds

newton m (opT x) x
[ newton m a b | (a,b) <- zip (opDT x ds) ds ]

7.1.3 The rescaling factor

With our choice of coordinates the rescaling factor A only depends on f
(and not on g):

AMf) = —f([£(0)* =1]/s)

The implementation is straightforward:

lambda f = -eval f (((eval f 0)°2-1)/sf)

If f € X is perturbed by é6f € X then A is perturbed by A, where

oA = =251 f(0)-8f(0) - Df([f(0)* = 1]/s) — &£ ([f(0)* —1]/s).

Derivative evaluation has to be handled carefully since we are using the
{'-norm, see Section 7.4.4. If y = [f(0)?> — 1]/s, then y lies in the closed
disk of radius |y| but since we need to evaluate the derivative on an open
disk we first enlarge the bound on |y| to get the radius y and then evaluate
the derivative on this slightly larger disk:

dlambda f df
where f0

y

mu

-2/sf * fO * eval df O * eval (deriv mu f) y - eval df y
eval £ 0

(02 - 1)/sf

enlarge $ abs y

7.2 Computation with floating point numbers

We discuss how to control rounding and avoid overflow and underflow
when computing with floating point numbers. We show how to lift opera-
tions on floating point numbers to intervals and then how to bound these
operations.

9See Section 7.4.13.
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7.2.1 Safe numbers

In order to avoid overflow and underflow during the course of the proof
we restrict all computations to the set of safe numbers (Koch et al., 1996)
which we define as the subset of double precision floating point numbers
(referred to as floats from now on) x such that x = 0 or 27°% < |x| < 25,
We say that y is a safe upper bound on x # 0 iff x < y (strict inequality)
and y is a safe number; safe lower bounds are defined analogously. If x = 0,
then y = 01is both a safe upper and lower bound and there are no other safe
bounds on x (this will make sense after reading the assumption below).

Safe numbers allow us to perform rigorous computations on any com-
puter conforming to the IEEE 754 standard since such a computer must
satisfy the following assumption:!

Assumption. Let X be a float resulting from an arithmetic operation on safe num-
bers performed by the computer and let x be the exact result of the same operation.
If ¥ # O then either ¥ = x~ or ¥ = x ™, where x~ is the largest float such that
x~ < xand xt is the smallest float such that x < xT. Furthermore, ¥ = 0 if and
only if x = 0.

Under this assumption we know that the exact result must lie within
any safe upper and lower bounds on %, and we know that when the com-
puter returns a result of 0 then the computation must be exact.

Given a float x we now show how to find safe upper and lower bounds
on x.

Check if a number is safe:

isSafe x = let ax = abs x in x == 0 || (ax > 277(-500) && ax < 27500)
Use this function to assert that a number is safe, abort the program oth-
erwise:

assertSafe x | isSafe x = x
wi = H
| otherwise error "assertSafe: not a safe number"

Given a float we can ‘step” to an adjacent float as follows:

stepFloat n 0 = 0
stepFloat n x = let (s,e) = decodeFloat x in encodeFloat (s+n) e

10This statement follows from: (1) the fact that IEEE 754 guarantees correct rounding,
(2) the result of an arithmetic operation on safe numbers is a normalized float so silent
underflow to zero cannot occur.
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That is, stepFloat 1 x is the smallest float larger than x, and similarly
stepFloat (-1) xis the largest float smaller than x, unless x = 0 in which
case x is returned in both cases. (The function decodeFloat converts a float
to the form s - 2¢, where s, e € Z, and encodeFloat converts back to a float.)

Now finding a safe upper or lower bound is easy, just step to the next
float and assert that it is safe:

safeUpperBound = assertSafe . stepFloat 1
safelLowerBound = assertSafe . stepFloat (-1)

7.2.2 The Scalar data type
The Scalar data type represents safe lower and upper bounds on a num-
ber:
data Scalar = S !Double !Double deriving (Show,Eq)
The first number is the lower bound, the second the upper bound. The
following function returns the upper bound:
upper (S _ uw) =u
We bound operations on real numbers by first lifting them to operations
on Scalar values and then bound the resulting operations by enlarging the
bound to safe lower and upper bounds. An operation is exact if it does not
involve any rounding (in which case there is no need to enlarge a bound).
The function that takes a Scalar with lower bound / and upper bound

u, then finds a safe lower bound on I and a safe upper bound on u is imple-
mented as follows:

enlarge (S 1 u) = S (safeLowerBound 1) (safeUpperBound u)

For convenience we provide a function to convert a number x to a
Scalar with x as both lower and upper bound:

toScalar x = S x X

7.2.3 Arithmetic on scalars

We make Scalar an instance of the Num type class so that we can perform
arithmetic on scalars (addition (+), subtraction (-), negation, multiplica-
tion (*) and nonnegative integer exponentiation (*)).

instance Num Scalar where
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If x € [I,u] then —x € [—u, —I]; negation is exact on safe number so we do
not need to enlarge the bound:

negate (S 1 u) =S (-u) (-1)

If x € [I,u] then |x| € [max{0,], —u}, —min{0,l, —u}] (it is easy to check
that this is correct regardless of the signs of / and r). All operations involved
are exact on safe numbers so we do not need to enlarge the bound:

abs (S 1 u) =S (maximum xs) (-minimum xs)
where xs = [0, 1, -ul

Ifx € [l,ulandy € [I',u'], thenx +y € [l +1',u + u']. This operation is not
exact so we enlarge the bound:

(81w + (S1° u) =enlarge (S (1 + 1°) (u + u’))

If x € [LLuland y € [I',u'], then x xy € [a,b] where 4 is the minimum of
the numbers {I «I',l xu',ux1',u*u'} and b is the maximum of the same
numbers. This operation is not exact so we enlarge the bound:

