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Chapter 1

Introduction and basic
concepts

1.1 Dynamical systems

Definition 1.1. A dynamical system is a triple (X, G,S) defined as the
action S of a semigroup G with identity e on a set X, that is a function

S:GxX—=-X

such that S(e,z) = z for all z € X, and S(g1,S(g2,2)) = S(g192, x) for all
91,92 € G and all x € X.

In the following, the set X is assumed to be a locally compact connected
metric space.

Two main examples of dynamical system are given in the following def-
initions.

Definition 1.2. A discrete-time dynamical system is defined by the action
of Ny on a set X defined through the iterations of a map T : X — X by

S(n,x) =T"(z),

where T™ = T o --- o T is the composition of T' with itself n times. A
discrete-time dynamical system is denoted by the triple (X, Ng, T').

If the map T is invertible, the system can be extended to the action
of the group Z on X. Examples of a discrete-time dynamical system are
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6 CHAPTER 1. INTRODUCTION AND BASIC CONCEPTS

sequences defined by a recurrence relation. Let {x,} be a sequence of real
numbers defined by

rg=a € R, Tn = f(xp—1) Vn>1,

for a real-valued function f. This corresponds to the dynamical system
defined on X = R through the iterations of the map f : R — R, that is

xn = f™(a).

Definition 1.3. A continuous-time dynamical system is defined by the ac-
tion of R on a set X C R™ defined through the flow ¢;(x) of an autonomous
ordinary differential equation &(t) = F(z), that is

S(t,z) = ¢i(z),

where ¢;(x) is the solution of an ordinary differential equation! with initial
condition z, and ¢; : X — X is a continuous function. A continuous-time
dynamical system is denoted by the triple (X, R, ¢).

Definiton 1.3 includes the case of non-autonomous differential equations
by using the standard procedure of “enlarging” the space of variables. Let
F : R x R"™ — R™ define a time-dependent vector field F(t,z) on R™ and
consider the Cauchy problem

(t) = F(t,z(t))

{ (0) = z

If we let y = (z,t) € R™™! and F(g) = (F(t,z),1) be a vector field on
R"™*! the previous non-autonomous Cauchy problem is equivalent to the
autonomous problem

|-

18

{MﬂZF@@)

Q(O) = (207 0)

A similar procedure can be applied to the case of sequences defined by a
recurrence relation depending on n.

Analogously, it is known that ordinary differential equations of order
greater than one can be reduced to systems of ordinary differential equations
of order one, hence again included in Definition 1.3. The same is true for the
discrete-time case. The following example shows how the procedure works.

LAll ordinary differential equations we consider are assumed to have the property of
local uniqueness of solutions and time-interval of existence of solutions given by R up to
reparametrization.
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Ezample 1.1. Let us consider the sequence {z,} defined as follows
21=0, 29=1, 23=1 Zp=2n1+2" 2pno+an_3 Vn>4.
We define the vector Y, = (Tny Tp—1, Tp—2,m) € R*. Then using the previous

recurrence we have

Ypir = (a:n +2" 0y 1 + g, Ty, Tt Nt 1) =T(y,) Vn=>3

with initial condition set to be y3 = (1,1,0,3) and T : R* — R* defined by

T(a,b,c,d) = (a+2d—2b+c, a,b,d—i—l).

The idea of an action of a semigroup on a set X can be used in more
abstract contexts. Here we show only one example of algebraic nature that
will be studied in more details in part IV of this book.

Ezxample 1.2. Let X be a group, G be R, and consider the action S on X
given by multiplication for a one-parameter subgroup of X. For example, if
X = SL(2,R) the action of R defined by

20
S(t,z) =x 0 e-t2) € SL(2,R)

represents the geodesic flow on the hyperbolic Poincaré half-plane (see Chap-
ter 77).

1.2 Basic notions

Definition 1.4. Given a dynamical system (X,G,S), the orbit of a point
z € X is the set O(x) :={S(g,z) : g € G}.

For a discrete-time dynamical system (X,Ng,7T'), the orbit of a point
x € X is the set
O(x) ={T"(z) : n € No}. (1.1)

If the map T is invertible, then we can consider the action of the group 7Z
on X and define the forward orbit and backward orbit of a point x € X by

Ot (z) :={T"(z) : n>0}, O (z):={T"(x) : n<0}.

The orbit O(z) is then given by O (z) U O~ (z).
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For a continuous-time dynamical system (X, R, ¢), the forward orbit and
backward orbit of a point x € X are defined by

0t (@) =] dul@), O (2)={J dilw), (1.2)

>0 £<0
and the orbit is O(z) = O (z) U O~ (z).

Definition 1.5. Given a dynamical system (X, G,S), the centralizer of a
point z € X is the sub-semigroup

Clz)={9geG: S(g,z)=z}.
A point z is called fized if C(x) = G.

For a discrete-time dynamical system (X, Ny, T'), a point x € X is fixed
if and only if T'(x) = z. If x is not a fixed point but its centralizer is not
trivial, z is called periodic and the minimum positive element in C(x) is the
minimal period of x. For a fixed point O(x) = {z}, and for a periodic point
of minimal period p

O(z) = {z, T(z), T*(2), ..., T"'(x)}.

For a non-invertible map there might be points which are not periodic but
are pre-images of a periodic point. For such points x, the centralizer con-
tains only the identity of G, but there exists k > 1 such that C(T%(x)) has
a minimum positive element p. These points are called pre-periodic with
minimal period p.

For a continuous-time dynamical system (X, R, ¢) given by the solutions
to &(t) = F(z), a point z € X is fixed if and only if Fi(z) = 0. If z is not
a fixed point but its centralizer is not trivial, x is called periodic and the
minimum positive element in C(z) is the minimal period of T. A periodic
point z of minimal period T > 0 satisfies

brir(z) = Pi(2), VtER,

and
birs(x) # de(x), Vse€(0,T),teR.
For a fixed point O(z) = {z}. For a periodic point of minimal period T’

O(z) = U Pr(z),

0<t<T

and its orbits is called a periodic orbit of period T
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Definition 1.6. Given a dynamical system (X, G,S), aset A C X is called
invariant if for each x € A it holds S(g,z) € A for all g € G.

