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Chapter 1

Iterations and fixed points

1.1 Square roots

Perhaps the oldest algorithm in recorded history is the Babylonian algorithm
(circa 2000BCE) for computing square roots: If we want to find the square root
of a positive number a we start with some approximation, o > 0 and then
recursively define
1 a
Tnt1 = 5 (wn + xn) : (1.1)
This is a very effective algorithm which converges extremely rapidly. Here is an
illustration. Suppose we want to find the square root of 2 and start with the
really stupid approximation zo = 99. We apply (1.1) recursively thirteen times
to obtain the values
99.00000000000000
49.51010101010101
24.77524840365297
12.42798706655775
6.29445708659966
3.30609848017316
1.95552056875300
1.48913306969968
1.41609819333465
1.41421481646475
1.41421356237365
1.41421356237309
1.41421356237309

to fourteen decimal places. For the first seven steps we are approximately di-
viding by two in passing from one step to the next, also (approximately) cutting
the error - the deviation from the true value - in half. After line eight the accu-
racy improves dramatically: the ninth value, 1.416. .. is correct to two decimal

5



6 CHAPTER 1. ITERATIONS AND FIXED POINTS

places. The tenth value is correct to five decimal places, and the eleventh value
is correct to eleven decimal places.

To see why this algorithm works so well (for general a), first observe that the
algorithm is well defined, in that we are steadily taking the average of positive
quantities, and hence, by induction, x,, > 0 for all n. Introduce the relative
error in the n—th approximation:

Tn —ya
Vva

En =

S0
Ty = (1 + en)V/a.

As x, > 0, it follows that
e, > —1.

Then

e2

1 1
i =a=(1+e, = a(l4+=—n .
i1 = Vag(l+e T va( toTTe)

This gives us a recursion formula for the relative error:

e2

n, 1.2
2+ 2e,, (1.2)

En+1 =

This implies that e; > 0 so after the first step we are always overshooting the
mark. Now 2e,, < 2+ 2e,, so (1.2) implies that

1

ent1 < ien

so the error is cut in half (at least) at each stage and hence, in particular,
X1 > X >0,
the iterates are steadily decreasing. Eventually we will reach the stage that
e, < 1.

From this point on, we use the inequality 2 + 2¢,, > 2 in (1.2) and we get the

estimate

1
ent1 < —€2. (1.3)

So if we renumber our approximation so that 0 < ep < 1 then (ignoring the 1/2
factor in (1.3)) we have
0<e,<el, (1.4)

an exponential rate of convergence.

If we had started with an zg < 0 then all the iterates would be < 0 and we
would get exponential convergence to —+/a. Of course, had we been so foolish
as to pick zo = 0 we could not get the iteration started.
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1.2 Newton’s method

This is a generalization of the above algorithm to find the zeros of a function
P = P(z) and which reduces to (1.1) when P(z) = 2% —a. It is
P(zy)

Tnt+l = Tp — Pl((E )
n

If we take P(x) = 22 — a then P’'(z) = 2x the expression on the right in (1.5)

is
1 n a
Nz, + =
2 Tp
so (1.5) reduces to (1.1).

Also notice that if x is a “fixed point” of this iteration scheme, i.e. if

P()
P(z)

(1.5)

r = —

then P(z) = 0 and we have a solution to our problem. To the extent that 2,41
is “close to” x,, we will be close to a solution (the degree of closeness depending
on the size of P(zy)).

In the general case we can not expect that “most” points will converge to
a zero of P as was the case in the square root algorithm. After all, P might
not have any zeros. Nevertheless, we will show in this section that if we are
“close enough” to a zero - that P(zg) is “sufficiently small” in a sense to be
made precise - then (1.5) converges exponentially fast to a zero.

1.2.1 The guts of the method.

Before embarking on the formal proof, let us describe what is going on on the
assumption that we know the existence of a zero - say by graphically plotting
the function. So let z be a zero for the function f of a real variable, and let z
be a point in the interval (z — p, z + p) of radius p about z. Then

1) = 1) - 1) = | " f(s)ds
SO

f@) — (e - o)) = / ('(s) - f(2))ds.

x

Assuming f/(z) # 0 we may divide both sides by f’(x) to obtain
(0= 50) ~ o= 5 | 0 = s (1.6)

f'(x) f'(x)
Assume that for all y € (z — p, 2 + p) we have
'l = p>0 (1.7)
[F' () = F1(g2)l < Olyr — el (1.8)
po< pfd (1.9)
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Then setting = 244 in (1.6) and letting

I ()
T @)

in (1.6) we obtain

o [* 1)
|Tnew — 2| < —/ s — Tora|ds = 2—p|xozd - z|2.
xT

old

Since |xo1q — 2| < p it follows that

| <3
Tnew RS 2M
by 1.9). Thus the iteration
f(z)
T—x— 1.10
@) (110

is well defined. At each stage it more than halves the distance to the zero and
has the quadratic convergence property

é
|:Enew - Z| S 2_p|xold - Z|2'

As we have seen from the application of Newton’s method to a cubic, unless
the stringent hypotheses are satisfied, there is no guarantee that the process
will converge to the nearest root, or converge at all. Furthermore, encoding
a computation for f/(z) may be difficult. In practice, one replaces f’ by an
approximation, and only allows Newton’s method to proceed if in fact it does
not take us out of the interval. We will return to these points, but first rephrase
the above argument in terms of a vector variable.

1.2.2 A vector version.

Now let f a function of a vector variable, with a zero at z and x a point in the
ball of radius p centered at z. Let v, := 2z — = and consider the function

ti— fz+tu,)

which takes the value f(z) when ¢ = 1 and the value f(z) when ¢t = 0. Differ-
entiating with respect to t using the chain rule gives f'(z + tv,)v, (where f’
denotes the derivative =(the Jacobian matrix) of f. Hence

1
—ﬂ@—f@—f@%xéf@+mg%ﬁ

This gives
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Applying [f/(x)]~! (which we assume to exist) gives the analogue of (1.6):

1
(= [F@)] " (@) — = = [ () / (@ + tg) — f/(@)uadt
Assume now

It < ot (1.11)
1f(y1) = fly2ll < Ollys — v2| (1.12)

for all y, y1,y2 in the ball of radius u about z, and assume also that (1.9) holds.
Setting x,q = x and

Tnew = Lold — [f/(xold)]ilf(zold)
gives
| | < J /1f|| vz dt J | [
Tnew — 2|| < = vg||||v = —||zoa — 2|
new o Jo T e 2/) o

From here on the argument is the same as in the one dimensional case.

1.2.3 Implementation.

We return to the one dimensional case.

In numerical practice we have to deal with two problems: it may not be easy
to encode the derivative, and we may not be able to tell in advance whether the
conditions for Newton’s method to work are indeed fulfilled.

In case f is a polynomial, MATLAB has an efficient command “polyder” for
computing the derivative of f. Otherwise we replace the derivative by the slope
of the secant, which requires the input of two initial values, call them z_ and
x. and replaces the derivative in Newton’s method by

f(mc) B f(.%'_)

Te —T_

fz/zpp(‘r0> =

So at each stage of the Newton iteration we carry along two values of x, the
“current value” denoted say by “xc” and the “old value” denoted by “x_". We
also carry along two values of f, the value of f at xc denoted by fc and the value
of f at x_ denoted by f_. So the Newton iteration will look like

fpe=(fe-f_)/(xc-x_);
xnew=xc-fc/fpc;

x_-=xc; f_=fc;

xc=xnew; fc=feval(fname xc);

In the last line, the command feval is the MATLAB evaluation of a function
command: if fname is a “script” (that is an expression enclosed in ¢ ¢) giving
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the name of a function, then feval(fname,x) evaluates the function at the point
X.

The second issue - that of deciding whether Newton’s method should be used
at all - is handled as follows: If the zero in question is a critical point, so that
f'(2) = 0, there is no chance of Newton’s method working. So let us assume
that f/(z) # 0, which means that f changes sign at z, a fact that we can verify
by looking at the graph of f. So assume that we have found an interval [a, b]
containing the zero we are looking for, and such that f takes on opposite signs
at the end-points:

fla)f(b) <0.

A sure but slow method on narrowing in on a zero of f contained in this interval
is the “bisection method”: evaluate f at the midpoint %(a +b). If this value
has a sign opposite to that of f(a) replace b by 3(a +b). Otherwise replace a
by 3(a + b). This produces an interval of half the length of [a, ] containing a
zZero.

The idea now is to check at each stage whether Newton’s method leaves us
in the interval, in which case we apply it, or else we apply the bisection method.

We now turn to the more difficult existence problem.

1.2.4 The existence theorem.

For the purposes of the proof, in order to simplify the notation, let us assume
that we have “shifted our coordinates” so as to take xg = 0. Also let

B={x:|z| <1}.

We need to assume that P’(x) is nowhere zero, and that P”(x) is bounded. In
fact, we assume that there is a constant K such that

|P'(x)"'| < K, |P"(z)|< K, VzeB. (1.13)

Proposition 1.2.1 Let 7 = 3 and choose the K in (1.13) so that

K >2%/4,
Let g
c=3 In K.
Then if
POO)< K™ (1.14)
the recursion (1.5) starting with zo = 0 satisfies
T, € B Vn (1.15)
and
|Zn — Tn_q| < e . (1.16)

In particular, the sequence {x,} converges to a zero of P.
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Proof. In fact, we will prove a somewhat more general result. So we will let 7
be any real number satisfying
l<r<2

and we will choose ¢ in terms of K and 7 to make the proof work. First of all
we notice that (1.15) is a consequence of (1.16) if ¢ is sufficiently large. In fact,

xj = (xj —xj-1) + -+ (31 — 20)

SO
|Ij| S |Ij —Ij,1| —+ -4 |JC1 —CC()|.

Using (1.16) for each term on the right gives

J 3 %)
) —ct" —ct" —cn(t—1) _ €
|z;| < gl e < El e < El e =T =D

Here the third inequality follows from writing
T=14+(1-1)
so by the binomial formula
™m=14+n(t—-1)+--->n(t—-1)

since 7 > 1. The equality is obtained by summing the geometric series. So if
we choose c¢ sufficiently large that

efc(Tfl)

1 — e—c(t—1) = (117)
(1.15) follows from (1.16). This choice of ¢ is conditioned by our choice of 7.
But at least we now know that if we can arrange that (1.16) holds, then by
choosing a possibly smaller value of ¢ (so that (1.16) continues to hold) we can
guarantee that the algorithm keeps going.

So let us try to prove (1.16) by induction. If we assume it is true for n, we
may write

|Znt1 — @n| = [SnP(zn)|

where we set

S, = P'(x,)" " (1.18)

We use the first inequality in (1.13) and the definition (1.5) for the case n — 1
(which says that x,, = z,,—1 — Sp—1P(x,—1) to get

1S, P()| < K|P(2n—1 — Sn_1P(zn_1))|- (1.19)

Taylor’s formula with remainder says that for any twice continuously differen-
tiable function f,

£+ 1) = () + @+ Rly.h) where [R(y,b)] < 3 supf"(2) 12
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where the supremum is taken over the interval between y and y + h. If we use
Taylor’s formula with remainder with

f=P y=Plxp_1),and h =S, 1P(xp_1) = Ty, — Tp_1

and the second inequality in (1.13) to estimate the second derivative, we obtain
|P(2—1—=Sp-1P(xn-1))| < |P($n—l)_Pl(xn—l)sn—lp(xn—l)|+K|$n_wn—llz'
Substituting this inequality into (1.19), we get

[Tt — 2| < K|P(xn_1) — P'(€pn_1)Sn_1P(xn_1)| + K|z, — ,_1|%. (1.20)
Now since S,,_1 = P'(z,_1)~* the first term on the right vanishes and we get

[Tpt1 — Tn] < K2|3:n - :cn,1|2 < K2e72¢7",

So in order to pass from n to n+ 1 in (1.16) we must have
+1

n n
Z(QEAQCT S e*CT

or
K% < 27, (1.21)

Since 7 < 2 we can arrange for this last inequality to hold if we choose ¢
sufficiently large. To get started, we must verify (1.16) for n = 1 This says

SoP(0) < e~

1P(0)]

IN

(1.22)
So we have proved:

Theorem 1.2.1 Suppose that (1.13) holds and we have chosen K and ¢ so that
(1.17) and (1.21) hold. Then if P(0) satisfies (1.22) the Newton iteration scheme
converges exponentially in the sense that (1.16) holds.

If we choose 7 = 2 as in the proposition, let ¢ be given by K? = e

5 S0
that (1.21) just holds. This is our choice in the proposition. The inequality

K > 23/* implies that e3¢/* > 43/4 or

3c/4

This implies that

so (1.17) holds. Then
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so (1.22) becomes |P(0)] < K~ completing the proof of the proposition.

We have put in all the gory details, but it is worth reviewing the guts of
the argument, and seeing how things differ from the special case of finding the
square root. Our algorithm is

Tpg1 = Tp — Sp[P(zn)] (1.23)

where S, is chosen as (1.18). Taylor’s formula gave (1.20) and with the choice
(1.18) we get
[Tpt1 — n| < K2|:17n - zn,1|2. (1.24)

In contrast to (1.4) we do not know that K < 1 so, once we get going, we can’t
quite conclude that the error vanishes as

P
with 7 = 2. But we can arrange that we eventually have such exponential

convergence with any 7 < 2.

1.2.5 Basins of attraction.

The more decisive difference has to do with the “basins of attraction” of the
solutions. For the square root, starting with any positive number ends us up
with the positive square root. This was the effect of the e, 11 < %en argument
which eventually gets us to the region where the exponential convergence takes
over. Every negative number leads us to the negative square root. So the “basin
of attraction” of the positive square root is the entire positive half axis, and the
“basin of attraction” of the negative square root is the entire negative half axis.
The only “bad” point belonging to no basin of attraction is the point 0.

Even for cubic polynomials the global behavior of Newton’s method is ex-
traordinarily complicated. For example, consider the polynomial

P(z) =23 — 2,
with roots at 0 and £1. We have

Px) -z 248

TP T2 —1 3221

so Newton’s method in this case says to set

223
There are obvious “bad” points where we can’t get started, due to the vanishing
of the denominator, P’(x). These are the points = +4/1/3. These two points
are the analogues of the point 0 in the square root algorithm.
We know from the general theory, that any point sufficiently close to 1 will
converge to 1 under Newton’s method and similarly for the other two roots, 0
and -1.
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If x > 1, then

22% > 327 — 1
since both sides agree at x = 1 and the left side is increasing faster, as its
derivative is 622 while the derivative of the right hand side is only 6x. This
implies that if we start to the right of z = 1 we will stay to the right. The same
argument shows that

223 < 32% —
for x > 1. This is the same as

223 <
— <z
3x2 -1 ’

which implies that if we start with o > 1 we have xg > 1 > o > --- and
eventually we will reach the region where the exponential convergence takes
over. So every point to the right of x = 1 is in the basin of attraction of the
root x = 1. By symmetry, every point to the left of z = —1 will converge to —1.

But let us examine what happens in the interval —1 < ¢ < 1. For example,
suppose we start with x¢o = —%. Then one application of Newton’s method
gives

—.25
3x.25—-1
In other words, one application of Newton’s method lands us on the root z =1,
right on the nose. Notice that although —.5 is halfway between the roots —1
and 0, we land on the farther root x = 1. In fact, by continuity, if we start with
xo close to —.5, then x; must be close to 1. So all points, xg, sufficiently close
to —.5 will have x1 in the region where exponential convergence to x = 1 takes
over. In other words, the basin of attraction of = 1 will include points to the
immediate left of —.5, even though —1 is the closest root.

Suppose we have a point  which satisfies

xrp =

223
322 -1
So one application of Newton’s method lands us at —z, and a second lands us
back at x. The above equation is the same as

0 =523 -2 =25z - 1)

which has roots, x = 0, :I:\/m. So the points j:\/m form a cycle of order two:
Newton’s method cycles between these two points and hence does not converge
to any root.

In fact, in the interval (—1,1) there are infinitely many points that don’t
converge to any root. We will return to a description of this complicated type
of phenomenon later. If we apply Newton’s method to cubic or higher degree
polynomials and to complex numbers instead of real numbers, the results are
even more spectacular. This phenomenon was first discovered by Cayley, and
was published in an article which appeared in the second issue of the American
Journal of Mathematics in 1879. This paper of Cayley’s was the starting point
for many future investigations.

—X.
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1.3 The implicit function theorem

Let us return to the positive aspect of Newton’s method. You might ask, how
can we ever guarantee in advance that an inequality such as (1.14) holds? The
answer comes from considering not a single function, P, but rather a parame-
terized family of functions: Suppose that u ranges over some interval, or more
generally, over some region in a vector space. To fix the notation, suppose that
this region contains the origin, 0. Suppose that P is a function of v and z, and
depends continuously on (u,x). Suppose that as a function of z, the function
P is twice differentiable and satisfies (1.13) for all values of u (with the same
fixed K). Finally, suppose that

P(0,0) = 0. (1.26)

Then the continuity of P guarantees that for |u| and |z sufficiently small, the
condition (1.14) holds, that is

|P(u,z0)| <

where r is small enough to guarantee that x( is in the basin of attraction of a
zero of the function P(u,-). In particular, this means that for |u| sufficiently
small, we can find an € > 0 such that all z¢ satisfying |zo| < € are in the basin
of attraction of the same zero of P(u,-). By choosing a smaller neighborhood,
given say by |u| < 4, starting with o = 0 and applying Newton’s method to
P(u,-), we obtain a sequence of x values which converges exponentially to a
solution of

P(u,z) =0. (1.27)
satisfying

|z] < e.

Furthermore, starting with any z¢ satisfying |xg| < € we also get exponential

convergence to the same zero. In particular, there can not be two distinct
solutions to (1.27) satisfying |z| < ¢, since starting Newton’s method at a zero

gives (inductively) z, = zo for all n. Thus we have constructed a unique
function
z = g(u)
satisfying
P(u,g(u)) = 0. (1.28)

This is the guts of the implicit function theorem. We have proved it under
assumptions which involve the second derivative of P which are not necessary
for the truth of the theorem. (We will remedy this in Chapter??.) However these
stronger assumptions that we have made do guarantee exponential convergence
of our algorithm.

For the sake of completeness, we discuss the basic properties of the function
g: its continuity, differentiability, and the computation of its derivative.
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1. Uniqueness implies continuity. We wish to prove that g is continuous at
any point u in a neighborhood of 0. This means: given 8 > 0 we can find a > 0
such that

|h| < a=lglu+h) —glu)] < pB. (1.29)

We know that this is true at u = 0, where we could choose any ¢ > 0 at
will, and then conclude that there is a §' > 0 with |g(u)| < € if |u| < ¢’. To
prove (1.29) at a general point, just choose (u,g(u)) instead of (0,0) as the
origin of our coordinates. and apply the preceding results to this new data. We
obtain a solution f to the equation P(u + h, f(u + h)) = 0 with f(u) = g(u)
which is continuous at h = 0. In particular, for |h| sufficiently small, we will
have |u + h| < 6, and |f(u + h)| < €, our original € and ¢ in the definition of
g. The uniqueness of the solution to our original equation then implies that
f(u+h) = g(u+ h), proving (1.29).

2. Differentiability. Suppose that P is continuously differentiable with respect
to all variables. We have

so, by the definition of the derivative,

0= Z_fh g—:[g(u + 1) = g(w)] + o(h) + olg(u + h) — g(u)].

If u is a vector variable, say € R, then ‘g—g is a matrix. The terminology o(s)

means some expression which approaches zero so that o(s)/s — 0. So

oP17 ' [oP opP1
stwem)=gn) = | 52| |G n-otm=[ 5] elatu+m)—g(w]. (130
As a first pass through this equation, observe that by the continuity that we
have already proved, we know that [g(u + h) — g(u)] — 0 as h — 0. The
expression o([g(u + h) — g(u)]) is, by definition of o, smaller than any constant
times |g(u+ h) — g(u)| provided that |g(u+ h) — g(u)]| itself is sufficiently small.
This means that for sufficiently small [g(u + h) — g(u)] we have

olg(u+ 1) — g(u)]| < 5rzlgu+h) — g(u)

where we may choose K so that | [%—I;} ! | < K. So bringing the last term over

to the other side gives
1 opP| ' [P
_ _ = _ < || Z= il
l9(u+h) = g(u)] = 5lg(u+h) —g(u)] < | [&J [&J h| + o([h]),

and we get an estimate of the form

lg(u+h) —g(u)| < M|h]|
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for some suitable constant, M. But then the term o[g(u + h) — g(u)] becomes
o(h). Plugging this back into our equation (1.30) shows that g is differentiable

with .
dg oP]| ~[OoP
% _ [%] [%] | (1.31)

To summarize, the implicit function theorem says:

Theorem 1.3.1 The implicit function theorem. Let P = P(u,z) be a
differentiable function with P(0,0) = 0 and [42] (0,0) invertible. Then there
exist 6 > 0 and € > 0 such that P(u,z) = 0 has a unique solution with |z| < € for
each |u| < 6. This defines the function x = g(u). The function g is differentiable
and its derivative is given by (1.81).

We have proved the theorem under more stringent hypotheses in order to
get an exponential rate of convergence to the solution. We will provide the
details of the more general version, as a consequence of the contraction fixed
point theorem, later on. We should point out now, however, that nothing in our
discussion of Newton’s method or the implicit function theorem depended on x
being a single real variable. The entire discussion goes through unchanged if x
is a vector variable. Then 0P/0x is a matrix, and (1.31) must be understood
as matrix multiplication. Similarly, the condition on the second derivative of p
must be understood in terms of matrix norms. We will return to these points
later.

1.4 Attractors and repellers

We introduce some notation which we will be using for the next few chapters.
Let F: X — X be a differentiable map where X is an interval on the real line.
A point p € X is called a fized point if

F(p) =p.

A fixed point a is called an attractor or an attractive fixed point or a stable fixed
point if
|F'(a)] < 1. (1.32)

Points sufficiently close to an attractive fixed point, a, converge to a geometri-
cally upon iteration. Indeed,

F(z) —a=F(z) — F(a) = F'(a)(x —a) + o(x — a)

by the definition of the derivative. Hence taking b < 1 to be any number
larger than |F’(a)| then for |z — af sufficiently small, |F(z) — a| < blx — al. So
starting with xg = x and iterating x,+1 = F(x,) gives a sequence of points
with |z, — a| <b"|z — al.

The basin of attraction of an attractive fixed point is the set of all x such
that the sequence {x,} converges to a where g = z and z,4+1 = F(x,). thus
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the basin of attraction of an attractive fixed point a will always include a neigh-
borhood of a, but it may also include points far away, and may be a very
complicated set as we saw in the example of Newton’s method applied to a
cubic.

A fixed point, r, is called a repeller or a repelling or an unstable fixed point
if

[F'(r)| > 1. (1.33)

Points near a repelling fixed point (as in the case of our renormalization group
example, in the next section) are pushed away upon iteration.

An attractive fixed point s with

F'(s)=0 (1.34)

is called superattractive or superstable. Near a superstable fixed point, s, (as in
the case of Newton’s method) the iterates converge exponentially to s.
The notation F°" will mean the n-fold composition,

F"=FoFo---0oF (ntimes).

A fixed point of F°™ is called a periodic point of period n . If p is a periodic
point of period n, then so are each of the points

p, F(p), F°%(p), ..., F°""Y(p)

and the chain rule says that at each of these points the derivative of F'°" is the
same and is given by

(F"Y (p) = F'(p)F'(F(p)) - -- F'(F°" " (p)).

If any one of these points is an attractive fixed point for F'™ then so are all the
others. We speak of an attractive periodic orbit. Similarly for repelling.

A periodic point will be superattractive for F°™ if and only if at least one of
the points p, F(p), ... F°(®=1Y(p) satisfies F'(q) = 0.

1.5 Renormalization group

We illustrate these notions in an example: consider a hexagonal lattice in the
plane. This means that each lattice point has six nearest neighbors. Let each
site be occupied or not independently of the others with a common probability
0 < p < 1 for occupation. In percolation theory the problem is to determine
whether or not there is a positive probability for an infinitely large cluster of
occupied sites. (By a cluster we mean a connected set of occupied sites.) We
plot some figures with p = .2, .5, and .8 respectively. For problems such as this
there is a critical probability p.: for p < p. the probability of of an infinite cluster
is zero, while it is positive for for p > p.. One of the problems in percolation
theory is to determine p. for a given lattice.
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Figure 1.1: p=.2
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Figure 1.2: p=.5
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Figure 1.3: p=.8
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For the case of the hexagonal lattice in the plane, it turns out that p. = %
We won’t prove that here, but arrive at the value % as the solution to a problem
which seems to be related to the critical probability problem in many cases. The
idea of the renormalization group method is that many systems exhibit a similar
behavior at different scales, a property known as self similarity. Understanding
the transformation properties of this self similarity yields important information
about the system. This is the goal of the renormalization group method.
Rather than attempt a general definition, we use the hexagonal lattice as a
first and elementary illustration. Replace the original hexagonal lattice by a
coarser hexagonal lattice as follows: pick three adjacent vertices on the original
hexagonal lattice which form an equilateral triangle. This then organizes the
lattice into a union of disjoint equilateral triangles, all pointing in the same
direction, where, alternately, two adjacent lattice points on a row form a base of
a triangle and the third lattice point is a vertex of a triangle from an adjacent
row . The center of these triangles form a new (coarser) hexagonal lattice, in
fact one where the distance between sites has been increased by a factor of three.
See the figures.