(81 u) *» (8§81° u’) = enlarge (S (minimum xs) (maximum xs))
where xs = [1%1’, 1*u’, u*xl’, u*u’]

The last two methods are required to complete the implementation of the
Num instance (fromInteger provides implicit conversion of integer literals
to Scalar values):

fromInteger = toScalar . fromInteger
signum (S 1 u) = error "S.signum: not defined"

In order to be able to divide Scalar values using (/) we must also add
Scalar to the Fractional type class.

instance Fractional Scalar where
If x € [I,u] and if ], u have the same sign, then the reciprocal is well-defined

for x and 1/x € [1/u,1/1]. This operation is not exact so we enlarge the
bound:

recip (S 1 uw) | 1¥u > 0 = enlarge (S (1/u) (1/1))
| otherwise = error "S.recip: not well-defined"

The last method is required; it provides implicit conversion of decimal lit-
erals to Scalar values:

fromRational = toScalar . fromRational



65

71

72

7.3. Computation with polynomials 131

7.2.4 Ordering of scalars

In order to be able to compare Scalar values, e.g. using (<), we add Scalar
to the Ord type class. If two bounds overlap we declare them incomparable
and halt the program, otherwise comparison is implemented in the obvious
way.
instance Ord Scalar where

compare (S 1 u) (81’ u’)

| uw<l = LT
| 1>w = GT
| 1 ==1> && u == u’ = EQ
| otherwise = error "S.compare: uncomparable"

7.3 Computation with polynomials

We show how to lift operations on polynomials (of degree d — 1) to rectan-
gle sets in R? and then how to bound these operations.

7.3.1 Representation of polynomials

Polynomials are represented as a list of Scalar values (with the first ele-
ment representing the constant coefficient). Hence what we refer to as a
‘“polynomial’ of degree d — 1 is actually a rectangle set in R?. In this section
we lift operations on actual polynomials to such rectangles. We do not need
to find any bounds on these lifts since this was already done implicitly in
the previous section.

7.3.2 Arithmetic with polynomials

Add polynomials to the Num type class so that we can perform arithmetic
operations on polynomials. (This implementation is a bit more general
since it adds [a] to the Num type class for any type a in the Num type class.)

instance (Num a) => Num [a] where

Addition: [c1 4 zq1(2)] + [c2 + 292(2)] = [c1 + ¢2] + z[g1(2) + 92(2)].
(cl:q1) + (c2:92)
[1 + p2
pl + [

cl +c2:ql +q2
p2
pl

Multiplication: [c1 4+ zq1(z)] - [c2 + 2g2(2)] = [c1 - 2] + z[e1 - g2(2) + q1(2) -
p2(z)], where p2(z) = c2 + z42(z).
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(cl:ql) * p2@(c2:92) = cil*c2 : [cl]*q2 + qlxp2
- * _ =0

The remaining methods are straightforward:

negate p = map negate p

fromInteger ¢ = [fromInteger c]

abs = error "abs not implemented for polynomials"
signum = error "signum not defined for polynomials"

7.3.3 Polynomial evaluation
Evaluation of the polynomial ¢ + zq(z) at the point ¢ is done using the ob-
vious recursion:

peval (c:q) t =c +t *x peval q t
peval [] =0

7.3.4 Norm of polynomial

We use the /!-norm on polynomials, i.e. ||ag + - - - + a,z"|| = |ag| + -+ +
|anl:

pnorm = sum . map abs

7.3.5 Derivative of polynomial
The derivative of ¢ + zg(z) is implemented using the recursion suggested
by D(c +24(z)) = q(z) + zDq(2):

q + (0 : pderiv q)
1

pderiv (c:q)
pderiv []

7.4 Computation with analytic functions

We show how to lift operations on analytic functions to rectangle subsets
in X and how to bound these operations.

7.4.1 The Function data type

Functions in X are represented as

f(z) = p(z) +2%n(z),



86

87

7.4. Computation with analytic functions 133

where p is a polynomial (not necessarily of degree less than d) and || || < K,
where € X. We refer to p as the polynomial part of f and / is called the
error of f. The value for the degree d is specified in Appendix 7.7.

The Function data type represents an analytic function on the above
form (the first parameter is the polynomial part, the second parameter is
the bound on the error):

data Function = F ![Scalar] !Scalar deriving (Show,Eq)

That is, Function represents rectangle subsets of X of the form
{ag+ -+ a,2" +2°h(z) | ax € A, k=0,...,n, k| €I},

where { Ay} and I are intervals. Only the upper bound on the error term
is needed so we do not take care to ensure that the lower bound is correct.
Hence, the lower bound will be meaningless in general.

Note that we do allow n > d in the above representation but in gen-
eral we adjust our computations to ensure n < d. We call this operation
splitting: if

f(z) =ap+ - +a2" +2%(z),

with n > k > d, then we can split f at degree k into

f@)=ao+ -+ a1 2P 2 a2 (2)]
= p'(2) +2°[r(z) + h(2)].

Thus the polynomial part of f after splitting is p’ and the error is bounded
by [|r|| + [|1]| (by the triangle inequality). The implementation of this oper-
ation is:

split k (F p e) = let (p’,r) = splitAt k p in F p’ (e + pnorm r)

We will now lift operations on analytic functions to the above type of
rectangles and then find bounds on these operations.

7.4.2 Arithmetic with analytic functions

In what follows we let f;(z) = pi(z) + z%h;(z) fori = 1,2,3,and let fiofo=
f3 where ¢ is the operation under consideration.