For a continuous-time dynamical system one can introduce a weaker
notion. We say that a subset A of X is forward invariant if for each z € A
it holds ¢.(z) € A for all ¢ > 0. Analogously A is called backward invariant
if the same relation holds for all ¢ < 0. By definition, A is invariant if the
previous relation holds for all ¢ € R.

For a discrete-time dynamical system (X, Ny, 7"), we consider more sit-
uations. We say that a subset A of X is forward invariant if T(A) C A,
A is called fully invariant if T(A) = A, A is called completely invariant if
T~1(A) = A. The different notions are useful in different approaches.

Finally, if the action of the group G on X can be interpreted in terms of
time evolution, we can introduce notions about the forward and backward
evolution of an orbit. In more general situations, one studies the set of all
the possible limit points of an orbit as the sequence of the elements of the
group acting varies.

Definition 1.7. For a discrete-time dynamical system (X,Ny,T), the w-
limit set of a point x € X is the set

w(z) :={y € X : Ingp — 400 such that T"*(z) -y as k — oo} .

Definition 1.8. For a continuous-time dynamical system (X, R, ¢), the a-
limit set of a point x € X is the set

az) = {y € X : It} — —oo such that ¢, (z) >y as k — oo} .
Analogously the w-limit set of a point £ € X is the set
w(z) :={y € X : It — +oo such that ¢, (z) »y as k — oo} .

Proposition 1.1. Given a continuous-time dynamical system (X, R, ¢), let
z € X such that OF (x) is bounded. Then the set w(z) is non-empty, compact
and invariant. If O~ (x) is bounded, the same holds for the set a(zx).

Proof (see [?]). Given a point z with bounded forward orbit, let us consider
a strictly increasing sequence {7;}52 of times in Rt with 79 = 0 and 7; —
+00, and let z; := ¢, (z). We first show that

w(z) =) OF(z): (1.3)
j=0
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By the definition of the w-limit set, it is immediate that w(z) C O*(z;) for
all j > 0. Hence it remains to show that if y € N2, O*(z;) then y € w(z).
By definition of closure of a set, for all j > 0 there exists a sequence {gl }n of

points in O (z;) such that gL — y, hence there exists a sequence {t}}, such
that ¢, (@]) — y. In particular we have proved that there exists a strictly

increasing diverging sequence {7;}72, and sequences {t%}n such that

From {r; + t%}j,n we can then extract a diverging sequence {#;}x such that
o7, (x) =y as k — oo. Hence y € w(z), and (1.3) is proved.

The first properties of w(z) follow from (1.3). The sets {O*(x,)}; define
a decreasing sequence of non-empty closed sets, which are bounded because
O*(z) is bounded. Hence w(z) is a non-empty compact set. It remains to
prove that it is invariant.

Let y € w(x), and let {t;} be a positively diverging sequence such that
o1, () — y as k — oo. By the properties of a continuous-time dynamical
system a

D11, (2) = 1(Pr, (2)) PR Pi(y), VteR.

Hence we have shown that ¢;(y) € w(z) for all ¢ € R. This concludes the
proof for the w-limit set.
The proof for the a-limit set follows along the same lines. O

Proposition 1.2. Given a discrete-time dynamical system (X,No,T'), let
x € X such that O(x) is bounded. Then the set w(x) is non-empty and
compact. If T is continuous then w(z) is fully invariant.

Proof. We can repeat the proof of Proposition 1.1 to show that the w-limit
set is non-empty and compact. In particular the proof follows from the
analogue of (1.3).

Let T : X — X be a continuous map with respect to a topological struc-
ture on X. Then given y € w(z), and being {ng}; the diverging sequence
of naturals for which T™ — y as k — oo, we have

T (2) = T(T" (2)) —— T(y).

k—o0

Hence T'(y) € w(z), and w(z) is a positively invariant set. On the other
hand, since O(z) is bounded, the sequence {T™~!(x)}; admits a convergent
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sub-sequence {T”"J_l(m)}j with limit point z. Hence z € w(z). Again by
continuity of 7" we find
T(z) = T( lim T"’“i_l(:v)) = lim T (z) =y
J—00 J—00
since ny; is a subsequence of ny. Hence y € T'(w(z)), and w(z) is then fully
invariant. U

We remark that the w-limit set is not completely invariant in general. It
is sufficient to think of the case in which the w-limit set is a fixed point with
more than one pre-image.

Definition 1.9. For a continuous-time dynamical system (X, R, ¢), the or-
bit of a point y is called homoclinic if there exists a fixed point z such
that

a(y) = w(y) = {z}.

If there exist two distinct fixed points x,, z, such that

a(y) ={z;} and w(y) = {z,},

then the orbit of the point y is called heteroclinic.

Definition 1.9 can be adapted verbatim to the case of a discrete-time
dynamical system (X, Np,T") with invertible 7.

1.3 Examples

Here we collect the main examples of discrete dynamical systems that will
be used in the following.

Ezample 1.3 (The roots). Sequences defined by a recurrence are the first very
basic example of a discrete-time dynamical system. Let ¢ > 0, k € [1,3],
and consider the sequence {a,} defined by

an+1:%(an+£)y Vn>0
ag € (0,400)

1
It is an exercise to prove that for all ag € R it holds lim,, a, = c*1. This
can be read as a result about the asymptotic behaviour of the orbits of

points in R for the dynamical system defined by the map
1

C
Tc,k RT — R+, Tak(m') = 5 (:L' + ﬁ) .

1
In fact one can prove that w(z) = c*+1 for all x € RT.
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Ezample 1.4 (Rotations of the circle). Let us consider the action of Z on S!
given by the rotation of an angle 27, for a € R, that is

S(n,z) =z c Sl vVze S neZ.

By writing S' = {z € C : z = €™ 2 € R}, we make the identification
of St with [0,1]/(0 ~ 1), the unit interval with end points identified. The
rotation of angle 2ra can then be written as a map on S! as

Ry :S' = S', Ru(z)=z+a (mod 1) = {z+a}. (1.4)

Proposition 1.3. If « is rational all orbits of R, are periodic of the same
manimal period. If o is irrational all orbits of R, are dense.

