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Chapter 1

Topological dynamics

1.1 Basic definitions and first examples

To study the dynamics of a self-map f: X — X means to study the qualitative behavior of the se-
quences {f*(z)} as k goes to infinity when z varies in X, where f* denotes the composition of f with
itself k£ times.

Definition 1.1.1: A (discrete) dynamical system is a pair (X, f), where X is a topological space and f: X — X
a continuous* self-map of X. For k € N we shall always denote by f* the k-th iterate of f, inductively defined
by O =idx and f¥ = fo f*~1. When f is invertible, we denote by f~! its inverse, and set f=% = (f~1)*.
If + € X, the points f*(z) for k € N are called (forward) iterates of z, and the set {f*(z)}ren is the
(forward) orbit of z. When f is invertible, the points f~%(x) for k € N are the backward iterates of =, while
{f~*(z)}ren is the backward orbit, and {f*(x)}rez the full orbit.

Definition 1.1.2: Let (X, f) be a dynamical system. A point z € X is fixed if f(z) = x; we denote by Fix(f)
the set of all fixed points of f. If f™(x) = z for some m > 1, we say that x is periodic of period m; the
minimal such m is called the exact period of x. The set of all periodic points of f is denoted by Per (f).
The orbit of a periodic point will be called a cycle.

Definition 1.1.3: Let (X, f) be a dynamical system. A subset Y C X is f-invariant if f(Y) CY’; completely
f-invariant if f(Y)U f~1(Y) CY.

Exercise 1.1.1. Show that a subset Y C X is completely f-invariant if and only if f~}(Y) =Y.
To warm us up, let us begin discussing a few elementary examples.

ExaMPLE 1.1.1. Let f:R — R given by f(z) = ax, with a € R. Then clearly 0 is the only fixed point,
f¥(x) = a*x for any k > 1, and so we can easily describe the behavior of the orbits as follows:
— if |a] < 1 then f™(z) — 0 for every z € R;
— if |a| > 1 then |f™(z)| — +oo for every x € R, z # 0;
if a =1 then f = idg;
— if a = —1 then f? = idg, and all points are periodic of period (at most) two.

We can describe in a quantitative way how the orbits in the previous example converge (or diverge):

Definition 1.1.4: Let (X, d) be a metric space. We say that a sequence {x;} C X is exponentially convergent
to p € X if there are C' > 0 and 0 < A < 1 such that

Vk €N d(zy,p) < CAF.
We say that the sequence is exponentially diverging to infinity if there are ¢ > 0 and p > 1 such that
Vk e N d(zy,q) > cp®

for some g € X; the definition is obviously independent of q.

* In a later chapter, when we shall discuss ergodic theory, X will be a measure space and f a measurable
self-map.
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So the orbits in Example 1.1.1 are exponentially converging to the origin if |a| < 1, and exponentially
diverging to infinity if |a| > 1.

EXAMPLE 1.1.2. Let f:R — R be given by f(x) = z+¢, with ¢ € R*. Then there are no fixed (or periodic)
points, and f¥(x) = x + ck. Therefore we have |f*(x)| — +oo for all z € R and ¢ € R*.

This time the orbits are not exponentially diverging to infinity, but they are diverging nonetheless:

Definition 1.1.5: Let (X, d) be a metric space. We say that a sequence {z1} C X is polynomially diverging
to infinity if there are 0 < ¢; < ¢z and my, mo € N* such that

Vk € N k™ <d(xg,q) < k™

for some g € X; the definition is obviously independent of gq.
So the orbits of the Example 1.1.2 are polynomially diverging to infinity, with m; = mqy = 1.
Ezercise 1.1.2.  Study the dynamics of the maps f,,: R — R given by f,,(z) = ax + b with a, b € R™.

ExaMPLE 1.1.3. Let f:R — R be given by f(z) = e*; we claim that all orbits are diverging to infinity.
The first observation is that since e* > z then every orbit {f*(z)} is strictly increasing, and thus it is either
converging or diverging to +o0o. To prove that the latter holds always, it would suffice to show that every
orbit is unbounded; but there is a cleverer way. Indeed, we have that e > = + 1; therefore by induction it
follows that f*(x) > x + k, and we are done.

Ezercise 1.1.3. Prove that the orbits of f(xz) = e are superexponentially diverging to infinity, that is that
for every x € R and p > 1 there exists a C,, > 0 such that |f*(z)| > C,, u¥ for all k € N.

Exercise 1.1.4. Let f, g: R — R be two continuous functions such that g increasing, f > g, and g*(z) — 400
for all € R. Prove that f¥(x) — +oo for all z € R.

Ezxercise 1.1.5. Let f:R — R be a homeomorphism. Prove that:

(i) f is strctly monotone;
(ii) if f has a periodic point of exact period at least 2 then f is decreasing;
(iii) f cannot have periodic points of odd period;
(iv) f cannot have periodic points of exact period greater than 2;
(v) there is an homeomorphism of R with periodic points of exact period 2.

ExaMPLE 1.1.4. Let f:R — R given by f(z) = sinz. The function f has an unique (exercise) fixed point,
the origin. Furthermore, the image of f is the interval I = [—1,1], and so to study the dynamics of f it
suffices to see what happens on I. If z € (0,1] we have 0 < sinz < z; therefore the orbit {f*(z)} is strctly
decreasing, and thus it converges to a point z € [0,1]. Now,

f(zs) = f(klim fF(2)) = lim (@) = 2o

therefore ., should be a fixed point, and thus z,, = 0. In the same way one proves that f*(z) — 0
if x € [-1,0); therefore all orbits of f converge to the origin.

Remark 1.1.1. The argument used in the previous example shows that if an orbit converges to a point,
this point must necessarily be fixed.

Ezercise 1.1.6. Do the orbits of f(z) = sinx converge exponentially to the origin?

EXAMPLE 1.1.5. Let f:R — R given by f(z) = cosz. Again we have f(R) C [-1,1], and again the
function f has a (again exercise) unique fixed point p, belonging to (0,1). We claim that all orbits of
f coverge exponentially to p. First of all, notice that we actually have f2(R) C I = [cos(1),1] C (0,1]
and f(I) C I, and so it suffices to study the orbits starting (and thus staying) in I. Now, the average value
theorem says that for every x € I there exists a y € I such that

cosx —p=cosz —cosp = —(siny)(x — p);
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therefore we get
|cosz — p| < Az — pl,

where A\ = sup, ¢ [siny| < 1. By induction we then get

|5 () = pl < M|z - pl,
and thus every orbit converges exponentially to the fixed point p.

In the next section we shall generalize the argument used in this example, showing that the orbits of a
contractions always converge to a (unique) fixed point.

Ezercise 1.1.7. Let f:[a,b] — [a,b] be continuous. Show that f has at least one fixed point.

1.2 Contractions

This section is devoted to the study of one of the easiest example of dynamical system, a contracting map
on a complete metric space.

Definition 1.2.1: A self-map f: X — X of a metric space X is a contraction if there is A < 1 such that

Ve,y e X d(f(z), f(y)) < Xd(z,y). (1.2.1)

The constant X = sup,_, {d(f(x), f(y))/d(x,y)} is the contraction costant of f.

We now prove the main result of this section, the contraction principle, which is both simple and
extremely useful.

Theorem 1.2.1: (Contraction principle) Let X be a complete metric space, and let f: X — X be a
contraction. Then f has a unique fixed point p € X, and for every x € X the orbit of x is esponentially
convergent to p.

Proof: Applying (1.2.1) several times we get
Ve,ye X VneN d(f™(x), f*(y)) < XN'd(z,y). (1.2.2)

As a consequence, for every x € X the sequence {f"(x)} is a Cauchy sequence. Indeed, for every m > n we

get

m—n—1

S

d(f™ (), f"(x)) <

(]

d(frH (), ()
k

m—

Il
o

(1.2.3)

3
|

1
ATL
< n+k

d(f(:z:),x) — 0.

=
Il

Thus for every x € X the sequence {f"(x)} is converging, and (1.2.2) says that the limit does not depend
on z. Let p be this limit; then f(p) = p, that is p is a fixed point of f. Indeed,

f(p) = lim f(f"(p)) = lim f**'(p) =p.

n—oo n—oo

Being f a contraction, p is the unique fixed point of f. Finally, letting m go to infinity in (1.2.3) we find

d(p, f*(x)) < d(f(), ),

1-A
and so the sequence {f"(x)} is esponentially convergent to p € X. O]

For differentiable maps between Riemannian manifolds there is an easy sufficient condition for a map
to be a contraction. We first recall a standard definition:
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Definition 1.2.2: Let L:V — W be a linear map between finite-dimensionale normed vector spaces. Then
the norm of L is given by

L(v w
ILI= swp @)y = sup 1O
lollv=1 vevvioy llvllv
where || - ||y (respectively, || - |lw) is the norm in V' (respectively, in W). It is easy to check (exercise) that

this yields a norm on the space Hom(V, W) of linear maps from V' into W.

Proposition 1.2.2: Let F: M — N be a C'-map between (connected) Riemannian manifolds, and assume
that
K = sup ||dFy| < 4oc.
reM

Then we have

where dp; (respectively, dy ) is the Riemannian distance in M (respectively, N ). In particular, if K < 1 then
F' is a contraction.

Proof: Let 0:[0,r] = M be a piecewise regular curve and such that o(0) = 2 and o(r) = y. Then F oo is
a piecewise regular curve in N from F(z) to F(y), and hence

dn(F(z), F(y)) < Length(F o o)
:/0 I(F 0 0) (t)l| Foo(e) dt:/o [dFo 1) (0" ()| oy A1

= K/ o’ (t)|lo(¢) dt = K Length(o).
0
Taking the infimum of the right-hand side as o runs over all piecewise regular curves connecting x and y we
get the assertion. .

Corollary 1.2.3: Let F:U — R™ be a C'-map, where U is a convex open subset of R", and assume that

K = sup ||dFy]|| < +o0.
zelU

Then we have
Va,yeU |F(x) = F(y)]| < K ||z — y].
In particular, if K < 1 then F is a contraction.
Proof: It suffices to apply the previous Proposition to the euclidean metrics. O

The fixed point of a contraction depends continuously on the contraction and on the contraction con-
stant A. To precisely state this, we need the following

Definition 1.2.3: 1If Y is a metric space and f, g: X — Y are continuous maps into Y, we set

do(f,9) = sup dy (f(2), g(x)) € [0,+00].

If X is compact, then dy is a distance on the space C°(X,Y) of continuous functions from X into Y.

Proposition 1.2.4: Let f: X — X be a contraction of a complete metric space X, with contraction con-
stant \ and fixed point xg. Then for every € > 0 there is 0 < § < 1— X\ so that for every contraction g: X — X
with contraction constant at most A\ + 0 and such that do(f,g) < & we have d(xo,yo) < €, where yq is the
fixed point of g.