Each point on our new hexagonal lattice is associated with exactly three
points on our original lattice. Now assign a probability, p’ to each point of our
new lattice by the principle of majority rule: a new lattice point will be declared
occupied if a majority of the associated points of the old lattice are occupied.
Since our triangles are disjoint, these probabilities are independent. We can
achieve a majority if all three sites are occupied (which occurs with probability
p?) or if two out of the three are occupied (which occurs with probability p?(1—p)
with three choices as to which two sites are occupied). Thus

P =p’+3p*(1—p). (1.35)

This has three fixed points: 0,1, % The derivative at % is % > 1, so it is repelling.
The points 0 and 1 are superattracting. So starting with any p > %, iteration
leads rapidly towards the state where all sites are occupied, while starting with
1; < % leads rapidly under iteration towards the totally empty state. The point

5 is an unstable fixed point for the renormalization transformation.
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Figure 1.4: The original hexagonal lattice organized into groups of three adja-
cent vertices.
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Figure 1.5: The new hexagonal lattice with edges emanating from each vertex,
indicating the input for calculating p’ from p.



Chapter 2

Bifurcations

2.1 The logistic family.

In population biology one considers iteration of the “logistic function”

L,(z) = pz(l — x). (2.1)

Here 0 < p1 is a real parameter. The fixed points of L, are 0 and 1 — % Since

L(0)=p, L,(1- ;) =2-p.
As x represents a proportion of a population, we are mainly interested only in
0 <z < 1. The maximum of L, is always achieved at z = %, and the maximum
value is 4. So for 0 < p < 4, L, maps [0, 1] into itself.
For p > 4, portions of [0,1] are mapped into the range > 1. A second
operation of L, maps these points to the range x < 0 and then are swept off to
—oo under successive applications of L.

We now examine the behavior of L, more closely for varying ranges of .

2.1.1 0<p<l

For 0 < p < 1, 0 is the only fixed point of L, on [0,1] since the other fixed
point is negative. On this range of u, the point 0 is an attracting fixed point
since 0 < L/,(0) < 1. Under iteration, all points of [0, 1] tend to 0 under the
iteration. The population “dies out”.

For ;o = 1 we have

Li(z) =z(1l—2) <z, Vz>0.

Each successive application of L to an = € (0,1] decreases its value. The limit
of the successive iterates can not be positive since 0 is the only fixed point. So
all points in (0, 1] tend to 0 under iteration, but ever so slowly, since L} (0) = 1.

25
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In fact, for x < 0, the iterates drift off to more negative values and then tend
to —oo.

For all p > 1, the fixed point, 0, is repelling, and the unique other fixed
point, 1 — %, lies in [0,1]. For 1 < u < 3 we have

1
I
=Dl == <1,

so the non-zero fixed point is attractive.

We will see that the basin of attraction of 1 — i is the entire open interval
(0,1), but the behavior is slightly different for the two domains, 1 < p < 2 and
2< <3

In the first of these ranges there is a steady approach toward the fixed point
from one side or the other; in the second, the iterates bounce back and forth
from one side to the other as they converge in towards the fixed point. The
graphical iteration spirals in. Here are the details:

2.1.2 1<pu<2.

For 1 < p < 2 the non-zero fixed point lies between 0 and % and the derivative
at this fixed point is 2 —  and so lies between 1 and 0.
Suppose that x lies between 0 and 1 — % For this range of z we have

1
—<1l—-x
1

so, multiplying by pz we get
x < px(l —z) = Ly(x).

Thus the iterates steadily increase toward 1 — %, eventually converging geomet-
rically with a rate close to 2 — p. If

1
1—-—<x
I
then
L,(z)<x
If, in addition,
< l
I
then .
L,(z)>1——.
(@) .

To see this observe that the function L, has only one critical point, and that is

a maximum. Since L, (1 — %) = L#(%) =1- %, we conclude that the minimum

value is achieved at the end points of the interval [1 — %, %]
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Finally, for

1 1
S<z<l, Lyz)<l—-—.
f g 1

So on the range 1 < p < 2 the behavior of L, is as follows: All points

0<z<l1- % steadily increase toward the fixed point, 1 — i All points

satisfying 1 — i <z< % steadily decrease toward the fixed point. The point
% satisfies L#(%) =1- % and so lands on the non-zero fixed point after one
application. The points satisfying % < x < 1 get mapped by L, into the
interval 0 < z < 1 — %, In other words, they overshoot the mark, but then
steadily increase towards the non-zero fixed point. Of course L, (1) = 0 which
is always true.

When g = 2, the points + and 1 — £ coincide and equal % with Lé(%) =0.
b w
There is no “steadily decreasing” region, and the fixed point, % is superattractive
- the iterates zoom into the fixed point faster than any geometrical rate.

2.1.3 2<pu<3.

Here the fixed point 1 — i > % while i < % The derivative at this fixed point
is negative:

1
L;(l—;)zz—u<0.

So the fixed point 1 — L is an attractor, but as the iterates converge to the
fixed points, they oscillate about it, alternating from one side to the other. The
entire interval (0, 1) is in the basin of attraction of the fixed point. To see this,
we may argue as follows:

The graph of L, lies entirely above the line y = 2 on the interval (0,1 — %]

In particular, it lies above the line y = = on the subinterval [i, 1- %] and takes

its maximum at 2. So & = L,(3) > L,(1— %) =1- i Hence L, maps the
interval [i, 1-— %] onto the interval [1 — i, £]. The map L, is decreasing to the

right of %, so it is certainly decreasing to the right of 1 — % Hence it maps
the interval [1 — %, 4] into an interval whose right hand end point is 1 — % and

whose left hand end point is L, (4). We claim that
This amounts to showing that

or that
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Now the critical points of y?(4 — u) are 0 and % and the second derivative at
% is negative, so it is a local maximum. So we need only check the values of
p?(4— p) at the end points, 2 and 3, of the range of ;1 we are considering, where
the values are 8 and 9.
The image of [%, 1- %] is the same as the image of [1,1— %] and is [1— %, g1
123

The image of this interval is the interval [L,(%),1 — %], with £ < L,(4). If we

apply L, to this interval, we get an interval to the right of 1 — % with right end
point LZ(4) < L,(3) = 4. The image of the interval [1 — %,Li(%)] must be
strictly contained in the image of the interval [1 — i, £], and hence we conclude
that u u

Li(z) > L“(Z)'

Continuing in this way we see that under even powers, the image of [%, 1- %]

is a sequence of nested intervals whose right hand end point is 1 — i and whose
left hand end points are

1 1% 3 M
2<LM(4)<LM(4)< .

We claim that this sequence of points converges to the fixed point, 1 — % If
not, it would have to converge to a fixed point of Li different from 0 and 1 — %

We shall show that there are no such points. Indeed, a fixed point of Li is a
zero of

L2(2) — & = pLy(0)(1 — L (2)) = plpa(l - 2)][1 - pe(1 - 2)] - w.

We know in advance two roots of this quartic polynomial, namely the fixed

points of L,,which are 0 and 1 — % So we know that the quartic polynomial

factors into a quadratic polynomial times pz(x — 1 + %) A direct check shows
that this quadratic polynomial is

—pPa? + (0 + )z —p - 1. (2.2)
The b2 — 4ac for this quadratic function is

P2 =20 —=3) = p?(n+1)(n - 3)

which is negative for —1 < p < 3 and so (2.2) has no real roots.

We thus conclude that the iterates of any point in (%, &] oscillate about the
fixed point, 1 — £ and converge in towards it, eventually with the geometric rate
of convergence a bit less than y — 2. The graph of L, is strictly above the line
y = x on the interval (0, %] and hence the iterates of L, are strictly increasing
so long as they remain in this interval. Furthermore they can’t stay there, for
this would imply the existence of a fixed point in the interval and we know that
there is none. Thus they eventually get mapped into the interval [%,1 — %]
and the oscillatory convergence takes over. Finally, since L, is decreasing on
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1- %, 1], any point in [1 — %, 1) is mapped into (0,1 — %] and so converges to
the non-zero fixed point.

In short, every point in (0,1) is in the basin of attraction of the non-zero
fixed point and (except for the points % and the fixed point itself) eventually
converge toward it in a “spiral” fashion.

2.1.4 u=3.

Much of the analysis of the preceding case applies here. The differences are: the
quadratic equation (2.2) now has a (double) root. But this root is £ =1 — +
So there is still no point of period two other than the fixed points. The 1terates
continue to spiral in, but now ever so slowly since LL(g) = -1

For p > 3 we have
1
Ll-=)=2-p<-1
. ju

so both fixed points, 0 and 1 — % are repelling. But now (2.2) has two real roots
which are
1 1 1
P2t = §+Zi@ (1 +1) (1 —3).

Both roots lie in (0, 1) and give a period two cycle for L,,. The derivative of

Li at these periodic points is given by
(Li)/(pzi) = LL(szr)L/H(PzJ

(1 = 2pp2y ) (1 — 2pp2-)
= p? =203 (pay +pa-) + 4p’paipa-

1 1
= u2—2u2(1+;)+4u2 x gt 1)

= —u?+2u+4.

This last expression equals 1 when p = 3 as we already know. It decreases as i
increases reaching the value —1 when g = 1+ v/6.

2.1.5 3<pu<1++6.

In this range the fixed points are repelling and both period two points are
attracting. There will be points whose images end up, after a finite number of
iterations, on the non-zero fixed point. All other points in (0,1) are attracted
to the period two cycle. We omit the proof.

Notice also that there is a unique value of 1 in this range where

1

pat(p) = 3

Indeed, looking at the formula for pa; we see that this amounts to the condition
that v/(p+1)(p—3)=1or

p? =2 —4=0.
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The positive solution to this equation is given by p = so where
s3 =1+ V5.

At so, the period two points are superattracting, since one of them coincides
with % which is the maximum of Lg,.

2.1.6 3.449499... < p < 3.569946....

Once 1 passes 1 + /6 = 3.449499... the points of period two become unstable
and (stable) points of period four appear. Initially these are stable, but as u
increases they become unstable (at the value p = 3.544090...) and bifurcate into
period eight points, initially stable.

2.1.7 Reprise.

The total scenario so far, as p increases from 0 to about 3.55, is as follows:
For 4 < by := 1, there is no non-zero fixed point. Past the first bifurcation
point, by = 1, the non-zero fixed point has appeared close to zero. When p
reaches the first superattractive value , s; := 2, the fixed point is at .5 and is
superattractive. As p increases, the fixed point continues to move to the right.
Just after the second bifurcation point, bs := 3, the fixed point has become
unstable and two stable points of period two appear, one to the right and one
to the left of .5. The leftmost period two point moves to the right as we increase
w, and at g = so := 1 + /5 = 3.23606797... the point .5 is a period two point,
and so the period two points are superattractive. When p passes the second
bifurcation value by = 1 + /6 = 3.449.. the period two points have become
repelling and attracting period four points appear.

In fact, this scenario continues. The period 27! points appear at bifurcation
values b,. They are initially attracting, and become superattracting at s, >
b, and become unstable past the next bifurcation value b,+1 > s, when the
period 2™ points appear. The (numerically computed) bifurcation points and
superstable points are tabulated as

n | b, Sn

1 | 1.000000 | 2.000000
2 | 3.000000 | 3.236068
3 | 3.449499 | 3.498562
4 | 3.544090 | 3.554641
5 | 3.564407 | 3.566667
6 | 3.568759 | 3.569244
7 | 3.569692 | 3.569793
8 | 3.569891 | 3.569913
9 | 3.569934 | 3.569946
oo | 3.569946 | 3.569946

The values of the b,, are obtained by numerical experiment. We shall describe
a method for computing the s, using Newton’s method. We should point out
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that this is still just the beginning of the story. For example, an attractive
period three cycle appears at about 3.83. We shall come back to all of these
points, but first discuss theoretical problems associated to bifurcations.

2.2 Local bifurcations.

We will be studying the iteration (in z) of a function, F, of two real variables x
and p . We will need to make various hypothesis concerning the differentiability
of F. We will always assume usually it is at least C? (has continuous partial
derivatives up to the second order). We may also need C* in which case we
explicitly state this hypothesis. We write

Fu(e) = F(z, p)

and are interested in the change of behavior of F), as p varies.

Before embarking on the study of bifurcations let us observe that if p is a
fixed point of F}, and F;IL (p) # 1, then for v close to p, the transformation F,, has
a unique fixed point close to p. Indeed, the implicit function theorem applies to
the function

P(z,v) = F(z,v) —x
since

2 oy #0

by hypothesis. We conclude that there is a curve of fixed points z(v) with
x(p) = p.

2.2.1 The fold.

The first type of bifurcation we study is the fold bifurcation where there is no
(local) fixed point on one side of the bifurcation value, b, where a fixed point p
appears at p = b with F) (p) = 1, and at the other side of b the map F, has two
fixed points, one attracting and the other repelling.

As an example consider the quadratic family

Q(z,p) = Qu(x) =2 + pu.
Fixed points must be solutions of the quadratic equation
2 —x+pu=0,

whose roots are L1
=_ 4+ —+/1—4pu.
P+ 5 %35 I

For )
>b=-
H 1
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Figure 2.5: y = 22 + p for u = .5, .25 and 0.

these roots are not real. The parabola 22 + u lies entirely above the line y = x
and there are no fixed points.
At u= % the parabola just touches the line y = = at the point (%, %) and so

1
P=3
is a fixed point, with @/, (p) =2p = 1.

For pu < 1 the points py are fixed points, with Q. (p+) > 1 s0 it is repelling,
and @), (p-) < 1. We will have @Q},(p—) > —1 so long as p > —%,
range —% <p< % we have two fixed points, one repelling and one attracting.

so on the

We will now discuss the general phenomenon. In order not to clutter up the
notation, we assume that coordinates have been chosen so that b = 0 and p = 0.
So we make the standing assumption that p = 0 is a fixed point at u = 0, i.e.
that

F(0,0) = 0.

Proposition 2.2.1 (Fold bifurcation). Suppose that at the point (0,0) we
have

2
(a) 2—5(070):1, (b) 271;(0,0)>07 (c) %(070)>0~

Then there are non-empty intervals (u1,0) and (0, u2) and € > 0 so that
(1) If u € (p1,0) then Fy, has two fized points in (—¢,€).

One is attracting and the other repelling.
(i) If p € (0, p2) then F,, has no fized points in (—¢,€).
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Proof. All the proofs in this section will be applications of the implicit function
theorem. For our current proposition, set

P(z,pu) = F(z,p) — .
Then by our standing hypothesis we have
P(0,0)=0
and condition (c) gives
oP

a(o,o) > 0.

The implicit function theorem gives a unique function p(z) with x(0) = 0 and
Pz, plx)) = 0.
The formula for the derivative in the implicit function theorem gives

;.\ OP/Ox

which vanishes at the origin by assumption (a). We then may compute the
second derivative, u'’, via the chain rule; using the fact that p/(0) = 0 we obtain

0?P/dz*

1"(0) = —W(Oa 0).

This is negative by assumptions (b) and (c). In other words,
p'(0) =0, and p”"(0) < 0

so p(x) has a maximum at z = 0, and this maximum value is 0. In the (z, )
plane, the graph of u(z) looks locally like a parabola pointing in the lower half
plane with its apex at the origin. If we rotate this picture clockwise by ninety
degrees, this says that there are no points on this curve sitting over positive p
values, i.e. no fixed points for positive p, and two fixed points for p < 0.
Now consider the function %—5(:6, p(z)). The derivative of this function with

respect to x is , ,

0°F o°F

gz @)+ 550 (, p(x))p' ().
By assumption (b) and p’(0) = 0, this expression is positive at z = 0 and
so %—5(:6, p(z)) is an increasing function in a neighborhood of the origin while

22(0,0) = 1. But this says that

F(r) <1
on the lower fixed point and
F(z) >1

at the upper fixed point, completing the proof of the proposition. We should
point out that changing the sign in (b) or (c) interchanges the role of the two
intervals.
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2.2.2 Period doubling.

We now turn to the period doubling bifurcation. This is what happens when we
pass through a bifurcation value with

oF
o (0,0) = —1. (2.3)
We saw examples in the preceding section.

To visualize the phenomenon we plot the function LZQ for the values = 2.9
and p = 3.3 in Figure 2.6. For u = 2.9 the curve crosses the diagonal at a
single point, which is in fact a fixed point of L, and hence of LZQ. This fixed
point is stable. For p = 3.3 there are three crossings. The fixed point of L, has
derivative smaller than —1, and hence the corresponding fixed point of Lff has
derivative greater than one. The two other crossings correspond to the stable
period two orbit.

We now turn to the general theory: Notice that the partial derivative of
F(xz,u) — x with respect to z is —2 at the origin. In particular it does not
vanish, so we can now solve for = as a function of u; there is a unique branch of
fixed points, x(u), passing through the origin. Let A\(u) denote the derivative
of F,, with respect to « at the fixed point, x (), i.e. define

Mu) o= S (o), ).

As notation, let us set
F*:=F,0F,
and define
F°%(z,p) := F:Q(:c)
Notice that
(F2) (x) = F(Fu(2) F, ()

by the chain rule so
(£5%)'(0) = (F5(0))* = 1.

Hence
(E2)"(x) = F}l(Fu(2))Fy (2)* + F,(Fu(2))F) (x) (2.4)
which vanishes at x = 0, u = 0. In other words,
62Fo2
———(0,0) =0. 2.5
——(0,0) (25)

Let us absorb the import of this equation. One might think that if we set
G, = F52’ then G7,(0) = 1, so all we need to do is apply Proposition 1 to G,.
But (2.5) shows that the key condition (b) of Proposition 1 is violated, and
hence we must make some alternative hypotheses. The hypotheses that we will
make will involve the second and the third partial derivatives of F', and also

that A(u) really passes through —1, i.e. 2—2(0) # 0.
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To understand the hypothesis about involving the partial derivatives of F',
let us differentiate (2.4) once more with respect to x to obtain

(F)" (@) =

E) (@) F () +2F,) (B (@) F (2) F (2)+ F) (B () F (2) F) (2)+ F, (Fu (2)) F) (2).
At (x, ) = (0,0) this simplifies to

BF e
— 275 (0.0) +355(0.0) . (2.6)

Proposition 2.2.2 (Period doubling bifurcation). Suppose that F is C3,
that

3 2
WFY0) =1 (0) T:0)>0. and () 2550,0) +355(0,0) > 0.
Then there are non-empty intervals (p1,0) and (0, p2) and € > 0 so that
(i) If p € (11,0) then F,, has one repelling fized point and one attracting
orbit of period two in (—e, €)
(i) If p € (0, u2) then FS* has a single fired point in (—¢,€) which is in
fact an attracting fized point of F,,.

The statement of the theorem is summarized in Figure 2.7:
Proof. Let
H(z,p) := F°(z, 1) — .

Then by the remarks before the proposition, H vanishes at the origin together
with its first two partial derivatives with respect to x. The expression (2.6)
(which used condition (d)) together with conditions (f) gives

0PH

——(0,0) < 0.

555 (0:0)
One of the zeros of H corresponds to the fixed point, let us factor this out:
Define P(x, u) by

H(z,p) = (z — 2(p) Pz, 1) (2.7)
Then
OH oP
5. = P-4
0*°H oP o*pP
5ar = 2, Tle—alw))os

O H 2P PH
or3 T ox2 '
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Figure 2.7: Period doubling bifurcation.
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So P vanishes at the origin together with its first partial derivative with respect
to x, while

O%H 0%P
W(O’O) = 3@(070)
so 52
P
—_— . 2.
0L 0.0)<0 (2.9
We claim that 5P
—(0,0 0 2.9
50,0 <0 (29)

so that we can apply the implicit function theorem to P(x, 1) = 0 to solve for
w1 as a function of x. This will allow us to determine the fixed points of F 52
which are not fixed points of F},, i.e. the points of period two. To prove (2.9)
we compute %—Iz both from its definition H (x, ) = F°%(z, u) — 2z and from (2.7)
to obtain

OH oF

oF

= Pl + (o a(w) 2 ().

Recall that z(u) is the fixed point of F}, and that A(u) = 25 (x(u),p). So
substituting 2 = z(u) into the preceding equation gives

A(w)?* = 1= P(a, ).
Differentiating with respect to p and setting p = 0 gives

8—P(O, 0) = 2X(0)\'(0) = —2X'(0)
e
which is < 0 by (e).

By the implicit function theorem, (2.9) implies that there is a C? function
v(x) defined near zero as the unique solution of P(z,v(x)) = 0. Recall that P
and its first derivative with respect to z vanish at (0,0). We now repeat the
arguments of the last subsection: We have

OP/0x
! —
V(@) =~ 5p/au
S0

V'(0)=0
and

0?P/dz*

V" (0) = —W(O,O) <0

since this time both numerator and denominator are negative. So the curve v
has the same form as in the proof of the preceding proposition. This establishes
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the existence of the (strictly) period two points for p < 0 and their absence for
w > 0.

We now turn to the question of the stability of the fixed points and the period
two points. Condition (e) implies that A(u) < —1 for p < 0 and A\(p) > —1 for
1 > 0 so the fixed point is repelling to the left and attracting to the right of the
origin. As for the period two points, we wish to show that

aFO2
ox

for z < 0. But (2.5) and v/(0) = 0 imply that imply that 0 is a critical point
for this function, and the value at this critical point is A\(0)? = 1. To complete
the proof we must show that this critical point is a local maximum. So we must
compute the second derivative at the origin. Calling this function ¢ we have

(z,v(z)) <1

8F02
o) = (i)
62FO2 62Fo2
d@) = D) + e (@) (2)
@) = T @) 4 2 @)+ T (o vl (@) +
o' (x 53 (z,v(z)) + 9220 (z,v(x)V' (z)) 9202 z,v(z))(v' (x
82F02 "
g V) @)
The middle two terms vanish at 0 since /(0) = 0. The last term becomes
%(O)V”(O) <0

by condition (e) and the fact that v”/(0) < 0. In computing the third partial
derivative with respect to  of F°2 by the chain rule and by Leibniz’s rule, all
terms involving the second partial derivative vanish at (0,0) by (2.5) and we
are left with 5
O3F oF
2——=(0,0) | =—(0,0
8173( ’ )(&c( ’ ))

which is negative by assumptions (d) and (f). This completes the proof of the
proposition.

There are obvious variants on the theorem which involve changing signs in
hypotheses (e) and or (f). Thus we may have an attractive fixed point merging
with two repelling points of period two to produce a repelling fixed point, and/or
the direction of the bifurcation may be reversed.

2.3 Newton’s method and Feigenbaum’s constant

Although the values of b, for the logistic family are hard to compute except
by numerical experiment, the superattractive values can be found by applying
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Newton’s method to find the solution, s,, of the equation

L2 (2) =2, Lu(a) = pa(l - 2). (2.10)

1
2 2’
This is the equation for g which says that % is a point of period 2"~ of L,,. Of
course we want to look for solutions for which % does not have lower period.
So we set )
n—1
Py =127 (5) -

and apply the Newton algorithm

N | =

P(u)
P(p)

with / now denoting differentiation with respect to u. As a first step, must
compute P and P’. For this we define the functions x (i) recursively by

1 = N(uw),  N(p) =p—

1 1

1
20 =5, wi(w) =p5(1-3), Trer = Lu(ar),

so, we have
Thyr = [pe(l — )

(1 — z) + pay (1 — x) — pagry,
= k(1 — ) + p(l — 2z8) 7).

Let
N = 2n—1

so that
1

P(p) =an =5, P'(i) =2y (n)-

Thus, at each stage of the iteration in Newton’s method we compute P(u)
and P’(u) by running the iteration scheme

Tpr1 = prr(l—xzk) x9 =
x;C_H = ap(1 —xp) + p(l = 2xK)zl, [ =

[e=INTE

for Kk =0,...,N — 1. We substitute this into Newton’s method, get the next
value of p, run the iteration to get the next value of P(u) and P’(u) etc.

Suppose we have found si, ss, ....,s,. What should we take as the initial
value of u? Define the numbers §,,, n > 2 recursively by d2 = 4 and

5n:M7 n>3. (2.11)

Sn — Sn—1
We have already computed

s1=2, s2=1++5=3.23606797....
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We take as our initial value in Newton’s method for finding s,1 the value

Sn — Sn—1

HPnt1 = Sp + 5,

The following facts are observed:

For each n = 3,4,...,15, Newton’s method converges very rapidly, with no
changes in the first nineteen digits after six applications of Newton’s method for
finding s3, after only one application of Newton’s method for s4 and s5, and at
most four applications of Newton’s method for the computation of each of the
remaining values.

Suppose we stop our calculations for each s, when there is no further change
in the first 19 digits, and take the computed values as our s,. These values are
strictly increasing. In particular this implies that the s,, we have computed do
not yield % as a point of lower period.

The s, approach a limiting value, 3.569945671205296863.

The d,, approach a limiting value,

0 = 4.6692016148.