Proof. If @ = p/q € Q with (p,q) = 1, then R&(z) = {z + qa} = z for all
x € [0,1). In addition, if » € Nand n < g, we can write naw = np/q = m+r/q
with m € Z and r/q € QN (0,1). Hence R2(x) = {x +r/q} # x. It follows
that all orbits are periodic of the minimal period q.

Let’s now assume that « is irrational. Since R, is an isometry, it is
enough to show that one orbit is dense. In fact, we prove that forward
orbits are dense by considering {R[(0)},>0-

Let € S, then we show that for any € > 0 there exists 7 such that
RY(0) € (x — e, x + €). First, by Proposition ??, we find p,q € N such
that 0 < qa — p < . This means that RZ(0) € (—e,¢). If we now consider
the points {k(qor — p) }r>0, it follows that there exists K > 0 such that the
points {k(gor — p) to<k<i create a partition of [0,1] into intervals of length
less than €. Therefore for all z € S*

og/lclgan(m’ k(g —p)) < e
and the minimum is achieved for some value k. Hence choosing 7 = kq the
proof is finished. O

A consequence of the proposition is that if « is rational, then all points
have their own periodic orbit as a-limit and w-limit sets. Instead, if « is
irrational, then a(z) = w(z) = S for all x.

Ezample 1.5 (The Tent maps). It is a family of maps
T, :[0,1] — [0,1] with s € (0,2]
defined as

N[

(1.5)

T(a) = { s, if x €10, 5];

s(1—z), ifze 1]
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Ezample 1.6 (The Logistic maps). It is a family of maps
Ty :[0,1] — [0,1] with X € (0,4]
defined as
Th(z) = Az (1 —x). (1.6)
Ezample 1.7 (Linear endomorphisms of the circle). It is a family of maps
TSt — St withmeN, m>2
where again we think of St as [0,1]/(0 ~ 1), defined as
Tin(x) = {mx}. (1.7)

Special cases are m = 2 which is also called the Bernoulli map and is related
to the binary expansion of real numbers, and m = 10 which is related to the
decimal expansion of real numbers.

Ezample 1.8 (Symbolic dynamics). We now introduce an abstract system.
Let A be a finite or countable alphabet and denote by N € N U {oo} the
number of symbols. Let €24 be the set of all infinite strings with symbols
from A, that is

QA:.ANO :{w:(w,-)ieNO : w¢EAVi€N0}.

If N < o0, the space X is compact when endowed with the product topology
or with the metric

dg(w, @) := grinliNo:wiZ@l = for 4 fixed 0 € (0,1). (1.8)

The space €14 is totally disconnected and a basis of the product topology is
given by the cylinders: for k € N, 41,149, ...,i; € Ny, and a1, a9,...,a; € A,
we define

Ci17i27,__7ik(a1,a2, ... ,ak) = {w c QA : wi]. = aj V] = 1, ey ]{7} .
In particular, we use the notations C'(a) = Cj(a) and
Ci17i2:--~7ik (w) = Cilyi27-~~7ik (W2'17Wi2, s 7wik)

for a fixed w € Q4.
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On 2 4 we consider the discrete dynamical system given by the action of
the continuous map

0: Q04— Qu, (J(w))i:wiﬂ Vi € Np.

The system (Q 4, Ny, o) is called full shift on A.

In some situations it is useful to consider a sub-system of the full shift.
A first easy example is given by considering infinite strings which cannot
contain a given set of words of finite length. For example, let M = (m;;) €
M(N x N,{0,1}), a N x N matrix with coefficients in the set {0,1} and
rows and columns indexed by A. We set

QAJ\/[ = {w S .ANO DMy wig = 1Vie NQ},

that is, saying that the transition from a € A to b € A is allowed iff mgy, = 1,
the set Q4 as contains the infinite strings in ANo which contain only allowed
transitions. It is immediate to verify that €24 s is forward invariant for the
action of ¢ and it is fully invariant if for each b € A there exists a € A with
mgq, = 1. Hence we can restrict the action of o to 24 p7, and the dynamical
system (4 a7, No, 0) is called subshift of finite type on A.

Finally, by considering bi-infinite strings .A%, one can consider the action
of o on A% and on A]ZV[. In this case the map o is invertible and the dynamical
systems (AZ,Z,0) and (A%, Z,0) are called double full shift and double
subshift of finite type, respectively.

Ezample 1.9 (Toral automorphisms). Let T? := R?/Z? be the two dimen-
sional torus. Given a matrix A € M(2 x 2,7Z) with det(A) = +£1, the linear
map R? 3  — Az may be projected onto a continuous automorphisms of
T? given by

T > <§) = Ta(z,y) =A (5) mod Z2.

The most famous example is the so-called Arnold’s Cat map, which is the
toral automorphism given by the matrix

()

Ezample 1.10 (The Standard map). Let us consider an electron with charge e
moving horizontally in a cyclotron thanks to the action of a vertical magnetic
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field of constant modulus B, and subject to a time-dependent voltage drop
V sin(wt) across a narrow azimuthal gap. Let E denote the energy of the
electron, then the period of rotation is given by T = 27 %. We measure
energy and time (F,t) just before every voltage drop, hence after one circuit
we obtain

2w
E' = F —eVsin(wt), ' =t+—F.
eV sin(wt) + “Be
Using the variables x := -t and y := _3Z-F, and setting k := 2W%7 we

have defined the map

- - k. k.

T:RxR—-RxR, T(z,y) = (:L’—{—y— o sin(27x) , y — 7 sm(2ﬂ'x)) .
T ™

Note that T(xz + 1,y) = T(z,y) + (1,0), hence given the projection 7 :
R x R — S x R defined as 7(z,y) = (x — |x],y), it follows that the map

T:S'xR— S'xR, T(z,y)= (x—l—y— % sin(2rz), y — % sin(27r:1:))
(1.9)
satisfies m o T = T o w. Hence T is a lift of 7. The map T is known as the
(Chirikov) standard map.
Note also that T'(z,y + 1) = T(x,y) + (0,1), hence the standard map
can be considered as acting on T2.

Ezample 1.11 (Birkhoff billiards). Let Q C R? be a strictly convex domain
with C3 boundary?. Let us normalize the set to |02 = 1 and fix the positive
orientation of the boundary.