Proof: Put 6 =¢(1 — \)/(1+¢). Since g"(xg) — yo we have

d(zo,90) < Y d(g"(w0), 9" (20)) < d(0, 9(20)) Y_(A+8)" < ﬁ -
n=0 n=0
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Ezercise 1.2.1. Find a complete metric space X and a map f: X — X such that d(f(z), f(y)) < d(z,y)
for every z # y € X, f is fixed point free and d(f”(:zc)7 f"(y)) does not converge to zero for some z, y € X.

Exercise 1.2.2. Let X be a compact metric space, and f: X — X a map such that d(f(x), f(y)) < d(z,y)
for every x # y € X. Prove that the orbit of every x € X converges to the unique fixed point of f, and find
an example where the convergence is not exponential.

As first example of application of this principle we shall show that, assuming a non-degeneracy condition
on the differential, the existence of a periodic point of period m is stable under small perturbations. But
first we have to define a topology on the space of C" maps.

Definition 1.2.4: Let f:U — R™ be a C" map (0 < r < o0) defined on an open subset of R", and K C U a
compact subset. Let || ||, xk be the maximum over K of the norm of f and of all its partial derivatives up to
order r included. In this way we get a set of semi-norms that can be used to define a topology on C" (U, R™)
taking as basis for the open sets the finite intersections of sets of the form

ur,K(f75) = {g| ||f _gHT,K < 5})

where € > 0 and K is a compact subset of U. If M is a smooth manifold, the same trick yields a topology on
C"(M,R™) by using only compact subsets contained inside local charts, and computing partial derivatives
with respect to the local coordinates. Finally, if IV is another smooth manifold, we can consider N imbedded
in some R™ and give to C"(M, N) the topology induced by the topology of C"(M,R™). By the way, it
is not difficult to prove (because a manifold is a countable union of compact subsets) that this topology is
induced by a complete metric; furthermore, C" (M, N) is a Baire space and has a countable basis of open
sets. Roughly speaking, f, — ¢ in the C” topology if all the derivatives (up to order r) of f,, converge
to the derivatives of g. Using the seminorms || - ||, x for all finite r one defines analogously a topology on
C*(M, N); in this case f, — g in the C* topology if all the derivatives of f,, converge to the derivatives
of g. Finally, if M and N are complex manifolds, we put on Hol(M, N) the usual compact-open topology
(which is just the C° topology); thanks to the wonderful properties of holomorphic maps, convergence in
the C° topology implies convergence of all derivatives, that is in Hol(M, N) the C° topology and the C'>°
topology agree.

FEzxercise 1.2.3. Prove that

[A]l < vmn [[All o

for all A € My, »(R), where ||A]|« = max{|a;;|}, and we have endowed R" and R" with the euclidean
metric. In particular, if f € CY(U,V) is a C!' map between open subsets U C R” and V C R™, we
have ||dfz|| < mn| f|1,v for all x € U.

Proposition 1.2.5: Let M be a smooth manifold, and f: M — M of class C*. Let p € M be a periodic point
of period m such that 1 is not an eigenvalue of df . Then every map g: M — M sufficiently C'-close to f has
a unique periodic point of period m close to p. More precisely, there exists a compact neighbourhood B C M
of p and an € > 0 so that ||g — f|1 pu..ugm-1(B) < € implies that g has a unique periodic point of period m
in B.

Proof: Since if ||g — f[l1,ku...ufm—1(k) is small then [|g"™ — f™||; & is small, we can assume m = 1. Being
a local problem, we can also assume M = R" and p = O. Since 1 is not an eigenvalue of df,, the Inverse
Function Theorem implies that F' = f — id is invertible in a compact neighbourhood B of the origin, that
we may take to be a closed ball of radius R > 0. We look for an ¢ > 0 such that if ||g — f|j1,5 < € then g
has a unique fixed point in B.

Set H= f —g. Then = € B is a fixed point of g if and only if

x=g(x) = (f - H)(z) = (F +id —H)(),
that is if and only if (F' — H)(z) = O, that is if and only if

r=F"1oH().
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So it suffices to prove that for € small enough the map F~' o H is a contraction of B into itself.
First of all, we take ¢ < R, so that H(B) C B. Furthermore, if L = max,cp ||dF, | then

177" 0 H(O)|| < LIH(O)|| < Le,
thanks to Corollary 1.2.3, because F~1(O) = O. Then
IF= o H(z)|| < |F~ o H(w) = F~ o H(O)| + [|[F~" 0 H(O)|| < & L(mz| + 1) < eL(nR + 1),

where we used Exercise 1.2.3. So to have F~1 o H(B) C B it suffices to require ¢ < R/L(nR + 1).
Finally, if z, y € B we have

IF~' o H(z) — F~' o H(y)|| < ne Lljz —yl,

and so if we also have € < 1/nL we are done. U

The assumption that 1 is not an eigenvalue of the differential is essential, as shown in the following
example:

EXAMPLE 1.2.1. Let fi:R — R be given by fa(z) = Az + 22. Then Fix(f;) = {0}, while for A\ # 1 the
function fy has two distinct fixed points: Fix(fy) = {0,1—A}. We have f{(0) = A, and in particular f{(0) = 1.
Now, it is easy to see that

”fl - f)x”l,[—r,r] = |1 - >\|T

for all » > 0, and so for every compact neighbourhood B of the origin and every € > 0 there is a A > 0 such
that || f1 — fall1,B < € but fy has two distinct fixed points in B.

Often, discrete dynamical systems appear in families depending on one (or more) parameters, as in the
previous example. A variation of the dynamical behavior when the parameter crosses a particular value is
called a bifurcation. To describe examples of bifurcations, let us introduce the following terminology:

Definition 1.2.5: Let f: M — M a C' self-map of a manifold M. A periodic point p € M of exact period m is
said attracting if all the eigenvalues of d(f™), have absolute value less than 1; repelling if all the eigenvalues
of d(f™), have absolute value greater than 1; hyperbolic if all the eigenvalues of d(f™), have absolute value
different from 1.

Remark 1.2.1. d(fm)p = dffnL—l(p) o dffnL72(p) ©---0 dfp

Definition 1.2.6: Let (X, f) be a discrete dynamical system on a metric space X. Given p € X, we shall say
that € X is (forward) asymptotic to p if d(f’“(x), fk(p)) — 0 as k — 4o00. The set of points asymptotic
to p is the stable set W*(p) of p. Finally, if f is invertible we shall say that x is backward asymptotic to p
if it is asymptotic to p with respect to f~!, and the set of points backward asymptotic to p is the unstable
set W*(p) of p.

Exercise 1.2.4. Prove that the stable sets give a partition of the set X.

If p € X is fixed, then its stable set is the set of points whose orbit is converging to p. More generally,
if p € X is periodic of exact period m, then € W?(p) if and only if f™F(z) — p (exercise).

ExaMPLE 1.2.2. If f:R — R is given by f(x) = sinz, then W?*(0) = R.
EXAMPLE 1.2.3. If f:R — R is given by f(x) = 23 then W*(0) = (—1,1), W*(1) = {1}, W*(-1) = {-1},
W(0) = {0}, W*(1) = R* \ {0}, and W*(~1) = R~ \ {0}.

We shall later see (Corollary 1.3.4) that the stable set of an attracting point p contains an open neigh-
bourhood of p, justifying the adjective.

EXAMPLE 1.2.4. In the Example 1.2.1, the origin is an attractive fixed point for |A| < 1, and it is repelling
for |[A\| > 1. The second fixed point is repelling for A < 1 (and A > 3), while it is attracting for 1 < A < 3.
Therefore we have a bifurcation for A = 1: roughly speaking, the two fixed points for 0 < A < 1 merge
at A = 1 and exchange their roles for 1 < A < 3. (We shall discuss below what happens for A = 3).
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The previous bifurcation is sort of exceptional, because it happens at parameter speed 0: indeed,

d
ﬁfA(O) - - O

We end this section with two examples of more typical bifurcations:

EXAMPLE 1.2.5.  Let fo: R — R given by fe(z) = 2 +c. We have Fix(f.) = @if ¢ > 1/4, Fix(f1,4) = {1/2},
and Fix(f.) contains two points if ¢ < 1/4. The appearance of two fixed points when the parameter crosses
a specific value is called a saddle-node bifurcation.

Ezercise 1.2.5. Discuss the type (attracting, etc.) of the fixed points in the previous example.

EXAMPLE 1.2.6. Let F,:R — R be given by Fj,(z) = pz(l — ). We have two fixed points, the origin
and p, = 1—1/p. The origin is attracting for |u| < 1, and repelling for |u| > 1, while p,, is repelling for © < 1
and p > 3, and attracting for 1 < p < 3. The bifurcation at 1 = 1 is exactly the same as the one discussed
in Example 1.2.1. Much more interesting is the bifurcation at y = 3. Indeed, if for 1 < u < 3 we have one
repelling and one attracting fixed point and no periodic points of exact period 2, when u crosses 3 we see
that the attracting fixed point becomes repelling but it is born an attracting cycle of period 2 (check that
this is true). This is called a period-doubling bifurcation.

1.3 Linear maps

This section is devoted to the study of the dynamics of linear maps of a complex or real finite-dimensional
vector space.

Definition 1.3.1: Let T:V — V be a linear self-map of a finite-dimensional vector space V' on the field K = R
or C. The set of all (complex) eigenvalues of T is the spectrum sp(T) C C of T. The spectral radius
is 7(T) = max{|\| | A € sp(T)}.

It is easy to see (exercise) that |T'|| > r(T') always. Conversely we have:

Lemma 1.3.1: Let T:V — V be a linear self-map of a finite-dimensional vector space V on R or C. Then
for every § > 0 there exists a scalar (respectively, hermitian) product whose norm || - || is such that

T[] < r(T) + 6.

Proof: Let B be a (real or complex) Jordan basis of V, so that T is represented by a (real or complex)
canonical Jordan matrix

Ay
A= . y
Ay
where each block is of the form v
A1
Al
A
with A € sp(T), or, in the real case only, of the form
pRtp I
pR, Iz
pRtp I

pR,



8 Sistemi Dinamici Discreti, A.A. 2005/06

corresponding to two complex conjugates eigenvalues A\ = pe’¥ e X\ = pe~ ¥, where R, =

cosp singp ‘
—sing cose
and I5 is the identity matrix of order 2.

For t € R let us denote by A(t) the matrix with the same block structure as A but where the off-
diagonal 1’s are replaced by ¢t. We then put on V the scalar (hermitian) product for which the basis B
is orthonormal, and denote by || - || the corresponding norm. Now, ¢ — [|A(¢)| is a continuous function,
and (exercise) [JA(0)]| = r(A). Therefore given § > 0 we can find t5 > 0 such that ||A(ts)| < r(A) + 6.
But A(ts) = AAA~L, where A is the diagonal matrix composed by blocks of the form

1
—1
ts

—m-+1
ts

for each block of order m of the first kind, and by blocks of the form

I
t5'

tgm+11'2
for each block of order 2m of the second kind. So setting ||v|| = ||Av] we get (exercise)
[All = 1A < r(A) + 4,

and we are done. ]

Corollary 1.3.2: Let T:V — V be a linear self-map of a finite-dimensional vector space V on R or C. Then

for every norm || - || on V and every ¢ > 0 there is a constant Cj such that for every v € V and every k € N
we have

IT*(0)]| < C5((T) + ¥l (1.3.1)
Proof: Given § > 0, let || - || be norm given by the previous Lemma. Since V' is finite-dimensional, there are

1, ¢2 > 0 such that ¢q||v|| < |Jv|| < ezfjv] for all v € V' (exercise). Then
C2 C2 k
IT* @)l < e T* (W) < el T* o]l < aHlTH\kHUH =< a(’“(t) +3) ]l

O

Corollary 1.3.3: Let T:V — V be a linear self-map of a finite-dimensional vector space V on the field K
with all eigenvalues of absolute value less than 1 (that is such that r(T) < 1). Then the orbit of every point
is exponentially convergent to the origin. If furthermore T is invertible, that is if 0 ¢ sp(T'), then every
backward orbit is exponentially divergent to infinity.