This value is known as Feigenbaum’s constant. While the limiting value of the
sp is particular to the logistic family, § is “universal” in the sense that it applies
to a whole class of one dimensional iteration families. We shall go into this
point in the next section, where we will see that this is a renormalization group
phenomenon.

2.4 Feigenbaum renormalization.

We have already remarked that the rate of convergence to the limiting value
of the superstable points in the period doubling bifurcation, Feigenbaum’s con-
stant, is universal, i.e. not restricted to the logistic family. That is, if we let

0 =4.6692....

denote Feigenbaum’s constant, then the superstable values s, in the period
doubling scenario satisfy

Sr = 800 — BT 4+ 0(677)

where so, and B depend on the specifics of the family, but ¢ applies to a large
class of such families.

There is another “universal” parameter in the story. Suppose that our family
fu consists of maps with a single maximum, X,,, so that X, must be one of
the points on any superstable periodic orbit. (In the case of the logistic family
Xm = %) Let d,- denote the difference between X,,, an the next nearest point
on the superstable 2" orbit; more precisely, define

d, = fsz:il(Xm) - Xm.
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Then
dy ~ D(—a)"

where
« = 2.5029...

is again universal. This would appear to be a scale parameter (in ) associated
with the period doubling scenario. To understand this scale parameter, examine
the central portion of Fig 2.4 and observe that the graph of Lff looks like an
(inverted and) rescaled version of L, especially if we allow a change in the
parameter pu. The rescaling is centered at the maximum, so in order to avoid
notational complexity, let us shift this maximum (for the logistic family) to the
origin by replacing x by y = x — % In the new coordinates the logistic map is
given by

1 1 1 1
L )= =pl= -y - <.
y=Luly+g) -5 =n;-v) 5
Let R denote the operator on functions given by
R(h)(y) := —ah(h(y/a)). (2.12)

In other words, R sends a map h into its iterate h o h followed by a rescaling.
We are going to not only apply the operator R, but also shift the parameter p
in the maps

1 1
h =pu(=—yH) - =
w(y) =15 -v) — 5
from one supercritical value to the next. So for each £k =0,1,2,... we set
gkO = hsk
and then define
gk = Rgro
g2 = Rgr
gk3 = Rk

It is observed (numerically) that for each k the functions g, appear to be
approaching a limit, g i.e.

Jkr — Gk-
So
gr(y) = lim(=a)"g2,  (y/(—=a)").
Hence
Rgr = lim(—a)" 2" g, . (y/(=)"™) = g1

It is also observed that these limit functions g, themselves are approaching a
limit:
9k — g-
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Since Rgr = gr—1 we conclude that
Rg =y,

i.e. ¢ is a fixed point for the Feigenbaum renormalization operator R. Notice
that rescaling commutes with R: If S denotes the operator (Sf)(y) = cf(y/c)
then

R(SF)(y) = —alc(f(cf(y/(ca))/c) = S(R)f(y).

So if ¢ is a fixed point, so is Sg. We may thus fix the scale in g by requiring
that

g(0) = 1.

The hope was then that there would be a unique function g (within an appro-
priate class of functions) satisfying

Rg=g, g9(0)=1,

or, spelling this out,
9(y) = —ag®*(—y/a), ¢(0) =1. (2.13)
Notice that if we knew the function g, then setting y = 0 in (2.13) gives
1=—ag(1)

a=-1/g(1).

In other words, assuming that we were able to establish all these facts and also
knew the function g, then the universal rescaling factor o would be determined
by g itself. Feigenbaum assumed that g has a power series expansion in z2 took
the first seven terms in this expansion and substituted in (2.13). He obtained
a collection of algebraic equations which he solved and then derived « close to
the observed “experimental” value. Indeed, if we truncate (2.13) we will get
a collection of algebraic equations. But these equations are not recursive, so
that at each stage of truncation modification is made in all the coeflicients,
and also the nature of the solutions of these equations is not transparent. So
theoretically, if we could establish the existence of a unique solution to (2.13)
within a given class of functions the value of a is determined. But the numerical
evaluation of « is achieved by the renormalization property itself, rather than
from ¢(1) which is not known explicitly.

The other universal constant associated with the period doubling scenario,
the constant § was also conjectured by Feigenbaum to be associated to the fixed
point g of the renormalization operator; this time with the linearized map J, i.e.
the derivative of the renormalization operator at its fixed point. Later on we will
see that in finite dimensions, if the derivative J of a non-linear transformation
R at a fixed point has k eigenvalues > 1 in absolute value, and the rest < 1
in absolute value, then there exists a k-dimensional R invariant surface tangent
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at the fixed point to the subspace corresponding to the k eigenvalues whose
absolute value is > 1. On this invariant manifold, the map R is expanding.
Feigenbaum conjectured that for the operator R (acting on the appropriate
infinite dimensional space of functions) there is a one dimensional “expanding”
submanifold, and that J is the single eigenvalue of J with absolute value greater
than 1.

In the course of the past twenty years, these conjectures of Feigenbaum
have been verified using high powered techniques from complex analysis, thanks
to the combined effort of such mathematicians as Douady, Hubbard, Sullivan,
McMullen, and. ...

2.5 Period 3 implies all periods

Throughout the following f will denote a continuous function on the reals whose
domain of definition is assumed to include the given intervals in the various
statements.

Lemma 2.5.1 If I = [a,b] is a compact interval and I C f(I) then f has a
fized point in I.

Proof. For some ¢,d € I we have f(c) =a, f(d) =b. So f(c) <c, f(d) >d. So
f(x) — x changes sign from ¢ to d hence has a zero in between. QED.

Lemma 2.5.2 If J and K = [a,b] are compact intervals with K C f(J) then
there is a compact subinterval L C J such that f(L) = K.

Proof. Let ¢ be the greatest point in J with f(c) = a. If f(z) = b for some
x > ¢,z € J let d be the least. Then we may take L = [¢,d]. If not, f(x) = b for
some z < ¢,z € J. Let ¢’ be the largest. Let d’ be the the smallest z satisfying
x> ¢ with f(x) = a. Notice that d’ < c. We then take L = [¢/,d']. QED
Notation. If I is a closed interval with end points a and b we write
I=<a,b>

when we do not want to specify which of the two end points is the larger.
Theorem 2.5.1 Sarkovsky Period three implies all periods.
Suppose that f has a 3-cycle

ar—b—cr—ars -
Let a denote the leftmost of the three, and let us assume that

a<b<e.

(Reversing left and right (i.e. changing direction on the real line) and cycling
through the points makes this assumption harmless.) Let

IO = [a,b], Il = [b, C]
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so we have

f(Io) D L, f(I1) D IhUIL.

By Lemma 2 the fact that f(I;) D I; implies that there is a compact interval
Ay C I with f(Ay) = L. Since f(Ay1) = I D A; there is a compact subinterval
Ay C Ay with f(Ag) = A;. So

AQ C Al C I, fOQ(AQ) =1.
By induction proceed to find compact intervals with
An72CAn73C"'CA2CA1 ch

with

(A4, ) = 1.

Since f(Ip) D I1 D Ap—o there is an interval A, _1 C Iy with f(A,—1) = A,_a.
Finally, since f(I1) D Iy there is a compact interval A, C I; with f(A,) =
A,,_1. So we have

Ay — Ay — = A1 — 1

where each interval maps onto the next and A, C I;. By Lemma 1, f™ has a
fixed point, x, in A,,. But f(z) lies in Iy and all the higher iterates up to n lie
in I; so the period can not be smaller than n. So there is a periodic point of
any period n > 3.

Since f(I1) D I there is a fixed point in Iy, and since f(Iy) D I1, f(I1) D Ip
there is a point of period two in Iy which is not a fixed point of f. QED

A more refined analysis which we will omit shows that period 5 implies the
existence of all periods greater than 5 and period 2 and 4 (but not period 3). In
general any odd period implies the existence of periods of all higher order (and
all smaller even order). It is easy to graph the third iterate of the logistic map
to see that it crosses the diagonal for p > 1+ \/(8) In fact, one can prove that
that at y =1+ \/(8) the graph of LZ3 just touches the diagonal and strictly

crosses it for p > 1+ \/(8) = 3.8284.... Hence in this range there are periodic
points of all periods.
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Figure 2.8: Plots of L, for = 3.7,3.81,3.83,3.84
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2.6 Intermittency.

In this section we describe what happens to the period three orbits as we de-
crease v from slightly above the critical value 1 + v/8 to slightly below it. For
@ =14 /8 +.002 the roots of P(z) — x where P := L3 and the values of P’
at these roots are given by

x = roots of P(z) — x P'(z)

0
0.95756178779471
0.95516891475013
0.73893250871724
0.52522791460709
0.50342728916956
0.16402371217410
0.15565787278717

56.20068544683054
0.24278522730018
1.73457935568109

—6.13277919589328
1.73457935766594
0.24278522531345
1.73457935778151
0.24278522521922

We see that there is a stable period three orbit consisting of the points
0.1556...,.5034...,.9575....

If we choose our initial value of x close to .5034 ... and plot the successive 199
iterates of L, applied to x we obtain the upper graph in Fig. 2.9. The lower
graph gives z:(j + 3) — x(j) for j =1 to 197.

We will now decrease the parameter p by .002 so that u = 1+ /8 is the
parameter giving the onset of period three. For this value of the parameter, the
graph of P = L¢? just touches the line y = x at the three double roots of P(z)—x
which are at 0.1599288 ..., 0.514355...., 0.9563180.... (Of course, the eighth
degree polynomial P(z) — = has two additional roots which correspond to the
two (unstable) fixed points of L,; these are not of interest to us.) Since the
graph of P is tangent to the diagonal at the double roots, P'(x) = 1 at these
points, so the period three orbit is not strictly speaking stable. But using the
same initial seed as above, we do get slow convergence to the period three orbit,
as is indicated by Fig. 2.10.

Most interesting is what happens just before the onset of the period three
cycle. Then P(z)—x has only two real roots corresponding to the fixed points of
L,,. The remaining six roots are complex. Nevertheless, if y is close to 1+ V8 the
effects of these complex roots can be felt. In Fig. 2.11 we have taken p = 14++1/8—
.002 and used the same initial seed x = .5034 and again plotted the successive
199 iterates of L, applied to = in the upper graph. Notice that there are portions
of this graph where the behavior is almost as if we were at a point of period three,
followed by some random looking behavior, then almost period three again and
so on. This is seen more clearly in the bottom graph of z(j 4+ 3) — z(j). Thus
the bottom graphs indicates that the deviation from period three is small on
the j intervals j = [1,20], [41,65], [96,108], [119,124], [148,159], [190,?].

This phenomenon is known as intermittency. We can understand how it
works by iterating P = LZ?’. As we pass close to a minimum of P lying just
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above the diagonal, or to a maximum of P lying just below the diagonal it will
take many iterative steps to move away from this region - known as a bottleneck.
Each such step corresponds to an almost period three cycle. After moving away
from these bottlenecks, the steps will be large, eventually hitting a bottleneck
once again. See Figures 2.12 and 2.13.
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Figure 2.12: Graphical iteration of P = LZS with g =14 /8 —.002 and initial
point .5034. The solid lines are iteration steps of size less than .07 representing
bottleneck steps. The dotted lines are the longer steps.
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Figure 2.13: Zooming in on the central portion of the preceding figure.
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Chapter 3

Conjugacy

3.1 Affine equivalence
An affine transformation of the real line is a transformation of the form
x+— h(z)=Az+ B

where A and B are real constants with A # 0. So an affine transformation
consists of a change of scale (and possibly direction if A < 0) given by the
factor A, followed by a shift of the origin given by B. In the study of linear
phenomena, we expect that the essentials of an object be invariant under a
change of scale and a shift of the origin of our coordinate system.
For example, consider the logistic transformation, L,(z) = px(l — ) and
the affine transformation
hu(z) = —pa + ?

2
We claim that
hyoLyoh," =Q. (3.1)
where
Qc(z) = 2% +c (3.2)

and where c is related to p by the equation

2
"
c=—= + (3.3)

RS

In other words, we are claiming that if ¢ and p are related by (3.3) then we have

hu(Lu(x)) = Qc(hp(x)).

To check this, the left hand side expands out to be

u 1
—plpr(l =)+ 5 = pPa® - pPr+ 3,

59
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while the right hand side expands out as

2
_ Py KA B 202 2. F
(uz+2) 4+2 uor ,ua:—l—2
giving the same result as before, proving (3.1).
We say that the transformations L, and Q.,c = —“72 + & are conjugate by

the affine transformation, h,.

More generally, let f: X — X and g : Y — Y be maps of the sets X and YV
to themselves, and let h : X — Y be a one to one map of X onto Y. We say
that h conjugates f into g if

hofoh™ =g,
or, what amounts to the same thing, if
hof=goh.
We shall frequently write this equation in the form of a commutative diagram

") [
Y — Y
g9
The statement that the diagram is commutative means that going along the
upper right hand path (so applying h o f) is equal to traversing the left lower
path (which is g o f).
Notice that if ho f o h™! = g, then

gcircn =ho fon ° h_l.

So the problem of studying the iterates of g is the same (up to the transformation
h) as that of f, providing that the properties we are interested in studying are
not destroyed by h.

Certainly affine transformations will always be allowed. Let us generalize
the preceding computation by showing that any quadratic transformation (with
non-vanishing leading term) is conjugate (by an affine transformation) to a
transformation of the form Q. for suitable c. More precisely:

Proposition 3.1.1 Let f = ax®+bx+d then f is conjugate to Q. by the affine
map h(x) = Az + B where

b b b2
A=a, B—§, and c-ad+§—z.

Proof. Direct verification.
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Let us understand the importance of this result. The general quadratic
transformation f depends on three parameters a,b and d. But if we are inter-
ested in the qualitative behavior of the iterates of f, it suffices to examine the
one parameter family C.. Any quadratic transformation (with non-vanishing
leading term) has the same behavior (in terms of its iterates) as one of the Q..
The family of possible behaviors under iteration is one dimensional, depending
on a single parameter c. We may say that the family Q. (or for that matter
the family L,,) is universal with respect to quadratic maps as far as iteration is
concerned.

3.2 Conjugacy of T" and L,

Let T : [0,1] — [0,1] be the map defined by

1
T(x)=2x, 0<z< 3 T(x)=—-2z+2,
So the graph of T looks like a tent, hence its name. It consists of the straight
line segment of slope 2 joining x = 0,y = 0 to x = %,y = 1 followed by the
segment of slope —2 joining x = %, y=1ltox=1,y=0.
Of course, here Ly is our old friend, L4(z) = 42(1 — ). We wish to show
that

<z <l

N | =

Lyoh=hoT
where o
h(z) = sin? (—) .
2
In other words, we claim that the diagram of section 1 commutes when f =

T, g= L4 and h is as above. The function sin # increases monotonically from 0
to 1 as 6 increases from 0 to 7/2. So, setting

we see that h(z) increases monotonically from 0 to 1 as z increases from 0 to 1.
It therefore is a one to one continuous map of [0, 1] onto itself, and thus has a
continuous inverse. It is differentiable everywhere with h(z) > 0 for 0 < = < 1.
But //(0) = h/(1) = 0. So h~! is not differentiable at the end points, but is
differentiable for 0 < x < 1.

To verify our claim, we substitute

Ly(h(z)) = 4sin®6(1 — sin?0)
= 4sin®fcos? 6
= sin?20
sin? 7.

Sofor0 <z < % we have verified that

La(h(x)) = h(2z) = h(T(x)).
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Figure 3.1: The tent map.
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Figure 3.2: h(z) = sin® (
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For%<x§1wehave

h(T(z)) h(2 - 2z)

= sin’(m — 7x)

sin? mx

sin” 26

4sin? A(1 — sin? 0)
= La(h(z))

where we have used the fact that sin(m —a) = sin « to pass from the second line
to the third. So we have verified our claim in all cases.

Many interesting properties of a transformation are preserved under conju-
gation by a homeomorphism. (A homeomorphism is a bijective continuous map
with continuous inverse.) For example, if p is a periodic point of period n of f,
so that f°"(p) = p, then

g°" (h(p)) = ho f"(p) = h(p)

if ho f = goh. So periodic points are carried into periodic points of the same
period under a conjugacy. We will consider several other important properties
of a transformation as we go along, and will prove that they are invariant under
conjugacy. So what our result means is that if we prove these properties for
T, we conclude that they are true for L,. Since we have verified that L, is
conjugate to Q_s, we conclude that they hold for Q_o as well.

Here is another example of a conjugacy, this time an affine conjugacy. Con-
sider

V(z) =2|z| — 2.
V is a map of the interval [—2, 2] into itself. Consider
ha(z) =2 — 4x.

So h2(0) = 2,he(1) = —2. In other words, hy maps the interval [0, 1] in a one
to one fashion onto the interval [—2,2]. We claim that

VOhQZhQOT.

Indeed,
V(ha(x)) = 2|2 — 4| — 2.

For 0 < z < % this equals 2(2 — 42) — 2 = 2 — 8z = 2 — 4(2z) = ho(T'z). For
1 <2 <1 we have V(hy(z)) = 82z — 6 = 2 — 4(2 — 22) = ho(T'z). So we have
verified the required equation in all cases. The effect of the affine transformation,
hs is to enlarge the graph of T', shift it, and turn it upside down. But as far as
iterations are concerned, these changes do not effect the essential behavior.
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Figure 3.3: V(z) = 2|z| — 2.
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3.3 Chaos

A transformation F is called (topologically) transitive if for any two open (non
empty) intervals, I and J, one can find initial values in I which, when iterated,
will eventually take values in J. In other words, we can find an = € I and an
integer n so that F"(x) € J.
For example, consider the tent transformation, T'. Notice that T maps the
1

interval [0, ] onto the entire interval [0, 1], and also maps the interval [1,1] onto

the entire interval, [0,1]. So 7°% maps each of the intervals [0, 1], 1, 3], [3, 3]
and [2] onto the entire interval [0,1]. More generally, 7°" maps each of the 2"
intervals [£, ££1] 0 < k < 2" — 1 onto the entire interval [0, 1]. But any open
interval I contains some interval of the form [, £ if we choose n sufficiently
large. For example it is enough to choose n so large that 2% is less than the
length of I. So for this value on n, T°" maps I onto the entire interval [0, 1],

and so, in particular, there will be points, x, in I with F(z) € J.

Proposition 3.3.1 Suppose that go h = ho f where h is continuous and sur-
jective, and suppose that f is transitive. Then g is transitive.

Proof. We are given non-empty open I and J and wish to find an n and an
x € I so that ¢g°*(z) € J. To say h is continuous means that h=1(J) is a
union of open intervals. To say that h is surjective implies that h=1(.J) is not
empty. Let L be one of the intervals constituting h=1(.J). Similarly, h=1(I) is
a union of open intervals. Let K be one of them. By the transitivity of f we
can find an n and a y € K with f°"(y) € L. Let = h(y). Then z € I and

97" (x) = g°"(h(y)) = h(f°"(y)) € h(L) C J. QED.

As a corollary we conclude that if f is conjugate to g, then f is transitive
if and only if g is transitive. (Just apply the proposition twice, once with the
roles of f and g interchanged.) But in the proposition we did not make the
hypothesis that h was bijective or that it had a continuous inverse. We will
make use of this more general assertion.

A set S of points is called dense if every non-empty open interval, I, contains
a point of S. The behavior of density under continuous surjective maps is also
very simple:

Proposition 3.3.2 If h : X — Y is a continuous surjective map, and if D is
a dense subset of X then h(D) is a dense subset of Y.

Proof. Let I C Y be a non-empty open interval. Then h~!(I) is a union of
open intervals. Pick one of them, K and then a point y € D N K which exists
since D is dense. But then f(y) € f(D)N 1. QED

We define PER(f) to be the set of periodic points of the map f. If hof = goh,
then f°"(p) = p implies that ¢°"(h(p)) = h(f°"(p)) = h(p) so

h[PER(f)] C PER(y).
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In particular, if h is continuous and surjective, and if PER(f) is dense, then so
is PER(g).

Following Devaney and recent work (1992) by J. Banks et.al. Amer. Math.
Monthly 99 (1992) 332-334, let us call f chaotic if f is transitive and PER(f)
is dense. It follows from the above discussion that

Proposition 3.3.3 If h : X — Y 1is surjective and continuous, if f : X — X
1s chaotic, and if ho f = g o h, then g is chaotic.

We have already verified that the tent transformation, T, is transitive. We

claim that PER(T) is dense on [0, 1] and hence that T is chaotic. To see this,

observe that 7" maps the interval [, £t1] onto [0, 1]. In particular, there is a

27L b) 27L
point z € [ﬁ ﬁ] which is mapped into itself. In other words, every interval

27L b 27L
[L ﬂ] contains a point of period n for 7. But any non-empty open interval

27L b) 27L
I contains an interval of the type [2%, %] for sufficiently large n. Hence T is
chaotic.

From the above propositions it follows that Ly, Q_2, and V are all chaotic.

3.4 The saw-tooth transformation and the shift

Define the function S by

1 1

S(z) = 2z, O§x<§, S(x) =2z — 1, 3

The map S is discontinuous at x = .5. However, we can find a continuous,

surjective map, h, such that hoS = T o h. In fact, we can take h to be T itself!
In other words we claim that

<z<l. (3.4)

commutes where I = [0, 1]. To verify this, we successively compute both T o T’
and T o S on each of the quarter intervals:

T(T(x)) = T(2x) = 4z for 0 <2 <0.25
T(S(z)) = T(2x) = 4z for 0 <z <0.25
T(T(x)) = T(2x) = —dx+2 for0.25<z<0.5
T(S(z)) = T(2x) = —dx+2 for025<z<0.5
T(T(x)) = T(-22+2) = 4e—2 for05<2<0.75
T(S(z)) = T2x—-1) = 4e—-2 for05<2<0.75
T(T(x)) = T(—2x+2) = —4dx+4 for0.75<zx<1
T(S(z)) = T@Rx—-1) = —4dx+4 for0.75<ax<1

The h that we are using (namely h = T) is not one to one. That is why our
diagram can commute even though 7" is continuous and S is not.
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Figure 3.4: The discontinuous function S.
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We now give an alternative description of the saw-tooth function which
makes it clear that it is chaotic. Let X be the set of infinite (one sided) se-
quences of zeros and ones. So a point of X is a sequence {ajazas ...} where
each each a; is either 0 or 1. However we exclude all points with a tail con-
sisting of infinite repeating 1’s. So a sequence such as {00111111111...} is
excluded. We will identify X with the half open interval [0,1) by assigning to
each point x € [0,1) its binary expansion, and by assigning to each sequence
a = {ajagas ...} the number

(473

h(a) = 2

The map h : X — [0,1) just defined is clear. The inverse map, assigning to
each real number between 0 and 1 its binary expansion deserves a little more
discussion: Take a point € [0,1). If z < % the first entry in its binary
expansion is 0. If % < z then the first entry in the binary expansion of x is 1.
Now apply S. If S(z) < 3 (which means that either 0 <z < } or 3 < < 3)
then the second entry of the binary expansion of x is 0, while if 3 < S(z) < 1
then the second entry in the binary expansion of z is 1. Thus the operator S
provides the algorithm for the computation of the binary expansion of x. Let
us consider, for example, x = %. Then the sequence {S*(z)},k =0,1,2,3,...
is
7 731
16,8,4,2,0,070,....

In general it is clear that for any number of the form 2%, after n — 1 iterations
of the operator S the result will be either 0 or 3. So all S*(z) = 0,k > n.
In particular, no infinite sequence with a tail of repeating 1’s can arise. We
see that the binary expansion of h(a) gives us a back, so we may (and shall)
identify X with [0,1). Notice that we did not start with any independent notion
of topology or metric on X. But now that we have identified X with [0, 1), we
can use use standard notions of distance on the unit interval but expressed in
terms of properties of the sequences. For example, if the binary expansions of

x and y agree up to the kth position, then
lx —y| <27k

So we define the distance between to sequences a and b to be 27% where k is
the first place they do not agree. (Of course we define the distance from an a
to itself to be zero.)

The expression of S in terms of the binary representation is very simple:

S :.a1a0a3ay4 ... Q2030405 . . ..

It consists of throwing away the first digit and then shifting the entire sequence
one unit to the left.

From this description it is clear that PER(S) consists of points with even-
tually repeating binary expansions, these are the rational numbers. They are
dense. We can see that S is transitive as follows: We are given intervals I and .J.
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Let y = .b1bobs ... be a point of J, and let z = .aja2as3 ... be a point of I which
is at a distance greater than 27" from the boundary of I. We can always find
such a point if n is sufficiently large. Indeed, if we choose n so that the length
of I is greater than #*1)’ the midpoint of I has this property. In particular,
any point whose binary expansion agrees with z up to the n—th position lies in
1. Take z to be the point whose first n terms in the binary expansion are those

of z, followed by the binary expansion of y, so
xr = 0.a1a2a3 .. .anb1b2b3b4 N

The point z lies in I and S™(x) = y. Not only is S transitive, we can hit any
point of J by applying S™ (with n fixed, depending only on I) to a suitable
point of I. This is much more than is demanded by transitivity. Thus S is
chaotic on [0, 1).

Of course, once we know that S is chaotic on the open interval [0,1), we
know that it is chaotic on the closed interval [0, 1] since the addition on one
extra point (which gets mapped to 0 by S) does not change the definitions.