Make Function an instance of the Num type class so that we can perform
arithmetic operations on functions (addition (+), subtraction (-), negation,
multiplication (*) and nonnegative integer exponentiation (*)).
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instance Num Function where

Addition of two functions is performed by adding the polynomial part and
the error separately, p3 = p1 + p2 and h3 = hy + hy, so that ||h3|| < ||| +
||h2|| by the triangle inequality:

(F pl el) + (F p2 e2) = F (pl + p2) (el + e2)

Multiplication of two analytic functions is given by the equation

A(2f22) = prE)p2(2) +2° | p1(2)a(E) + p(2) (2) + 2 (2)a(2) ]

so that ||hi3]| < ||p1|lllk2]| + l|p2ll||B1 |l + ||#1||||B2]]- To ensure that the degree
of the polynomial part does not increase too much we split it at degree
d+1:1

(F p1l el) * (F p2 e2) = split (d+1) (F (pil*p2) e3)
where e3 = e2*pnorm pl + el*pnorm p2 + elxe2
The negation of f is —p(z) + z¢(—h(z)) but the error is unchanged since we
only keep a bound on its norm:

negate (F p e) = F (negate p) e

The remaining methods are required to complete the implementation of the
Num instance (fromInteger provides implicit conversion of integer numer-
als to Function values):

fromInteger ¢ = F [fromInteger c] 0

error "abs not implemented for Function"
error "signum not defined for Function"

abs

signum

7.4.3 Norm of analytic functions
The triangle inequality gives ||p(z) + z?h(z)|| < ||p|| + ||k] (since |z| < 1):
norm (F p e€) = pnorm p + e

The norm on the Cartesian product Y = X x Xis ||(f,g)|| = IlIf |l + ||l
sumnorm (f,g) = norm f + norm g

The distance induced by the norm on Y:

dist (f,g) (f’,g’) = sumnorm (f-f’,g-g’)

'We choose to split at degree d + 1 (instead of the perhaps more natural choice of de-
gree d) because the division by z in the definition of the operator T would otherwise cause
gs to have degree at most d — 2.
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7.4.4 Differentiation

The implementation of differentiation of f € X is complicated by the use
of the /!-norm on X, since ||f|| < oo does not imply that |[Df|| < oo.
This problem is overcome by only computing the derivative of functions
restricted to a disk of radius strictly smaller than one. That is, we need to
know a-priori that the function we are differentiating only will be evaluated
on this smaller disk. Usually we get this information from the fact that we
compute derivatives like Df; o f, and we have bounds on the image of f,.

Given f € X we will estimate Df [{|;|,; where p < 1. If f(z) = p(z) +
z%h(z), then Df(z) = Dp(z) + dh(z)z"' + z°Dh(z) = pi(z) + 2% (2).
Here we are faced with the problem that we only know the norm of h so
all we can say about the polynomial part is that p;(z) = Dp(z) + sdz?~},
where s € [—|[A]], [|]]].

Let h(z) = Y a;z*, then the error can be crudely approximated as fol-
lows:

IDh(2) [(z1<p |l = IDB(uz) || = Y ki Har| < sup k||
k>1 k>1
_ k|
< |k k k=1 _ |
<l Tt =

k>1

Putting all this together we arrive at the following implementation:

derivmu (Fpe) | mu<1 F pl el
| otherwise = error "deriv: mu is not < 1"
where pl = pderiv p + [S (-s) s] * [0,1]7(d-1)
el=e/ (1 -mu)"2
s = fromIntegral d * upper e

Note that y is passed as a parameter by the caller of this function (it
is not a constant). As mentioned earlier, usually this function is used to
compute expressions like Df; o f, in which case y will be an upper bound
on the radius of a disk containing the image of f».

7.4.5 Composition

The implementation of composition of analytic functions f; o f; is split up
into two parts. First we consider the special case when f; = p; is a polyno-
mial, then we treat the general case.
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Polynomials are defined on all of C so the composition p; o f; is always
defined. If p1(z) = ¢+ zq(z) then we may use the recursion suggested by

p1o fo(z) = c+ fa(z) - g 0 fa(2):

compose’ (c:q) £2 = (F [c] 0) + £2 * compose’ q £2

The recursion ends when the polynomial is the zero polynomial, in which
case pjo f, =0:

compose’ [] =0

In the general case we have to take care to ensure that the image of f»
is contained in the domain of f; for the composition to be well-defined. A
sufficient condition for this to hold is || f2|| < 1 since the domain of f; is
the unit disk. Under this assumption we compute fi o fo = p1 o fo + (f2)¢ -
hi o fo. These two terms are split at degree d + 1 to get p1 o f2(z) = p1(z) +
2% (z) and fo(2)? = pa(z) + 29h2(2).12 Then fi o fo(z) = p3(z) + z9h3(z)
with p3 = p1 +P2-hio foand h3 = hy+hy hyo f2. Only the norm of h is
given so from this we can only draw the conclusion that p3(z) = p1(z) +s-
p2(z) fors € [—||h]|, ||h1]]] (s is in fact a function but we may think of it as a
constant since we are really computing with sets of polynomials). The error
is approximated using the triangle inequality, || 3| < |71 || + ||| [|F1]]-

compose (F pl el) £f2 | norm £f2 < 1 = F (p1’ + [s]*p2’) (el’ + elxe2’)
| otherwise error "compose: |f2| is too large"
split (d+1) (compose’ pl £2)
split (d+1) (£2°4d)
S (-upper el) (upper el)

where (F pl’ el’)
(F p2’ e2?)
s

The term s - fx(z) can introduce devastating errors into the computation
since s lies in an interval which has positive upper bound and a negative
lower bound (if p; has a coefficient with small error but a large magnitude
relative to s, then after multiplying with s that coefficient will have an error
that is bigger than the magnitude of the coefficient). We work around this
problem by choosing the degree d large, since this tends to make the term s
smaller. Another way to deal with this problem is to include a “general
error” term in the representation of analytic functions (Koch et al., 1996).

12G6e the footnote near the definition of multiplication of analytic functions for an expla-
nation of the choice of degree d + 1.
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7.4.6 Derivative of the composition operator

Let S(f,g) = f o g, then the derivative is given by

DS(1,)(0f,0g) = Df og-d6g +6f og.