Proof: Choose § > 0 so that #(T") + J < 1; then (1.3.1) shows that every orbit is exponentially convergent
to the origin. If T is invertible, then (1.3.1) yields

v

vz W (Y

and we are done. O

We can now fulfill a previous promise:



1.3 Linear maps 9

Corollary 1.3.4: Let p € M be a fixed point of a C! self-map f: M — M of a manifold M. Then:

(i) if p is attracting then there exists a neighbourhood U of p attracted by p, that is such that f*(z) — p
for all x € U;

(i) ifp is repelling then there exists a neighbourhood U of p repelled by p, that is so that for every x € U\ {p}
there exists a k > 0 such that f*(z) ¢ U.

Proof: Since it is a local statement, we can assume that M = R"™ and p = O. If p is attracting, we
have r(dfo) < 1; therefore we can find a norm on R™ such that ||dfo|| < 1. Since f is C!, this means that
we can find a closed ball U centered at the origin and 0 < A < 1 such that ||dfy|| < A for all x € U. The
assertion then follows from Corollary 1.2.3 and Theorem 1.2.1.

Conversely, if p is repelling then f~! is defined in a neighbourhood of the origin, and p is attracting
for f~1. In particular, we find a closed ball U centered at the origin and a 0 < A < 1 so that || f~(2)| < A||z]|
forall z € U.

Now take z € U, and assume that f*(z) € U for all k € N. Since f*(z) = f~1(f*(z)), it easily
follows by induction that

1
I @) = 5l

therefore the orbit of x is unbounded, again the hypothesis that it was contained in U, unless x = O, and
we are done. 0

Ezxercise 1.3.1. Let f:R — R be a diffeomorphism of class C'. Show that all hyperbolic periodic points
of f are isolated.

Exercise 1.3.2. Let f:R — R be a diffeomorphism of class C" such that f(z) = z+23sin L for z € (0,1/7).
Show that f has a non-isolated (non-hyperbolic) fixed point.

Coming back to a linear self-map T7:V — V| if all eigenvalues of T' have absolute value greater than 1,
we can apply Corollary 1.3.3 to T~!, showing that every orbit is exponentially divergent to infinity, and that
every backward orbit is exponentially convergent to the origin.

To study the dynamics of more general linear maps we need a few more definitions.

Definition 1.3.2: Let T:V — V be a linear self-map of a finite-dimensional vector space V' on the field K,
and take A € sp(T). If A € K, we denote by V) the eigenspace relative to A, and by FE\ the root space
(or generalized eigenspace) relative to A, given by all v € V such that (T' — Aid)*(v) = O for some k > 1.
If K=R and A € C\ R, we denote by Vj, C VC the eigenspace relative to A for the action of 7' on the
complexified space V€ = V @ iV, and by Eyx C VC the corresponding root space. In this case we then
set Vy5=(Va@V5)NV and E, 5 = (Ex ® E5) NV. Using the root spaces we now define a number of
dynamically relevant subspaces. The stable subspace of T is

BF=0= P Bo P EBEx

[Al<1,2€K |Al<1,AeC\K

the invertible stable subspace is

E*=E"(T)= P EBe p Ex

0<|A|<1, eK [A]<1,AeC\K

so that E® = Fy ® E*%; the unstable subspace is

B =E'T)= P Bo  Bx

[A|>1,2€K [A|>1,AeC\K

the central subspace is

E=ET= @ Bo P B

IN=1,AcK [A|=1,A€C\K
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the core subspace is
c=cm= Pp wne PH Vs
IAl=1,A€K [A]=1,A€C\K
and the invertible subspace is _ _
E'=FE"® E°® E".

All these subspaces are T-invariant; furthermore, T'|g: is invertible. Finally, V = E* @ E¢® E* = Ey @ E".

Theorem 1.3.5: Let T:V — V be a linear self-map of a finite-dimensional vector space V on the field K.
Then:

(i) There exists a scalar (or hermitian) product on V such that T
T|c an isometry, with respect to the induced norm || - ||.

(ii) For every v € V we have v € E* if and only if the orbit of v is exponentially convergent to the origin;
furthermore, if v € E** then the backward (with respect to T|g:) orbit of v is exponentially divergent
to infinity.

(iii) For every v € V we have v € E“ if and only if v € E* and the backward orbit of v is exponentially
convergent to the origin; furthermore, if v € E" then the orbit of v is exponentially divergent to infinity.

(iv) If v € E€\ C then both the orbit and the backward orbit of v are polynomially divergent to infinity.

(v) More generally, given v € V write v = v° + v¢ + v* with v° € E°, v¢ € E€ and v* € E*. Then:

— if v™* # O then the orbit of v is exponentially divergent to infinity;

— ifv* = O and v¢ € E€\ C then the orbit of v is polynomially divergent to infinity;

— if v* = O and v° € C\ {O} then the orbit of v is bounded and bounded away from the origin;
— if v = v = O (that is, if v € E®) then the orbit of v is exponentially convergent to the origin.

gu) "1 are contractions, and

s and (T

Proof: (i) Applying Lemma 1.3.1 to T|gs and to (T|g«)~! we get on E* and E* norms induced by a scalar
(or hermitian) product such that T|gs and (T|g«)~! are contractions. Then we choose a Jordan basis for T
restricted to E¢, and we put on E° the scalar (hermitian) product making this basis orthonormal; clearly
T|c turns out to be an isometry. Finally, we combine these three scalar (hermitian) products to get a scalar
(or hermitian) product on V' by declaring the subspaces E*, E¢ and E* to be orthogonal.

(ii) The behavior of the orbits follows from Corollary 1.3.3 applied to T'|gs; the characterization of the
elements of E* will follow from (v).

(iii) The behavior of the orbits follows from the same Corollary applied to (T)|g«)~!; the characterization
follows from (v) applied to (T'|gi) " .

(iv) Using the norm described in (i) it is clear that it suffices to prove the assertion when T
represented by a single Jordan block A relative to the eigenvalue A € S'. It is then an exercise in linear
algebra; see Exercise 1.3.1.

(v) If v* # O we get

EciS

IT* ()| = IT*(v*) + T* (v°) + T"(v*)]|
> T ()| = I T* @) — 1T (v*)
> cipF — k™ — e3> cqpF

for suitable c1, co, c3, ¢4 > 0, p > 1 > X and m > 1, all independent of k. Similar arguments yield the
remaining assertions. Il

Ezercise 1.3.3. Let A € GL(¢,C) be a Jordan block of order £ > 2 relative to an eigenvalue A € S1.
(i) Prove that there are c¢1, co > 0 and 1 < m; < msg < ¢ — 1 such that

c k™ < |afj| < cok™?

forall 1 <i < j</¢andall k€N, where afj is the (i, 7)-element of the matrix A*.

(ii) Prove that if v € C’ is not an eigenvector of A then there exist ¢3, ¢4 > 0 so that csk™ < ||A*v|| < e k™2
for all k£ € N.

(iii) Prove that if A € GL(2¢,R) is a pseudo-Jordan block of order 2/ relative to an eigenvalue A € S\ {1},
and v € R?\ (R?), <, there are c5, ¢g > 0 and 1 < mg < my < 20 — 1 so that csk™2 < || A¥v| < cgh™
for all £k € N.

AN
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Definition 1.3.3: A linear self-map T: V — V of a finite-dimensional vector space V on the field K is hyperbolic
if T has no eigenvalues of modulus one, that is if sp(7) N S! = @.

The behavior described in the previous theorem is particularly simple for hyperbolic linear maps: the
space V decomposes in a T-invariant direct sum V = E* & E% so that T|gs and (T«)~! are contractions,
and all orbits are exponentially divergent to infinity except for orbits inside Es which are exponentially
convergent to the origin. Furthermore, the orbits of points in V' \ (E® U E") are forward asymptotic to E*
and backward asymptotic to E°, and thus have a sort of “hyperbolic” shape.

Most linear maps are hyperbolic, as shown in the next exercise.

Ezercise 1.3.4. Let V be a finite-dimensional vector space on the field K. Prove that the set of hyperbolic
linear self-maps of V' is an open dense subset of the space of all linear self-maps of V.

Ezercise 1.3.5.  Prove that the eigenvalues of a linear map T: V' — V depend continuously on T, that is prove

that if Aq,..., A\ are the eigenvalues of T" with multiplicity respectively my, ..., my, then for every ¢ > 0
there exists § > 0 such that if |T"— S|| < 0 then in the open disk of center \; and radius € the linear map S
has exactly m; eigenvalues (counted according to their multiplicities) for j =1,..., k.

Theorem 1.3.5 describes he dynamics of a linear self-map everywhere except on the core subspace, or,
more precisely, everywhere but on the subspaces V, 5 (or Vy if K = C) with [A| = 1 but A ¢ R. Such a
subspace decomposes in a sum of real 2-dimensional (or complex 1-dimensional) T-invariant subspaces, and
the action of 7" on any such subspace is a rotation of angle 27a, where A = e?™®, If o € Q then a suitable
iterate of T is the identity, and there is nothing else to say. But if o ¢ Q then new phenomena appear, as
we shall see in the next section.

1.4 Translations of the torus and topological transitivity

Let us start with the rotations of S* = {€?™% | ¢ € R} = R/Z. Using additive notations (that is thinking
of St as R/Z), the rotation R, of angle 27« is represented by

Ry(x)=xz+a (mod 1),

so that R¥(z) = x + ka (mod 1). In particular, if @ = p/q € Q we have Rg/q = idg1, that is the rotation of
angle 27p/q is globally periodic of period q.

The situation is much more interesting when a ¢ Q. In all the examples we have seen so far, the orbits
were either converging or diverging to infinity, and coming back on themselves only if periodic. In other
words, we have not yet seen non-trivial recurrence phenomena: orbits coming arbitrarily close to the starting
point without being periodic.

The two main cases of recurrent behavior are topological transitivity and minimality.

Definition 1.4.1: A dynamical system (X, f) is topologically transitive if there is x € X whose orbit is dense
in X. It is minimal if every orbit is dense.

Remark 1.4.1. This is not the standard definition of topological transitivity. The standard definition
(which is more useful but less intuitive than the one we just gave) is described in Proposition 1.4.3, where
we show that in “good” topological spaces it is equivalent to ours.