Now consider the map t +— €™ of [0, 1] onto the unit circle, St. Another
way of writing this map is to describe a point on the unit circle by ¢* where
f is an angular variable, that is 6 and 6 4+ 27 are identified. Then the map is
t +— 2xt. This map, h, is surjective and continuous and is one to one except at
the end points: 0 and 1 are mapped into the same point on S'. Clearly

hoS=Doh

where
D(6) = 26.

Or, if we write z = ¢, then in terms of z, the map D sends
2 22
So D is called the doubling map or the squaring map. We have proved that it
is chaotic. We can use the fact that D is chaotic to give an alternative proof of
the fact that QQ_, is chaotic. Indeed, consider the map h : S* — [-2,2]
h(6) = 2cos#.
It is clearly surjective and continuous. We claim that
hoD=Q_30h.
Indeed,
h(D(0)) = 2cos20 = 2(2cos’§ — 1) = (2cos6)? — 2 = Q_o(h()).

This gives an alternative proof that Q_o (and hence L4 and T') are chaotic.
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3.5 Sensitivity to initial conditions

In this section we prove that if f is chaotic, then f is sensitive to initial conditions
in the sense of the following

Proposition 3.5.1 (Sensitivity.) Let f : X — X be a chaotic transforma-
tion. Then there is a d > 0 such that for any x € X and any open set J
containing x there is a point y € J and an integer, n with

|fo" (@) = " (y)| > d. (3.5)

In other words, we can find points arbitrarily close to  which move a distance
at least d away. This for any x € X. We begin with a lemma.

Lemma 3.5.1 There is a ¢ > 0 with the property that for any x € X there is a
periodic point p such that

|z — f*(p)| > ¢, V.

Proof of lemma. Choose two periodic points, r and s with distinct orbits, so
that | f°*(r) — f°!(s)| > 0 for all k and I. Choose ¢ so that 2¢ < min |f°*(r) —
f°4(s)|. Then for all k and I we have

2c < |fM(r) = f(s)]
= [fF0r) —zta— ()]
[foR () = | + | £ (s) — .
If = is within distance ¢ to any of the points f°I(s) then it must be at a greater

distance than ¢ from all of the points f°F(r) and vice versa. So one of the two,
r or s will work as the p for z.

IN

Proof of proposition with d = ¢/4. Let x be any point of X and J any open
set containing z. Since the periodic points of f are dense, we can find a periodic
point ¢ of f in

U =JnN By(z),

where By(x) denotes the open interval of length d centered at x,
Bi(z) = (z — d,x + d).

Let n be the period of ¢q. Let p be a periodic point whose orbit is of distance
greater than 4d from z, and set

Wi = Ba(f*(p)) N X.

Since f°(p) € Wi, i.e. p € f7HW;) = (f°)~1(W;) for all 4, we see that the
open set
V=Tt W) n fAWe) N0 fT (W)
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is not empty.

Now we use the transitivity property of f applied to the open sets U and
V. By assumption, we can find a z € U and a positive integer k such that
f¥(z) € V. Let j be the smallest integer so that & < nj. In other words,

1<nj—k<n.

So
fr(z) = fr7R(fRR) € PRV,
But
FrTRV) = R N AW N0 T (W)
c fnj—k(f—(nj—k)an_k)
Whj—k-

In other words,
1f™(z) = 7 )] < d.

On the other hand, f™(q) = q, since n is the period of q. Thus

1f"(q) = ()] = la—f"(2)]

|z — 7 )+ R (p) - [ (2) + q — 2
[z — [ ) = [f 9 *(p) = [ (2)| — g —
Ad —d —d = 2d.

2
>

But this last inequality implies that either

[f (@) = 7 (2)] > d
or

[f (@) = ()] > d

for if x were within distance d from both of these points, they would have to be
within distance 2d from each other, contradicting the preceding inequality. So
one of the two, z or g will serve as the y in the proposition with m = nj.

3.6 Conjugacy for monotone maps

We begin this section by showing that if f and ¢ are continuous strictly mono-
tone maps of the unit interval I = [0, 1] onto itself, and if their graphs are both
strictly below (or both strictly above) the line y = x in the interior of I, then
they are conjugate by a homeomorphism. Here is the precise statement:
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Proposition 3.6.1 Let f and g be two continuous monotone strictly increasing
functions defined on [0,1] and satisfying

f0) =0
9(0) = 0
f =1
9(1) =1
flx) < =z Vz#0,1
glx) < x Vo#£0,L

Then there exists a continuous, monotone increasing function h defined on [0, 1]
with

and
hof=goh.
Proof. Choose any point (xg,yo) in the open square
O<z<l, O<y<l.

If (2o, yo0) is to be a point on the curve y = h(x), then the equation ho f = goh
implies that the point (z1,y1) also lies on this curve, where

x1 = f(zo), 1= 9o)

By induction so will the points (2, y,) where
ry = f"(%0), Yn=9"(yo)-

By hypothesis
xXog > X1 > T > ...,

and since there is no solution to f(z) = z for 0 < x < 1 the limit of the
Zn, m — oo must be zero. Also for the y,. So the sequence of points (2, yn)
approaches (0,0) as n — 4o00. Similarly, as n — —oo the points (z,,yn)
approach (1,1). Now choose any continuous, strictly monotone function

y = h(z),

defined on
1 <2<
with
h(z1) =y1, h(xo) = yo.
Extend its definition to the interval x; < x < x7 by setting

h(z) =g(h(f~(x), @2<z <
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Notice that at 1 we have

g(h(f = (21))) = g(h(z0)) = g9(y0) = y1,

so the definitions of h at the point x; are consistent. Since f and g are monotone
and continuous, and since h was chosen to be monotone on z; < x < x,
we conclude that h is monotone on x9 < x < x; and hence continuous and
monotone on all of o < x < xy. Continuing in this way, we define h on the
interval 41 <z <z, n >0 by

h=g"ohof™".

Setting h(0) = 0, we get a continuous and monotone increasing function defined
on 0 <z < zp. Similarly, we extend the definition of h to the right of zg up
to x = 1. By its very construction, the map h conjugates f into g, proving the
proposition.

Notice that as a corollary of the method of proof, we can conclude

Proposition 3.6.2 Let f and g be two monotone increasing functions defined
in some neighborhood of the origin and satisfying

f(0)=9(0) =0, [f(2)| <lz], |g(x)| <lx|, Vo #0.

Then there exists a homeomorphism, h defined in some neighborhood of the
origin with h(0) = 0 and
hof=goh.

Indeed, just apply the method (for n > 0) to construct h to the right of the
origin, and do an analogous procedure to construct h to the left of the origin.
As a special case we obtain

Proposition 3.6.3 Let f and g be differentiable functions with f(0) = g(0) =0
and
0< f'(0)<1, 0<g'(0)<1. (3.6)

Then there exists a homeomorphism h defined in some neighborhood of the origin
with h(0) = 0 and which conjugates f into g.

The mean value theorem guarantees that the hypotheses of the preceding propo-
sition are satisfied.
Also, it is clear that we can replace (3.6) by any of the conditions

1< f'(0), 1 < ¢'(0)
0> f(0)>-1, 0>4'(0)>-1
—1> f"(0), —-1>4/(0),

and the conclusion of the proposition still holds.
It is important to observe that if f/(0) # ¢’(0), then the homeomorphism,
h, can not be a diffeomorphism. That is, h can not be differentiable with
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a differentiable inverse. In fact, h can not have a non-zero derivative at the
origin. Indeed, differentiating the equation go h = h o f at the origin gives

g'(0)h(0) = 1'(0)(0),
and if h’(0) # 0 we can cancel it form both sides of the equation so as to obtain
f'(0) = g'(0). (3.7)
What is true is that if (3.7) holds, and if

IF'(O)] #1, (3-8)

then we can find a differentiable h with a differentiable inverse which conjugates
f into g.

We postpone the proof of this result until we have developed enough ma-
chinery to deal with the n-dimensional result. These theorems are among my
earliest mathematical theorems. A complete characterization of transformations
of R near a fixed point together with the conjugacy by smooth maps if (3.7)
and (3.8) hold, were obtained and submitted for publication in 1955 and pub-
lished in the Duke Mathematical Journal. The discussion of equivalence under
homeomorphism or diffeomorphism in n-dimensions was treated for the case of
contractions in 1957 and in the general case in 1958, both papers appearing
in the American Journal of Mathematics. We will return to these matters in
Chapter ?77.

3.7 Sequence space and symbolic dynamics.

In this section we will illustrate a powerful method for studying dynamical
systems by examining the quadratic transformation

Q. x—x’+c

for values of ¢ < —2.
For any value of ¢, the two possible fixed points of @, are

p(€) = 5(1-VI—40), pile) = 5(1+VI—4o)

by the quadratic formula. These roots are real with p_(c) < p4(c) for ¢ < 1/4.
The graph of Q. lies above the diagonal for > p, (c), hence the iterates of any
x > pi(c) tend to +o00. If g < —py(c), then x1 = Q.(x9) > p+(c), and so the
further iterates also tend to +oo. Hence all the interesting action takes place in

the interval [—py,p+]. The function Q. takes its minimum value, ¢, at @ = 0,
and

c=—pi(c)= —%(1 +V1—4c)
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when ¢ = —2. For —2 < ¢ < 1/4, the iterate of any point in [—p4,p4] remains
in the interval [—p4,p4]. But for ¢ < —2 some points will escape, and it is this
latter case that we want to study.

To visualize the what is going on, draw the square whose vertices are at
(£p+,+py+) and the graph of Q. over the interval [—py,ps]. The bottom of
the graph will protrude below the bottom of the square. Let A; denote the
open interval on the z-axis (centered about the origin) which corresponds to
this protrusion. So

Ay = {2]Qc(x) < —p4(c)}.
Every point of A; escapes from the interval [—p4, p4] after one iteration.
Let
Az = QM (Ay).

Since every point of [—p4, p4] has exactly two pre-images under Q., we see that
Ay is the union of two open intervals. To fix notation, let

I=[-py.p4]

and write
I\Al =Ihulh

where I is the closed interval to the left of A; and I; is the closed interval to
the right of A;.Thus As is the union of two open intervals, one contained in Iy
and the other contained in I;. Notice that a point of Ay escapes from [—p4, py ]
in exactly two iterations: one application of Q. moves it into A; and another
application moves it out of [—p1,p].

Conversely, suppose that a point x escapes from [—py,p4] in exactly two
iterations. After one iteration it must lie in A;, since these are exactly the
points that escape in one iteration. Hence it must lie in A,.

In general, let

An+1 = Qc_on(Al)'

Then A, 41 is the union of 2™ open intervals and consists of those points which
escape from [—p4,py] in exactly n + 1 iterations. If the iterates of a point x
eventually escape from [—py,p4], there must be some n > 1 so that z € A,,. In
other words,

U 4.

n>1

is the set of points which eventually escape. The remaining points, lying in the
set
A:=1\ ] Anm,

n>1

are the points whose iterates remain in [—py,p4] forever. The thrust of this
section is to study A and the action of Q. on it.

Since A is defined as the complement of an open set, we see that A is closed.
Let us show that A is not empty. Indeed, the fixed points, p+ certainly belong
to A and hence so do all of their inverse images, Q. ™ (p+). Next we will prove
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Proposition 3.7.1 If

2
<«—§ji5£§£:—2368”. (3.9)

then A is totally disconnected, that is, it contains no interval.

In fact, the proposition is true for all ¢ < —2 but, following Devaney [?] we will
only present the simpler proof when we assume (3.9). For this we use

Lemma 3.7.1 If (3.9) holds then there is a constant A > 1 such that
|QL(z)] > A >1, Voel\A. (3.10)

Proof of Lemma. We have |Q/(z)| = |2z > A > 1if || > JAforall z € I\ A;.
So we need to arrange that A; contains the interval [—%, %] in its interior. In
other words, we need to be sure that

Qu(3) < b

The equality

translates to

1 14+ +v1—4c
1ttt

Solving the quadratic equation gives

5425
4

as the lower root. Hence if (3.9) holds, Qc(3) < —p+.

Proof of Prop. 3.7.1. Suppose that there is an interval, J, contained in A.
Then J is contained either in Iy or I;. In either event the map @, is one to one
on J and maps it onto an interval. For any pair of points, z and y in J, the
mean value theorem implies that

|Qc(w) - Qc(y)| > )\|.Z‘ - y|'

Hence if d denotes the length of J, then Q.(J) is an interval of length at least
Ad contained in A. By induction we conclude that A contains an interval of
length A\"d which is ridiculous, since eventually A"d > 2p; which is the length
of I. QED.

Now consider a point € A. Either it lies in I or it lies in I;. Let us define

so(x) =0 Vz € I
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and
so(z) =1 Vz € L.

Since all points Q2" (x) are in A, we can define s, (z) to be 0 or 1 according to
whether Q3" (z) belongs to Iy or I;. In other words, we define

0 if Qo(z)el,
sn(z) = : (3.11)
1 if Q") el

higher iterates of Q..
So let us introduce the sequence space, ¥, defined as

Y ={(s0s182...) | s; =0or 1}.

Notice that in contrast to the space X we introduced in Section 3.4, we are
not excluding any sequences. Define the notion of distance or metric on ¥ by
defining the distance between two points

S = (508182...)

and
t= (totltz .. )

to be
def |si — t;]
d t = - .
o0 Y

It is immediate to check that d satisfies all the requirements for a metric: It
is clear that d(s,t) > 0 and d(s,t) = 0 implies that |s; — t;| = 0 for all 4, and
hence that s = t. The definition is clearly symmetric in s and t. And the usual
triangle inequality

Isi — wil < |si — ;] + |ti — i

for each ¢ implies the triangle inequality
d(s,u) <d(s,t) + d(t,u).

Notice that if s; = ¢; for ¢ =0,1,...,n then

RS 7 DR I
d(s,t) = Z o < Z % = o
Jj=n+1 Jj=n+1

Conversely, if s; # t; for some i < n then

11
d(s,t) > — > —.
5825 2%
So if

1
d(s,t —
(s7)<2n
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then s; = t; for all 1 < n.
Getting back to A, define the map

t:A—=X

by
v(x) = (so(x)s1(x)s2(x)ss(x)...) (3.12)
where the s;(x) are defined by (3.11).
The point ¢(x) is called the itinerary of the point z. For example, the fixed

point, py liesin [; and hence do all of its images under Q7 since they all coincide
with p,. Hence its itinerary is

upy) = (111111...).

The point —p, is carried into p; under one application of (). and then stays
there forever. Hence its itinerary is

W(—=py) = (01111111 ...).

It follows from the very definition that
UQe(x)) = S(u(x))
where S is our old friend, the shift map,
S: (80818283 ...) — (81528384...)
applied to the space X. In other words,
toQ.=Sou1.

The map ¢ conjugates Q., acting on A into the shift map, acting on X. To show
that this is a legitimate conjugacy, we must prove that ¢ is a homeomorphism.
That is, we must show that ¢ is one-to one, that it is onto, that it is continuous,
and that its inverse is continuous:

One-to one: Suppose that ¢(z) = ¢(y) for z,y € A. This means that Q7 (x)
and Q" (y) always lie in the same interval, Iy or I;. Thus the interval [z, y] lies
entirely in either Iy or I; and hence Q. maps it in one to one fashion onto an
interval contained in either Iy or I;. Applying Q. once more, we conclude that
Q? is one-to-one on [x,y]. Continuing, we conclude that Q7 is one-to-one on
the interval [z, y], and we also know that (3.9) implies that the length of [z, y]
is increased by a factor of A™. This is impossible unless the length of [z,y] is
zero, i.e. ©x = y.

Onto. We start with a point s = (sgs1s2...) € 8. We are looking for a point
x with ¢() = s. Consider the set of y € A such that

1
d(s,1(9)) < 5
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This is the same as requiring that y belong to
ANTgs, . s,

where 55, .. s, is the interval

n

Lsgsysn =y €1y € I5,, Qc(y) € Is,,... Q" (y) € L5, }.

So
Lsgsisn = 1o ngl(Iﬁ)ﬂ"'ngn(I&l)
= ISO ch_l(Iﬁ m"'ch_(n_l)(Isn))
= Ly NQ: (I .s,) (3.13)
= Tssys, ,NQ"(Is,) Clsy. s, - (3.14)

The inverse image of any interval, J under Q. consists of two intervals, one
lying in Iy and the other lying in I1. For n = 0, I, is either Iy or I; and hence
is an interval. By induction, it follows from (3.13) that I, s, . s, is an interval.
By (3.14), these intervals are nested. By construction these nested intervals
are closed. Since every sequence of closed nested intervals on the real line has a
non-empty intersection, there is a point x which belongs to all of these intervals.

Hence all the iterates of « lie in I, so z € A and «(z) =s.

Continuity. The above argument shows that the interiors of the intervals

Isys,...s, (intersected with A) form neighborhoods of z that map into small

neighborhoods of ¢(z).

Continuity of :~'. Conversely, any small neighborhood of x in A will contain

one of the intervals I, s, and hence all of the points t whose first n coordinates

agree with s = «+(z) will be mapped by :~! into the given neighborhood of .
To summarize: we have proved

Theorem 3.7.1 Suppose that ¢ satisfies (3.9). Let A C [—p4,p4] consist of
those points whose images under Q7 lie in [—p p+] for allm > 0. Then A is a
closed, non-empty, disconnected set. The itinerary map ¢ is a homeomorphism
of A onto the sequence space, 32, and conjugates Q. to the shift map, S.

Just as in the case of the space X in section 3.4, the periodic points for S
are precisely the periodic or “repeating” sequences. Thus we can conclude from
the theorem that there are exactly 2" points of period (at most) n for Q.. Also,
the same argument as in section 3.4 shows that the periodic points for S are
dense in ¥, and hence the periodic points for ). are dense in A. Finally, the
same argument as in section 3.4 shows that S is transitive on X. Hence, the
restriction of Q. to A is chaotic.
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Chapter 4

Space and time averages

4.1 histograms and invariant densities

Let us consider a map, F : [0,1] — [0, 1], pick an initial seed, xo, and compute
its iterates, zg, 1, T2, ..., T, under F. We would like to see which parts of the
unit interval are visited by these iterates, and how often. For this purpose let
us divide the unit interval up into N subintervals of size 1/N given by

k—1 k N -1
Iiy=|—,=),k=1...,.N=-1, In=|—,1].
k |: N ,N), ; 3 ; N |: N :|
We count how many of the iterates xg,x1,...,x lie in I. Call this number
ng. There are m + 1 iterates (starting with, and counting, xo) so the numbers

ng
m—+1

Pr =

add up to one:
pr+---+pv =1L

We would like to think of these numbers as “probabilities” - the number py
representing the “probability” that an iterate belongs to I;. Strictly speaking,
we should write pi(m). In fact, we should write py(m, o) since the procedure
depends on the initial seed, zo. But the hope is that as m gets large the pi(m)
tend to a limiting value which we denote by pj, and that this limiting value
will be independent of z¢ if z¢ is chosen “generically”. We will continue in this
vague, intuitive vein a while longer before passing to a precise mathematical
formulation. If U is a union of some of the I, then we can write

p(U) =Y

I, CU

and think of p(U) as representing the “probability” that an iterate of zy be-
longs to U. If N is large, so the intervals I}, are small, every open set U can be

85
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closely approximated by a union of the I’s, so we can imagine that the “prob-
abilities”, p(U), are defined for all open sets, U. If we buy all of this, then we
can write down an equation which has some chance of determining what these
“probabilities”, p(U), actually are: A point y = F(x) belongs to U if and only if
x € F~Y(U). Thus the number of points among the x1, dots, ., +1 which belong
to U is the same as the number of points among the zq, ..., x,; which belong
to F~1(U). Since our limiting probability is unaffected by this shift from 0 to
1 or from m to m + 1 we get the equation

p(U) = p(F~1(U)). (4.1)

To understand this equation, let us put it in a more general context. Suppose
that we have a “measure”, u, which assigns a size, u(A), to every open set,
A. Let F be a continuous transformation. We then define the push forward
measure, Fiu by

(Fo)(A) = p(F~1(4). (4.2)

Without developing the language of measure theory, which is really necessary
for a full understanding, we will try to describe some of the issues involved in
the study of equations (4.2) and (4.1) from a more naive viewpoint. Consider,
for example, F' = L,,1 < p < 3. If we start with any initial seed other than
xo = 0, it is clear that the limiting probability is

p(Ix) = 1,

if the fixed point,1 — i € I, and

p(Ix) =0

otherwise. Similarly, if 3 < < 1+ /6, and we start with any x¢ other than 0
or the fixed point, 1 — i then clearly the limiting probability will be p(I) =1
if both points of period two belong to I, p(I) = % if I contains exactly one of
the two period two points, and p(I) = 0 otherwise. These are all examples of
discrete measures in the sense that there is a finite (or countable) set of points,
{21}, each assigned a positive number, m(z;) and

p) = 3 mlar).
zr€l

We are making the implicit assumption that this series converges for every
bounded interval. The integral of a function, ¢, with respect to the discrete
measure, p, denoted by (¢, i) or by [ ¢p is defined as

[ on=3 d(wma).

This definition makes sense under the assumption that the series on the right
hand side is absolutely convergent. The rule for computing the push forward,
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F.p (when defined) is very simple. Indeed, let {y;} be the set of points of the
form y; = F(xy) for some k, and set

n(y) = > mlx).

F(zr)=y

Notice that there is some problem with this definition if there are infinitely
many points z, which map to the same y;. Once again we must make some
convergence assumption. For example, if the map F' is everywhere finite-to-one,
there will be no problem. Thus the push forward of a discrete measure is a
discrete measure given by the above formula.

At the other extreme, a measure is called absolutely continuous (with
respect to Lebesgue measure) if there is an integrable function, p, called the
density so that

ul(l) = / pla)da.

For any continuous function, ¢ we define the integral of ¢ with respect to i as

W)= [ou= [ o)z

if the integral is absolutely convergent. Suppose that the map F' is piecewise
differentiable and in fact satisfies |F'(z)| # 0 except at a finite number of points.
These points are called critical points for the map F' and their images are called
critical values. Suppose that A is an interval containing no critical values, and
to fix the ideas, suppose that F'~1(A) is the union of finitely many intervals, .J;
each of which is mapped monotonically (either strictly increasing or decreasing)
onto A. The change of variables formula from ordinary calculus says that for
any function g = g(y) we have

Ag(y)dy=Lkg(F(x))|F (2)|dz,

where y = F(x). So if we set g(y) = p(z)|1/F'(x)| we get

1
s = [ ol = ()

Summing over k and using the definition (4.2) we see that F.u has the density

)= Y A (43)

Equation (4.3) is sometimes known as the Perron Frobenius equation, and the
transformation p +— o as the Perron Frobenius operator.

Getting back to our histogram, if we expect the limit measure to be of the
absolutely continuous type, so

1
p(Ix) = p(2) X =, x € I
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then we expect that

N
p(z) = lim Sl x € I

7n~>oo’n’),—|—17

as the formula for the limiting density.

4.2 the histogram of L,

We wish to prove the following assertions:
(i) The measure, u, with density

1
0(r) = ———— 4.4
() = — T (4.4)

1s tnvariant under L4. In other words it satisfies

Lypp = p.

(i) Up to a multiplicative constant, (4.4) is the only continuous density invariant
under Ly
(iii) If we pick the initial seed generically, then the normalized histogram con-

verges to (4.4).

We give two proofs of (i). The first is a direct verification of the Perron
Frobenius formula (4.3) with y = F(z) = 42(1 — z) so |F'(z)| = |F'(1 — 2)| =
4|1 — 2z|. Notice that the o given by (4.4) satisfies o(x) = o(1 — z) so (4.3)
becomes

1 2
m/4z(1 —z)(1 — 4x(1 — 1)) w1 =2z /x(l—z)

But this follows immediately from the identity

1 —4x(l—2) = (2o —1)%

For our second proof, consider the tent transformation, 7. For any interval, I
contained in [0, 1], T~1(I) consists of the union of two intervals, each of half the
length of I. In other words the ordinary Lebesgue measure is preserved by the
tent transformation: T,v = v where v has density p(z) = 1. Put another way,
the function p(z) =1 is the solution of the Perron Frobenius equation

p(Tx) = @ + M (4.5)

It follows immediately from the definitions, that
(F o G)up = Fu(Gip),

where F' and G are two transformations , and p is a measure. In particular,

since h o T = L4 o h where
T
h(z) = sin® %,
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Figure 4.1: The histogram of iterates of Ly compared with o.




90 CHAPTER 4. SPACE AND TIME AVERAGES

it follows that if T, = v, then T\ (h,v) = h,v. So to solve Ly, = p, we must
merely compute h.v. According to (4.3) this is the measure with density

1 1

oly) = W (z)|  msin ZE cos ZL

2z

5 this becomes

But since y = sin
1

o(y) = —F——=

Tyl —y)

as desired.

To prove (ii), it is enough to prove the corresponding result for the tent
transformation: that p = const. is the only continuous function satisfying (4.5).
To see this, let us consider the binary representation of T": Let

xr = 0.a1a0a3 ...
be the binary expansion of x. If 0 <z < %, so a; = 0, then Tz = 2z or
T(0.0aza3a4 ...) = 0.a2a3a4 .. ..
Ifx> %, so a; = 1, then
Tx)=—-2x+2=1—(2z—-1)=1-5(x) =1-0.a2a3a4. ...