The mathematical billiard is the continuous dynamical system given by
the frictionless motion of a pointwise ball inside €2, with elastic specular
reflections at 9. The phase space is then given by Q x S, since the velocity
of the ball is preserved in modulus.

A convenient simpler description of the system is given by the Poincaré
map of the flow on the set 9Q x [0, 7], described by the evolution of the
couples (position,angle) of the subsequent collisions of the ball with the
boundary of the set. For each collision, its position can be described by the
arc-length coordinate s € S' and its angle by the angle ¥ € [0, 7] between
the trajectory of the ball after the collision and the oriented tangent vector
to 0 at the collision point. We have thus described a map

T:8"x (0,7) — S* x (0,7)

2Thanks to [?] this assumption avoid accumulation of collision times
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which can be continuously extended to S! x [0,7] by T'(s,0) = (s,0) and
T(s,m) = (s,m).

This map may be defined with some cautions for more general domains
Q C R? (see [7)).

Ezample 1.12 (Mechanics and Billiards). Let m; and msg be two distinct
point masses moving frictionless on the interval [0, 1], subject to perfectly
elastic collisions among them and with two infinite ideal walls at the ex-
tremes of the interval. Let x1,xzo € [0,1] with 1 < x5, and v1,v2 € R,
denote the positions and velocities of the masses, and introduce the vari-

ables q1 := /m1z1 and g9 := /Mo T2, and u; = y/m1 v1 and ug := /M2 Va.
The invariances of the kinetic energy K and of the linear momentum P of
the system read in the new variables as

u +ui =2K, /miuy++/maus=P.
In the new variables, the configuration space is given by the triangle
A={(q1, ) ER? : 1 >0, g2 < /ma, Vymaq1 < V/mi gz}
A trajectory (qi(t),q2(t)) satisfies the following constraints:
() +d3(t) =2K Vi
(hence the motion occurs with constant speed);
Vmiqi+/mage=P Vit

(hence the velocity vector of the motion has fixed scalar product with the

vector (y/m1,/m2)).

These properties imply that the motion (qi(t),¢2(t)) in A can be de-
scribed by the orbit of a mathematical billiard ball inside A.
1.4 Exercises

1.1. Let T': [0,1] — [0, 1] be defined by
1 .
sz, if x € (0,1];
T(zx)=1 > 0.1
1, ifxz=0.

Show that for all z € [0, 1] the w-limit set w(z) is non-empty but not forward
invariant.
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1.2. In Example 1.12 let the masses move in [0,+00), and consider the
motion with initial positions ¢1(0) < ¢2(0) and velocities u1(0) = 0 and
u2(0) = —1. If my > mq, how many collisions among the two balls and
among mass m; and the wall at x = 0 will occur? What happens if my =
100™"m4?
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Chapter 2

Continuous-time dynamical
systems

2.1 Linear systems

The simplest case to study is that of an ordinary differential equation with
linear vector field. Let A € M(n x n,R) be a real n x n matrix and consider
the ordinary differential equation £ = Ax. It is well known that the flow
is given by ¢¢(z) = ez, and the behaviour of the orbits is determined by
the eigenvalues of A. We state a result in the case that all the eigenvalues
of A are simple, an analogous result holds counting the multiplicities of the
eigenvalues and using the Jordan normal form of A.

Theorem 2.1. Let A € M(n x n,R) be a real n x n matriz with k distinct
real eigenvalues A1, ..., \g, and m = %(n — k) distinct couples of conjugate
complex eigenvalues a; £ ib;. Then there ewists an invertible matriz P €
M(n x n,R) such that

PlAP=A = diag()\l,...,)\k,Bl,...,Bm)

a: _b
Bi=" 7], vi=1,....m,
bj aj

and the flow of the differential equation & = Ax is given by
¢t(£) — PeAt P_1§

where

where
eM = diag(e)‘lt, et etB eth)

19
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and

cos(b;jt) —sin(b;t
etBi = et (b5t) (b5%) , Vi=1,...,m.
sin(b;t)  cos(b;t)

Remark 2.2. Let us consider the case n = 2,3, so that the matrix A can
only have multiple real roots. If n = 2 the possible Jordan normal form of
a matrix A with a double real eigenvalue A are

Azdiag(A,A) or <;\ /1\>

In the non-diagonal case, one writes A = Al + N, where N is the nilpotent

matrix
0 1
N =
0 0

for which N2 = 0. So that! e = e eNt, Tt follows that

1t
M= diag (e/\t, e)‘t> or e .
0 1

Analogously, in the n = 3 case, if A has eigenvalues with geometric multi-
plicities greater than or equal to 2, we are reduced to the previous case. If
A has an eigenvalue A with geometric multiplicity 1 its Jordan normal form
is

A1 0
A=fo x 1],
0 0 A

and as before we write A = A\ + N, where NV is a nilpotent matrix such that
N3 =0. Then

1,2

1t 5t
AM=eMlo 1 ¢
0 0 1

In the case of linear ordinary differential equations it is also particularly
simple to find fixed points, periodic orbits, and invariant sets. First, using
Definition 1.5 we find

'Here we use the fact that the matrices I and N commute.



2.1. LINEAR SYSTEMS 21

Proposition 2.3. The fixed points of the ordinary differential equation & =
Ax are the points in the kernel of A.

In particular, the origin 2, = 0 is a fixed point for all A, and the other
fixed points come in linear subspaces of R™. We’'ll see that the origin plays
a special role in characterizing the dynamics of all the non-trivial orbits.

Concerning periodic orbits, it is straightforward from Theorem 2.1 that
they can exist only if there is a couple of conjugate complex eigenvalues
with null real part. If this holds, all orbits within the relative eigenspace are
periodic, as they are of the form e'Pz with a = 0.

In general, the space R™ can be written as the direct sum of generalised
eigenspaces of A, and according to the asymptotic behaviour of the orbits,
it makes sense to consider the following decomposition.

Definition 2.1. Let A € M(n x n,R) be a real n x n matrix and let E)
denote the generalised eigenspace of an eigenvalue A\. We call:
Stable eigenspace of O the linear space E*(0) defined as

E*(0) :=Span{v € E) : ®(\) <0} ;
Central eigenspace of O the linear space E°(0) defined as

E€(0) := Span{v € E) : ®(\) =0} ;
Unstable eigenspace of 0 the linear space E*(0) defined as

E*(0) := Span{v € E) : R(\) >0} .