Ezxercise 1.4.1. Prove that the closure of a f-invariant subset is still f-invariant.

Ezercise 1.4.2. Prove that a dynamical system (X, f) is minimal if and only if there are no proper closed
f-invariant subsets of X.

Proposition 1.4.1: If o € R is irrational then the rotation R,:S' — S' is minimal.

Proof: Let Y C S! be the closure of an orbit. If the orbit is not dense, the complement S\ Y of Y is
open and not empty, and thus it is an (at most countable) union of open disjoint intervals, its connected
components; furthermore, since R,(Y) C Y, we have R;1(S1\Y) C S\ Y.

Let I be the longest connected component of S\ Y (or one of the longest if there are more than one;
in any case, notice that only a finite number of connected components can be longer than any given € > 0,
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because they are all disjoint and S'\ Y has finite length). If R;*(I) = I for some k > 0, an end x of I would
be periodic, that is # +ka = = (mod 1), and so a would be rational. On the other hand, also R;*(I)NI # @
is impossible, because otherwise S' \ Y would contain an interval longer than I. Therefore {R;*(I)}ren is
a disjoint collection of intervals of S! all of the same positive length, and this is clearly impossible. Il

Since the plane decomposes in a disjoint union of circles R,-invariant (including the origin as a degen-
erate circle of radius zero), this result completes the description of the dynamics of linear maps.

Ezercise 1.4.3. Prove that the decimal expansion of the number 2¢ may begin with any finite string of
digits.

In the proof of the previous proposition it did not matter which orbit we chose. This is not accidental:

Lemma 1.4.2: Let G be a topological group. If go € G is such that the left (or right) translation Ly, is
topologically transitive, then Lg, is minimal.

Proof: Let xg € G be such that its orbit {gkzo}ren under Ly, is dense in G, and let x € G be any other

point. Now, gk = (gfxo)(zy'2); therefore the orbit of 2 is obtained applying the right translation R, -1,
0

to the orbit of xy. Since right translations are homeomorphisms, the assertion follows. ]

Ezercise 1.4.4. Let G be a metrizable topological group. Prove that if for some gy € G the left (respectively,
right) translation Lg, (respectively, Ry, ) is topologically transitive then G is abelian.

Now we proceed to the study of more interesting examples. We start with the direct generalization of
rotations on S1, that is with translations on the torus T" = (S*)" = (R/Z)"™.

Definition 1.4.2: If v = (m1,...,vn) € T", the associated translation T.,: T" — T" is given by
Ty(x1,...,2n) = (X1 +71,--,Zn + Vo) (mod 1).

Again, if all coordinates of vy are rational then T, is globally periodic. However, contrarily to the case
of S1, it is not anymore true that the only alternative is minimality. For instance, if n = 2 and v = (a, 0)
with o irrational, then the torus T? is the disjoint union of the circles zp = const., which are completely
T,-invariant and minimal.

To find a characterization of minimal translations, we need some general criteria of topological transi-
tivity and minimality.

Proposition 1.4.3: Let X be a locally compact Hausdorff space with a countable basis of open sets and
no isolated points, and f: X — X a continuous self~map. Then f is topologically transitive if and only if for
every pair of not empty open sets U, V C X there is N = N(U,V) € N such that fN(U)NV # @.

Proof: Let f be topologically transitive, and x € X with a dense orbit. Since X is Hausdorff and has no
isolated points, the orbit of  must intersect every open subset of X infinitely many times. In particular, given
the open sets U and V there are h, k € N such that f*(z) € U and f*(x) € V, and we can assume k > h.
But then f*(x) € f*~"(U) NV, as required.

Conversely, let us assume that the condition on the intersections holds. Let Uy, Us, ... be a countable
basis of open sets of X ; by local compactness, we can also assume that U; is compact. To prove the topological
transitivity of f it suffices to find an orbit intersecting every U,,. By assumption, there exists N; € N such
that fN1(U;)NU, is not empty. Let V; be a not empty open set such that V; C Uy N f~N1(Uy); in particular,
V4 is compact. Now, there exists a natural number N, such that fN2 (V1) NUs is not empty; let V5 be a not
empty open set such that Vo € Vi N f~™2(U3). Proceeding by induction we build a decreasing sequence of
open sets V,, such that V,, 11 C V,, N f~Vn+1(U,42). Then if z belongs to the intersection N, V;,, which is
not empty by compactness, we have f¥N»-1(z) € U, for every n € N. Il

Remark 1.4.2. The previous proof shows that if for every pair of not empty open sets U, V C X yjere
is N € N such that f¥(U) NV # & then there is a dense orbit even when X has isolated points. The
converse is not true if X has isolated points. For instance, let X = S U {po}, where py is an isolated point,
and take f: X — X given by f(po) =1 and f|s1 = R — « for some o € R\ Q. Then the orbit of py is dense,
but fN(S1) N {py} = @ for all N > 0, even though both S* and {py} are open in X.
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Remark 1.4.3. A locally compact Haudorff space is always regular; a regular Hausdorff space with a
countable basis of open sets is always metrizable; so every locally compact Hausdorff space with a countable
basis of open sets is always metrizable. For this reason, in the sequel we shall often work with metrizable
spaces instead of merely Hausdorff spaces.

When f: X — X is a homeomorphism, we can check the topological transitivity using full orbits:

Proposition 1.4.4: Let X be a locally compact Hausdorff space with a countable basis of open sets and
no isolated points, and f: X — X a homeomorphism. Then the following assertions are equivalent:

(i) f is topologically transitive;

(ii) there exists x € X with a dense full orbit;
(iii) for every pair of not empty open sets U, V C X there exists N = N(U,V) € N such that fN(U)NV # @;
(iv) for every pair of not empty open sets U, V C X there exists N = N(U,V) € Z such that fN(U)NV # @.

Remark 1.4.4. The equivalence of (ii) and (iv) holds even when there are isolated points.

Proof: We have already seen that (i) is equivalent to (iii); the same argument (even when there are isolated
points) shows that (ii) is equivalent to (iv). Since (i) clearly implies (ii), it suffices to prove that (ii) and (iv)
together imply (iii).

We first show that for every M € N and every open subset W C X there exists n > M such
that f~"(W)NW # &. Indeed, since X has no isolated points condition (ii) implies that there is z € X
and an infinite subset H C Z such that f"(z) € W for every h € H. Then taking hg, hy € H such
that hg — hy > M (this can be done because H is infinite) we get f11="0(W)NW # @, as desired.

Let now U and V' be not empty open sets. Condition (iv) yields N € Z such that W = fN(U)NV # @.
If N > 0 we are done; if instead N < 0, let n > |N| be such that f~"(W)NW # &. But then

G# (T W)NW) =W frW) =V )0 ) n o) C o) ny,
and (iii) is verified, because n + N > 0 by the choice of n. O

Corollary 1.4.5: Let X be a locally compact Hausdorff space with a countable basis of open sets and no
isolated points, and f: X — X a homeomorphism. Then f is topologically transitive if and only if there do
not exist two not empty disjoint completely f-invariant open subsets of X.

Proof: An invariant subset contains any orbit starting in it; therefore if f is topologically transitive then
two not empty invariant open sets always have a not empty intersection. Conversely, let U and V be two
not empty open subsets of X. Then the sets U = Usez fF(U) and V= Usez fE(V) are completely f-
invariant open subsets, and thus their intersection is not empty. This means that there are h, k € Z such
that fA(U) N f*(V) # @, so that f*~%(U) NV # @, and Proposition 1.4.4 implies that f is topologically
transitive. O

Remark 1.4.5. This proof shows that if f: X — X is merely continuous and topological transitive,
then there do not exist two non empty disjoint f-invariant open subsets of X. If f is not an homeomor-
phism, the converse is not true. Take X = S x Z,, and let f: X — X be given by f(x,0) = (z,1)
and f(z,1) = (Ra(x), 1) for some @ € R\ Q. Since R, is minimal, the only not empty open completely
R,-invariant subset of S! is S! itself (why?); therefor the only not empty open completely f-invariant subset
of X is X itself. But no orbit of f is dense, and fV(S* x {1}) NSt x {0} = @ for all N € N.

A necessary condition for topological transitivity can be stated using functions.

Definition 1.4.3: Let (X, f) be a dynamical system. A map ¢: X — Y is called f-invariant if o(f(z)) = ¢(z)
for every z € X.

Lemma 1.4.6: Let (X, f) be a topologically transitive dynamical system. Then every continuous f-invariant
function ¢: X — Y is constant.

Proof: Let x € X be a point with dense orbit. The f-invariance of ¢ yields
o(fF (@) = o)

for all k£ € N; therefore ¢ is constant on the orbit of z — and thus everywhere. O
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This is what we need to characterize the minimal translations of the torus.

Definition 1.4.4: The numbers 7y, ...,v, € R are rationally dependent if there are integers ky,...,k, € Z,
with at least one k; different from zero, such that koyg + - - - + K,y = 0; they are rationally independent if
they are not rationally dependent.

Proposition 1.4.7: A translation T,:T" — T" is minimal if and only if the numbers 1, y1,...,~, are
rationally independent.

Proof: Let us assume that 1, v1,...,7, are not rationally independent, e let kg, ..., k, € Z be such that
kivi+ -+ knyn = ko,
with k; # 0 for at least one 1 < j < n. Define ¢: T" — R by
p(z) =sin2m(kixy + - + knxyp).

It is a well-defined continuous function on the torus, it is not constant because there is at least one k; different
from zero, and it is clearly 7T’ -invariant; therefore, by Lemma 1.4.6, T, cannot be topologically transitive.

Conversely, suppose that 7', is not minimal (and thus not even topologically transitive, by Lemma 1.4.2).
Corollary 1.4.5 then yields two disjoint not empty open sets U and V' completely T’,-invariant. Let x be the
characteristic function of U; being U completely invariant, x is T’ -invariant. Let

X(X1,. . Tn) = Z Xka,... hon exp(2m'(k‘1x1 +o k;nxn))

be the Fourier expansion of x. Since

X(Ty(@) = X@1 4+ 710+ Y) = D Xkrwoks XD [2m (k1 (21 +7) + -+ 4 k(@0 + 70))]
(k1,....kn ) EZ"

= Z X1,k €XP (27i (k171 + -+ + Ky vn)) exp(2mi(kizy + -+ + kpan)),

the T',-invariance of x and the uniquess of the Fourier expansion imply that for every (k1,...,k,) € Z" we
have

Xkr.o ko [1 — exp(27ri(k1x1 4+t knxn))} =0.

But this may happen if and only if x, ..k, = 0 or k1y + -+ + kpyn € Z for all (k1,...,k,) € Z™. Since
both U and its complement contain not empty open subsets, and thus have positive Lebesgue measure, y
is not almost everywhere constant. Hence there must exists (k1,...,k,) # O such that xx, . %, # 0, and
so kyy1 + -+ kpyn € Z, that is 1, 71, ..., 7, are not rationally independent. Il

Exercise 1.4.5. Prove that for every translation T',: T" — T" and every x € T" the closure C(z) of the
full orbit {Tﬂf () }rez of x is a finite union of tori of dimension 0 < m < n, such that the restriction of T,
to C(z) is minimal.