Introducing the notation
0=1, 1=0,

we have
0.asasay - - - + 0.a1a2a3--- =0.1111--- =1

SO
T(O.1a2a3a4 e ) = 0.asa3ay . ...

In particular, T~1(0.ajazas . ..) consists of the two points
0.00,10,2&3 RPN and O.ICl_llJ,_Q(fg e

Now let us iterate (4.5) with p replaced by f, and show that the only solution
is f = constant. Using the notation = = 0.ajas - -- = 0.a repeated application
of (4.5) gives:

f@) = 3[f(0a)+ f(1a)]

[f(.00a) + f(.01a) + f(.10a) + f(.11a)]

[£(.000a) + £(.001a@) + £(.010a) + £(.011a@) + £(.100a) + - -]

O~ x| =N~

l
—
~
=
&
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But this integral is a constant, independent of z. QED.

The third statement, (iii), about the limiting histogram for “generic” initial
seed, o, demands a more careful formulation. What do we mean by the phrase
“generic”? The precise formulation requires a dose of measure theory, the word
“generic” should be taken to mean “outside of a set of measure zero with respect
to p”. The usual phrase for this is “for almost all z¢”. Then assertion (iii)
becomes a special case of the famous Birkhoff ergodic theorem. This theorem
asserts that for almost all points, p, the “time average”

n—1

tim = 5" (L)
k=0

/¢u

for any integrable function, ¢. Rather than proving this theorem, we will explain
a simpler theorem, von Neumann’s mean ergodic theorem, which motivated
Birkhoff to prove his theorem.

Let F' be a transformation with an invariant measure, u. By this we mean
that Fopu = pu. We let H denote the Hilbert space of all square integrable
functions with respect to p, so the scalar product of f,g € H is given by

equals the “space average”

(f.9)= / fan.
The map F' induces a transformation U : H — H by
Uf=foF

and
(U, Ug) = / (fo F)(goF)u= / fan=(f.g).

In other words, U is an isometry of H. The mean ergodic theorem asserts that
the limit of
1 n—1
k
w ot

exists in the Hilbert space sense, “convergence in mean”, rather than the almost
everywhere pointwise convergence of the Birkhoff ergodic theorem. Practically
by its definition, this limiting element f is invariant, i.e. satisfies U f = f .
Indeed, applying U to the above sum gives an expression which differs from
that sum by only two terms, f and U™ f and dividing by n sends these terms
to zero as n — oo. If, as in our example, we know what the possible invariant
elements are, then we know the possible limiting values f

The mean ergodic theorem can be regarded as a smeared out version of the
Birkhoff theorem. Due to inevitable computer error, the mean ergodic theorem
may actually be the version that we want.



92 CHAPTER 4. SPACE AND TIME AVERAGES

4.3 The mean ergodic theorem

The purpose of this section is to prove

Theorem 4.3.1 von Neumann’s mean ergodic theorem. Let U : H — H be an
isometry of a Hilbert space, H. Then for any f € H , the limit

lim % S utf=f (4.6)

exists in the Hilbert space sense, and the limiting element f 18 invariant, i.e.
Uf=F.

Proof. The limit, if it exists, is invariant as we have seen. If U were a unitary
operator on a finite dimensional Hilbert space, H, then we could diagonalize U,
and hence reduce the theorem to the one dimensional case. A unitary operator

on a one dimensional space is just multiplication by a complex number of the
form e, If e # 1, then

1 1_eina

1 e (n—1)iay _ ‘
14+e“+---+e ) g

1
n
On the other hand, if e’® = 1, the expression on the left is identically one.
This proves the theorem for finite dimensional unitary operators. For an infi-
nite dimensional Hilbert space, we could apply the spectral theorem of Stone
(discovered shortly before the proof of the ergodic theorem) and this was von

Neumann’s original method of proof.
Actually, we can proceed as follows:

Lemma 4.3.1 The orthogonal complement of the set, D, of all elements of the
form Ug — g, consists of invariant elements.

Proof. It f is orthogonal to all elements in D, then,in particular, f is orthogonal
toUf — f, so

0=(LUf-1)
and

since U is an isometry. So

ULUfF=f)=(-Uff)=0.
So
Uf=£Uf=H=ULUf= )= (£, Uf-f)=0,
or
Uf—f=0

which says that f is invariant.
So what we have shown, in fact, is
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Lemma 4.3.2 The union of the set D with the set, I, of the invariant functions
is dense in H.

In fact, if f is orthogonal to D, then it must be invariant, and if it is orthogonal
to all invariant functions it must be orthogonal to itself, and so must be zero.
So (DUI)* =0,s0 DUI is dense in H.

Now if f is invariant, then clearly the limit(4.6) exists and equals f. If
f=Ug — g, then the expression on the left in (4.6) telescopes into

1
—(U"g —
~(U"g—g)
which clearly tends to zero. Hence, as a corollary we obtain

Lemma 4.3.3 The set of elements for which the limit in (4.6) exists is dense
in H.

Hence the mean ergodic theorem will be proved, once we prove

Lemma 4.3.4 The set of elements for which the limit in (4.6) exists is closed.

Proof. If
1 . 1 .
EZU’C% - 9i, EZU]CQJ’ — 9>
and
Igi — g lI<e,
then ) )
=Y Urgi—=> Ukgs <,
n n
S0
I 9i—3; I<e.

So if {g;} is a sequence of elements converging to f, we conclude that {g;}
converges to some element, call it f. If we choose i sufficiently large so that
I 9i = f [[< '€ then

1 A 1 1 . A3
[ gZka—fH <| EZUk(f—gi) [+ 1] gZngi_gi [+ 1 gi—=f1< 3e

proving the lemma and hence proving the mean ergodic theorem.

4.4 the arc sine law

The probability distribution with density
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is called the arc sine law in probability theory because, if I is the interval
I =1]0,u] then

“ 1 2
Probze]:ProbOSxﬁu:/ ——— = —arcsin/u. 4.7
o my/xz(l—2z) T vu .7

We have already verified this integration because I = h(J) where

it

h(t) = sin? 5 J =10,v], h(v) = u,

and the probability measure we are studying is the push forward of the uniform
distribution. So
Prob h(t) € I =Probt € J = wv.

The arc sine law plays a crucial role in the theory of fluctuations in random
walks. As a cultural diversion we explain some of the key ideas, following the
treatment in Feller [?] very closely.

Suppose that there is an ideal coin tossing game in which each player wins
or loses a unit amount with (independent) probability i at each throw. Let
So =0,51,852,... denote the successive cumulative gains (or losses) of the first
player. We can think of the values of these cumulative gains as being marked
off on a vertical s-axis, and representing the position of a particle which moves
up or down with probability 3 at each (discrete) time unit . Let

Q2k 2n

denote the probability that up to and including time 2n, the last visit to the
origin occurred at time 2k. Let

Uny = ( 2v >22”. (4.8)

14

So us, represents the probability that exactly v out of the first 2v steps were in
the positive direction, and the rest in the negative direction. In other words, ue,
is the probability that the particle has returned to the origin at time 2v. We can
find a simple approximation to ug, using Stirling’s formula for an approximation

to the factorial:
n! ~+/ 2T e "

where the ~ signifies that the ratio of the two sides tends to one as n tends to
infinity. For a proof of Stirling’s formula cf. [?]. Then

—2v (2V)'
(v1)?
g2V 2m(20) 2 T2

2v+1,—2v
2my e

U2y =

1
N

The results we wish to prove in this section are
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Proposition 4.4.1 We have
2k 20 = UnkUzn—2k, (4.9)

so we have the asymptotic approrimation

1

Qofonp ~ ——F———. 4.10
e k(= k) (4.10)
If we set
k
T = —
then we can write 1
ok on ~ EU(CC/@)- (4.11)

Thus, for fited 0 < x <1 and n sufficiently large

2
Z Qok,on = - arcsin /z. (4.12)

k<xn

Proposition 4.4.2 The probability that in the time interval from 0 to 2n the
particle spends 2k time units on the positive side and 2n — 2k time units on
the negative side equals cvopon. In particular, if 0 < x < 1 the probability
that the fraction k/n of time units spent on the positive be less than x tends to
%arcsin T as n — 00.

Let us call the value of Sy, for any given realization of the random walk, the
terminal point. Of course, the particle may well have visited this terminal point
earlier in the walk, and we can ask when it first reaches its terminal point.

Proposition 4.4.3 The probability that the first visit to the terminal point oc-
curs at time 2k is given by oo on.

We can also ask for the first time that the particle reaches its maximum
value: We say that the first mazimum occurs at time [ if

So < 5,851 <8,...5.1<8, Sit1 < 81,8142 < S, ... 89, < 5. (4.13)

Proposition 4.4.4 If0 <1 < 2n the probability that the first maximum occurs
atl =2k orl =2k + 1 is given by %a2k72n. For | = 0 this probability is given
by usn and if | = 2n it is given by %ugn.

Before proving these four propositions, let us discuss a few of their impli-
cations which some people find counterintuitive. For example, because of the
shape of the density, o, the last proposition implies that the maximal accumu-
lated gain is much more likely to occur very near to the beginning or to the
end of a coin tossing game rather than somewhere in the middle. The third
proposition implies that the probability that the first visit to the terminal point
occurs at time 2k is that same as the probability that it occurs at time 2n — 2k
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and that very early first visits and very late first visits are much more probable
than first visits some time in the middle.

In order to get a better feeling for the assertion of the first two propositions
let us tabulate the values of % arcsin+/z for 0 < z < %

x % arcsin/r x % arcsin \/x
0.05 0.144 0.30 0.369
0.10 0.205 0.35 0.403
0.15 0.253 0.40 0.236
0.20 0.295 0.45 0.468
0.25 0.333 0.50 0.500

This table, in conjunction with Prop. 4.4.1 says that if a great many coin tossing
games are conducted every second, day and night for a hundred days, then in
about 14.4 percent of the cases,the lead will not change after day five.

The proof of all four propositions hinges on three lemmas. Let us graph (by
a polygonal path) the walk of a particle. So a “path” is a broken line segment
made up of segments of slope £1 joining integral points to integral points in the
plane (with the time or t—axis horizontal and the s—axis vertical). If A = (a, «)
is a point, we let A’ = (a, —a) denote its image under reflection in the t—axis.

Lemma 4.4.1 The reflection principle. Let A = (a,«), B = (b, 3) be points
in the first quadrant with b > a > 0, > 0,3 > 0. The number of paths from A

to B which touch or cross the t— azis equals the number of all paths from A’ to
B.

Proof. For any path from A to B which touches the horizontal axis, let ¢ be
the abscissa of the first point of contact. Reflect the portion of the path from
A to T = (t,0) relative to the horizontal axis. This reflected portion is a path
from A’ to T, and continues to give a path from A’ to B. This procedure assigns
to each path from A to B which touches the axis, a path from A’ to B. This
assignment is bijective: Any path from A’ to B must cross the t—axis. Reflect
the portion up to the first crossing to get a touching path from A to B. This is
the inverse assignment. QED

A path with n steps will join (0,0) to (n,z) if an only if it has p steps of
slope +1 and ¢ steps of slope —1 where

p+tqg=mn, p—q=um.

The number of such paths is the number of ways of picking the positions of the
p steps of positive slope and so the number of paths joining (0,0) to (n,z) is

p+q n
Npz = = ez .
’ ( p ) <—§ >

It is understood that this formula means that V,, ; = 0 when there are no paths
joining the origin to (n, z).
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Lemma 4.4.2 The ballot theorem. Let n and x be positive integers. There

are exactly

T
— Ny oz
n

paths which lie strictly above the t axis for t > 0 and join (0,0) to (n,x).

Proof. There are as many such paths as there are paths joining (1, 1) to (n,z)
which do not touch or cross the t—axis. This is the same as the total number
of paths which join (1,1) to (n,z) less the number of paths which do touch or
cross. By the preceding lemma, the number of paths which do cross is the same
as the number of paths joining 1. — 1) to (n,z) which is Ny,—1 541. Thus, with p
and ¢ as above, the number of paths which lie strictly above the t axis for ¢ > 0
and which joint (0,0) to (n,z) is

+q-1 +q-1

Np1z—1—Np—1241 = (ppzl )_<p ; >

~ (p+g-1) F_}]

- g-D'e p

_pr—q_(p+q)

 p+q  pld

= IN,. QED

n

The reason that this lemma is called the Ballot Theorem is that it asserts that if
candidate P gets p votes, and candidate QQ gets ¢ votes in an election where the
probability of each vote is independently %, then the probability that throughout
the counting there are more votes for P than for Q is given by

Here is our last lemma:

Lemma 4.4.3 The probability that from time 1 to time 2n the particle stays
strictly positive is given by %uQn. In symbols,

Prob {Sl >0,..., Son > O} = %’U,Qn. (414)
So

Prob {Sl 7§ 0, ey Sgn 7§ 0} = U2n- (415)
Also

Prob {Sl Z 0, ey Sgn Z 0} = U2p- (416)

Proof. By considering the possible positive values of Sy, which can range from
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2 to 2n we have

Prob {S; >0,...,82, >0} = ZProb {S1>0,...,52, =2r}
r=1

= 27 Z(N2n71,2r71 — Nop_12r41)
r=1
27" (Nay—11— Nop—13+ Nop_13 — Nop_15+---)
272" Ny, 11
1

= §p2n71,1

1

= §U2n.
The passage from the first line to the second is the reflection principle,as in our
proof of the Ballot Theorem, from the third to the fourth is because the sum
telescopes. The poj,—1,1 on the next to the last line is the probability of ending
up at (2n — 1,1) starting from (0,0). The last equality is simply the assertion
that to reach zero at time 2n we must be at £1 at time 2n — 1 (each of these has
equal probability, pa,—1,1) and for each alternative there is a 50 percent chance
of getting to zero on the next step. This proves (4.14). Since a path which
never touches the t—axis must be always above or always below the t—axis,
(4.15) follows immediately from (4.14). As for (4.16), observe that a path which
is strictly above the axis from time 1 on, must pass through the point (1, 1) and
then stay above the horizontal line s = 1. The probability of going to the point
(1,1) at the first step is %, and then the probability of remaining above the new
horizontal axis is Prob {S7 > 0,...,S2,-1 > 0}. But since 2n — 1 is odd, if
Son—1 > 0 then Sa, > 0. So, by (4.14) we have

us, = Prob {Sl > 0, .. .75271 > 0}
1
= EPI‘Ob {Sl > 07 ey S2n71 > 0}
1
= EPrOb {Sl Z 07 (AR S2n71 Z Oa S2’n. Z 0}7

completing the proof of the lemma.
We can now turn to the proofs of the propositions.
Proof of Prop.4.4.1 To say that the last visit to the origin occurred at time
2k means that
Sor, =0
and
S; #0, j=2k+1,...,2n.

By definition, the first 2k positions can be chosen in 2%*uy;, ways to satisfy the
first of these conditions. Taking the point (2k,0) as our new origin, (4.15) says
that there are 22"~2Fuy, o1 ways of choosing the last 2n — 2k steps so as to
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satisfy the second condition. Multiplying and then dividing the result by 22"
proves Prop.4.4.1.

Proof of Prop.4.4.2. We consider paths of 2n steps and let by 2, denote the
probability that exactly 2k sides lie above the t—axis. Prop. 4.4.2 asserts that

bak,2n = Qak.2n.

For the case k = n we have gy 2, = UoUzn = U2y and bay 2, is the probability
that the path lies entirely above the axis. So our assertion reduces to (4.16)
which we have already proved. By symmetry, the probability of the path lying
entirely below the the axis is the same as the probability of the path lying
entirely above it, so bp.2n, = ag,2n, as well. So we need prove our assertion for
1 < k <n—1. In this situation, a return to the origin must occur. Suppose that
the first return to the origin occurs at time 2r. There are then two possibilities:
the entire path from the origin to (2r,0) is either above the axis or below the
axis. If it is above the axis, then r < k < n — 1, and the section of path beyond
(2r,0) has 2k — 2r edges above the t—axis. The number of such paths is

1

2r 2n—2r
52 for2 bak—2r2n—2r

where fa, denotes the probability of first return at time 2r:
fgr = Prob {Sl 75 O, ey SQT_l 75 07 Sgr = O}

If the first portion of the path up to 2r is spent below the axis, the the remaining
path has exactly 2k edges above the axis, so n — r > k and the number of such
paths is

%22Tf2r22n72rb2k,2n72r-
So we get the recursion relation
Lk | nok
bak,on = 3 7; forbok—2r 2n—2r + 3 ; forbokon—2r 1<k<n-—1. (4.17)

Now we proceed by induction on n. We know that bog on = uorton—2k = %
when n = 1. Assuming the result up through n — 1, the recursion formula (4.17)
becomes

k n—k
1 1
bok,2n = JU2n—2k ; foruog—or + U2k ; forton_ok_2r. (4.18)

But we claim that the probabilities of return and the probabilities of first return
are related by
Ugn = fouzn—2 + fauzn—a + -+ fonuo. (4.19)

Indeed, if a return occurs at time 2n, then there must be a first return at some
time 2r < 2n and then a return in 2n — 2r units of time, and the sum in (4.19) is
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over the possible times of first return. If we substitute (4.19) into the first sum
in (4.18) it becomes ugy, while substituting (4.19) into the second term yields
U2n—2k- Thus (4.18) becomes

bok,on = U2kU2n—2k

which is our desired result.

Proof of Prop.4.4.3. This follows from Prop.4.4.1 because of the symmetry
of the whole picture under rotation through 180° and a shift: The probability in
the lemma is the probability that Sai = Sa, but S; # Sa, for j < 2k. Reading
the path rotated through 180° about the end point, and with the endpoint
shifted to the origin, this is clearly the same as the probability that 2n — 2k is
the last visit to the origin. QED

Proof of Prop 4.4.4. The probability that the maximum is achieved at 0 is
the probability that S; <O0,...,S2, < 0 which is ug, by (4.16). The probability
that the maximum is first obtained at the terminal point, is, after rotation and
translation, the same as the probability that S; > 0,...,.S2, > 0 which is %uzn
by (4.14). If the maximum occurs first at some time [ in the middle, we combine
these results for the two portions of the path - before and after time ¢ - together
with (4.9) to complete the proof. QED

4.5 The Beta distributions.

The arc sine law is the special case a = b = % of the Beta distribution with
parameters a, b which has probability density proportional to

ta—l (1 _ t)b_l.

So long as a > 0 and b > 0 the integral

1
B(a7b):/ t2 11 — 1)’ tat
0

converges, and was evaluated by Euler to be
L(a)I'(b)
I'(a+b)

where T is Euler’s Gamma function. So the Beta distributions with A > 0,b > 0
are given by

B(a,b) =

1

ta—l 1 _ t b_l.
B(a,b) ( )
We characterized the arc sine law (a = b = 3) as being the unique probability
density invariant under L4. The case a = b = 0, where the integral does

not converge, also has an interesting characterization as an invariant density.
Consider transformations of the form
at +b
—
ct+d
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Figure 4.2: A random walk with 100,000 steps. The last zero is at time 3783.
For the remaining 96,217 steps the path is positive. According to the arc sine
law, with probability 1/5, the particle will spend about 97.6 percent of its time
on one side of the origin.
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x 10
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(¢ 4

is invertible. Suppose we require that the transformation preserve the origin
and the point ¢ = 1. Preserving the origin requires that b = 0, while preserving
the ’ point ¢ = 1 requires that a = ¢ + d. Since b = 0 we must have ad # 0 for
the matrix to be invertible. Since multi[lying all the entries of the matrix by
the same non-zero scalar does not change the transformation, we may as well
assume that d = 1, and hence the family transformations we are looking at are

where the matrix

at

0t U 0.
¢ S a-irn 47
Notice that
¢a © ¢b = ¢ab-
Our claim is that, up to scalar multiple, the density
1
t =

is the unique density such that the measure
p(t)dt

is invariant under all the transformations ¢,. Indeed,

a

P (t) = T—ttal

so the condition of invariance is

Let us normalize p by

Then

4 1 o a o s
S=0¢q | = §= — a= .
2 1+a 1—s

So taking t = % in the condition for invariance and a as above, we get

15]2 1

) = 4= /)5 + 575 = s

This elementary geometrical fact - that 1/¢(1 — ¢) is the unique density
(up to scalar multiple) which is invariant under all the ¢, - was given a deep
philosophical interpretation by Jaynes, [?]:
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Suppose we have a possible event which may or may not occur, and we
have a population of individuals each of whom has a clear opinion (based on
ingrained prejudice, say, from reading the newspapers or watching television)
of the probability of the event being true. So Mr. A assigns probability p(A)
to the event E being true and (1-p(A)) as the probability of its not being rue,
while Mr. B assigns probability P(B) to its being true and (1-p(B)) to its not
being true and so on.

Suppose an additional piece of information comes in, which would have a
(conditional) probability x of being generated if E were true and y of this infor-
mation being generated if E were not true. We assume that both x and y are
positive, and that every individual thinks rationally in the sense that on the ad-
vent of this new information he changes his probability estimate in accordance
with Bayes’ law, which says that the posterior probability p’ is given in terms
of the prior probability p by

’ bx

pP=——
pr+(1—ply

= ¢a(p) where a:= L

Y
We might say that the population as a whole has been invariantly prejudiced if
any such additional evidence does not change the proportion of people within
the population whose belief lies in a small interval. Then the density describing
this state of knowledge (or rather of ignorance) must be the density

1
Cp(l—p)

According to this reasoning of Jaynes, we take the above density to describe the
prior probability an individual (thought of as a population of subprocessors in his
brain) would assign to the probability of an outcome of a given experiment. If a
series of experiments then yielded M successes and N failures,Bayes’ theorem (in
its continuous version) would then yield the posterior distribution of probability
assignments as being proportional to

p(p)

M71(1 N—-1

p -p)

the Beta distribution with parameters M, N.
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Chapter 5

The contraction fixed point
theorem

5.1 Metric spaces

Until now we have used the notion of metric quite informally. It is time for a
formal definition. For any set X, we let X x X (called the Cartesian product
of X with itself) denote the set of all ordered pairs of elements of X. (More
generally, if X and Y are sets, we let X X Y denote the set of all pairs (z,y)
with € and y € Y, and is called the Cartesian product of X with Y.)

A metric for a set X is a function d from X to the real numbers R,

d: X xX—-R
such that for all z,y,z € X
L d(z,y) = d(y, z)
2. d(z,2) < d(z,y) + d(y, )
3. d(z,z) =0
4. If d(z,y) = 0 then x = y.

The inequality in 2) is known as the triangle inequality since if X is the
plane and d the usual notion of distance, it says that the length of an edge of a
triangle is at most the sum of the lengths of the two other edges. (In the plane,
the inequality is strict unless the three points lie on a line.)

Condition 4) is in many ways inessential, and it is often convenient to drop
it, especially for the purposes of some proofs. For example, we might want to
consider the decimal expansions .49999... and .50000... as different, but as
having zero distance from one another. Or we might want to “identify” these
two decimal expansions as representing the same point.

105
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A function d which satisfies only conditions 1) - 3) is called a pseudo-
metric.

A metric space is a pair (X, d) where X is a set and d is a metric on X.
Almost always, when d is understood, we engage in the abuse of language and
speak of “the metric space X”.

Similarly for the notion of a pseudo-metric space.

In like fashion, we call d(x,y) the distance between z and y, the function
d being understood.

If r is a positive number and x € X, the (open) ball of radius r about z is
defined to be the set of points at distance less than r from x and is denoted by
B, (z). In symbols,

By () = {y| d(z,y) <r}.

If r and s are positive real numbers and if x and z are points of a pseudo-
metric space X, it is possible that B,(z) N Bs(z) = 0. This will certainly be
the case if d(z, z) > r + s by virtue of the triangle inequality. Suppose that this
intersection is not empty and that

w € B.(x) N Bg(z).

If y € X is such that d(y,w) < min[r — d(z,w),s — d(z,w)] then the triangle
inequality implies that y € B,(x) N Bs(z). Put another way, if we set ¢ :=
min[r — d(z, w), s — d(z,w)] then

Bi(w) C By(x) N Bs(2).

Put still another way, this says that the intersection of two (open) balls is either
empty or is a union of open balls. So if we call a set in X open if either it
is empty, or is a union of open balls, we conclude that the intersection of any
finite number of open sets is open, as is the union of any number of open sets.
In technical language, we say that the open balls form a base for a topology on
X.

A map f: X — Y from one pseudo-metric space to another is called con-
tinuous if the inverse image under f of any open set in Y is an open set in
X. Since an open set is a union of balls, this amounts to the condition that
the inverse image of an open ball in Y is a union of open balls in X, or, to use
the familiar €, § language, that if f(x) = y then for every e > 0 there exists a
0 = 0(z,€) > 0 such that

f(Bs(x)) C Be(y).

Notice that in this definition § is allowed to depend both on x and on e. The
map is called uniformly continuous if we can choose the § independently of z.