Theorem 2.4. Let A € M(n x n,R) be a real n X n matriz and consider
the ordinary differential equation £ = Ax. Then:

(i) n = dim £*(0) + dim E°(0) + dim E*(0);
(ii) the eigenspaces E°(0), E¢(0), E*(0) are invariant;
(iii) the following dynamical characterisation holds:
E*0) ={z e R" : ¢s(z) >0 ast — +o0};
EY0)={zeR": ¢(z) >0 ast — —o0}.

Proof. 1t is a simple application of Theorem 2.1. O
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Remark 2.5. It is interesting to notice that we haven’t given a dynami-
cal interpretation for the central eigenspace of 0. The reason is that if
dim E°(0) # 0 we can find different behaviours for the orbits. Let us con-
sider the simple case n = dim E¢(0) = 2 with A = 0 being a double eigen-
value. Then there are two possibilities for the matrix A (up to use of the

Jordan normal form):
0 1
A =diag(0,0) or .
) o (o)

In the first case the flow is the identity, that is ¢;(z,y) = (z,y) for all (z,y) €
R?, whereas in the second case the flow is given by ¢:(z,y) = (x + ty,y)
for all (x,y) € R2. Using Definition 2.2, in the first case (0,0) is Lyapunov
stable and in the second case it is unstable.

Theorem 2.4 gives the characterisation of the dynamics with respect to
the fixed point 0. In particular if ker(A4) = {0} and dim E¢(0) = 0, all orbits
converge to 0, either for ¢ — +o00 or for t — —oo. If instead the kernel of
A consists of a non-trivial linear subspace W with dim W = dim E¢(0), it is
easy to see that the dynamics of non-fixed points is determined by that of
the points in the space W+.

Linear systems in the plane

In the case of linear systems in R? it is possible to characterise the dynamical
properties of the system without explicitly computing the eigenvalues of the
matrix A. We also introduce a terminology for fixed points with different
local dynamics.

The nature of the origin 0 = (0,0) as a fixed point of a system & = Az,
with z = (z,y) € R? is determined by the relation between the determinant
and the trace of A. Indeed the characteristic polynomial of A is

pa(N) = A% — tr(A) X + det(A),

so that the eigenvalues are

VL o A+ Vtr2(A) — 4 det(A)
+ = 2 )
and we distinguish different cases according to the sign of the determinant
of A and of the discriminant A := tr?(A) — 4det(A).
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Case 1. det(A) > 0 and A > 0. The matrix A has two real distinct
eigenvalues satisfying Ay > A_ > 0 if tr(A) > 0, and A\_ < Ay < 0 if
tr(A) < 0.

In both cases the orbits are generalised parabola through 0, at which they
are tangent to the line generated by the eigenvector relative to eigenvalue
of smallest modulus. If tr(A) > 0, all orbits converge to 0 as t — —oo,
and the origin is called an unstable node. We also notice that in this case
E*(0) = R2. If tr(A) < 0, all orbits converge to 0 as t — +oo, and the
origin is called a stable node. We also notice that in this case E*(0) = R2.

Note that 0 being a node is an open property since sufficiently small
perturbations of A don’t change the nature of the origin.

Case 2. det(A) > 0 and A < 0. The matrix A has a couple of complex
conjugate eigenvalues Ay with R(Ay) = 3 tr(A).

If tr(A) > 0 all orbits are spirals out of 0 and they are either clockwise
or anti-clockwise according for example to the sign of & when y = 0. In this
case the origin is called an unstable focus and E*(0) = R2. If tr(A) < 0
all orbits are spirals into 0 and as before they are either clockwise or anti-
clockwise. In this case the origin is called a stable focus and E*(0) = R2. If
tr(A) = 0 all orbits are concentric circles about 0 and again they are either
clockwise or anti-clockwise. In this case the origin is called a center and
E°(0) = R

Notice that 0 being a focus is an open property. Instead 0 being a center
is a closed property and arbitrarily small perturbations of A may turn the
origin into an unstable or stable focus.

Case 3. det(A) > 0 and A = 0. The matrix A has one double real eigenvalue
A=1tr(A) #0.

If A is diagonalisable then the orbits lie on straight lines through 0. If
tr(A) > 0, all orbits converge to 0 as ¢ — —oo, and the origin is called an
unstable star. We also notice that in this case E%(0) = R2. If tr(A4) < 0, all
orbits converge to 0 as t — 400, and the origin is called a stable star. We
also notice that in this case E*(0) = R2,

If A is not diagonalisable then we use its Jordan normal form to under-
stand the behaviour of the orbits. The differential equation in normal form
reads

{ T=Ax+y
Y=y

so that there exists an invariant line, which is generated by the eigenvector
of A, and the behaviour of the orbits can be found by looking at the sign of
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the two components of the vector field. If tr(A) > 0, all orbits converge to
0 as t — —oo, and the origin is called an unstable improper node. We also
notice that in this case E“(0) = R2. If tr(A) < 0, all orbits converge to 0
as t — +o00, and the origin is called a stable improper node. We also notice
that in this case E%(0) = R.

Both 0 being a star and being an improper node are closed properties.
An arbitrarily small perturbation can turn the origin into a focus or a node,
not changing the stability but the nature of the fixed point.

Case 4. det(A) < 0. The matrix A has a couple of distinct real eigenvalues
A <0< At

In this case the orbits are generalised hyperbolae, and the origin is called
a saddle. It holds dim E*(0) = dim E*(0) = 1, and none of the orbits outside
the eigenspaces approaches the origin as t — £00. Being a saddle is an open
property.

Case 5. det(A) = 0. The matrix A has two real eigenvalues, A_ = 0 and
Ay = tr(A4).

If tr(A) # 0, then A is diagonalisable and there is a line of fixed points.
All the other orbits lie in straight lines which are parallel to the eigenspace of
Ay. If tr(A) = 0 we are reduced to the case of Remark 2.5 up to a change of
coordinates, hence either all points are fixed or there is a line of fixed points
and all other orbits lie in straight lines which are parallel to the eigenspace
of A_.