Ezercise 1.4.6. Prove that the map A,:T? — T? given by A, (z,y) = (z+a, y+z) (mod 1) is topologically
transitive if and only if « is irrational.
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1.5 Toral automorphisms and chaotic dynamical systems

In this section we study another kind of toral automorphism, anticipating several characteristics of general
hyperbolic dynamical systems.
Let L: R? — R? be the matrix

2 1
r=|7 1]

Since L belongs to SL(2,7Z), it sends Z? into itself, and thus defines a map Fy:T? — T? given by
Fr(z,y) = 2z +y,x+y) (mod1).
The map Fy, is continuous, invertibile (because det L = 1 implies L~! € SL(2,Z) too) and it is an automor-

phism of T? as topological group.
As linear map, L is hyperbolic: its eigenvalues are

3+5
9

S

>1, A;1:A2:3_2 <1.

A=

Being L symmetric, the eigenvectors are orthogonal. The eigenspace relative to A; has equation y = wz,
where w = %; the family of lines parallel to it is sent into itself by L. Moreover, L expands uniformly the

distances on these lines, by a factor A\;. More precisely, if we denote by £, C R? the line of equation y = wz+c,
with ¢ € R, then L(£.) = (1), and

[ L(v1) = L(vo) || = Arl[or — wo|

for all vg, v, € £..
Analogously, the lines ¢, parallel to the eigenspace relative to Ay have equation y = (w— \/E_))x+c, and L
sends ¢/, into €/(1—w+\/5)c contracting distances by a factor As.

To describe the dynamical properties of Fy, we shall need the following well-known and interesting

Theorem 1.5.1: (Pick) Let P C R? be a simple (i.e., whose sides intersect at the vertices only) polygon,
and assume that the vertices of P belong to Z*. Then

Area(P) =i+ g -1,

where i is the number of points of Z* belonging to the interior of P, and e is the number of points of Z>
belonging to the boundary of P.

Proposition 1.5.2: The map Fy: T? — T? is topologically transitive, and its periodic points are dense in T?.
Furthermore, the number of periodic points of (not necessarily exact) period k € N is given by \¥ + /\17’C —2.

Proof: Let us begin by proving that all points with rational coordinates are periodic points of Fp; this
in particular implies that periodic points are dense. Choose x = r/q and y = s/q, with r, s, ¢ € Z not
necessarily coprime. Then

Fi(r/q.s/q) = ((2r +s)/q.(r +5)/q),

that is Fr(x,y) is a rational point whose coordinates still have denominator q. But there are only ¢ points
in T? whose coordinates are represented by rational numbers with ¢ as denominator, and the whole orbit
of (r/q,s/q) is contained in this finite set; therefore there exist h > k such that Fi*(r/q,s/q) = FE(r/q,s/q).
Being I, invertible, this implies that Fffk(r/q, s/q) = (r/q,s/q), that is (r/q, s/q) is a periodic point for Fp,,
as claimed.

We now prove that these are the only periodic points. Suppose that F¥(z,y) = (z,y). But

Ff(z,y) = (az + by, cx +dy)  (mod 1)
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for suitable integers a, b, ¢, d € N; therefore

{ax—i—by:x—i—r,

ot dy—yt s, (1.5.1)

for suitable integers r, s € Z. Since 1 is not an eigenvalue of L* we can solve (1.5.1) obtaining

_ (d—1)r —bs _ (a—1)s—cr

@-Dd-1) - YT a-Dd-1)—c’

and hence x and y are rational.

Let us now show that FJ, is topologically transitive (but it is not minimal: a periodic orbit cannot be
dense). Let U and V be two not empty open subsets of T?: since periodic points are dense, we can find two
periodic points p € U, ¢ € V of common (not necessarily exact) period k € N. Let ¢y € [0,1] be such that
the projection 7 (£, ) of £, on the torus contains p, and dy € [0, 1] such that the projection m(¢; ) contains g,
where 7: R? — T? is the canonical projection. Since FF(p) = p, and L sends the family of lines £, into itself,
we necessarily have Ff (m(fe,)) = m(le,). Analogously, Ff (m(£y ) = m(£) ).

Let 7 € T? be in the intersection of these two curves. Since L* acts on the lines ¢!, contracting
the distances by a factor A5, we necessarily have F/"*(r) — ¢ for m — +oco (why?). Analogously, we
find FL_mk(r) — p for m — +o00. Hence if m > 0 is large enough we have FL_mk(r) € U and F/"k(r) € V;
therefore FZ™k(U) NV # @, and Fy, is topologically transitive thanks to Proposition 1.4.3.

We are left with counting the periodic points. As before, we have FF(z,y) = (z,y) if and only
if (a —1)x + by and cx + (d — 1)y are integers. Thus the number of periodic points of period k is ex-
actly equal to the cardinality of the intersection of Z* with the set P = (L* —id)([0,1) x [0,1)). Now, the
boundary of P is the parallelogram with vertices the origin, (a — 1,¢), (b,d —1) and (a +b—1,c+d — 1);
therefore, using the symbols introduced in the statement of Theorem 1.5.1, the number of periodic points of
period k is given by

i+ g —1=Area(P) = |det(L* —id)| = |(\F = 1)(A\[F = 1) = M 4 A7% - 2.

Fop Fopg
Fop_ 1 Fopo

We remark a basic difference between the automorphism F7, and the translations T%: while in the latter
case every orbit is dense, in the former case arbitrarily close to dense orbits there are periodic orbits, that
is orbits with a completely different behavior. In other words, the dynamical behavior is very sensitive to
initial conditions. This is a typical phenomenon for chaotic dynamical systems.

Ezxercise 1.5.1. Prove that L* = ‘ , where F}, is the k-th Fibonacci number.

Definition 1.5.1: A dynamical system (X, f) is chaotic if it is topologically transitive and the periodic points
are dense.

EXAMPLE 1.5.1. The dynamical system (T?, 1) is chaotic.
In good topological spaces we have an interesting characterization of chaotic dynamical systems:

Proposition 1.5.3: Let X be a Hausdorff locally compact topological space with a countable basis of open
sets and no isolated points. Then a dynamical system (X, f) is chaotic if and only if every pair of not empty
open sets share a periodic orbit, that is if for every open pair of not empty subsets U, V' C X there is
a periodic point x € U such that OT(z) NV # @, or, equivalently, there exists N = N(U,V) € N such
that fN(U)NV NPer(f) # 2.

Proof: Assume that every pair of not empty open subsets share a periodic orbit. Then, by Proposition 1.4.3,
f is topologically transitive. Furthermore, every open set must contain a periodic point, and so periodic
points are dense.

Conversely, assume that f is chaotic. Again by Proposition 1.4.3, we know that for every pair of open
sets U, V C X there are y € U and k € N such that f*(y) € V. Let W = f~%(V)nU. Clearly, W is
open and not empty, because y € W; therefore it must contain a periodic point z. But then f*(z) € V,
and OV (z) NV # @, as required.
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Remark 1.5.1. If we assume as definition of topological transitivity the characterization given in Propo-
sition 1.4.3, both the previous result and Proposition 1.5.4 hold without topological assumptions.

Ezercise 1.5.2. Let X be a Hausdorff locally compact topological space with a countable basis of open sets
and no isolated points. Prove that if f: X — X is a chaotic dynamical system then for every finite collection
of non-empty open subsets of X there are infinitely many periodic orbits intersecting all the sets in the
collection.

There is a property of chaotic dynamical systems expressing very well the intuitive notion of chaos.

Definition 1.5.2: A dynamical system (X, f) on a metric space X has sensitive dependence on initial conditions
if there is § > 0 such that for every z € X and every neighbourhood U C X of x there exist y € U and k > 0
such that d(f*(z), f¥(y)) > 6.

Proposition 1.5.4: Let X be a locally compact metric space with a countable basis of open sets and without
isolated points. Then every chaotic dynamical system on X has sensitive dependence on initial conditions.

Proof: Let f: X — X be topologically transitive and having a dense set of periodic points; we shall prove
that it has sensitive dependence on initial conditions.

First of all, there is a §y > 0 such that for all z € X there is a periodic point ¢ € X whose orbit is at
distance at least dp/2 from z. Indeed, choose two arbitrary periodic points ¢; and ¢ with disjoint orbits,
and let dp be the distance between these two orbits. Then every z € X is at least dy/2 away from one of
these two orbits.

Put 6 = 6o/8. Let x € X be arbitrary, and U a neighbourhood of z. Since periodic points are dense,
there is a periodic point p € U N B(x, ), where B(x,¢) is the open ball of center x and radius §. Let ky € N
be the period of p. By the previous observation, there is a periodic point ¢ € X whose orbit is at least 49
away from z. Set

ko
V=[17(B(t(2),9));

=0

this is open and not empty because ¢ € V. By Proposition 1.4.3, there are y € U and k € N such
that f*(y) € V.
Now let I be the integer part of (k/kg) + 1, so that 1 < kol — k < kg. Then

FPly) = R (5 (y) € SRR (V) € B (q),0).
Now fkol(p) = p, and so
d(f*(p), F*'(y)) = d(z, [ (q)) — d(f*""(a), f*'(y)) — d(p,x) > 46 — 6 — 6 = 24.
Therefore at least one of d(f*!(z), ffo!(y)) and d(f*!(x), f¥!(p)) must be greater than &, and we are

done. O

Remark 1.5.2. Devaney defined a chaotic system as a dynamical system topologically transitive, having
sensitive dependence to initial conditions and having a dense set of periodic points. Propositions 1.5.3
and 1.5.4 show that, in locally compact metric spaces with a countable basis of open sets and no isolated
points, Devaney’s definition is equivalent to ours.

Even the type of topological transitivity of T’, and F[, is different.

Definition 1.5.3: A dynamical system (X, f) is topologically mixing if for every pair of not empty open
sets U, V C X there is N = N(U,V) € N so that for every k > N the intersection f¥(U) NV is not empty.

Thanks to Proposition 1.4.3, every topologically mixing dynamical system on a sensible topological
space is topologically transitive; the converse is false.
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Lemma 1.5.5: Let (X, f) be a dynamical system. If there is a f-invariant distance d generating the topology
of X, then f cannot be topologically mixing. In particular, the translations T, are not topologically mixing.

Proof: Choose three distinct points x, y1, y2 € X, and let § be equal to one-fifth of the minimal distance
between them. Let U, Vi, V5 be the balls of radius § and center x, y;1, y2 respectively. Since f preserves
the diameter of any subset of X, the diameter of f*(U) cannot exceed 2§, while the distance between two
points p € V; and q € V4, is at least 35. Hence for every k > 0 at least one of the intersections f*(U) NV}
and f*(U) N V3 is empty.

Finally, T, preserves the distance induced by the euclidean distance of R"”, and thus it is not topologically
mixing. ]

On the other hand
Proposition 1.5.6: The dynamical system (']I‘Q, F) is topologically mixing.