Note that when computing Df we must specify as a first parameter the
radius of a disk strictly contained in the unit disk to which Df is restricted
(see Section 7.4.4). In the present situation we know that the image of g is
contained in a disk with radius ||g||, so Df only needs to be evaluated on
the disk of radius ||g||:

dcompose f g df dg = (deriv (norm g) f ‘compose‘ g) * dg + (df ‘compose‘ g)

7.4.7 Division by z
If f(z) = aiz+ - - - + anz" + 27h(z), then

f(2)/z=ay+ - +a,z2" 1+ 297(0) 4 2%h(z),

where |1(0)| < ||k]| and ||i]| < ||k]|. Since we do not know the value of
h(0) we estimate the coefficient it with s € [—||k||, [|12]|]]. We think of this
operation as a “left shift”, whence the name of this function:

1shift (F (c:q) e)
1shift (F [] e)

F (q + [0,117(d-1) * [S (-upper e) (upper e)]) e
F ([0,1]1"(d-1) * [S (-upper e) (upper e)]) e

If the polynomial part of f has a constant coefficient ay # 0 then this func-
tion will not return the correct result, so we take care to only use it when
we know that ag = 0.

7.4.8 Point evaluation

If f(z) = p(z) +z%(z), then f(t) = p(t) +t? - s for some s € [—||k|, ||h]|].
We also check that ¢ is in the unit disk otherwise the program is terminated
with an error:

eval (Fpe)t | abst<1
| otherwise

peval p t + t°d * (S (-upper e) (upper e))
error ("eval: not in domain t=" ++ show t)

Note that the further away ¢ is from 0, the more error is introduced in the
evaluation. For t = 0 the error term has no influence on the evaluation.
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7.4.9 Scaling

As a convenience we define operators to scale an analytic function by a
scalar on the on the right. The precedence for these operators are the same
as for their 'normal’ counterparts.

Multiplication satisfies [p(z) + z%h(z)] - x = x - p(z) + z%[x - h(z)] and
division is handled similarly. Note that the error term is affected:
infixl 7 .*, ./

(Fpe) .xx=TF (p x [x]) (e * abs x)
(Fpe) ./ x=F (p x [1/x]) (e / abs x)

7.4.10 Polynomial approximation

Let f(z) = p(z) + z%h(z). To approximate f by a polynomial we first dis-
card the error term z%h(z), then we disregard the errors in the coefficients
of p. That is, for p(z) = ag+ - - - + a,2" with a; € [a,a;"] we replace ay
with the mean a; = (a, + a,‘f) /2 (we ‘collapse’ the bounds on a;). Finally,
we lift this operation to pairs of functions:

approx (f,g) = (approx’ f, approx’ g)

where approx’ (F p _) = F (map (toScalar . collapse) p) O
collapse (81 w = (1+u)/2

7.4.11 Operator norm

Let ¢x(z) = z* so that {& }x>0 is a basis for X. A basis for Y is {1 }x>0,
where 1o, = (&, 0) and #7px1 = (0, &). This set is implemented as follows:

basis = interleave (zip basis’ (repeat 0)) (zip (repeat 0) basis’)
where basis’ = map xi [0..]
xi k = F (replicate k 0 ++ [1]) O

Proposition 7.4.1. If L : Y — Y is a linear and bounded operator, then

IL]} = max{|[Lyoll, . .., [|1L72a-1l, sup | L(k, 0) ||, sup | L(O, k) },

heBy heBy
where By = {z%h(z) | ||h|| < 1}.

This is a consequence of using the ¢!-norm on X.
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Given a linear operator op acting on a list of tangent vectors'®, we es-
timate the operator norm by applying it to the first 2d basis vectors and to
the sets B; x 0 and 0 x B;. Then we compute the upper bound of the norm
of the results and take the maximum:
opnorm op = maximum $ map (upper . sumnorm) $ op tangents

where tangents = (F [] 1,0) : (0,F [] 1) : take (2xd) basis
Note that B, is represented by the set of functions with no polynomial part
and an error bounded by 1, which is the same as F [] 1.

7.4.12 Construction of balls

We cannot exactly represent arbitrary balls in X with the Function type.

Instead we construct a rectangle set which is guaranteed to contain the ball.
Thus, a bound on a ball of radius r centered on an analytic function (in

our case it is always a polynomial, i.e. e=0) can be implemented as follows:

ball r (f,g) = (ball’ r f, ball’ r g)
where ball’ r (F p e) =F (map (+ S (-r) r) p) (e + toScalar r)

7.4.13 Newton’s method

This is our variant of Newton’s method on Y:

(f,8) = (M—=D)"H(M-T)(f.g),

where M is a 2d x 2d matrix passed as the first parameter. The second
parameter is T( f, ¢) and the third parameteris ( f, g). When lifting M into Y
we project the error term to zero by letting s = 0 and when lifting (M —I)~!
we preserve the error term by letting s = 1 (see below for how this lifting
is done):

newton m (tf,tg) fg = fg’

where (mf,mg) = liftPolyOp O (apply m) fg
fg’ 1liftPolyOp 1 (solve $ subtractDiag m 1) (mf-tf,mg-tg)

Let f = p(z) + z%h(z) where deg p < d and let A be the linear operator
represented (in the basis {z*}) by the infinite matrix

(5 3)

13The linear operator acts on a sequence of tangent vectors since this is how we have
implemented the derivative of the main operator.
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where M is a d x d matrix and [ is the infinite identity matrix. We lift the
linear operator A into X by

Af(z) = Mp(z) +2%(s - h(2)).