Clearly, the properties of the origin considered in this case are closed
and can be changed by arbitrarily small perturbations.

2.2 Stability

Let & = F(x) be an ordinary differential equation in R™ with flow ¢(-).

Definition 2.2. A point x is Lyapunov stable if for all € > 0 there exists
d > 0 such that d(z,y) < ¢ implies d(¢¢(x), ¢+(y)) < € for all t > 0.

Remark 2.6. Show that it is necessary to introduce also the notion of orbital

stability.

Definition 2.3. A point x is Lyapunov asymptotically stable if it is Lya-
punov stable and there exists § > 0 such that d(z,y) < ¢ implies

d(de(z), de(y)) — 0.

t—+o00
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We call domain of asymptotic stability of x the set D(z) of points y for
which d(¢¢(z),d¢(y)) — 0 as t — +oo. If D(z) = R" we say that z is
globally Lyapunov asymptotically stable.

Remark 2.7. If in Definition 2.3 we drop the request that the point z is
Lyapunov stable, then z is called quasi-asymptotically stable. In this case
there exists a neighbourhood Bs(z) so that d(¢:(x), ¢:(y)) — 0 as t — 400
for all y € Bs(z), but the orbits of these points may go arbitrarily far from
that of z before convergence.

It is particularly important to study the stability of a fixed point z for
which ¢¢(z,) = xz, for all ¢ in Definitions 2.2 and 2.3.

Ezample 2.1 (see [?]). Let us consider the following differential equation in
RQ

L (2 2 Ty

t=x—y—x(x*+y )—i—w

2

. _ 2 2\ _
y=zr+y y(:c +y) \/W

Using polar coordinates (p, ) as shown in Section 2.4 (see (2.8)) with x =
pcosf, y = psinf, we are reduced to the equation

{ p=p(l—p°
=1—cosf

It is now easy to determine the phase portrait of the equation and deduce
that (xo,y0) = (1,0) is a quasi-asymptotically fixed point, but it is not
Lyapunov stable.

One first tool to study the stability of a fixed point is to look at the
linearisation of the vector field in the point.

Definition 2.4. A fixed point z; of a C! vector field F' : R — R" is called
hyperbolic if all the eigenvalues of the Jacobian matrix JF(z,) have real
part different from zero.

Theorem 2.8 (Hartman-Grobman). Let z, be a hyperbolic fixed point of
a C! wvector field F : R® — R™. Then there exists a neighbourhood U (z)
and a homeomorphism h : U(zy) — R™ which sends orbits of the differential
equation & = F(z) into orbits of the linear differential equation § = JF(xq)y
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without changing their direction of time parametrisation®. In particular the
homeomorphism h leaves invariant the stability properties of the fized point

Yy, = 0.

Theorem 2.8 implies that we can characterise a hyperbolic fixed point z,
by looking at the linear system § = JF(z,)y. In particular the qualitative
behaviour of the orbits in a neighbourhood of z, coincides with that of the
orbits in a neighbourhood of Yy =0 However, in general, the regularity of
h in Theorem 2.8 does not increase by increasing the regularity of a general
F'. Hence, the “shape” of the orbits may change under the action of h.

The situation is easier in dimension two. If z, € R? is a hyperbolic fixed
point, then JF'(z) is in one of the cases 1-4 excluding case 2 with vanishing
trace. If we are not in case 3, the fixed point zy can be characterised like
y, = 0 for § = JF(zy)y. Hence we can talk about stable and unstable
nodes, stable and unstable foci, and saddles. See [?, Section 5.2].

We now briefly discuss the problem of the regularity of h for F' € C¥.

Lyapunov functions

Given areal C! function V(z), we introduce the notation V (z) for its deriva-
tive along a vector field F'. Namely

V(z) = (VV(z), F()) (2.1)
Notice that V(z) = 2V (¢(z))|i=o.

Definition 2.5. Let z be a fixed point of a vector field F' : R” — R". A
C! real function V : U — R defined in a neighbourhood U of z; is called a
Lyapunov function for z if:

(i) V(z) > V(xg) for all z € U \ {z};
(ii) V(z) <0 forall z € U.
If the function V : U — R satisfies (i) and
(i)” V(z) <0 forall z € U\ {z},

it is called a strict Lyapunov function for .

2A formal statement is that, if ¢; is the flow of the original system & = F(z) and
is the flow of the linear system y = JF'(z,)y, then for all z € U(z,) we have h(¢:(z)) =
¢ (h(z)) for all ¢t € R such that ¢¢(z) € U(z,).



2.2. STABILITY 27

Theorem 2.9 (First Lyapunov stability theorem). Let x, € R™ be a fized
point of a vector field F' : R™ — R™. If there exists a Lyapunov function for
g, then xy s Lyapunov stable.

Proof. Let V : U — R be the Lyapunov function for x,. Given € > 0 such
that B.(zy) C U, we let
m:= min V and Sy, :={z € B:(zy) : V(z) <m}
OBc(z)

By definition V(zy) < m, hence z, € Sp,. Moreover by continuity there
exists 0 > 0 such that Bs(zy) C Sp. We now show that if y € Bs(z;) then
¢i(y) € B=(zy) for all t > 0. B

Condition (ii) in Definition 2.5 implies that V' (¢;(y)) < V(y) < m for all
t > 0. We conclude that if there exists to > 0 such that ¢4, (y) & B:(zg), then
by continuity of the flow there exists ¢; € (0,%p) such that ¢, (y) € 0B:(xg).

This is a contradiction to the definition of m. O

Theorem 2.10 (Second Lyapunov stability theorem). Let xz, € R™ be a
fized point of a vector field F' : R™ — R™. If there exists a strict Lyapunov
function for xy, then xz is Lyapunov asymptotically stable.

Proof. Let V : U — R be the strict Lyapunov function for z,. By Theorem
2.9 the fixed point z; is Lyapunov stable. We now need to show that the
domain of asymptotic stability of z, contains a ball Bs(z).

Let us fix ¢ > 0, and let § > 0 be such that d(zy,y) < 0 implies
d(zg, ¢1(y)) < e for all t > 0. Hence O (y) C B:(z) for all y € Bs(z), and
by Proposition 1.1 we have that w(y) is a non-empty, compact, invariant
subset of B (z,) for all y € Bs(z,).