Proof: The projection 0. = 7(£.) of a line £, is invariant under the translation T, ., which is minimal by
Proposition 1.4.7; in particular, every such 0. is dense in T?, and thus every open set U contains a segment, J
of any /..

Now fix € > 0 and a ¢ € [0,1]. We claim that there is T = T'(¢, ¢) > 0 such that every segment of /. of
length T" intersects every e-ball on the torus. Since every segment of 0, of length T is obtained by a given one
applying a translation of the form T{; . for a suitable ¢t € R, it suffices to prove that there is one segment
of £, of finite length intersecting every e-ball. Suppose this is not the case; then we can find an increasing se-
quence I,, C I, of segments of £, of length at least n and a sequence {.I‘n} C T? such that I,, N B(z,,&) = @.
Up to a subsequence we can assume that , — y € T?. Since /, is dense, we have /.NB(y, ¢/2) # @; being /..
the union of the I,,, this means that there is ng € N such that I, N B(y,e/Q) # @ for every n > ng. But
then if we choose n > ng so that d(z,,y) < /2 we get I, N B(x,, ) # &, contradiction.

Now we claim that we can find a T'(¢) independent of ¢. Suppose not: then for every n > 0 we can find
ac, €[0,1], asegment I,, C fcn of length at least n, and a z,, € X such that [,NB(z,,c) = &. Again, we can
assume that z,, — y and ¢,, — d. By the previous statement, for every segment I C i length T'=T'(e/3,d)
we have INB(y,e/3) # @. Then it is clear that for n large enough we have I,, N B(x,,, €) # &, contradiction.

Finally, let V' be any not empty open set, and € > 0 such that V' contains one ball of radius e. Let J C U
be a segment of a /.. Then there is a N = N(J,¢) such that FF(.J) is a segment of some ¢, of length at
least T'(¢) for any k > N; therefore F¥(J) NV # @, and we are done. O

The automorphism F7, is just one example of a family of toral automorphisms.

Definition 1.5.4: A hyperbolic toral endomorphism is a map fo the form F4:T" — T" where A € GL(n,Z) is
a hyperbolic matrix with integer entries. If moreover det A = +1, then F4 is invertible, and it is a hyperbolic
toral automorphism.

We end this ection with a couple of exercises describing some properties of hyperbolic toral automor-
phisms.

Ezercise 1.5.3. Let A € GL(n,Z) be any matrix with integer entries and determinant £1. Prove that the
induced map L4:T" — T™ has a finite number of periodic points of period k for all k£ € N if and only if A
is hyperbolic.

Exercise 1.5.4. Prove that the periodic points of a hyperbolic endomorphism of T" are dense.

Ezercise 1.5.5. Let f:S' — S! be given by f(z) = 2z (mod 1). Prove that f is chaotic.

1.6 The quadratic family

In this section we begin the study of the quadratic family F,,: R — R defined by

F, () = pa(1 — )



1.6 The quadratic family 19

for p € R*. Tt is easy to check that

1 1 1 1
rix() = {0.1- L B =08, (3) <1 L B = - 20 B0 = B (101 ) =2

In particular, the derivative of F), vanishes only at « = 1/2, where F,(1/2) = p/4, which is an absolute
maximum if g4 > 0, and an absolute minimum if p < 0.
The dynamics of F, for 0 < |u| <1 is easily described:

FEzercise 1.6.1. Assume that 0 < || < 1. Prove that:
(i) if0<p<1land z € (—o0,1 —1/p) U (1/p,+00) then Fi(z) — —o0 as k — 400;
(ii) f0O<p<land x € (1 —1/u,1/u) then F[f(:c) — 0 as k — +o0;
(iii) if =1 < p <0 and z € (—o0,1/p) U (1 — 1/, +00) then Fff(z) — 400 as k — 400;
(iv) if =1 <p <0Oandz e (1/p,1—1/p) then F¥(z) — 0 as k — +o0.
If |u] > 1 then the origin becomes a repelling fixed point, and the dynamics becomes more interesting.
In this section we shall concentrate our attention on the case p > 1. For simplicity, we put
1
pp=1-—;
g [

since f1 > 1 we have p, € (0,1).

Lemma 1.6.1: If 4 > 1 and © € (—o00,0) U (1,4+00) then F[j(m) — —00.

Proof: If z < 0 we clearly have pz < 2 and hence F,(x) < x. So the orbit {F}(2)} is strictly decreasing,
and hence converge to a point 2, € [—00,0). But 2, cannot be finite, because otherwise, by Remark 1.1.1,
it would be a negative fixed point of F),, and F}, has no negative fixed points. Therefore Fl’f(:c) — —oo for
all z € R™. Since Fu(l, +oo)) = (—00,0), we are done. ]

So the interesting dynamics (if any) should live in the interval I = [0, 1]; in particular, we know that as

soon as an orbit leaves the interval I then it necessarily escapes to infinity.
The case 1 < p < 3 is not difficult to study:

Proposition 1.6.2: If 1 < 4 < 3 and z € (0,1) then Fl’f(as) — Dy

Proof: When 1 < 1 < 3 we know that p,, is an attractive fixed point, and hence there is a neighbourhood of
points whose orbit converges to p,,; our aim is to show that this neighbourhood is the whole interval (0, 1).

Let us first assume 1 < o < 2. Then p, < 1/2, and F), is increasing in the interval [0, p,]; in particular,
since 0 and p,, are fixed, we have F),([0,p,]) = [0,p,]. Furthermore, if « € (0,p,) we have

0 <z < Fu(x) <pu;

hence the orbit {F¥(x)} is strictly increasing and bounded, and thus converges (by Remark 1.1.1) to p,,.

If € (pu,1/2] we instead have p, < F,(x) < z; therefore we again obtain F,’j(x) — py. Finally,
since F},((1/2,1)) C (0,1/2) because F,(1/2) = 1/4 < 1/2, we are done in this case.

Let us now assume 2 < p < 3, so that p, > 1/2 > 1/u. Then F,((1/p,pu)) = (pp, 11/4] and

F3((1/pspp)) = {%2 (1— %) ,pu) c (%,pu> C G,pu).

In particular, F2(1/p) > 1/p and F2(p,) = py. Since we have already seen (Example 1.2.6) that F), has
no periodic points of exact period 2 when 2 < p < 3, it follows that F/f — id does not vanish in (1/p,p,),
and so p, > F(x) > > 1/p for all x € (1/p,p,). The usual argument based on Remark 1.1.1 then shows
that F2F(x) — p, for all 2 € (1/p,p,). But then
FikJrl(z) =F, (Fik(x)) — Fu(py) = pus

and hence we have Flf(x) — py for all x € (1/p,p,).

Take now z € (0,1/u), so that F,(x) > x. If the orbit of x were contained in (0,1/x), then it would be
strictly increasing and bounded, and thus converging to a fixed point of F}, in (0, 1/p], impossible. Therefore

there is a kg > 0 such that Fl’fo (x) € [1/p,pu), and the previous argument yields Fﬁ(m) — Pu-
Finally, F,((pu,1)) = (0,p,), and we are done. Il
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Ezxercise 1.6.2. Describe the dynamics of Fj.

As noticed in Example 1.2.6, when 1 crosses 3 two things happen: p, becomes repelling, and it appears
an attracting cycle of period 2. This is the beginning of an interesting story that we shall (I hope!) describe
later. Now instead we discuss what happen when p > 4, where a completely new phenomenon appears.
Indeed, when g > 4 the maximum of F), is greater than 1; as a consequence, there are orbits starting in [0, 1]
that escapes to infinity. On the other hand, there are orbits never leaving I, e.g., periodic orbits. This means
that the study of the dynamics of F), for p > 4 boils down to answering two main questions:

(A) What is the (topological) structure of the set A C I of points with bounded orbit?
(B) What is the dynamics of F), restricted to A?

We shall answer question (A) in this section, deferring the answer to question (B) to the next section.

The set of points € I whose image via F), is outside I is an open interval Ay C I centered at 1/2; the
complement I\ Ag is the union of two closed intervals Iy and Iy, where Iy contains 0 and I; contains 1. It
is easy to see that F,(Iy) = F,,({1) = I and that F), is increasing in Iy and decreasing in I;.

Now let

Ay = F (Ag) = {w € I | Fu(w) € I,F2() ¢ I};

this is the union of two open intervals, one contained in Iy and the second in I;. So I\ (Ag U A;) is the
union of four closed intervals that we shall call (going from left to right) Iog, lo1, I11 and I;p. The names
are chosen so that

Iysy C Loy and  Fy(lys) = I

for all sg, sy = 0, 1. In particular, F3<18081) =1, and Flf is increasing on Iyg and Iy1, while it is decreasing
on 101 and IlO-
Let us then now define by induction

Ay =F; A1) ={z eI |Fu(x),....Fi(z) € [LFiT'(z) ¢ I}.

Then it is easy to check (do it!) that I\ (AgU---U Ag) is the union of 2**1 disjoint closed intervals that we
can label Iy g,..., 1.1 in such a way that

Isy..sp, Clsy and F(Is. s,.) =1Is, . s,

for all sg,...,sr =0, 1. In particular, it is easy to see by induction that Iy, s, C Is,..s._,; indeed, this is
true for k = 1, and

Ligsn = Lsg NF (Lo s,) CLIoNF 7 (L)) = Togsi - (1.6.1)
Now let € I be such that its orbit is not contained in /. This means that x must belong to some Ay,

and then its orbit diverges to infinity. Hence the set A of points with bounded orbits coincides with the
complementary of the Ay, that is

A=T\JAr=[)I\(AgU---UA).
k=0 k=0

We are now able to describe the topological structure of A:
Theorem 1.6.3: Let > 4. Then A is compact, totally disconnected and without isolated points.

Proof: Since A is closed in I, it is clearly compact. Let us prove that it has no isolated points. First of all,
notice that the end points of each interval in an Ay belongs to A, because their orbit ends in 0 after k + 2
iterations. If p € A is isolated, there must exist a neighbourhood U of p in I such that U \ {p} C J, Ax.
Since the end points of the intervals in each Aj belong to A, they cannot accumulate in p; therefore the only
possibility is that p is the right end point of an interval in some Ay, , and the left end point of an interval
in some Ay,. But then, up to shrink U, we can find ko > 0 such that F}°(p) = 0 and F}o(U \ {p}) C R™.
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So Ff has a local maximum in p, which implies (F¥)'(p) = 0. Hence F},(Fi(p)) = 0 for some 0 < j < ko,
which forces F(p) = 1/2. Therefore FJ™!(p) ¢ I and p ¢ A, contradiction.