An even stronger condition on a map from one pseudo-metric space to an-
other is the Lipschitz condition. A map f : X — Y from a pseudo-metric
space (X, dx) to a pseudo-metric space (Y, dy) is called a Lipschitz map with
Lipschitz constant C' if

dy(f(xl),f(xg)) < Cdx(ilfl,xg) VIl,iEQ € X.
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Clearly a Lipschitz map is uniformly continuous.
For example, suppose that A is a fixed subset of a pseudo-metric space X.
Define the function d(A4,-) from X to R by

d(A, z) := inf{d(z,w), w e A}.
The triangle inequality says that
d(z, w) < d(z,y) + d(y, w)

for all w, in particular for w € A, and hence taking lower bounds we conclude
that
d(A,z) < d(z,y) + d(A,y).

or

Reversing the roles of x and y then gives
(A, x) — d(A,y)| < d(z,y).

Using the standard metric on the real numbers where the distance between a
and b is |a — b| this last inequality says that d(A,-) is a Lipschitz map from X
to R with C = 1.

A closed set is defined to be a set whose complement is open. Since the
inverse image of the complement of a set (under a map f) is the complement
of the inverse image, we conclude that the inverse image of a closed set under a
continuous map is again closed.

For example, the set consisting of a single point in R is closed. Since the
map d(A, ) is continuous, we conclude that the set

{z]d(A, z) = 0}

consisting of all point at zero distance from A is a closed set. It clearly is a closed
set which contains A. Suppose that S is some closed set containing A, and y & S.
Then there is some r > 0 such that B,(y) is contained in the complement of
C, which implies that d(y,w) > r for all w € S. Thus {z|d(A,z) = 0} C S.
In short {z|d(A,x) = 0} is a closed set containing A which is contained in all
closed sets containing A. This is the definition of the closure of a set, which is

denoted by A. We have proved that
A= {z|d(A,x) = 0}.

In particular, the closure of the one point set {z} consists of all points u such
that d(u,x) = 0.

Now the relation d(z,y) = 0 is an equivalence relation, call it R. (Transitiv-
ity being a consequence of the triangle inequality.) This then divides the space
X into equivalence classes, where each equivalence class is of the form m, the
closure of a one point set. If u € {z} and v € {y} then

d(u,v) < d(u,z) + d(x,y) + d(y,v) = d(z, y).
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since x € {u} and y € {v} we obtain the reverse inequality, and so
d(u,v) = d(z,y).

In other words, we may define the distance function on the quotient space X/R,
i.e. on the space of equivalence classes by

d({z},{y}) ;== d(u,v), wue{z},ve{y}

and this does not depend on the choice of u and v. Axioms 1)-3) for a metric
space continue to hold, but now

d({z},{y}) = 0= {z} = {y}.

In other words, X/R is a metric space. Clearly the projection map x +— m is
an isometry of X onto X/R. (An isometry is a map which preserves distances.)
In particular it is continuous. It is also open.

In short, we have provided a canonical way of passing (via an isometry) from
a pseudo-metric space to a metric space by identifying points which are at zero
distance from one another.

A subset A of a pseudo-metric space X is called dense if its closure is the
whole space. From the above construction, the image A/R of A in the quotient
space X/R is again dense. We will use this fact in the next section in the
following form:

If f: Y — X is an isometry of Y such that f(Y) is a dense set of X, then
f descends to a map F of Y onto a dense set in the metric space X/R.

5.2 Completeness and completion.

The usual notion of convergence and Cauchy sequence go over unchanged to
metric spaces or pseudo-metric spaces Y. A sequence {y,} is said to converge
to the point y if for every e > 0 there exists an N = N (e) such that

d(Yn,y) <€ Vn>N.

A sequence {y,} is said to be Cauchy if for any € > 0 there exists an N = N (e
such that
d(ynuym) <e V m,n > N.

The triangle inequality implies that every convergent sequence is Cauchy. But
not every Cauchy sequence is convergent. For example, we can have a sequence
of rational numbers which converge to an irrational number, as in the approxi-
mation to the square root of 2. So if we look at the set of rational numbers as a
metric space R in its own right, not every Cauchy sequence of rational numbers
converges in R. We must “complete” the rational numbers to obtain R, the set
of real numbers. We want to discuss this phenomenon in general.
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So we say that a (pseudo-)metric space is complete if every Cauchy sequence
converges. The key result of this section is that we can always “complete” a
metric or pseudo-metric space. More precisely, we claim that

Any metric (or pseudo-metric) space can be mapped by a one to one isometry
onto a dense subset of a complete metric (or pseudo-metric) space.

By the italicized statement of the preceding section, it is enough to prove
this for a pseudo-metric spaces X. Let X, denote the set of Cauchy sequences
in X, and define the distance between the Cauchy sequences {z,} and {y,} to
be

d({zn}, {yn}) == nlggo d(Tp, Yn)-

It is easy to check that d defines a pseudo-metric on Xgeq. Let f: X — Xgeq
be the map sending = to the sequence all of whose elements are x;

fz) = (x,z,z,2,- ).

It is clear that f is one to one and is an isometry. The image is dense since by
definition

limd(f(xyn), {zn}) = 0.

Now since f(X) is dense in X4, it suffices to show that any Cauchy sequence
of points of the form f(x,) converges to a limit. But such a sequence converges
to the element {z,}. QED

Of special interest are vector spaces which have metric which is compatible
with the vector space properties and which is complete: Let V' be a vector space
over the real numbers. A norm is a real valued function

v ol
on V which satisfies
L. |lv|| > 0 and > 0 if v #£ 0,
2. |lrv|| = |r|||v|| for any real number r, and

3. o+ w|| < ||| + |w|| ¥V v,we V.

Then d(v,w) = |[v—w]| is a metric on V', which satisfies d(v+u, w+u) = d(v, w)
for all v,w,u € V. The ball of radius r about the origin is then the set of all v
such that |lv|| < r. A vector space equipped with a norm is called a normed
vector space and if it is complete relative to the metric it is called a Banach
space.
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5.3 The contraction fixed point theorem.

Let X and Y be metric spaces. Recall that a map f : X — Y is called a
Lipschitz map or is said to be “Lipschitz continuous”, if there is a constant C
such that

dy (f(z1), f(z2)) < Cdx(z1,22), Y 1,22 € X.

If f is a Lipschitz map, we may take the greatest lower bound of the set of all
C for which the previous inequality holds. The inequality will continue to hold
for this value of C' which is known as the Lipschitz constant of f and denoted
by Lip(f).

A map K : X — Y is called a contraction if it is Lipschitz, and its Lipschitz
constant satisfies Lip(K) < 1. Suppose K : X — X is a contraction, and
suppose that Kx1 = x1 and Kxo = 2. Then

d(x1,22) = d(Kz1, Kxo) < Lip(K)d(z1, x2)

which is only possible if d(x1,z2) = 0, i.e. £1 = x2. So a contraction can have
at most one fixed point. The contraction fixed point theorem asserts that if the
metric space X is complete (and non-empty) then such a fixed point exists.

Theorem 5.3.1 Let X be a non-empty complete metric space and K : X — X
a contraction. Then K has a unique fized point.

Proof. Choose any point ¢ € X and define
Ty, = K"z

so that
Tn+1 = K(Ena Ty = Kxp 1

and therefore
d(zpi1,2n) < COd(xp,2n-1), 0<C<1

implying that
d(Xpt1,Tn) < Cd(x1,x0).

Thus for any m > n we have

m—1
A, ) < Z d(xig1, ;) < (C" +CMtl 44 Cm_l) d(zq,x0) < C"d(lml_i’éo)

This says that the sequence {z,} is Cauchy. Since X is complete, it must
converge to a limit z, and Kx = lim Kz,, = limz,4+1 =  so z is a fixed point.
We already know that this fixed point is unique. QED

We often encounter mappings which are contractions only near a particular
point p. If K does not move p too much we can still conclude the existence of
a fixed point, as in the following:
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Proposition 5.3.1 Let D be a closed ball of radius v centered at a point p in
a complete metric space X, and suppose K : D — X 1is a contraction with
Lipschitz constant C < 1. Suppose that

d(p, Kp) < (1= C)r.
Then K has a unique fized point in D.

Proof. We simply check that K : D — D and then apply the preceding theorem
with X replaced by D: For any x € D, we have

d(Kz,p) < d(Kz, Kp)+d(Kp,p) < Cd(z,p)+(1-C)r < Cr+(1-C)r =r QED.

Proposition 5.3.2 Let B be an open ball or radius r centered at p in a complete
metric space X and let K : B — X be a contraction with Lipschitz constant
C < 1. Suppose that

d(p, Kp) < (1—=C)r.

Then K has a unique fized point in B.

Proof. Restrict K to any slightly smaller closed ball centered at p and apply
Prop. 5.3.1. QED

Proposition 5.3.3 Let K : X — X be a contraction with Lipschitz constant
C of a complete metric space. Let x be its (unique) fixed point. Then for any
y € X we have

d(y, Ky)
d(y,z) < T
Proof. We may take xgp = y and follow the proof of Theorem 5.3.1. Alterna-
tively, we may apply Prop. 5.3.1 to the closed ball of radius d(y, Ky)/(1 — C)
centered at y. Prop. 5.3.1 implies that the fixed point lies in the ball of radius
r centered at y. QED
Prop. 5.3.3 will be of use to us in proving continuous dependence on a
parameter in the next section. In the section on iterative function systems for
the construction of fractal images, Prop. 5.3.3 becomes the “collage theorem”.
We might call Prop. 5.3.3 the “abstract collage theorem”.

5.4 Dependence on a parameter.

Suppose that the contraction “depends on a parameter s”. More precisely,
suppose that S is some other metric space and that

K:SxX—-X
with

dx (K (s,21), K(s,22)) < Cdx(z1,22), 0<C<1,Vs€eS, x1,20 € X. (5.1)
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(We are assuming that the C in this inequality does not depend on s.) If we
hold s € S fixed, we get a contraction

Ks: X - X, Kg(x):=K(s,x).
This contraction has a unique fixed point, call it p;. We thus obtain a map
S—X, s+ ps
sending each s € S into the fixed point of Kj.
Proposition 5.4.1 Suppose that for each fixed x € X, the map

s— K(s,x)
of S — X is continuous. Then the map
S Ds
18 continuous.

Proof. Fixat € S and an € > 0. We must find a 6 > 0 such that dx (ps,p:) < €
if dg(s,t) < . Our continuity assumption says that we can find a § > 0 such
that

dX (K(S7pt)7pt) = dX (K(Sapt)u K(tapt) < (1 - 0)6
if dg(s,t) < 0. This says that K, moves p; a distance at most (1 — C)e. But
then the ‘abstract collage theorem”, Prop. 5.3.3, says that

dx(pt,ps) <e. QED
It is useful to combine Proposition 5.3.1 and 5.4.1 into a theorem:

Theorem 5.4.1 Let B be an open ball of radius r centered at a point q in a
complete metric space. Suppose that K : S x B — X (where S is some other
metric space) is continuous, satisfies (5.1) and

dx(K(s,q),q) <(1—-C)r, VseS.

Then for each s € S there is a unique ps € B such that K(s,ps) = ps, and the
map s — ps 1S continuous.

5.5 The Lipschitz implicit function theorem

In this section we follow the treatment in [?]. We begin with the inverse function
theorem which contains the guts of the argument. We will consider a map
F : B,(0) — E where B,(0) is the open ball of radius r about the origin in a
Banach space, F, and where F'(0) = 0. We wish to conclude the existence of
an inverse to F', defined on a possible smaller ball by means of the contraction
fixed point theorem.
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Proposition 5.5.1 Let F : B.(0) — E satisfy F(0) =0 and
Lip[F —id] = A < 1. (5.2)
Then the ball B4(0) is contained in the image of F where
s=(1-=X\r (5.3)
and F has an inverse, G defined on B4(0) with

A
i —id| < —. .
Lip[G —id] < T (5.4)

Proof. Let us set ' =id + v so
id4+v:B,(0) — E, v(0)=0, Lipv] <A<l
We want to find a w : Bs(0) — E with
w(0) =0

and
(id + v) o (id + w) = id.

This equation is the same as

w = —vo (id + w).

Let X be the space of continuous maps of Bs(0) — E satisfying
u(0) =0

and

A

o '
Lip[u] < +—

Then X is a complete metric space relative to the sup norm, and, for € B(0)
and u € X we have

lu(@)|] = [lu(z) = u(0)]| <

< el <

Thus, if v € X then

u: Bs — B,.
If wi,wy € X,
|| —’UO(id—le)—F’UO(id—FUJQ) ||§/\|| (id+w1)—(id+lU2) ||:)\ || w1 — Wa ||

So the map K : X — X
K(u) = —vo (id 4+ u)
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is a contraction. Hence there is a unique fixed point. This proves the proposi-
tion.

Now let f be a homeomorphism from an open subset, U of a Banach space,
FE4 to an open subset, V of a Banach space, E5 whose inverse is a Lipschitz
map. Suppose that h : U — FE5 is a Lipschitz map satisfying

Lip[h]Lip[f '] < 1. (5.5)

Let
g=f+h. (5.6)

We claim that g is open. That is, we claim that if y = g(x), then the image
of a neighborhood of z under g contains a neighborhood of g(z). Since f is a
homeomorphism, it suffices to establish this for gof~! = id+ho f~!. Composing
by translations if necessary, we may apply the proposition. QED

We now want to conclude that ¢ is a homeomorphism = continuous with
continuous inverse, and, in fact, is Lipschitz:

Proposition 5.5.2 Let f and g be two continuous maps from a metric space
X to a Banach space E. Suppose that f is injective and f~1 is injective with
Lipschitz constant Lip[f~t]. Suppose that g satisfies

1

Liplg — f] < ——.

lo =] Lip[f~1]
Then g is injective and

1 _ Lip[f ']
o= — Liplg — f] 1 Liplg — fILip[f 1]’

Lip[g~!] < (5.7)

Proof. By definition,

d(z,y) < Lip[f ']l f(z) - f()|

where d denotes the distance in X and || || denotes the norm in E. We can write
this as

1) = Fl =
So
lg(z) =gl = Nf(x) = fWI = Il(g— @) = (g =W
> (ot - Lvla 1) )

Dividing by the expression in parenthesis gives the proposition. QED
We can now be a little more precise as to the range covered by g:
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Proposition 5.5.3 Let U be an open subset of a Banach space E1, and g be a
homeomorphism of U onto an open subset of a Banach space, Fo. Let x € U
and suppose that

B,(z) C U.
If g7 is Lipschitz with
Liplg™'] < c
then
B:(9@) < g (B.(@)) .

Proof. By composing with translations, we may assume that x =0, g(z) = 0.
Let
Ve Bg (0)

Let
T =T(0) = sup{t|[0, 1) < g (B,(0) )}

We wish to show that T' = 1. Since ¢g(B,(0)) contains a neighborhood of 0, we
know that T'(v) > 0, and, by definition,

(0,T)v C g (m) .

1 we have

By the Lipschitz estimate for g~
lg™ (tv) — g~ (sv)ll < clt = s]]lv]].

This implies that the limit lim; .7 g~!(tv) exists and

S
th_)n%g (tv) € B(0).

So
Tve (g (T(O)) :

If T=T(v) <1 we would have

lg™ (T < g~ (Tv) =g (0]
< T
= T
< cvll
< 7

This says that
Tv € g(B,(0)).

But since g is open, we could find an € > 0 such that [T,T + €]Jv C g (B,(0))
contradicting the definition of T. QED

The above three propositions, taken together, constitute what we might call
the inverse function theorem for Lipschitz maps. But the contraction fixed point
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theorem allows for continuous dependence on parameters, and gives the fixed
point as a continuous function of the parameters. So this then yields the implicit
function theorem.

The differentiability of the solution, in the case that the implicit function is
assumed to be continuously differentiable follows as in Chapter 1.



Chapter 6

Hutchinson’s theorem and
fractal images.

6.1 The Hausdorff metric and Hutchinson’s the-
orem.

Let X be a complete metric space. Let H(X) denote the space of non-empty
compact subsets of X. For any A € H(X) and any positive number ¢, let

A ={z € X|d(z,y) < ¢, for some y € A}.
We call A, the e-collar of A. Recall that we defined
d(z,A) = inf d
(2, 4) = inf d(z,y)

to be the distance from any = € X to A, then we can write the definition of the

e-collar as
A= {‘T|d($7A) < 6}'

Notice that the infimum in the definition of d(x, A) is actually achieved, that
is, there is some point y € A such that

d(z, A) = d(z,y).

This is because A is compact. For a pair of non-empty compact sets, A and B,
define
d(A,B) = max d(x, B).

r€
So
d(A,B) < ¢ iff AC B..

Notice that this condition is not symmetric in A and B. So Hausdorff introduced
h(A,B) = max{d(A4,B),d(B,A)} (6.1)
= inf{e| AC B, and B C A.}. (6.2)

117
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as a distance on H(X). He proved

Proposition 6.1.1 The function h on H(X) x H(X) satsifies the axioms for
a metric and makes H(X) into a complete metric space. Furthermore, if

A,B,C,D € H(X)

then
h(AUB,CUD) <max{h(A,C),h(B,D)}. (6.3)

Proof. We begin with (6.3). If € is such that A C C. and B C D, then clearly
AUB C C.UD, = (CUD).. Repeating this argument with the roles of A, C
and B, D interchanged proves (6.3).

We prove that h is a metric: h is symmetric, by definition. Also, h(A, A) =0,
and if h(A, B) = 0, then every point of A is within zero distance of B,and hence
must belong to B since B is compact, so A C B and similarly B C A. So
h(A, B) = 0 implies that A = B.

We must prove the triangle inequality. For this it is enough to prove that

d(A,B) <d(A,C)+d(C, B),

because interchanging the role of A and B gives the desired result. Now for any
a € A we have
d(a,B) = ind(a,b
(a,B) min d(a, b)
min (d(a,c) +d(c,b) Ve e C

IN

(a,¢) + mind(c,b) Ve € C
beB

)
(a,¢) +d(c,B) Ve e C
d(a,c) + d(C, B) Ve € C.

d
d

IN

The second term in the last expression does not depend on ¢, so minimizing
over c gives

d(a, B) < d(a,C)+d(C, B).
Maximizing over a on the right gives
d(a,B) < d(A < C)+d(C,B).
Maximizing on the left gives the desired
d(A,B) <d(A,C) +d(C, A).

We sketch the proof of completeness. Let A, be a sequence of compact non-
empty subsets of X which is Cauchy in the Hausdorff metric. Define the set
A to be the set of all x € X with the property that there exists a sequence of
points x, € A, with z, — x. It is straighforward to prove that A is compact
and non-empty and is the limit of the A,, in the Hausdorff metric.
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Suppose that K : X — X is a contraction. Then K defines a transformation
on the space of subsets of X (which we continue to denote by K):

K(A)={Kz|z € A}.

Since K continuous, it carries H(X) into itself. Let ¢ be the Lipschitz constant
of K. Then

d(K(A), K(B))

r;leaji([géig d(K(a), K(b))]

IN

r;leaz([%rélg cd(a, b)]

cd(A, B).

Similarly, d(K(B), K(A)) < ¢ d(B, A) and hence
h(K(A), K(B)) < ¢ h(A, B). (6.4)

In other words, a contraction on X induces a contraction on H(X).

The previous remark together with the following observation is the key to
Hutchinson’s remarkable construction of fractals:

Proposition 6.1.2 Let Ty,..., T, be a collection of contractions on H(X) with
Lipschitz constants c1, ..., cn, and let ¢ = maxc;. Define the transformation T
on H(X) by

TA) =T (A)UT2(A)U---UT,(A).

Then T is a contraction with Lipschitz constant c.

Proof. By induction, it is enough to prove this for the case n = 2. By (6.3)

h(T(A),T(B)) = h(T:1(4) UTx(A), T1(B) UTx(B))
max{h(T1(A), h(T1(B)), hM(T2(A), T2(B))}
max{c1h(A, B),coh(A, B)}

h(A, B)max{ci,ca} = c¢- h(A, B)

IAIA

Putting the previous facts together we get Hutchinson’s theorem;
Theorem 6.1.1 Let Ky,...,K, be contractions on a complete metric space
and let ¢ be the maximum of their Lifschitz contants. Define the Hutchinson
operator, K, on H(X) by

K(A) =Ki(AU---UK,(a).

Then K is a contraction with Lipschtz constant c.
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6.2 Affine examples

We describe several examples in which X is a subset of a vector space and each
of the T; in Hutchinson’s theorem are affine transformations of the form

T :x— Az +b;

where b; € X and A; is a linear transformation.

6.2.1 The classical Cantor set.
Take X = [0, 1], the unit interval. Take

lex»—>§, Tg:ng—i—%.
These are both contractions, so by Hutchinson’s theorem there exists a unique
closed fixed set C. This is the Cantor set.

To relate it to Cantor’s original construction, let us go back to the proof of
the contraction fixed point theorem applied to T acting on H(X). It says that
if we start with any non-empty compact subset Ay and keep applying T to it,
ie. set A, =T"Ap then Ay, — C in the Hausdorff metric, h. Suppose we take
the interval I itself as our Ag. Then

SITER)

Ay =T() = [0,5] U3

in other words, applying the Hutchinson operator T' to the interval [0, 1] has
the effect of deleting the “middle third” open interval (%, %) Applying T once
more gives

1 21 27 8
LIPN U a9 U a2’ a U a’
In other words, A, is obtained from A; by deleting the middle thirds of each
of the two intervals of A; and so on. This was Cantor’s original construction.
Since A, +1 C A, for this choice of initial set, the Hausdorff limit coincides with
the intersection.

But of course Hutchinson’s theorem (and the proof of the contractions fixed
point theorem) says that we can start with any non-empty closed set as our
initial “seed” and then keep applying T'. For example, suppose we start with
the one point set By = {0}. Then By = T'By is the two point set

Ay =T?[0,1] = [0 1].

2
Bl = {Oa g}v

Bs consists of the four point set

}

)

2
B2 = {0757

Wl o
Nel o)
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and so on. We then must take the Hausdorff limit of this increasing colletion
of sets. To describe the limiting set ¢ from this point of view, it is useful to use
triadic expansions of points in [0, 1]. Thus

0 = .0000000---
2/3 = .2000000- - -
2/9 = .0200000- - -
8/9 = .2200000---

and so on. Thus the set B,, will consist of points whose triadic exapnsion has
only zeros or twos in the first n positions followed by a string of all zeros. Thus
a point will lie in C' (be the limit of such points) if and only if it has a triadic
expansion consisting entirely of zeros or twos. This includes the possibility of
an infinite string of all twos at the tail of the expansion. for example, the point
1 which belongs to the Cantor set has a triadic expansion 1 = .222222---.
Simialrly the point % has the triadic expansion % = .0222222--- and so is in
the limit of the sets B,,. But a point such as .101--- is not in the limit of the
B,, and hence not in C. This description of C is also due to Cantor. Notice
that for any point ¢ with triadic expansion a = .ajazas - - -

Tia = .0aiazas---, while Tha = .2a1a0a3--- .

Thus if all the entries in the expansion of a are either zero or two, this will also
be true for T; and Ta. This shows that the C' (given by this second Cantor
description) satisfies TC' C C. On the other hand,

Tl(.agag s ) = .Oa2a3 ety TQ(.agag s ) = .2a2a3 cee

which shows that .ajasas - -+ is in the image of T3 if a3 = 0 or in the image of
T5 if a3 = 2. This shows that TC = C. Since C (according to Cantor’s second
description) is closed, the uniqueness part of the fixed point theorem guarantees
that the second description coincides iwth the first.

The statement that TC' = C implies that C' is “self-similar”.

6.2.2 The Sierpinski Gasket

Consider the three affine transformations of the plane:

e (3)=a () m(G)=(0) 2o,
we(5)=a(5) e (V)

The fixed point of the Hutchinson operator for this choice of T7, 75, T3 is called
the Sierpinski gasket, S. If we take our initial set Ay to be the right triangle

with vertices at
0 1 q 0
0o)'\o) ™ 1
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then each of the T; Ag is a similar right triangle whose linear dimensions are one-
half as large, and which shares one common vertex with the original triangle.
In other words,

Ay =TAg

is obtained from our original triangle be deleting the interior of the (reversed)
right triangle whose vertices are the midpoints of our origninal triangle. Just
as in the case of the Cantor set, successive applications of T' to this choice of
original set amounts to sussive deletions of the “middle” and the Hausdorff limit
is the intersection of all them: S = [ 4,.

We can also start with the one element set

w{(5))

Using a binary expansion for the x and y coordinates, application of T to By
gives the three element set

o) (o) (3))

The set By = T'By will contain nine points, whose binary expansion is obtained
from the above three by shifting the  and y exapnsions one unit to the right
and either inserting a 0 before both expansions (the effect of T4), insert a 1
before the expansion of z and a zero before teh y or vice versa. Proceding
in this fashion, we see that B, consists of 3" points which have all 0 in the
binary expansion of the x and y coordinates, past the n-th position, and which
are further constrained by the condition that at no earler point do we have
both z; = 1 and y; = 1. Passing to the limit shows that S consists of all
points for which we can find (possible inifinite) binary expansions of the z and
y coordinates so that z; = 1 = y; never occurs. (For example z = %,y = %
belongs to S because we can write = .10000---,y = .011111...). Again,
from this (second) description of S in terms of binary expansions it is clear that
TS =2S5.