The following function implements this lifting into Y. We split f and ¢
to ensure that their degrees are at most d — 1, and since our linear algebra
routines require its input in one vector we interleave the polynomial parts.
Also, instead of passing M we pass a linear operator op which allows us to
use one function to lift matrix multiplication (apply) and solution of linear
equations (solve):
1iftPoly0Op s op (f,g) = (F pf’ (s*ef), F pg’ (s*xeg))

where fg@(F pf ef, F pg eg) = (split d f, split d g)
(pf’,pg’) = uninterleave $ op (interleavePoly fg)

When interleaving the polynomial parts of two functions we first pad the
polynomials with zeros to ensure their lengths are exactly d (e.g. ap + a1z is
padded to ag + a;z + 0z% + - - - 4+ 0z~1). Hence the resulting vector always
has length 24:

interleavePoly (F p _, F q _) = interleave (pad p) (pad q)
where pad x = take d $§ x ++ (repeat 0)

7.5 Linear algebra routines

In this section we implement a simple linear algebra library to compute
matrix-vector products and to solve linear equations.

A matrix is represented as a list of its rows and a row is a list of its
elements. A vector is just a list of elements (we think of them as column
vectors). This is a very simplistic library so no checking is done to ensure
that matrices have the correct dimensions (e.g. it is quite possible to create
a ‘matrix” with rows of differing lengths).

7.5.1 Matrix-vector product
Computing the matrix-vector product Mx is fairly straightforward:
apply m x = map (dotProduct x) m

The dot product of vectors a and b:

dotProduct a b = sum $ zipWith (%) a b
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Note that if a and b have different lengths, then the above function will
treat the longer vector as if it had the same length as the shorter.

7.5.2 Linear equation solver

The following function solves the linear system of equations Mx = b. It is
a simple wrapper around a function which solves a linear system given an
augmented matrix.

solve m b = solveAugmented $ augmentedMatrix m b

The augmented matrix for M and b is [M b], ie. the matrix with b ap-
pended as the last column of M:

augmentedMatrix = zipWith (\x y -> x ++ [y])

We now implement a linear equation solver which takes an augmented
matrix as its only parameter. It is implemented using Gaussian elimina-
tion with partial pivoting. The only novelty compared with a traditional
imperative implementation is that we solve the equations recursively.

Givenan x (n+ 1) augmented matrix M’ first perform partial pivoting,
i.e. the row whose first element has the largest magnitude is moved to the
top to form the matrix M. Assuming that we already have the solution
for xp,...,x, we can compute x; = (M7,,4+1 — Z}‘zz mljxj)/mll and we are
done. The solution for x»,...,x, is found recursively as follows: perform
a Gaussian elimination on M to ensure that all rows except the first start
with a zero to get a matrix M. Throw away the first row and column of M
to geta (n — 1) x n matrix N’ and solve the linear system with augmented
matrix N’. The solution to this system is xp, . .., X.
solveAugmented [] 1
solveAugmented m’ = (last mlt - dotProduct mit x) / mll : x

where m@((mil:mit):_) = partialPivot m’
x = solveAugmented $ eliminate m

Partial pivoting is done by first finding a list of all possible ways to split
the matrix M into a top and a bottom half. This list is searched for the split
which has a maximal first element in the bottom half. The maximal split is
then reassembled into one matrix by moving the top row of the bottom half
to the top of the matrix.

partialPivot m = piv:mtop ++ mbot

where (mtop,piv:mbot) = maximumBy comparePivotElt (splits m)
comparePivotElt (_,(a:_):_) (_,(b:_):_) = compare (abs a) (abs b)
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The following routine uses Gaussian elimination to ensure that the first
element of all rows except the first starts with a zero. That is, we add a
suitable multiple of the first row to the other rows one at a time:

eliminate ((m11l:mit):mbot) = foldl appendScaledRow [] mbot
where appendScaledRow a (r:rs) = a ++ [scaleAndAdd (-r/ml11) mit rs]
scaleAndAdd s a b = zipWith (+) (map (*s) a) b

Remark 7.5.1. When using the above linear equation solver with matrices
and vectors over intervals (of type Scalar) there is a question of what the
‘solution” represents. As always, we are computing bounds on solutions:
if M is in some rectangle set [M] of matrices and b is in some rectangle set
[b] of vectors, then the above routine will compute a rectangle set [x] such
that if x is a solution to Mx = b then x € [x].

Note that our solver will compute rather loose bounds on the solution
set, see e.g. Jansson and Rump (1991) for ways of finding sharper bounds.

7.6 Supporting functions

Given a square matrix M and a number x compute M — xI, i.e. subtract x
from every diagonal element of M:
subtractDiag m x = foldl £ [] (zip m [0..])

where f m’ (r,k) = let (h,t:ts) = splitAt k r
in m’ ++ [h ++ [t-x] ++ ts]

Given a list, return all possible ways to split the list in two:

splits x = splits’ [] x
where splits’ _ []
splits’ x y@(yh:yt)

1
(x,y) : splits’ (x ++ [yh]) yt

Interleave two lists a and b, i.e. construct a new list by taking the first el-
ement from a, then the first element from b and repeating for the remaining
elements.

interleave a b = concat $ zipWith (\x y -> [x,y]) a b

Perform the ‘inverse’ of the above function, i.e. take a list ¢ and con-
struct a pair of lists (a,b) such that interleave a b = c:

uninterleave = unzip . pairs

Given a list, partition it into pairs of adjacent elements:
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pairs [1 = ]
pairs (x:y:rest) = (x,y) : pairs rest
pairs _ = error "list must have even length"

7.7 Input to the main program

The degree of the error term in our representation of analytic functions:
d =13 :: Int

The radius of the ball on which @ is a contraction:

beta = 1.0e-7 :: Double

The radii for the domains of ¢ and :

sf = 2.2 :: Scalar
sg = 0.5 :: Scalar

The initial guess for the fixed point:
guess = (F [-0.75, -2.5] 0, F [6.2,-2.1] 0)

7.8 Running the main program

This document contains all the Haskell source code needed to compile the
program into an executable. Given a copy of the I£TEX source of this doc-
ument (assuming the file is named 1mca.1hs), use the following command
to compile it:'4

ghc --make -02 1lmca.lhs

This produces an executable called Imca (or Imca. exe if you are using Win-
dows) which when called will execute the main function.
Here is the output of running the main program:

radius = 1.0e-7,
|[Phi(£f)-f| < 4.830032057738462e-9,
| DPhi | < 0.1584543808202988

This output was taken from a sample run using GHC 6.12.1 on Mac OS X
10.6.2. The running time on an 1.8 GHz Intel Core 2 Duo was less than
10 seconds.