Let us fix y € Bs(z,). Condition (i)’ in Definition 2.5 implies that
V(ge(y)) is a decreasing function of ¢, hence there exists

c:= lim V(¢(y))

t——+o00

But V() = ¢ by continuity, in fact for all z € w(y) we have
V(z) = lim V(g (y) = c
—00

where {t;}; is the diverging sequence such that ¢, (y) — 2z as k — oo.
Finally, since w(y) is invariant, we have V(¢¢(2)) = c for all t, which by
(2.1) implies V(2) = 0 for all z € w(y). Hence w(y) C {V = 0}, and by
condition (i)’ w(y) = {zg}- -

We have thus proved that Bs(z,) C D(z). O
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Corollary 2.11 (La Salle’s Invariance Principle). Let z, be a fized point
of a vector field F' : R® — R". If there exists a Lyapunov function for z
defined on a neighbourhood U of x4, then for all y € U such that OF (y) is

contained in U and is bounded, we have w(y) C {V =0}. -

Example 2.2. Let us consider the system in R? given by

T=y
j=—y' o2’

The point (0,0) is the only fixed point and it is not hyperbolic. Looking
for a Lyapunov function of the form V(z,y) = ax® + bx* 4 cy? one finds
V(z,y) = 2zy(a — c) + 203y(2b — ¢) — 2cy*. Hence

V(z,y) = 222 + 2 + 2y

is a Lyapunov function for (0,0), with {V = 0} = {y = 0}. Hence V is not a
strict Lyapunov function. By Theorem 2.9 we have that (0,0) is Lyapunov
stable, and applying Corollary 2.11 we also obtain that there exists § > 0
such that for all y € Bs((0,0)) it holds w(y) C {y = 0}. Moreover, since
w(y) is an invariant set and the only invariant subset of {y = 0} is {(0,0)},
we have proved that (0,0) is asymptotically stable.

Theorem 2.12 (Bounding functions). Let F' be a vector field in R™, and
assume that there exist a C' real function V : R® — R, a compact set
G C R" and k € R such that: (a) G C Vi, :={V < k}; (b) there exists § > 0
such that V(z) < =6 for all z € R"\ G. Then for all z € R" there exists
to > 0 such that ¢(x) € Vi for all t > to.

Proof. If x € Vi, we are done, since by assumption (b) V|8Vk < 0, and we
can choose tg = 0. If x ¢ Vj, and ¢y(z) € Vi, for all t > 0

V(ge(z) / 75V (#s(2)) ds = /Ot V(ps(z))ds < —6t

which implies V(¢¢(x)) < k for ¢ > V@_k Hence we find a contradiction,
and we have thus proved that there ex1sts to > 0 such that ¢4, (z) € Vi, and
as before this implies that ¢;(z) € Vi for all t > tg. O
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Example 2.3 (Lorenz equations). Let us consider the system in R? given by

T=o0(—z+y)
Y=rr—y—T2

z=—-bz+zxy
with o, 7, b positive constants. We can apply Theorem 2.12 with

G={(z,y,2) €R® : ra® +y* + b(z — r)* < 2br*}

1
Viz,y,z) = 5 (r:vQ + Jy2 +o(z— 27“)2)

and § = obr2.

Using the theory of Lyapunov functions we now give a proof of the
asymptotic stability of sinks, i.e. hyperbolic fixed points of a C! vector field
with all eigenvalues of the Jacobian matrix of the field with negative real
part.

Corollary 2.13. Let z, be a hyperbolic fized point of a C* wector field
F :R" - R", and assume that all the eigenvalues of JF(z,) have negative
real part. Then x is asymptotically stable.

Proof. Let’s assume without loss of generality that z; = 0, then the vector
field F satisfies F/(0) = 0 and can be written as

F(z)=JF0)z + G(2)

where G : R" — R" is a C! function satisfying G(0) = 0 and JG(0) = 0.
Let A1, ..., A\x be the, not necessarily distinct, negative real eigenvalues
of JF(0), and let a; £ ib;, with j =1,..., %(n — k), be the, not necessarily
distinct, couples of conjugate complex eigenvalues with a; < 0. For simplic-
ity we also assume that JF(0) is written in Jordan normal form, therefore

JF(0) = dmg<A1, ... Ay, By, ..Bm)

where the A;’s are the Jordan blocks relative to the real eigenvalues, and
the B;’s are the Jordan blocks relative to the complex eigenvalues.

Let us consider the following change of variables. For ¢ > 0 let y =
(Y1, - .- ,yn) be defined as follows: -
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o if (z)y,...,Tmys—1) are the components of z corresponding to a Jordan
block Aj, we let yp, 40 1= s_zme for{=0,...,s—1;

e if (zp,...,xpy2s—1) are the components of z corresponding to a Jordan
block Bj, we let y,400 = €_£$p+2g and Ypior41 = E_e$p+25+1, for
£=0,...,s—1.

Then it is a standard computation to verify that y satisfies the ODE
y=Ay+ G (),

with G(0) = 0 and JG(0) = 0 and

AE = diag([\l,...,Ah,él,...ém),

where
Aj € 0 0 0
0 N e 0 0
i =
0 0 A 0
0 0 )\j 13
0 0 A
and
R; eI, O 0 0
0 Rj 6]2 0 0
B; = . with R; = (“j _b3>
0 0 Rj el 0 bj a,
0 0 Rj 8[2
0 0 R,

and Iy the 2 x 2 identity matrix.
We now show that V(y) = 7" | 47 is a strict Lyapunov function for 0.
It is enough to study the derivative V(Q) =230 Yili



2.2. STABILITY 31

If (Ym,--->Ymys—1) are the components of y corresponding to a Jordan
block Aj we have
s—1 s—2