Chapter 7

Hyperbolicity.

7.1 (" linearization near a hyperbolic point

Let E be a Banach space. A linear map
A:FE—FE

is called hyperbolic if we can find closed subspaces S and U of E which are
invariant under A such that we have the direct sum decomposition

E=S¢U (7.1)
and a positive constant a < 1 so that the estimates
[Asl[ < a<1, As=Aps (7.2)

and
A <a<l, Ay=Ay (7.3)

hold. (Here, as part of hypothesis (7.3), it is assumed that the restriction of A
to U is an isomorphism so that A;! is defined.)

If p is a fixed point of a diffeomorphism f, then it is called a hyperbolic fixed
point if the linear transformation df, is hyperbolic.

The main purpose of this section is prove that any diffeomorphism, f is
conjugate via a local homeomorphism to its derivative, df, near a hyperbolic
fixed point. A more detailed statement will be given below. We discussed the
one dimensional version of this in Chapter 3.

Proposition 7.1.1 Let A be a hyperbolic isomorphism (so that A=1 is bounded)
and let |

If ¢ and v are bounded Lipschitz maps of E into itself with

Lip[¢] <e, Lip[y] <e

123



124 CHAPTER 7. HYPERBOLICITY.

then there is a unique solution to the equation
(id+u)o(A+¢) = (A+)o (id+u) (7.5)

in the space, X of bounded continuous maps of E into itself. If $(0) = (0) =0
then u(0) = 0.

Proof. If we expand out both sides of (7.5) we get the equation

Au—u(A+ @) = ¢ —p(id + u).
Let us define the linear operator, L, on the space X by

L(u) = Au —uo (id + ¢).
So we wish to solve the equation
L(u) =¢ — (A +u).

We shall show that L is invertible with
1A
(1—a)

Assume, for the moment that we have proved (7.6). We are then looking for a
solution of

L7 < (7.6)

u= K(u)

where
K(u) = L7 ¢ — (id 4 u)].
But

[ K (ur) — K (u2)]| L7 ¢ — v (id 4 u1) — ¢ + ¥ (id + up)]|

L7 [y (id + u2) — (id 4 wy)]|
< LY Lip[)lug — w
< clluz —wll, e<1

if we combine (7.6) with (7.4). Thus K is a contraction and we may apply the
contraction fixed point theorem to conclude the existence and uniqueness of the
solution to (7.5). So we turn our attention to the proof that L is invertible and
of the estimate (7.6). Let us write

Lu = A(Mu)

where

Mu=u— A" uo(A+ ¢).

Composition with A is an invertible operator and the norm of its inverse is
|A7Y|. So we are reduced to proving that M is invertible and that we have the

estimate 1
M 1 < —. 7.7
H H =1_. ( )
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Let us write

u=fdg, f:E—S g:E—U

in accordance with the decomposition (7.1). So if we let Y denote the space of
bounded continuous maps from E to S, and let Z denote the space of bounded
continuous maps from F to U, we have

X=Y®Z

and the operator M sends each of the spaces Y and Z into themselves since A~}
preserves S and U. We let My denote the restriction of M to Y, and let M,
denote the restriction of M to Z. It will be enough for us to prove that each of
the operators M and M, is invertible with a bounds (7.7) with M replaced by
M and by M,. For f € Y let us write

Myf=f-Nf, Nf=A"'fo(A+9).
We will prove
Lemma 7.1.1 The map N is invertible and we have
IN7Y| < a.

Proof.We claim that he map A + ¢ a homeomorphism with Lipschitz inverse.
Indeed

1
4] > e

S0
1 .
[Az + ¢(z) — Ay — o(y)| > m — Lip[¢]| [l — ]|

> il -yl
I

by (7.4). This shows that A + ¢ is one to one. Furthermore, to solve

Az +¢(z) =y
for x, we apply the contraction fixed point theorem to the map

z = ANy — ¢(x)).

The estimate (7.4) shows that this map is a contraction. Hence A + ¢ is also
surjective.
Thus the map N is invertible, with

N7'f=Afo(A+9) "

Since || 45| < a, we have
INTLFL < all £]]-
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(This is in terms of the sup norm on Y.) In other words, in terms of operator
norms,

IN7H < a.
We can now find M ! by the geometric series
M7t = (I-N)T
= [N =N
= (-N)"'[I+N ' '+N 24N 34+..]

and so on Y we have the estimate

a
MY <
I < 2
The restriction, M, of M to Z is
Mug=g9—Qg
with
1Qgl| < allg

so we have the simpler series
Mt =T+Q+Q*+--

giving the estimate

1
1M < 72—
Since
a 1
l—-a 1-a
the two pieces together give the desired estimate
1
M) < —=,

completing the proof of the first part of the proposition. Since evaluation at zero
is a continuous function on X, to prove the last statement of the proposition
it is enough to observe that if we start with an initial approximation satisfying
u(0) = 0 (for example u = 0) Ku will also satisfy this condition and hence so
will K™u and therefor so will the unique fixed point.

Now let f be a differentiable, hyperbolic transformation defined in some
neighborhood of 0 with f(0) = 0 and dfy = A. We may write

f=A+9

where

We wish to prove
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Theorem 7.1.1 There exists neighborhoods U and V' of 0 and a homeomor-
phism h : U — V such that
hoA= foh. (7.8)

We prove this theorem by modifying ¢ outside a sufficiently small neighborhood
of 0 in such a way that the new ¢ is globally defined and has Lipschitz constant
less than € where € satisfies condition (7.4). We can then apply the proposition
to find a global h which conjugates the modified f to A, and h(0) = 0. But since
we will not have modified f near the origin, this will prove the local assertion
of the theorem. For this purpose, choose some function p : R — R with

pt)y=0 VYV t>1

[y

py=1 ¥ t<g
/()] < K vt

where K is some number,
K > 2.

For a fixed € let r be sufficiently small so that the on the ball, B,(0) we have

the estimate c
d x o710
I < 5

which is possible since d¢y = 0 and d¢ is continuous. Now define

]l

P(z) = p(—)o(2),

r
and continuously extend to
P(x) =0, || =r

Notice that ,
¥(z) = ¢(2), |zl < 5.

Let us now check the Lipschitz constant of ). There are three alternatives: If
x1 and zo both belong to B,.(0) we have

2]

[9(21) = P(z2)]|

)éb(fcz)

o122y g(z1) — of

< ol ozl ey 4 o122l o) - g
< (Kller —aall /) ]l  (¢/2K) + (€/2K)  ar — ]
< ¢llxr — 2.

If ©1 € B-(0), z2 ¢ B,(0), then the second term in the expression on the second
line above vanishes and the first term is at most (e/2)||x1 — x2||. If neither z;
nor zs belong to B,-(0) then t(x1) — 1(x2) = 0 — 0 = 0. We have verified that
Lip[¢)] < € and so have proved the theorem.
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7.2 invariant manifolds

Let p be a hyperbolic fixed point of a diffeomorphism, f. The stable manifold
of f at p is defined as the set

WAp) = W(p. f) = {a] lim f(x) = p}. (7.9)
Similarly, the unstable manifold of f at p is defined as
W(p) = W*(p, f) = {«] lim_f~"(2) = p}. (7.10)

We have defined W* and W*" as sets. We shall see later on in this section that
in fact they are submanifolds, of the same degree of smoothness as f. The
terminology, while standard, is unfortunate. A point which is not exactly on
W#(p) is swept away under iterates of f from any small neighborhood of p. This
is the content of our first proposition below. So it is a very unstable property
to lie on W?. Better terminology would be “contracting” and “expanding”
submanifolds. But the usage is standard, and we will abide by it. In any event,
the sets W?*(p) and W*(p) are, by their very definition, invariant under f.

In the case that f = A is a hyperbolic linear transformation on a Banach
space E = S @ U, then W#(0) = S and W*(0) = U as follows immediately
from the definitions. The main result of this section will be to prove that in the
general case, the stable manifold of f at p will be a submanifold whose tangent
at p is the stable subspace of the linear transformation df,.

Notice that for a hyperbolic fixed point, replacing f by f~! interchanges the
roles of W* and W*. So in much of what follows we will formulate and prove
theorems for either W*# or for W*. The corresponding results for W* or for W#
then follow automatically.

Let A be a hyperbolic linear transformation on a Banach space E =S @ U,
and counsider any ball, B, = B,.(0) of radius r about the origin. If x € B, does
not lie on S N B,., this means that if we write + = 2, ® x,, with z5, € S and
T, € U then x,, # 0. Then

[A" ]| = [[A%2s ]| + [[A" ]
[ A™ |

"l

AVANIY]

If we choose n large enough, we will have ¢||z,|| > r. So eventually, A"z & B,.
Put contrapositively,

SN B, ={x € B,|A"z € B,VYn > 0}.

Now consider the case of a hyperbolic fixed point, p, of a diffeomorphism, f. We
may introduce coordinates so that p = 0, and let us take A = dfy. By the C°
conjugacy theorem, we can find a neighborhood, V' of 0 and homeomorphism

h:B,—-V



7.2. INVARIANT MANIFOLDS 129

with
hof=~Aoch.

Then
ff(x)=h"toA"oh (z)

will lie in U for all n > 0 if and only if h(z) € S(A) if and only if A"h(x) — 0.
This last condition implies that f™(x) — p. We have thus proved

Proposition 7.2.1 Let p be a hyperbolic fized point of a diffeomorphism, f.
For any ball, B,(p) of radius r about p, let

B(p) = {z € B (p)|f"(x) € B}(p)¥n > 0}. (7.11)
Then for sufficiently small r, we have
B (p) € W*(p).

Furthermore, our proof shows that for sufficiently small r the set BZ(p) is a
topological submanifold in the sense that every point of BZ(p) has a neighbor-
hood (in BZ(p)) which is the image of a neighborhood, V' in a Banach space
under a homeomorphism, H. Indeed, the restriction of h to .S gives the desired
homeomorphism.
Remark. In the general case we can not say that B:(p) = B,(p)"W?(p) because
a point may escape from B,.(p), wander around for a while, and then be drawn
towards p.

But the proposition does assert that B (p) C W*(p) and hence, since W* is
invariant under f~!, we have

f[B(p)] € W(p)

for all n, and hence

U rBiw) c W ().

n>0
On the other hand, if x € W?*(p), which means that f™(x) — p, eventually
f™(x) arrives and stays in any neighborhood of p. Hence p € f~"[B:(p)] for
some n. We have thus proved that for sufficiently small r we have

We(p) = |J "B (). (7.12)

n>0

We will prove that B#(p) is a submanifold. It will then follow from (7.12) that
W#(p) is a submanifold. The global disposition of W#(p), and in particular
its relation to the stable and unstable manifolds of other fixed points, is a key
ingredient in the study of the long term behavior of dynamical systems. In this
section our focus is purely local, to prove the smooth character of the set BE(p).
We follow the treatment in [?].

We will begin with the hypothesis that f is merely Lipschitz, and give a proof
(independent of the C° linearization theorem) of the existence and Lipschitz
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character of the W*. We will work in the following situation: A is a hyperbolic
linear isomorphism of a Banach space £ =S & U with

|Az]| <allzll, z € S, [A™'z|| <az|,z € U.

We let S(r) denote the ball of radius s about the origin in S, and U(r) the ball
of radius r in U. We will assume that

f:8(r)xU@r)—FE

is a Lipschitz map with

[0 <0 (7.13)

and
Lip[f — A] <e. (7.14)

We wish to prove the following

Theorem 7.2.1 Let ¢ < 1. There exists an € = €(a) and a 6 = 6(a,€,7) so that
if [ satisfies (7.13) and (7.14) then there is a map

g: Eu(r) — Es(r)

with the following properties:
(i) g is Lipschitz with Lip[g] < 1.
(ii) The restriction of f~1 to graph(g) is contracting and hence has a fized point,

p, on graph(g).
(111) We have

graph(g) = [ f"(S(r) @ U(r)) = W*(p) N [S(r) & U(p)].

The idea of the proof is to apply the contraction fixed point theorem to the
space of maps of U(r) to S(r). We want to identify such a map, v, with its
graph:

graph(v) = {(v(z),z), © € U(r)}.
Now

flgraph(v)] = {f(v(x), 2)} = {(fs(v(2), 2), fu(v(z), x))},

where we have introduced the notation

fs:psofa fu:puof7

where p; denotes projection onto S and p, denotes projection onto U.
Suppose that the projection of f[graph(v)] onto U is injective and its image
contains U(r). This means that for any y € U(r) there is a unique z € U(r)
with
fulv(z),z) = 9.
So we write

z = [fuo (v,id)] " (y)
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where we think of (v,id) as a map of U(r) — E and hence of

fuo (v,id)

as a map of U(r) — U. Then we can write

Flgraph(v)] = {(fs(v([fu © (v,id)] " (1), y)} = graphG [ (v)]
where
Gr(v) = fso (v,id) o [fuo (v, id)]". (7.15)
The map v — G¢(v) is called the graph transform (when it is defined). We are

going to take
X = Lip,(U(r), S(r))

to consist of all Lipschitz maps from U(r) to S(r) with Lipschitz constant < 1.
The purpose of the next few lemmas is to show that if € and ¢ are sufficiently
small then the graph transform, G is defined and is a contraction on X. The
contraction fixed point theorem will then imply that there is a unique g € X
which is fixed under Gy, and hence that graph(g) is invariant under f. We will
then find that g has all the properties stated in the theorem.
In dealing with the graph transform it is convenient to use the box metric,
||, on S@®U where
|5 © wu| = max{]|as], ||zul|}
ie.
|z = max{||ps ()], [lpu(z)|}-
We begin with

Lemma 7.2.1 Ifv € X then

Lip[fu o (v,id) — A,] < Lip[f — A].
Proof. Notice that

puo A(v(z), ) = pu(As(v(2)), Auz) = Ayz
S0
fuo(v,id) — Ay = py o [f — A] o (v,id).

We have Lip[p,] < 1 since p,, is a projection, and

Lip(v,id) < max{Lip[v], Lip[id]} =1
since we are using the box metric. Thus the lemma follows.
Lemma 7.2.2 Suppose that 0 < e < ¢~ and

Lip[f — A] < e.

Then for any v € X the map f, o (v,id) : E,(r) — E, is a homeomorphism
whose inverse is a Lipschitz map with

Lip [[fu o (v,id)] '] < T (7.16)
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Proof.Using the preceding lemma, we have
Lip[fu — Au] < e <™ < A7 = (Lip[4u) "

By the Lipschitz implicit function theorem we conclude that f, o (v,id) is a
homeomorphism with

Lip [[fu o (v, id)] '] ! !

< <
T ATt = Lip[fu o (v,id) — Ay T 7t —e

by another application of the preceding lemma. QED. We now wish to show
that the image of f, o (v,id) contains U(r) if ¢ and § are sufficiently small:
By the proposition in section 5.2 concerning the image of a Lipschitz map, we
know that the image of U(r) under f, o (v,id) contains a ball of radius r/A
about [f, o (v,id)](0) where ) is the Lipschitz constant of [f, o (v,id)]~!. By
the preceding lemma, 7/\ = r(c™! — ¢€). Hence f, o (v,id)(U(r)) contains the
ball of radius

(et =€) = [Ifu(0(0),0)]]

about the origin. But

[fu(@(0),0)[[ < [Ifu(0,0)] + || fu(v(0),0) = fu(0,0)]
< [ £u(0,0)[| + [|(fu = PuA)(v(0),0) = (fu — puA)(0,0)]]
< AN+ = A)(v(0),0) = (f — A)(0,0)|
< |fO) +er

The passage from the second line to the third is because p, A(z,y) = A,y =0
if y = 0. The passage from the third line to the fourth is because we are using
the box norm. So

H(e = &) = [ful0(0),0)]) = r(c™* —26) = 6
if (7.13) holds. We would like this expression to be > r, which will happen if
§<r(ct —1—2€). (7.17)
We have thus proved

Proposition 7.2.2 Let f be a Lipschitz map satisfying (7.13) and (7.14) where
2¢ < ¢c'—1 and (7.17) holds. Then for everyv € X, the graph transform, G ¢(v)
is defined and

ct+e

cl—¢€

Lip[Gy(v)] <

The estimate on the Lipschitz constant comes from
Lip[G¢(v)] < Lip[fs o (v,id)]Lip[(fu o (v,id)]
< Lip[f,]Lip[v]Lip -

cl—¢
(Lip[A.] + Lip[ps o (f — 4)]) - ——

c Tt —e€
c+e

cl—€

IN

IN




7.2. INVARIANT MANIFOLDS 133

In going from the first line to the second we have used the preceding lemma.
In particular, if
2e<ct—c (7.18)

then
Lip[Gy(v)] < 1.

Let us now obtain a condition on § which will guarantee that
Gs(w)(U(r) C S(r).
Since
fuo (v,id)U(r) D U(r),

we have

[fuo (v,id)] 7' U(r) € U(r).

Hence, from the definition of G¢(v), it is enough to arrange that
fs o (vid)[U(r)] € 5(r).
For z € U(r) we have

[ fs(v(z), )l [ps o (f = A)(v(z), 2)[| + [[Asv(@)||

I( v(x), z)| + cfv(z)]]

I( v(x),z) — (f = A)(0,0)| + [f(0) + cr
el(v(x),z)|+ 6+ cr

er+ 0 + cr.

f=A)
f=A)

(VAN VAN VAN VAN VAN

So we would like to have
(e+cr+d<r
or
d<r(l—c—e. (7.19)

If this holds, then Gy maps X into X.

We now want conditions that guarantee that G is a contraction on X,
where we take the sup norm. Let (w,x) be a point in S(r) & U(r) such that
fulw,x) € U(r). Let v € X, and consider

|(w,z) = (v(z), 2)| = [[w = v(@)]],

which we think of as the distance along S from the point (w,z) to graph(v).
Suppose we apply f. So we replace (w, z) by f(w,z) = (fs(w, ), fu(w,x)) and
graph(v) by f(graph(v)) = graph(G;(v)). The corresponding distance along S
is || fs(w, z) — G (v)(fu(w, z)||. We claim that

[fs(w, 2) = G (0)(fulw, )| < (¢ +2€)||w —v(@)]. (7.20)

Indeed,
fs((z),z) = Gp(v)(fulv(z), 2)
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by the definition of G, so we have

[fs(w, 2) = G(0)(fulw, )] < || fs(w, I)—fs(v(ﬂc)vx)lH

FGr () (ful(v(z), 2) = Gf(0)(ful(w, 2))]|

< Lip[fi][(w,z) = (v(),2)| +
+Lip[fu]|(v(z), 2) — (w, )]

< Lip[fs — psA + psAllw — v(2)]| +
+Lip[fu — puAl[|w — v(z)||

< (etct+o)lw—o(@)

which is what was to be proved.
Consider two elements, v; and ve of X. Let z be any point of U(r), and
apply (7.20) to the point

(w= CC) = (Ul([fu ° (Ulvid)]il](z))ﬂ [fu o (vlv id)]il]('z))

which lies on graph(vi), and where we take v = vy in (7.20). The image of
(w, ) is the point (Gf(v1)(2), z) which lies on graph(Gs(v1)), and, in particular,
fu(w,z) = z. So (7.20) gives

1G 1 (v1)(2) =G (v2)(2)]| < (e+2€)[[or([fuo(vr,id)] 1] (2)) ~va ([ fuo (v, id)] '] (2)]].
Taking the sup over z gives
1G(v1) = Gy (v2)[lsup < (¢ + 2€) |01 — V2l sup- (7.21)

Intuitively, what (7.20) is saying is that Gy multiplies the S distance between
two graphs by a factor of at most (¢ + 2¢). So G will be a contraction in the
sup norm if

2<1l-c (7.22)

which implies (7.18). To summarize: we have proved that Gy is a contraction
in the sup norm on X if (7.17), (7.19) and (7.22) hold, i.e.

2¢<1l—c, d<rmin(c ' —1-2¢ 1—c—e).

Notice that since ¢ < 1, we have ¢c~* — 1 > 1 — ¢ so both expressions occurring
in the min for the estimate on § are positive.

Now the uniform limit of continuous functions which all have Lip[v] < 1 has
Lipschitz constant < 1. In other words, X is closed in the sup norm as a subset
of the space of continuous maps of U(r) into S(r), and so we can apply the
contraction fixed point theorem to conclude that there is a unique fixed point,
g € X of Gy. Since g € X, condition (i) of the theorem is satisfied. As for (ii),
let (g(x),x) be a point on graph(g) which is the image of the point (g(y),y)
under f, so

(9(z),2) = f9(y),v)
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which implies that
z = [fuo(g,id)](y)-

We can write this equation as

Pu © f\graph(g) = [fu © (ga ld)] o (pu)\graph(g)'

In other words, the projection p, conjugates the restriction of f to graph(g)
into [f, o (g,id)]. Hence the restriction of f~! to graph(g) is conjugated by p,
into [f, 0 (g,id)]~!. But, by (7.16), the map [f, o (g,id)] ™! is a contraction since

cl—1>1—c¢> 2

SO

cl—e>1+e>1.

The fact that Lip[g] < 1 implies that

I(g(x),z) = (9(v),v)| = llz =yl

since we are using the box norm. So the restriction of p, to graph(g) is an
isometry between the (restriction of) the box norm on graph(g)and the norm
on U. So we have proved statement (ii), that the restriction of f~1 to graph(g)
is a contraction.

We now turn to statement (iii) of the theorem. Suppose that (w,z) is a
point in S(r) & U(r) with f(w,z) € S(r) & U(r). By (7.20) we have

[fs(w, x) = g(fulw, z)|| < (c+ 2€)[|w — g(2)]|

since G¢(g) = g. So if the first n iterates of f applied to (w,z) all lie in
S(r) @ U(r), and if we write

fn(wvx) = (Zvy)v
we have
[z =gl < (c+2€)"|w—g(z)]| < (c+2e)r.

So if the point (z,y) is in () f™(S(r) ® U(r)) we must have z = g(y), in other
words

() f"(S(r) & U(r)) C graph(g).
But
graph(g) = flgraph(g)] N [S(r) ® U(r)]
graph(g) C [\ f*(S(r) & U(r)),
proving that
graph(g) = [ f"(S(r) & U(r)).

We have already seen that the restriction of f~1 to graph(g) is a contraction,
so all points on graph(g) converge under the iteration of f~! to the fixed point,
p. So they belong to W*(p). This completes the proof of the theorem.

Notice that if f(0) = 0, then p = 0 is the unique fixed point.
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Chapter 8

Symbolic dynamics.

8.1 Symbolic dynamics.

We have already seen several examples where a dynamical system is conjugate
to the dynamical system consisting of a “shift” on sequences of symbols. It is
time to pin this idea down with some formal definitions.

Definition. A discrete compact dynamical system (M, F) consists of a
compact metric space M together with a continuous map F': M — M. If Fis
a homeomorphism then (M, F') is said to be an invertible dynamical system.

If (M,F) and (N,G) are compact discrete dynamical systems then a map
¢ : M — N is called a homomorphism if

e ¢ is continuous, and

Gop=¢oF,
in other words if the diagram

M- M

gl E
NTN

comimutes.

If the homomorphism ¢ is surjective it is called a factor. If ¢ a homeomorphism
then it is called a conjugacy.

For the purposes of this chapter, we will only be considering compact discrete
situations, so shall drop these two words.

137
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Let A be a finite set called an “alphabet”. The set A% consists of all bi-
infinite sequences x = ---x_o,%_1,Tg, T1, T2, X3, . On this space let us put

the metric (a slight variant of the metric we introduce earlier) d(x,z) = 0 and,
if x # y then

d(z,y) = 27% where k = max [z_;, ;] = [y_s, yi].

2

Here we use the notation [z, z¢] to denote the “block”
[Tk, 2] = TpTpgr - 2

from k to £ occurring in z. (This makes sense if k¥ < ¢. If £ < k we adopt the
convention that [z, ] is the empty word.) Thus the elements x and y are close
in this metric if they agree on a large central block. So a sequence of points {z"}
converges if and only if, given any fixed k and ¢, the [z}, 2}] eventually agree
for large n. From this characterization of convergence, it is easy to see that
the space A% is sequentially compact: Let 2™ be a sequence of points of A%,
We must find a convergent subsequence. The method is Cantor diagonalization:
Since A is finite we may find an infinite subsequence n; of the n such that all the
xy" are equal. Infinitely many elements from this subsequence must also agree
at the positions —1 and 1 since there are only finitely many possible choices of
entries. In other words, we may choose a subsequence n;; of our subsequence

such that all the [mT{ , x?]] are equal. We then choose an infinite subsequence
of this subsubsequence such that all the [z_3,z3] are equal. And so on. We
then pick an element Nj from our first subsequence, an element N, > N; from
our subsubsequence, an element N3 > Ns from our subsubsubsequence etc. By
construction we have produced an infinite subsequence which converges.

In the examples we studies, we did not allow all sequences, but rather ex-
cluded certain types. Let us formalize this. By a word from the alphabet A we
simply mean a finite string of letters of A. Let F be a set of words. Let

Xr = {z € A%|[xy, z) & F}

for any k and £. In other words, Xz consists of those sequences x for which no
word of F ever occurs as a block in . From our characterization of convergence
(as eventual agreement on any block) it is clear that Xz is a closed subset of
AZ and hence compact. It is also clear that X is mapped into itself by the
shift map

o: A% = A% (0x)p = Tpia.