14The GHC compiler can be downloaded for free from http://haskell.org.
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7.9 Haskell mini-reference

This section introduces some of the features and syntax of Haskell to help
anybody unfamiliar with the language read the source code. It is assumed
that the reader has some prior experience with an imperative language
(Java, C, etc.) but is new to functional programming languages. Table 7.1
below collects examples of Haskell syntax used in the source code and can
be used to look up unfamiliar expressions. For more information on the
Haskell language go to http://haskell.org.

Haskell is a functional language. Such languages differ from imperative
languages in several significant ways, e.g.: there are no control structures
such as for loops and data is immutable so there is no concept of variables
(memory locations) that can be written to.

Basic types include: booleans (True, False), numbers (e.g. -1, 2.3e3, in-
tegers of any magnitude are supported), tuples (e.g. (1,’a’,0.3), elements
can have different types), and lists (e.g. [1,2,3], all elements must have the
same type). Functions are on the same level as basic types so they can e.g.
be passed as parameters to other functions.

Functions are defined like f parameters = expression where £ is the func-
tion name and there can be zero or more parameters. Note that there are
no parentheses around parameters and that parameters are separated by
spaces. Function calls have very high precedence, so f x~2 is the same as
(f x)°2,not £ (x°2). The keywords let .. in and where can be used to
bind expressions to function-local definitions (i.e. local functions or vari-
ables).

New data types can be defined using the data construct. For example,
data Interval = I Double Double defines a type called Interval which
consists of two double precision floating point numbers (i.e. the endpoints
of the interval). New values of this type are constructed using the value
constructor which we called I, e.g. I 0 1 defines the unit interval.

Functions can be defined with pattern matching on built-in and custom
data types. For example, len (I a b) = abs (b-a) defines a function len
which returns the length of an interval (for the custom data type Interval).

We often use pattern matching on lists, where [1 matches the empty
list and (x:xs) matches a list with a least one element and binds the first
element to x and the rest to xs (read as plural of x). The notation v@(x:xs)
can be used to bind the entire list to v on a match.
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The notation _ may be used to match anything without binding the
match to a variable, e.g. firstZero (x:_) = x == 0 defines a function
which returns True if the first element of a nonempty list is equal to zero
(and throws an exception if called on the empty list []).

Type classes are a way of declaring that a custom data type supports
a certain predefined collection of functions and also allow for ‘overload-
ing” of functions (and operators, which can be turned into functions as
noted in the example for (+) in Table 7.1). We only mention type classes
because we come across them when implementing Scalar and Function.
The pre-defined type classes we use are Num (for (+), (=), (x¥), (7), abs),
Fractional (for (/), (*7)), Eq (test for equality), and Show (for conversion
to strings).

Expression Description
f1 x = 2%x define a function £1 which doubles its argument
f2 x y = x+y define a function £2 which adds its two arguments
f13 apply £1 to 3 (=6)
f2 3 4 apply f2to3and 4 (= 7)
£2 2 (f1 3) apply £2 to 2 and 6 (the result of f1 3) (= 8)
f2 2 ¢ f1 3 same as above (the operator $ is often used in this
way to avoid overuse of parentheses)
f2 2 f1 3 error (this means: compute £2 2 f1 and apply the
result to 3, but 2+f1 does not make sense)
\x -> 2xx define the anonymous function x — 2x
f2 3 apply £2 to 3 (= the function \x -> 3+x)
f1 . f2 3 composition (= the function \x -> 2*(3+x))
3 ‘f2° 4 turn function (in backticks) into an operator (=7)
(+) 34 turn operator (in parentheses) into a function (=7)
(3%) fix first parameter to 3 (= the function \x -> 3%*x)
g x | x<0 = -1 define the sign function g using guards (the | sym-
| x>0 = 1 bols)
| x==0 = 0
num [] =0 define a function which counts the number of ele-
num (_:xs) ments in a list using pattern matching
= 1+num xs

Continued on the next page. ..
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Expression Description
[1,2] a list (all elements must have the same type)
(] the empty list
[1..] the list of all positive integers
[2..5] list enumeration with bounds (=[2,3,4,5])
1 : [2,3] append element to beginning of list (=[1,2,3])
[1,2,3] 11 0O access list elements by zero-based index (=1)

concatenate two lists (=[1,2,3])
a character

"abc" a string, i.e. a list of characters (=[’a’,’b’,’c’])
273 nonnegative integer exponentiation (=8)

277 (-1) integer exponentiation (=0.5)