To prove that A is totally disconnected, we assume that x> 2+ /5 (see Remark 1.6.1 for the general
case). Under this assumption, we have (check!) |F} ()| > 1 for all x € Io U I;. Therefore we can find ¢ > 1
such that |F) (z)| > ¢ for all z € A, and hence

Vo € A,Vk €N [(FY) ()] > c*. (1.6.2)
Let us assume, by contradiction, that A contains an interval [x,y]. Choose k € N so that c*|z —y| > 1. But
then Lagrange’s theorem yields
(@) = Fi )| = 1(F) ©lle =yl > cFla —y[ > 1
for a suitable £ € [x,y] C A. But this means that either F¥(x) or F¥(y) does not belong to I, contradiction. ]

Remark 1.6.1. In the previous proof, we needed to assume p > 2+ +/5 only to prove (1.6.2). Clearly, the
same proof would also work under the slightly weaker assumption that there exist K > 0 and ¢ > 1 so that

Vo e A,Vk eN [(FF) (z)] > Kc". (1.6.3)
In Section 1.8 we shall describe how to prove this for all u > 4, thus completing the proof of Theorem 1.6.3.
Definition 1.6.1: A Cantor set is a compact, totally disconnected topological space without isolated points.

Remark 1.6.2. It can be proved that all Cantor sets are homeomorphic (and metrizable, locally compact
and with a countable base of open sets). Furthermore, their cardinality is always uncountable. Finally, the
classical one-third Cantor set is a Cantor set according to this definition.

So Theorem 1.6.3 can be expressed saying that the set A is a Cantor set; and this answers completely
question (A). Notices that in particular A is uncountable. This means that besides the periodic orbits (that
are countable) and the pre-periodic orbits (that are still countable) it contains infinitely many non-trivial
bounded orbits.

To fully understand the dynamics on A, answering question (B), we need a new tool.

1.7 Symbolic dynamics

To describe the behavior of a dynamical system one needs suitable models. A good source of models is
provided by sequence spaces and shift mappings.

Definition 1.7.1: Given N > 2, set Zy = {0,..., N — 1}. The sequence space Q} on N symbols is
Qf = (@Zn)Y ={s=(s051...) | 5; € Zn for all j € N}.
Analogously, the two-sided sequence space 2y on N symbols is given by
On = (Zn): ={s=(...5_15051...) | 5; € Zy for all j € Z}.

Remark 1.7.1. To simplify the exposition, in the sequel we shall sometimes think of QE as a subset
of Qy, identifying a one-sided sequence (sgs; ...) with the two-sided sequence (...00sps7 .. .).

It is not difficult to define a distance on QJJ(, and Qp:

Lemma 1.7.1: Let d:Qy x Qn — R be given by
+oo

ls; —t;]
d(s,t) = > W

Jj=—00
Then d is a distance on Qy such that diam(Qy) < N + 1 and diam(Q};) < N.

Proof: The fact that d is a distance is an easy exercise. Furthermore,

“+o0
dst) < (N-1) 3 ﬁ:(N—l)(%_li—l):NJrl
j=—c0 N

for all s, t € Qn. A similar estimate yields the assertion for Q} O
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Remark 1.7.2. In some cases it might be useful to consider the distance

+oo

sj —t;
d)\(S,t): Z |jA‘j|J|7

j=—00

where \ > 1.

Exercise 1.7.1.  Prove the analogous of Lemma 1.7.1 for dy, and prove that two such distances always induce
the same topology.

It is also easy to see when two sequence are close with respect to this distance:

Lemma 1.7.2: (i) Lets, t € QY. Ifs; =t; for 0 < j < k then d(s,t) < 1/N*. Conversely, if d(s,t) < 1/N*
then s; =t; for 0 < j < k.

(ii) Lets, t € Qn. If s; =t; for 0 < |j| < k then d(s,t) < 2/N*. Conversely, if d(s,t) < 1/N* then s; = t,
for 0 < |j| < k.

Proof: (i) If s; =t; for 0 < j < k we have

o

s —til _ [Sjk+1 = L] o 1
d(s,t) = Z NJ Nk+1 Z N7 S NF
j=k+1 7=0

Conversely, if s; # t; for some 0 < j < k we clearly have d(s,t) > 1/N7 > 1/Nk.
(ii) If s; = t; for 0 < |j| < k we have

oo 00 0
_ |sj — 1 |Sj+h+1 — tjtk+1] |$j—k—1 — tj—k-1]
d(s,t) - Z + Z Nm Nk+1 Z N + Z Nlil
j=k+1 j=—o00 7=0 Jj=—00
2
Conversely, if s; # t; for some 0 < |j| < k we clearly have d(s,t) > 1/NVI > 1/N*. O

As shown by the latter lemma, it is not easy to explicitely describe the balls for this distance. Luckily,
we can use another basis for the topology:

Definition 1.7.2: A cylinder (of rank 1) in QF; (or Qx) is a set of the form
Cm={se€Qf | sm =a},

where m € N (or j € Z) and a € Zy. More generally, a cylinder of rank r > 1 is the intersection of r
cylinders of rank 1:

Clmr =0 N---NC ={s € QY | $m, =an for h=1,...,r}.

Lemma 1.7.3: The cylinders are open and closed subsets of QE and Qp. In particular, the topology induced
by the distance d coincides with the product tpology on (Zy)Y and (Zy)%, where we have endowed Zy with
the discrete topology.

Proof: Take s € C™. If t € QF is such that d(s,t) < 1/N™ we necessarily have t,, = s, = a, and
so t € C. In other words, we have proved that B(s,1/N™) C C”, and hence C* is open. It is also closed,

because
of\cr= U o

belin
b#a

is open. As a consequence, all the cylinders are open and closed, being finite intersections of open and closed
sets.
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Now, the cylinders are exactly a basis of the product topology; so to prove that the product topology
coincides with the distance topology we are left to proving that every ball for the distance can be written as
union of cylinders. But indeed, given t € B(s, ¢), choose r > 0 so that 1/N" < e —d(s,t). Thenifr € C{:7,
we have

d(s,r) < d(s,t) +d(t,r) <d(s,t) +

A <6

therefore t € Cp:",  C B(s, ¢),as desired.

A completely analogous argument works for 2y, and we are done. ]
We are now able to explicitely describe the topology on the sequence spaces:
Proposition 1.7.4: QE and Qpy are Cantor sets.

Proof: Since it is easy to prove (exercise) that Q0 and QF; are homeomorphic, we shall work with the latter.
To prove that Qj{, is compact, instead of quoting Tychonoff’s theorem on the product of compact spaces

(n)
0

we shall directly prove that Qﬁ is sequentially compact. Let {s(”)} be a sequence in QE Since sy ’ runs in

a finite set, we can extract a subsequence {S(O’")} such that séo’n) is constant, say equal to s§° € Zy. For

the same reason, we can extract now a sub-subsequence {s(™} such that s§"™ = s5° and s{"™ = s%° for a
suitable s3° € Zy. Proceeding in this way, by induction we build a sequence {s(k’”)} of nested subsequences
such that sék’n) =557, s,(ck’") = s3°. But then it is easy to check that the diagonal subsequence {s("’”)}
converges to the sequence s = (s°s°...).

If s € Qf then the sequence {s™} defined by

s _ 15 if j #n,
i 7 1 sj+1(mod N) if j=n,

is composed by distinct elements and converges to s; therefore Q} has no isolated points.
Finally, Q} is totally disconnected: if s # t take m € N so that s,, # t,,. Then U = C7"
and V' = Ugzs, C* are two disjoint open sets such that s € U, t € V' and Qﬁ =UuV. O

Now we we know our space, we can define our model dynamical system.

Definition 1.7.3: The full left shift on:Qy — Qu is defined by on(s) = s/, where s/, = s,41. It sends
cylinders onto cylinders, it is invertible and thus it is a homeomorphism. We analogously define the left
shift on: QY — QF by setting

on(wo,wr,...) = (w1,wa,...).

It is continuous, open and surjective, but it is not invertible: every point has exactly N preimages.

Proposition 1.7.5: The dynamical systems (Qx,on) and (Q};,0n) are both chaotic. Furthermore, oy is
topologically mixing on both spaces, and has N* periodic points of period k for all k > 1.

Proof: We shall discuss the case of Qf; similar arguments work in Qp too.

A periodic point of period k for oy is a periodic sequence of period k; since such a sequence is uniquely
determined by its beginning segment (sq...s,_1), we have exactly N* periodic points of period k.

To prove that oy is chaotic, since every open set contains a cylinder, it suffices to show that every pair
of cylinders shares a periodic orbit, by Proposition 1.5.3. Since every cylinder contains a cylinder of the

form C:-", . it suffices to prove that two cylinders C0;", and Cz?o”. '_7_"/7\, share a periodic orbit. Define s € Q7
by setting
o for 0 <j<r,
i = bj—r—1 forj=r+1,...,r+1" +1,

and then repeating the sequence. Then s is periodic, it belongs to C9-", and o}y (s) € Cp"y
We can prove analogously that oy is topologically mixing. Take p > 0, and consider any: sequence s
such that
- Ja for0<j<r,
5= {bjTlp forj=r+p+1,....,7+7 +p+ 1.

Then s € CJ", and o P(s) € Cz?(;'.'..rz;,,- Therefore ok (C2-7, )N C’g(;f"l , # @ for any k >+ 1. O
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Remark 1.7.3. A point s € Q} with a dense orbit is obtaining starting with the sequence 0... N —1, the
adding all the possible sequences of two symbols, and then all the possible sequences of three symbols, and
so on. It is also easy to see directly that the periodic points are dense. Given s € Q} and n > 0, let s be
defined repeating the initial segment (sq...s,) of s. Then each s(" is periodic and s — s as n — +oc.

The idea is that the dynamical system (25 ,02) is, in a suitable sense, equivalent to the dynamical
system (A, F},|a), where F), is the quadratic map (with p > 4) studied in the previous section.

As usual, as soon as a new class of objects is introduced one needs a notion of equivalence stating when
two such objects are to be considered identical. In dynamics we have several notions of equivalence, mostly
depending on the differentiability of the maps under consideration.

Definition 1.7.4: Two dynamical systems (X, f) and (Y, ¢g) on topological spaces are (topologically) conju-
gated (or equivalent) if there is a homeomorphism ¢: X — Y, the conjugacy, such that

pof=goep, (1.7.1)

so that f = ¢~ o gop. More generally, if M and N are manifolds, two C” maps f: M — M and g: N — N
are C™ equivalent or C™ conjugate (with 0 < m <r < 00) if there is a C™ diffeomorphism ¢: M — N, the
conjugacy, such that po f = gow. If M and N are complex manifolds, there are similar definitions in the
holomorphic category.

The whole point of (1.7.1) is that it implies
poff=grop (1.7.2)
for all k£ € N, and hence
Vk € N fF=p"tog" oy

this means that all the dynamical properties of f can be read in g, via the map .
Actually, to get (1.7.2) from (1.7.1) it is not necessary that ¢ be invertible, and thus it is sometimes
useful the following

Definition 1.7.5: Given two dynamical systems (X, f) and (Y, g), if there is a surjective map ¢: X — Y such
that o f = gop, we shall say that g is semiconjugate to (or a factor of) f, and that ¢ is a semiconjugation.

Ezercise 1.7.2. Let ¢: X — Y be a semiconjugation between (X, f) and (Y, g). Prove that:

(i) ¢(Per(f)) € Per(g);
(ii) if the periodic points of f are dense in X then the periodic points of g are dense in Y;
(iii) if f is topologically transitive then also g is;
(iv) if f is chaotic then also g is.
Exercise 1.7.3. Let f:S' — S! be given by f(z) = 2z (mod 1), and g:[~1,1] — [~1,1] given by
g(z) = 222 — 1. Prove that g is semiconjugated to f, and deduce that g is chaotic on [—1.1].