It is also clear that ¢ is continuous. By abuse of language we may continue to
denote the restriction of o to Xz by o although we may also use the notation
ox for this restriction. A dynamical system of the form (X, ox) where z = Xz
is called a shift dynamical system.

Suppose that (X,ox) with X = Xz C A% and (Y,0y) with Y = Yy C BZ
are shift dynamical systems. What does a homomorphism ¢ : X — Y look like?
For each b € B, let

Co(b) = {y € Ylyo = b}
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(The letter C is used to denote the word “cylinder” and the subscript 0 denotes
that we are constructing the so called cylinder set obtained by specifying that
the value of y at the “base” 0.) The sets Cy(b) are closed, hence compact, and
distinct. The finitely many sets ¢~1(Co(b)) are therefore also disjoint. Since ¢
is continuous by the definition of a homomorphism, each of the sets ¢~ (Cp)(b)
is compact, as the inverse i age of a compact set under a continuous map from
a compact space is compact. Hence there is a § > 0 such that the distance
between any two different sets ¢~1(Cy(b)) is > §. Choose n with 27" < 4. Let
if z,2’ € X. Then

[Znyn] = [20,, 2] = d(2) = $(2')

since they are at distance at most 27" and hence must lie in the same ¢~ (Co(b).
In other words, there is a map

O A LB

such that
(15(55)0 = (I)([x—nvxn])-

But now the condition that oy o ¢ = ¢ o ox implies that

(;5(1:)1 = (I)([zfnJrlvxn + 1])

and more generally that

d(x); = Y([Tj—n, Tj4n])- (8.1)

Such a map is called a sliding block code of block size 2n + 1 (or “with
memory n and anticipation n”) for obvious reasons. Conversely, suppose that
¢ is a sliding block code. It clearly commutes with the shifts. If z and z’ agree
on a central block of size 2N + 1, then ¢(x) and ¢(y) agree on a central block
of size 2(N —n) + 1. This shows that ¢ is continuous. In short, we have proved

Proposition 8.1.1 A map ¢ between two shift dynamical systems is a homo-
morphism if and only if it is a sliding block code.

The advantage of this proposition is that it converts a topological property,
continuity, into a finite type property - the sliding block code. Conversely, we
can use some topology of compact sets to derive facts about sliding block codes.
For example, it is easy to check that a bijective continuous map ¢ : X — Y
between compact metric spaces is a homeomorphism, i.e. that ¢! is continuous.
Indeed, if not, we could find a sequence of points y; € Y with y,, — y and
rn = ¢ (yx) /~ © = ¢ (y). Since X is compact, we can find a subsequence
of the z, which converge to some point ' # x. Continuity demands that
o(z') = y = ¢(x) and this contradicts the bijectivity. Form this we conclude
that the inverse of a bijective sliding block code is continuous, hence itself a
sliding block code - a fact that is not obvious from the definitions.
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8.2 Shifts of finite type.

For example, let M be any positive integer and suppose that we map X C A%
into (AM)Z as follows: A “letter” in AM is an M-tuplet of letters of A. Define
the map ¢ : X — (AM)Z by letting ¢(2); = [x4, i1 2] For example, if M =5
and we write the 5-tuplets as column vectors, the element z is mapped to

Xr_1 i) X i)
Lo L1 L2 T3
vey 1 y €T y T3 y Ty ,dOtS.
T2 T3 L4 L5
I3 T4 I5 Te

This map is clearly a sliding code, hence continuous, and commutes with shift
hence is a homomorphism. On the other hand it is clearly bijective since we can
recover z from its image by reading the top row. Hence it is a conjugacy of X
onto its image. Call this image X™.

We say that X is of finite type if we can choose a finite set F of forbidden
words so that X = X .

8.2.1 One step shifts.

If w is a forbidden word for X, then any word which contains w as a substring
is also forbidden. If M + 1 denotes the largest length of a word in F, we may
enlarge all the remaining words by adding all suffixes and prefixes to get words
of length M. Hence, with no loss of generality, we may assume that all the words
of F have length M. So F C AM. Such a shift is called an M-step shift. But if
we pass from X to XM*1 the elements of (A)M*+> are now the alphabet. So
excluding the elements of F means that we have replaced the alphabet AM+1
by the smaller alphabet &, the complement of F in AM*>°, Thus XM+! c £2.
The condition that an element of B% actually belong to X is easy to describe:
An M + 1-tuplet y; can be followed by an M + 1-tuplet y;; if and only if the
last M entries in y; coincide with the first M entries in y;41. All words w = yy’
which do not satisfy this condition are excluded. but all these words have length
two. We have proved that the study of shifts of finite type is the same as the
study of one step shifts.

8.2.2 Graphs.

We can rephrase the above argument in the language of graphs. For any shift
and any positive integer K X we let Wg (X)) denote the set of all admissible
words of length K. Suppose that X is an M-step shift. Let us set

V.= WM(X)7

and define
E=Wun(X)
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as before. Define maps
i: €=V, t: €=V

to be
i(aoal e aM) = apal ---ap—1 t(aoal e aM) =aj---apf.
Then a sequence u = - - - ugUouiUsz - - - € EZ, where u; € & lies in XM+ if and
only if
t(u;) =i(uj +1) (8.2)
for all j.

So let us define a directed multigraph (DMG for short) G to consist of a
pair of sets (V, &) (called the set of vertices and the set of edges) together with
a pair of maps

1: &€=V, t:€—-V.

We may think the edges as joining one vertex to another, the edge e going from
i(e) (the initial vertex) to t(e) the terminal vertex. The edges are “oriented” in
the sense each has an initial and a terminal point. We use the phrase multigraph
since nothing prevents several edges from joining the same pair of vertices. Also
we allow for the possibility that i(e) = t(e), i.e. for “loops”.

Starting from any DMG G, we define Y C £% to consist of those sequences
for which (8.2) holds. This is clearly a step one shift.

We have proved that any shift of finite type is conjugate to Yg for some
DMG G.

8.2.3 The adjacency matrix

suppose we are given V. Up to renaming the edges which merely changes the
description of the alphabet, £, we know G once we know how many edges go
from i to j for every pair of elements ¢,j € V. This is a non-negative integer,
and the matrix

A= A(G) = (ay)

is called the adjacency matrix of G. All possible information about G, and
hence about Y is encoded in the matrix A. Our immediate job will be to
extract some examples of very useful properties of Y from algebraic or analytic
properties of A. In any event, we have reduced the study of finite shifts to the
study of square matrices with non-negative integer entries.

8.2.4 The number of fixed points.

For any dynamical system, (M, F) let p,,(F) denote the number (possibly infi-
nite) of fixed points of F™. These are also called periodic points of period n.
We shall show that if A is the adjacency matrix of the DMG G, and (Y, 0y)
is the associated shift, then

pn(oy) = tr A™. (8.3)
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To see this, observe that for any vertices ¢ and j, a;; denotes the number of
edges joining ¢ to j. Squaring the matrix A, the ij component of A2 is

E QAikQkj
k

which is precisely the number of words (or paths) of length two which start at
7 and end at j. By induction, the number of paths of length n which join i to
j is the ij component of A™. Hence the ii component of A™ is the number of
paths of length n which start and end at ¢. Summing over all vertices, we see
that tr A™ is the number of all cycles of length n. But if ¢ is a cycle of length n,

then the infinite sequence y = - - - ccccc- - - is periodic with period n under the
shift. Conversely, if y is periodic of period n, then ¢ = [yo, yn—1] is a cycle of
length n with y = ---cccce---. Thus p,(oy) = the number of cycles of length

n=trA"”. QED

8.2.5 The zeta function.

Let (M, F) be a dynamical system for which p,(F') < co for all n. A convenient
bookkeeping device for storing all the numbers p,, (F) is the zeta function

Cr(t) :=exp (an(F)%> )

Let « be a periodic point (of some period) and let m = m(x) be the minimum
period of z. Let v = v(z) = {z,Fz,...,F™ 'z} be the orbit of x under F
and all its powers. So m = m(y) = m(x) is the number of elements of v. The
number of elements of period n which correspond to elements of v is m if m|n
and zero otherwise. If we denote this number by p,,(F,~) then

tn AL
exp (D pa(Fy)— | =exp mis | =
- .

J

£mj . 1
exp ZT =exp (—log(l —¢ ))zl_tm.

Now

po(F) = pal(F,7)

since a point of period n must belong to some periodic orbit. Since the expo-
nential of a sum is the product of the exponentials we conclude that

ce(0) =11 ()



8.3. TOPOLOGICAL ENTROPY. 143

Now let us specialize to the case (Yg, oy ) for some DMG, G. We claim that

1

) = FaT—1a) (84)

Indeed,
pn(o) =tr A" = Z/\?

where the sum is over all the eigenvalues (counted with multiplicity). Hence
B (At)" 1 B 1
Co(t)=[Texp n 11 T—Nt)  det(I —tA) QED

8.3 Topological entropy.

Let X be a shift space, and let W,,(X) denote the number of words of length n
which appear in X. Let w,, = #(W,,(X) denote the number of words of length
n. Clearly w, > 1 (as we assume that X is not empty), and

wm+n S W - W,
and hence
logy (Wim+n) < logy(wm) + logs (wy,).
This implies that
o1
lim —logywy,
n—oo N,

exists on account of the following:

Lemma 8.3.1 Let ay,as... be a sequence of non-negative real numbers satis-

Jying
Am4n S Am + Qn.

Then lim,,_, %an exists and in fact

1 . 1
lim —a, = inf —a,.
n—oo N, n—oo N,

Proof. Set a :=inf, ., %an. For any ¢ > 0 we must show that there exists
an N = N(e) such that

1
—a, <a+e Vn>N().
n
Choose some integer r such that
<a-+ =
ar < a+ =€
2

Such an r > 1 exists by the definition of a. Using the inequality in the lemma,
ifo<j<r

Amr+j < amT + a;
mr+j7 " mr+j mr+j
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Decreasing the denominator the right hand side is <

Gmr | 45
mr  mr
There are only finitely many a; which occur in the second term, and hence by

choosing m large we can arrange that the second term is always < %e. Repeated
application of the inequality in the lemma gives

mnr s i 1
¢ Sma :a—<a+—e. QED.
mr mr r 2
Thus we define )
BX) = Tim —log#(Wn(X)), (8.5)

and call A(X) the topological entropy of X. (This is a standard but unfortu-
nate terminology, as the topological entropy is only loosely related to the concept
of entropy in thermodynamics, statistical mechanics or information theory). To
show the it is an invariant of X we prove

Proposition 8.3.1 Let ¢ : X — Y be a factor (i.e. a surjective homomor-
phism). Then h(Y) < h(X). In particular, if h is a conjugacy, then h(X) =
h(Y).

Proof. We know that ¢ is given by a sliding block code, say of size 2m + 1.
Then every block in Y of size n is the image of a block in X of size n+2m + 1,
ie.

Inlogy# (W, (Y)) < 1nloge#(Whnt2m+1(X)).

Hence

1nlogo# Whtom+1(X)).

%1nlog2#(Wn(Y)) < <n+2m—|—1) !

n n+2m+1

The expression in parenthesis tends to ! as n — oo proving that h(Y) < h(X).
If ¢ is a conjugacy, the reverse inequality applies. Box

8.3.1 The entropy of Y from A(G).

The adjacency matrix of a DMG has non-negative integer entries, in particular
non-negative entries. If a row consisted entirely of zeros, then no edge would em-
anate from the corresponding vertex, so this vertex would make no contribution
to the corresponding shift. Similarly if column consisted entirely of zeros. So
without loss of generality, we may restrict ourselves to graphs whose adjacency
matrix contains at least one positive entry in each row and in each column. This
implies that if A* has all its entries positive, then so does A**! and hence all
higher powers. A matrix with non-negative entries which has this property is
called primitive. A matrix is called irreducible if In terms of the graph G, the
condition of being primitive means that for all sufficiently large n any vertices
i and j can be joined by a path of length n. A slightly weaker condition is that
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of irreducibility which asserts for any 7 and j there exist (arbitrarily large)
n = n(i,j)) and a path of length n joining ¢ and j. In terms of the matrix,
this says that given ¢ and j there is some power n such that (A™);; > 0. For

example, the matrix
0 1
Sy
is irreducible but not primitive.
The Perron-Frobenius Theorem whose proof we will give in the next
section asserts every irreducible matrix A has a positive eigenvalue A4 such
that A4 > || for any other eigenvalue p and also that Av = Ayv for some

vector v all of whose entries are positive, and that no other eigenvalue has an
eigenvector with all positive entries. We will use this theorem to prove:

Theorem 8.3.1 Let G be a DMG whose adjacency matriz A(G)is irreducible.
Let yg be the corresponding shift space. then

h(Ya) = Aaq)- (8.6)

Proof. The number of words of length n which join the vertex ¢ to the vertex
J is the ij entry of A™ where A = A(G). Hence

#Wn(Ya)) =Y (A"
j
Let v be an eigenvector of A with all positive entries, and let m > 0 be the

minimum of these entries and M the maximum. Also let us write A for A4. We
have A™v = A™v, or written out

Z(An)ij v = )\n’Ui.
J
Hence

J

Summing over ¢ gives

m#FWh(Ya)) < rMA"*

where r is the size of the matrix A. Hence
logom + logo# (Wi (Ya)) < logy(Mr) 4+ nlogyA.
Dividing by n and passing to the limit shows that
h(Ye) < Aa.

On the other hand, for any i we have

j J

J
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Summing over j gives
rmA" < M#W, (Ye)).
Again, taking logarithms and dividing by n proves the reverse inequality h(Yg) >
Aa. QED
For example, if

b

Il
7N
— =

then
A2 =

so A is primitive. Its eigenvalues are

1++5
2

so that

1+
2
If A is not irreducible, this means that there will be proper subgraphs from

which there is “no escape”. One may still apply the Perron Frobenius theorem

to the collection of all irreducible subgraphs, and replace the A4 that occurs

in the theorem by the maximum of the maximum eigenvalues of each of the

irreducible subgraphs. We will not go into the details.

IS

h(Ye) =

8.4 The Perron-Frobenius Theorem.

We say that a real matrix 7' is non-negative (or positive) if all the entries of
T are non-negative (or positive). We write ' > 0 or T > 0. We will use these
definitions primarily for square (n x n) matrices and for column vectors (n x 1
matrices). We let

Q:={xeR":2>0, z+#0}

so @ is the non-negative “orthant” excluding the origin. Also let
C:={zx>0:|=z|| =1}

So C' is the intersection of the orthant with the unit sphere.

A non-negative matrix square T is called primitive if there is a k such that
all the entries of T* are positive. It is called irreducible if for any i, j there is
a k = k(i,j) such that (T*);; > 0. If T is irreducible then I + T is primitive.
Until further notice in this section we will assume that 7' is non-negative and
irreducible.

Theorem 8.4.1 Perron-Frobenius,1. T has a positive (real) eigenvalue Apmax
such that all other eigenvalues of T satisfy

|)\| < /\max-
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Furthermore Amax has algebraic and geometric multiplicity one, and has an
eigenvector x with X > 0. Finally any non-negative eigenvector is a multiple of
x. More generally, if y > 0, y # 0 is a vector and u is a number such that

Ty < uy
then
y >0, and @ > Anax

with g = Amax of and only if y is a multiple of x.

If0 < S <T, S#T then every eigenvalue o of S satisfies || < Amax. In
particular, all the diagonal minors T; obtained from T by deleting the i-th row
and column have eigenvalues all of which have absolute value < Apax.

Proof. Let
P:=I+T)"!

and for any z € @ let

Tz)i
L(z) :=max{s:sz < Tz} = 1<-3ﬁn » (Tz) .
<i<n,z; 23

By definition L(rz) = L(z) for any r > 0, so L(z) depends only on the ray
through z. If z <y, z # y we have Pz < Py. Also PT =TP. Soif sz < Tz
then

sPz< PTz=TPz

" L(Pz) > L(z).

Furthermore, if L(z)z # Tz then L(z)Pz < TPz. So L(Pz) > L(z) unless z is
an eigenvector of T'. Consider the image of C under P. It is compact (being
the image of a compact set under a continuous map) and all of the elements of
P(C) have all their components strictly positive (since P is positive). Hence
the function L is continuous on P(C). Thus L achieves a maximum value, Lax
on P(C). Since L(z) < L(Pz) this is in fact the maximum value of L on all of
@, and since L(Pz) > L(z) unless z is an eigenvector of T', we conclude that
Liax is achieved at an eigenvector, call it  of of T and = > 0 with L.« the
eigenvalue. Since Tx > 0 and Tx = Lyaxx we have Ly,q, > 0.

We will now show that this is in fact the maximum eigenvalue in the sense
of the theorem. So let y be any eigenvector with eigenvalue A, and let |y| denote
the vector whose components are |y;|, the absolute values of the components of
y. We have |y| € @ and from

Ty=M\y

and the triangle inequality we conclude that
IAllyl < Tyl
Hence |A\| < L(Jy|) < Lmax. So we may use the notation

/\max = Lmax
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since we have proved that
Al < Amax-

Suppose that 0 < S <T. Then sz < Sz and Sz < Tz implies that sz < Tz
so Lg(z) < Ly(z) for all z and hence

LmaX(S) < Lmax (T)

We may apply the same argument to 7' to conclude that it also has a positive
maximum eigenvalue. Let us call it . (We shall soon show that n = Ajazx.)
This means that there is a vector w > 0 such that

w'T = nw.

We have
wiTe = anx = Amaxw!

implying that 7 = Apae since wiz > 0.
Now suppose that y € @ and Ty < py. Then

Amaxw'y = wiTy < pw'y

implying that A.r < p, again using the fact that all the components of w
are positive and some component of y is positive so wfy > 0. In particular, if
Ty = py then then p = Apax.

Furthermore, if y € Q) and Ty < py then

O0<Py=I+T)"'y<Q+p" 'y

S0
y > 0.

If 4 = Amax then wi(Ty — Apagy) = 0 but Ty — Apax < 0 and so w'(Ty —
Amazy) = 0 implies that Ty = Apaxy-
Suppose that 0 < S < T and Sz = 0z, z # 0. Then

T|z[ = S|z| = |o]|2|

SO
|U| < Lmax(T) = /\maXa

as we have already seen. But if |o] = Apax then L(|z|) = Lyax(T) so |z| > 0 and
|z is also an eigenvector of T'. with the same eigenvalue. But then (T—S)|z| =0
and this is impossible unless S = T since |z| > 0. Replacing the i-th row and
column of T' by zeros give an S > 0 with S < T since the irreducibility of T'
precludes all the entries in a row being zero.

Now

d
- det(\ = T) = Z det(M — T;y)
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and each of the matrices Ayax! — T{;) has strictly positive determinant by what
we have just proved. This shows that the derivative of the characteristic poly-
nomial of T is not zero at Apax, and therefore the algebraic multiplicity and
hence the geometric multiplicity of Ay ax is one.  QED

Let us go back to one stage in the proof, where we started with an eigenvector
y, so Ty = Ay and we applied the triangle inequality to get

[Allyl < Tyl

to conclude that |A| < Apax. When do we have equality? This can happen only
if all the entries of > ; tijy; have the same argument, meaning that all the y;
with ¢;; > 0 have the same argument. If T is primitive, we may apply this same
argument to T% for which all the entries are positive, to conclude that all the
entries of y have the same argument. So multiplying by a complex number of
arrange value one we can arrange that y € @ and from Ty = Ay that A > 0
and hence A = Apax and hence that y is a multiple of x. In other words, if T is
primitive then we have

(Al < Amax

for all other eigenvalues.

The matrix of a cyclic permutation has all its eigenvalues on the unit circle,
and all its entries zero or one. So without the primitivity condition this result
is not true. But this example suggests how to proceed.

For any matrix S let |S| denote the matrix all of whose entries are the
absolute values of the entries of S. Suppose that |S| < T and let Apax =
Amax(A), and suppose that Sy = oy for some y # 0,i.e. that ¢ is an eigenvalue
of S. Then

lollyl = loy| =[Syl < |S]lyl < S]]yl
S0
|U| < )\max = Lmax(A)-

Suppose we had equality. Then we conclude from the above proof that |y| = x,
the eigenvector of T corresponding to Amax, and then from the above string
of inequalities that |B|z = Az and since all the entries of x are positive that
|B| = A. Define the complex numbers of absolute value one

e =y /|yl = yr /i

and let D denote the diagonal matrix with these numbers as diagonal entries,
so that y = Dx. Also write 0 = €*®\ay. Then

oy = e Amax Dz = SDzx

SO ‘
AmaxZ = € D7 1SDx = Tx.

Since all the entries of €D 18D have absolute values < the correspond-
ing entries of 7', and since all the entries of X are positive, we must have
le?? D~1SD| = T and all the rows have a common phase and in fact

S =e¢DTD™ .
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In particular, we can apply this argument to S = T to conclude that if

€' Amax for some ¢ then

T =¢“DTD "
Since DT D~! has the same eigenvalues as T, this shows that rotation through
angle ¢ carries all the eigenvalues of A into eigenvalues.

The subgroup of rotations in the complex plane with this property is a
finite subgroup (hence a finite cyclic group) which acts transitively on the set
of eigenvalues satisfying |o| = Apax. It also must act faithfully on all non-zero
eigenvalues, so the order of this cyclic group must be a divisor of the number of
non-zero eigenvalues. If n is a prime and 7" has no zero eigenvalues then either
all the eigenvalues have absolute value Ay ax Or Amax has multiplicity one.

We first define the period p of a non-zero non-negative matrix as 1" follows:
For each ¢ consider the set of all positive integers s such that 7} > 0 and let p;
denote the greatest common denominator of this set. We show that this does
not depend on ¢. Indeed, for some other j, there is, by irreducibility an integer
M such that lejw > 0 and an integer N such that Tﬁ[ > 0. Since T/ >
TY'T}] > 0 we conclude that p;|(M + N) and similarly that p;|(M + N). Also,
if T3 > 0 then T35 > TMTSTNTM > 0 so pj|s and so p;|p; and the
reverse. Thus p; = p;, and we call this common value p.

Using the arguments above we can be more precise. We claim that T;; = 0
unless s is a multiple of the order of our cyclic group of rotations, so this order
is precisely the period of T'. Indeed, let k£ be the order of this cyclic group and
¢ = 2m/k. We have

T =¢*DTD™?
and hence
T% =e**DT*D™,
in particular
T} = €T},

3

Since €%*? #£ 1 if s is not a multiple of k& we conclude that k = p. So we can
supplement the Perron-Frobenius theorem as

Theorem 8.4.2 Perron-Frobenius 2. If T is primitive, all eigenvalues sat-
isfy |o| < Amax. More generally, let p denote the period of T as defined above.
Then there are exactly p eigenvalues of T satisfy |o| = Amax and the entire
spectrum of T is invariant under the cyclic group of rotations of order p.

8.5 Factors of finite shifts.

Suppose that X is a shift of finite type and ¢ : X — Z is a surjective homomor-
phism, i.e. a factor. Then Z need not be of finite type. Here is an illustrative
example. Let A = {0,1} and let Z C A%/ consist of all infinite sequences such
that there are always an even number of zeros between any two ones. So the
excluded words are

101, 10001, 1000001, 100000001, ...
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(and all words containing them as substrings). It is clear that this can not be
replaced by any finite list, since none of the above words is a substring of any
other.

On the other hand, let G be the DMG associated with the matrix

11
=(10),
and let Yo be the corresponding shift. We claim that there is a surjective
homomorphism ¢ : Yo — Z. To see this, assume that we have labelled the
vertices of G as 1,2, that we let a denote the edge joining 1 to itself, b the edge
joining 1 to 2, and cthe edge joining 2 to 1. So the alphabet of the graph Yg

and the excluded words are
ac bb, ba, cc

and all words which contain these as substrings. So if ab occurs in an element
of Y it must be followed by a ¢ and then by a sequence of bc’s until the next
a. Now consider the sliding block code of size 1 given by

P:a—1,b—0, c—0.

From the above description it is clear that the corresponding homomorphism is
surjective.

We can describe the above procedure as assigning “labels” to each of the
edges of the graph G; we assign the label 1 to the edge a and the label 0 to the
edges b and c.

It is clear that this procedure is pretty general: a labeling of a directed
multigraph is a map:® : £ — A from the set of edges of G into an alphabet
A. Tt is clear that ® induces a homomorphism ¢ of Y¢ onto some subshift of
Z C A?% which is then, by construction a factor of a shift of finite type.

Conversely, suppose X is a shift of finite type and ¢ : X — Z is a surjective
homomorphism. Then ¢ comes from some block code. Replacing X by XV
where N is sufficiently large we may assume that X* is one step and that the
block size of ® is one. Hence we may assume that X = Y for some G and that
® corresponds to a labeling of the edges of G. We will use the symbol (G, L)
to denote a DMG together with a labeling of its edges. We shall denote the
associated shift space by Y(q 1)

Unfortunately, the term sofic is used to describe a shift arising in this way,i.e.
a factor of a shift of finite type. (The term is a melange of the modern Hebrew
mathematical term soft meaning finite with an English sounding suffix.