(’a’,2) a pair (the elements need not have the same type)

fst (’a’,2)
snd (’a’,2)

access first element in a pair (=’a’)
access second element in a pair (=2)

map f1 [1..] apply £1 to all elements in the list (=[2,4,8,..])
[f2 a b | list comprehension, i.e. {f2(a,b) | a € {1,2},b €
a <- [1,2], {3,4,5}}(=[4,5,6,5,6,7])
b <- [3..5]]

foldl £f2 1 [3,5] fold overlist (computef2 1 3=4,thenf2 4 5)(=9)
iterate f1 1 compute orbit of 1 under 1 (=[1,2,4,8,..])
maximum [1,4,2] return maximum element in a list (=4)

as above, but using f to compare elements of the
list x

minimum [1,4,2] return minimum element in a list (=1)

splitAt 2 [1,4,2]splitlistin two at given index (=([1,41], [2]))

take 3 [7..] take the first 3 elements from the list (=[7,8,9])
zip [1..] [3,4] join two lists into a list of pairs (=[(1,3),(2,4)1)
unzip [(1,3), ‘inverse’ of zip (=([1,2], [3,4]))

maximumBy f x

(2,4)]
zipWith £2 [1..] like zip, but use £2 to join elements (=[4,6])
(3,4]
repeat 0 infinite list with one element repeated (=[0,0, . .])

replicate 3 0 finite list with one element repeated (=[0,0,0])

Continued on the next page. ..
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Expression Description

sum [3,-1,4] sum of elements in list (=6)

transpose m the transpose of the matrix m (m is a list of lists)
putStrLn "hi" print hi to standard out and and append a new line
show 1.2 turn the number 1.2 into the string "1.2"

error "ohno" abort program with error message ohno

Table 7.1: Examples of Haskell syntax used in the source code.






APPENDIX A

Background material

The purpose of this appendix is to collect some background material that
is used throughout the text. Section A.1 contains a topological fixed point
theorem which is suitable for proving the existence of periodic points for
renormalization operators in general. Sections A.2 and A.3 contains basic
facts about the nonlinearity operator and the Schwarzian derivative, re-
spectively.

A1 A fixed point theorem

The following theorem is an adaptation of Granas and Dugundji (2003,
Theorem 4.7).

Theorem A.1.1. Let X C Y where X is closed and Y is a normal topological
space. If f : X — Y is homotopic to a map g : X — Y with the property that
every extension of ¢|ax to X has a fixed point in X, and if the homotopy hy has no
fixed point on 90X for every t € [0,1], then f has a fixed point in X.

Remark A.1.2. Note that the statement is such that X must have nonempty
interior. This follows from the assumption that g has a fixed point (since it
is an extension of g|yx) but the requirement on the homotopy implies that
g has no fixed point on 9X.

Proof. Let F; be the set of fixed points of h; and let F = |J F;. Since g must
have a fixed point F is nonempty. Since h; has no fixed points on 90X for
every t, F and 0X are disjoint.
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We claim that F is closed. To see this, let {x, € F} be a convergent
sequence, let x = lim x,,. Note that x € X since F C X and X is closed. By
definition there exists t, € [0, 1] such that x,, = h(xy, t,). Pick a convergent
subsequence t,, — t. Since x, is convergent h(xy,,t,, ) = x,, — x, but at
the same time h(x,,, t,, ) — h(x,t) since h is continuous. Hence h(x,t) = x,
that is x € F which proves the claim.

Since Y is normal and 0X and F are disjoint closed sets there exists a
map A : X — [0,1] such that A|[p = 0 and Alyjx = 1. Define §(x) =
h(x;A(x)). Then g is an extension of g|yx since if x € 09X, then g(x) =
h(x,1) = g(x). Hence § has a fixed point p € X. However, p must also be a
fixed point of f since p = §(p) = h(p, A(p)) so that p € F and consequently

p=38(p) =h(p,0) = f(p). O

A.2 The nonlinearity operator

Definition A.2.1. Let Ck(A; B) denote the set of k times continuously dif-
ferentiable maps f : A — B and let D¥(A; B) C C¥(A; B) denote the subset
of orientation-preserving homeomorphisms whose inverse lie in C¥(B; A).

As a notational convenience we write C¥(A) instead of C¥(A; A), and C*
instead of C¥(A; B) if there is no need to specify A and B (and similarly for
DF).

Definition A.2.2. The nonlinearity operator N : D?(A; B) — C°%(A;R) is
defined by

(A1) N¢ = Dlog D¢.
We say that N¢ is the nonlinearity of ¢.
Remark A.2.3. Note that

D2¢

N(P:Dicp.

Definition A.2.4. The distortion of ¢ € D!(A; B) is defined by

. Do (x)
Dist¢ = 1 .
S S Doly)
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Remark A.2.5. We think of the nonlinearity of ¢ € D?(A;B) as the density
for its distortion. To understand this remark, let du = N¢(t)dt. Assuming
N¢ is a positive function, then y is a measure and

Distqaz/dy,
A

since by (A.1)

Y D¢(y)
/x Ng(t)dt = log 5 5.

If N¢ is negative, then —N¢(t) is a density. The only problem with the
interpretation of N¢ as a density occurs when it changes sign. Intuitively
speaking, we can still think of the nonlinearity as a local density of the dis-
tortion (away from the zeros of N¢).

Note that N¢ does not change sign in the important special case of ¢
being a pure map (i.e. a restriction of x*). So the (absolute value of the)
nonlinearity is the density for the distortion of pure maps.

Lemma A.2.6. The kernel of N : D?(A; B) — C°(A;R) equals the orientation-
preserving affine map that takes A onto B.