We can now state in a rigourous way the equivalence of (A, F,,|A) and (5, 02):
Theorem 1.7.6: Let > 4. Then (A, F,|A) and (QF,02) are topologically conjugated.

Proof: We must define a homeomorphism S: A — Q;r such that S o F, = 09 05. We shall use all the
notations introduced in the previous section.

For any x € A, we necessarily have Fﬁ(m) € IyUI for all j € N; we then define S(z) by setting S(x); = s
if and only if Fj(z) € Is.

Let us first show that S is bijective. Given s € Q;‘, put

Is = ﬁ Iso...sn-
n=0
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Thanks to (1.6.1), I is a decreasing intersection of closed intervals; hence it is a not empty closed interval.
Now, by construction we have

Is Sn :ISOmFL:l(ISl)m.'.mFl:n(IS );

0.

therefore S(x) = s if and only if « € I, and in particular Iy C A. But A is totally disconnected; hence I
must be a single point, and hence S is bijective.

Now we show that S is continuous. Choose z € A and ¢ > 0, set S(z) = s, and choose n > 0 so
that 1/2™ < e. Now, A is contained in the finite union of intervals of the form I;, ; ; let

§ =dist | Iy, s,, U Iiy..t, | > 0.
(to...tn)#(S0..-n)

Then y € A and |z — y| < § implies y € I,,..5,, and hence d(S(z), S(y)) < 1/2" < ¢, and S is continuous.
Since A is compact and Q;“ is Hausdorff, it follows that S is a homeomorphism.
Finally, let us show that S conjugates F,, with the shift. But indeed S(z) = s yields

Fi~'(Fu(z)) = Fi(z) € I,,
and hence S(F'u(x))j = 541, which means exactly that So Fj, =020 5. O

Remark 1.7.4. Notice that to build the conjugation .S we have partitioned A in two sets and then tracked
the itinerary of an orbit in the two sets. This is the standard way for building conjugations (or, at least,
semiconjugatinos) between a complicated dynamical system and a symbolic dynamical system.

Corollary 1.7.7: Let > 4. Then (A, F,|A) is chaotic, topologically mixing, and it has 2 periodic points
of period k € N.

Proof: Tt follows from the previous Theorem and from Proposition 1.7.5. ]

Exercise 1.7.4. Let Q= Q; / ~, where ~ is the equivalence relation given by
(s9..-82,-10100...) ~ (g ...8,-11100...);

since s ~ t implies oa(s) ~ o2(t), the shift oo induces a well-defined continuous map o:Q — Q.

(i) Prove that (2, 0) is chaotic.
(ii) Let T:[0,1] — [0, 1] be the tent map given by

_f2z ifo0<z<1/2
T(x)_{2—2x if1/2<x<1.

Prove that T is topologically conjugated to o.
(iii) Prove that Fy is topologically conjugated to T', and hence it is chaotic on [0, 1].

We end this section with a few more definitions and exercises.

Definition 1.7.6: The restriction of the shift o to a closed shift-invariant subset of QF; (or Qy) is called a
symbolic dynamical system.

Definition 1.7.7: A binary matrix is a matrix A € My ny(Z2), with row and column indeces running from 0
to N — 1. Given a binary matrix A, we set

Qa={se€Qn|as,, =1for all j € Z}.

Sjt1

Clearly 4 is closed and shift-invariant; the corresponding symbolic dynamical system is called a topological
Markov chain. Sometimes, 04 = on|q, is said a subshift of finite type. Analogous definitions hold in QE

(1) 1 . Prove that (Q7F,09) is chaotic. Furthermore, shows that if pj, denotes the

number of periodic points of period k then p; = 1, po = 3 and pr, = pr_1 + pr_o for & > 3.

Ezercise 1.7.5. Let A=
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Definition 1.7.8: Let o4 be a topological Markov chain. The associated graph G 4 has {0,1,...,N — 1} as
sets of vertices, and a pair (7,7) is a directed edge if and only if a;; = 1. A sequence of vertices of G4 is
admissible if any two consecutive vertices in the sequence are connected by a directed edge.

The following exercises contain further informations on topological Markov chains.

Ezercise 1.7.6. Let A be a binary matrix. Prove that for every i, 7 € {0,...,N — 1} the number of
admissible sequences in G 4 of length m + 1 beginning at ¢ and ending at j is equal to the entry a;7} of the
matrix A™.

Ezxercise 1.7.7. Let A be a binary matrix. Prove that the number of periodic points of period k for o4 is
given by tr(A4%).

Definition 1.7.9: A binary matrix A and the corresponding topological Markov chain o4 are called transitive
if for some m > 0 all the entries of A™ are positive.

Exercise 1.7.8. Let A be a binary matrix. Prove that if for some n > 0 all the entries of A™ are positive
then this is true for A™ for any m > n.

FEzercise 1.7.9. Let A be a transitive binary matrix. Prove that if @« = (a_,,...,®,) is an admissible
sequence then the intersection Q4 N C. """ contains a periodic point.

e Qi

Ezxercise 1.7.10. Prove that any transitive topological Markov chain is chaotic and topologically mixing.
In the following exercises A is a binary matrix with at least one 1 in every row and column.
Ezercise 1.7.11. Prove that for all j € {0,...,N —1} the set Q4 ; = {s € Q4 | 5o = j} is not empty.

Exercise 1.7.12. Prove that if there is s € 24 containing the symbol j at least twice then there is a periodic
element s’ € Q4 such that s; = j.

Ezxercise 1.7.13. Let us call essential the symbols j satisfying the condition of the previous exercise. Prove
that if s € Q24 is in the closure of a forward orbit of o4 then s contains only essential symbols.

Exercise 1.7.14. We shall say that two essential symbols ¢ and j are equivalent if there are s, s’ € Q4,
k1 < ko and I; < Iy such that s, = 522 =1 and sg, = 821 = j. Prove that this is an equivalence relation on
the set of essential symbols.

Ezxercise 1.7.15. Prove that o4 is topologically transitive if and only if all symbols are essential and equiv-
alent.

Exercise 1.7.16.  Assuming that o 4 is topologically transitive, prove that there exist a positive integer M and
a partition of Q4 into closed disjoint subsets A1,..., Ay = Ag sothat o4(A;) = Ajpqforj=0,...,M—1and
the restriction of (04)M to each A; is topologically mixing. Furthermore this corresponds to a decomposition
of the set {0,..., N — 1} into M equal groups such that every w € Q4 has only symbols from one group in
positions equal modulo M.

1.8 The Schwarzian derivative

In this section we shall introduce a tool very useful in one-dimensional dynamics, and we shall describe

how to use it to complete the proof of Theorem 1.6.3.

Definition 1.8.1: Let f:I — R be of class C3, where I C R is an interval, and denote by Crit(f) the set of
critical points of f. The Schwarzian derivative of f is the function Sf: T\ Crit(f) — R given by

3N
51 ="F 2(f’> |

Si(zo) = lim S/(z) € RU {oc)

If 2o € Crit(f) we shall also put
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when the limit exists (finite or infinite).

A way to understand the meaning of the Schwarzian derivative is to see which functions have vanishing
Schwarzian derivative:

Proposition 1.8.1: Let f:I — R be of class C3. Then Sf = 0 if and only if there are a, b, ¢, d € R not all
vanishing such that
axr+b

crx+d

flz) =
The Schwarzian derivative behaves very well under composition:

Proposition 1.8.2: Let f:1 — R and g: J — R two functions of class C® with g(J) C I. Then

S(fog)=((Sf)og)(g")* + Sg.
In particular, if Sf, Sg < 0 then S(fog) <0.
ExaMpPLE 1.8.1. It is easy to check that

6

SFu(r) = T =202

and hence S(F},)* <0 for all u € R* and k > 1. Notice that SF,(1/2) = —oo.

FEzercise 1.8.1. Prove that if P € R[z] is a polynomial such that all the roots of P’ are real and distinct
then SP < 0.

The first main result on the dynamics of functions with negative Schwarzian derivative is:

Theorem 1.8.3: Let f:1 — I be a function of class C® with n critical points, and assume that Sf < 0
(Sf may assume the value —oo in some critical point). Then f has at most n + 2 non-repelling periodic
points. Furthermore, every periodic cycle (except at most two) must attract a critical point.

The proof depends on the following lemmata:

Lemma 1.8.4: Let f:I — I be a function of class C® with Sf < 0. Then f’ cannot have either a positive
local minimum or a negative local maximum.

Lemma 1.8.5: Let f:I — I be a function of class C® with Sf < 0. Then between two isolated critical
points of f’ there always is a critical point of f.

Lemma 1.8.6: Let f: I — I be a function of class C® with a finite numebr of critical points. Then Crit(f*)
is a finite set for all k € N.

Lemma 1.8.7: Let f:1 — I be a function of class C® with a finite number of critical points, and such
that Sf < 0. Then the number of periodic points of period k is finite for any k > 1.

Theorem 1.8.3 applies to the quadratic family, of course. But checking the proof one gets something
slightly better:

Corollary 1.8.8: For any 1 € R* the function F,, has at most one non-repelling periodic cycle, and it
attracts the orbit of 1/2.

Another very important property of functions with negative Schwarzian derivative is the following

Proposition 1.8.9: (Minimum principle) Let f:[a,b] — R be a function of class C* without critical points
and such that Sf < 0. Then

Vz € (a,b) |f(x)| > min{|f'(a)], | (0)[}.

We have almost all we need to complete the proof of Theorem 1.6.3.
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Definition 1.8.2: Let f:I — I be of class C', where I C R is an interval. A subset A C I is a hyperbolic
repeller if it is compact, f-invariant, and there are K > 0 and ¢ > 1 such that

Vr e A,VkeN [(F*) (z)] = K"
So to conclude the proof of Theorem 1.6.3 it suffices to show that the set A is a hyperbolic repeller for

any p > 4. A necessary and sufficient condition for a subset to be a hyperbolic repeller is the following:

Proposition 1.8.10: Let f:I — I be of class C'. An f-invariant compact subset A C I is a hyperbolic
repeller if and only if for every x € A there is k = k(z) € N such that |(f*)'(z)| > 1.

The final ingredient is the following deep theorem:

Theorem 1.8.11: (Misiurewicz) Let f:1 — I be of class C* with a finite number of critical points and
such that Sf < 0, where I C R is a closed interval. Then a compact f-invariant set A C I is a hyperbolic
repeller if it does not contain either critical points or non-repelling periodic points.

Corollary 1.8.12: Let u > 4. Then the set A of points with bounded orbit is a hyperbolic repeller for F),.

Proof: Indeed, Corollary 1.8.8 shows that F}, has no non-repelling periodic points, and we know that the
unique critical point 1/2 does not belong to A. Therefore we can apply Misiurewicz’s Theorem 1.8.11. [

Hence the proof of Theorem 1.6.3 holds for all y > 4, as claimed.