Lemma A.2.7. The nonlinearity operator N : D?(A; B) — C°(A;R) is a bijec-
tion. In the specific case of A = B = [0, 1] the inverse is given by

Jo &xp{Jy f(t)dt}ds

Jo exp{Js f(t)dt}ds

Lemma A.2.8 (The chain rule for the nonlinearity operator). If ¢, € D?
then

(A2) N7'f(x) =

(A.3) N(po¢p) = Npo¢p D¢ + Ne¢.
Proof. Use the chain rule of differentiation:
N(yo9) = Dlog D( o ¢) = Dlog(Dypo¢- D)
200 d -
= Dlog(Dy o ¢) + DlogD¢ = Do¢:-De + N¢

Dyo¢
= (DlogDy)o¢-D¢p+ N¢p = Npo¢p-D¢p+ Né. O
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Definition A.2.9. We turn D?(A; B) into a Banach space by inducing the
usual linear structure and uniform norm of C°(A;R) via the nonlinearity
operator. That is, we define

(A4) ap+ pp = N~' (aN¢ + BNy),
(A.5) ol =§u§ IN¢(t)],

for ¢, € D?>(A;B) and a, B € R.
Lemma A.2.10. If ¢ € D?(A;B) then

Ne@ W) g

(A.6) N(™)(y) = - D¢(¢p~'(y))’

Proof. Let x = ¢~ 1(y), then

N(¢™)(y) = Dlog D(¢™")(y) = Dlog | De(x)~"]

D?¢(x) - _ N¢(x)
_D¢(x) D((P 1)(y)__D(P(X). O

Lemma A.2.11. If ¢ € D?(A;B) then

=gl « POW)  y—xlg)
(A7) e"W=Hl¢ gD(P(x)gey o,

B
(A8) ’|A|‘ 191 < Do) < H ol

[B| r

(A.9) ID*¢(x)| < TA] gl - €M1,

forall x,y € A.

Proof. Integrate the nonlinearity to get

D¢(y)
Dé(x)’

/ N¢(t)dt = log

as well as

[ Nt <y~ xlligl.
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Combine these two equations to get (A.7).

By the mean value theorem we may chose y such that D¢(y) = |B|/|A]|,
so (A.8) follows from (A.7).

Finally, since

N (x) = Dlog Dg(x) = %zq;”((j)),
we get |D2p(x)| < |Dg(x)] - || ¢]|. Now apply (A.8) to get (A.9). O
Lemma A.2.12. If ¢, € D?(A; B) then
(A.10) p(x) = ()] < (219791 1) - min{p(x), 1 - p(x)},
(A1) o lo—vl < PO) _ gy

~ Dy(x) —
forall x € A.
Lemma A.2.13. The set B = {¢ € D?: ||¢|| < K} is relatively compact in C°.

Proof. Maps in B are uniformly bounded by definition and since maps in B
have uniformly bounded derivative (by (A.8)) they are equicontinuous.
The theorem of Arzela—Ascoli now says that any sequence in B has a subse-
quence which converges uniformly (to a map in C°). Thus, the C%~closure
of B is compact in C. O

Definition A.2.14. Let {; : [0,1] — ] be the affine orientation-preserving
map taking [0,1] onto an interval J.
Define the zoom operator Z : D?(A; B) — D?([0,1]) by

(A.12) Zp =z opola.

Remark A.2.15. Note that if ¢ € D(A;B), then B = ¢(A) so Z¢ only de-
pends on ¢ and A (not on B). We will often write Z(¢; A) instead of Z¢ in
order to emphasize the dependence on A.

Lemma A.2.16. If ¢ € D?(A; B) then

(A.13) 29 = (Z9) Y,
(A.14) N(Z¢) = [A]-N¢pola,
(A.15) 1Zll = [A] - [|¢]l-
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Proof. The first equation is just a calculation
Z(p7N) =4t og  olp =Gzl ogola) = (Z9) 7",

To see the second equation, apply the chain rule for nonlinearities and
use the fact that affine maps have zero nonlinearity

N(Z$p) = N(Zz'opola) = N(¢pols) = Npola-Dla.

This implies the third equation

1Z¢]l = sup [N¢poZa(x)|-|A| = sup [N¢(x)|-|A] = [[¢] - [A]. O

x€[0,1] x€A

A.3 The Schwarzian derivative

In this appendix we collect some results on the Schwarzian derivative.
Proofs can be found in de Melo and van Strien (1993, Chapter IV).

Definition A.3.1. The Schwarzian derivative S : D3(A;B) — C%(A;R) is
defined by

(A16) 5f = D(Nf) — 5(NfP2

Remark A.3.2. Note that

5315

Lemma A.3.3. The kernel of S : D3(A; B) — C°(A;R) is the set of orientation-
preserving Mobius maps which take A onto B.

Lemma A.3.4 (The chain rule for the Schwarzian derivative). If f,g € D3,
then

(A.17) S(fog)=Sfog-(Dg)*+Sg.
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Proof. Use the chain rule for nonlinearities:

S(fog)

= D(N(fog)) — 5 (N(f o5))’

1 2
D(Nfog-Dg+Ng)—>(Nfog-Dg+Ng)

D(Nf)og-(Dg)*+ Nf og-D*¢+ D(Ng)
~ L (Nfog)? (D)~ Nfog Dg-Ng— 1( Ng)?

N \

= [D(Nf)og - §<Nfog) ’] - (Dg)*+Sg
= Sfog-(Dg)* +Sg.
(In the fourth step we used the fact that Dg - Ng = D?g.)

Lemma A.3.5. Sf < Oifand only if S(f~1) > 0.

Lemma A.3.6 (Koebe Lemma). If f € D3((a,b);R) and Sf > 0, then

(A.18)

INf(x)| <2 [min{|x —al,|x —b]}]
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Proof. A proof for this particular statement of the Koebe lemma can be
found in Jiang (1996, Lemma 2.4). A more general version of the Koebe
lemma can be found in de Melo and van Strien (1993, Section IV.3).

O]

Corollary A.3.7. Let T > Oand let f € D3(A;B). If f extends toa map F €
D3(I; ) with SF < 0and if ] \ B has two components, each having length at least

T|B|, then

IZf]l < &2/

Proof. Since SF < 0 it follows that S(F~!) > 0 so the Koebe lemma and

(A.15) imply that

1ZGFDI = 1Bl 1l £ < [BI-

2 2
T\B[ T

Now apply Lemmas A.2.10, A.2.11(A.8) and A.2.16(A.13)

I1ZAIF < exp{IZA7HI} - IZH7H = exp{IZFHIT - I1ZF I

<e¥T.2/1.
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