Z Ymet Ymtt = Z Yt AjYmre + €Ymrer1) T Ajymys—1 + O(lyl*) =
=0 =0

s—1 5—2
5
<A Z Yt 5(%2” + Ymis1) T € Z Yo+ O(lyl*) <
=0 /=1
s—1
<+ Y Yo + Oy
=0
With an analogous argument, if (4, ..., Ym+2s—1) are the components of y

corresponding to a Jordan block Bj we have
s—1

> U2t G20 + Ymraes1 Gmraesr) =
=0

s—2

= Z Ym+20 (@jYmt20 — bjYm2041 + EYm2042)+
=0

s—2
+ Z Ym+2041 (0jYmt20 + jYm20+1 + EYm2043)+
£=0

+ Ym+25—2 (ajmerstZ - bjmerZsfl) + Ym2s—1 (bjym+2572 + @jym+2571)+

+O0(lyl*) =
s—1 s—2
= aj; 2(3/72n+2£ + Ymyoes1) T € Z (ym+2é Ym+20+2 + Ym+20+1 ym+2e+3) +
=0 =0
+0(lyf’) <
s—1
< (aj +€) Z(y72n+22 + yrzn+2e+1) + O(’Q‘3)~
=0

If we fix € > 0 such that (A\j +¢) < 0 and (a; +¢) < 0 for all eigenvalues
of JF(0), letting p € R™ satisfy (A\j +¢) < p <0 and (aj +¢) < p <0 for
all j, we have proved that

V(y) < 2uly + O(ly).
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We need to show that there exists § > 0 such that V(g) < Oforall y € B5(0)

and y # 0. By definition of O(-) functions, there exist ¢ > 0 and 6 > 0 such
that
O(lyl*) < cly®, Yy € B;(0).

If we choose 6 = min{—%”, &} it follows

V(y) < 2plyl® + clyl® = [yl (2u+ clyl) <0, Vy € B;5(0)\ {0},
and the proof is finished. O

2.3 Integrals of motion and invariant sets

Conservative systems and first integrals

Definition 2.6. A C_’1 function I : R" — R is a first integral for a vector
field F': R” — R™ if I(z) = 0 for all z € R"™, with I(z) defined as in (2.1).

If I : R® — R is a first integral for a vector field F' : R® — R", then
its level sets are invariant for the differential equation & = F(x), so that in
particular orbits of & = F'(x) lie in the level sets of I.

An important example of differential equations with a first integral are
Hamiltonian systems with Hamiltonian function independent of time.

Definition 2.7. Let H : R?” — R be a C! function and use the notation
(z,y) for points in R?", with z,y € R™. The Hamiltonian vector field asso-
ciated to H is Fy : R?" — R?" given for i = 1,...,n, by (Fr)i = 0H/0y;
and (Fy) (44 = —OH/0x;, and H is called the Hamiltonian function of the
field. The system of differential equations in R?"” with field Fp is called the
Hamiltonian system of H.

A particular case are conservative mechanical systems with one degree
of freedom, systems which describe for example the motion in R of a point
of mass m under conservative forces. In this case the Hamiltonian function
has the form

HR SR, Hy) =gy’ + W) (2.2)

where W (z) € C! is the potential energy of the system. We recall that in
this case the Hamiltonian system associated to H is

j=—%(z,y) = -W'(2)

and corresponds to the second-order differential equation mz = —W'(x).
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Proposition 2.14. A C! function H is a first integral for the Hamiltonian
vector field F.

Proof. A simple computation gives

: "\ /OH OH 0OH 0H
H:(VH,F@:Z(O—%@—@%)EO.

i=1
O
Theorem 2.15 (Liouville theorem). A Hamiltonian system in R?™ with C?

Hamiltonian function H preserves the 2n-dimensional Lebesque measure of
the sets.

Proof. For A C R?" let ¢;(A) be the evolution of the set at time ¢, and let
m be the 2n-dimensional Lebesgue measure. Then

m<¢t(A))Z/¢(A) 1dm:/A | det(J ¢ )| dm.

The variation equation of a differential equation shows that J¢; satisfies the
Cauchy problem

{ 4 Jpu(z) = JFu(du(z)) Jou(z)
Jor(z)|4=0 = 1

where [ is the identity matrix. The solution to the previous Cauchy problem
is then

Jouta) = o ([ IFu(ou(@) ds) 1

and using the identity det(exp(M)) = exp(tr(M)), valid for any finite square
matrix M, we obtain

det(ro1(0)) = e ( [ 17 F(6,2)ds).

Then .
m(éu(A)) = /A exp ( / div(FH)(¢s(:c))ds> dm.

0
Since

div(Fy) =Zn: ( oM Ol )

— 0
— \Ordy;  Oyidx; ’

it follows that
m(é(A) = m(4), VteR

and the proof is finished. O
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Corollary 2.16. A Hamiltonian system in R?" cannot have fized points
which are sinks or sources.

Let us consider mechanical Hamiltonian systems with one degree of free-
dom with Hamiltonian function H(z,y) as in (2.2). Applying the general
theory of the previous sections and the results in this section, one can easily
prove the following characterisation of the fixed points.

Proposition 2.17. Let H : R? — R be a C? function written as in (2.2).
Then the fixed points of the associated Hamiltonian system are of the form
(x0,0) with W'(xzg) = 0.

If W"(xz9) < 0 then (x9,0) is a hyperbolic fized point of saddle type, if
W"(xg) > 0 it is not hyperbolic and it is a center.

If W (xzo) = 0 the point (x,0) is not hyperbolic and one needs to use the
level sets of H(x,y) to study the dynamics in a neighbourhood of the point.

Ezxample 2.4. The Hamiltonian function of a pendulum of mass m and length
¢ in a vertical gravitational field with potential energy W (h) = mgh is

1
H(z,y) = 57 y? + mgl(1 — cos ),

Consider the motion of this pendulum in presence of a constant friction
given by —py, with g > 0.
Ezample 2.5. Study the system

{jc_y
y=z—2°—py
with p € R.

Invariant sets

It is in general difficult to find explicit expressions for invariant sets. How-
ever, there are particular easy situations. For example, given a vector field
F : R" - R" with FF = (F,...,F,), if there exists ¢ € R such that
Fi(x1,...,2i-1,¢,Tit1,...,2,) = 0 for all z; € R with j # 4, then the
hyperplane {z; = ¢} is an invariant set. This can be proved by the following
method.

Proposition 2.18. Let I : R® — R be a C' function and for ¢ € R let
I. == {I(z) = c} be a non-empty level set of I such that VI|;, # 0. The
level set 1. is invariant for a vector field F': R™ — R™ if I|;, = 0.
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Proof. Let xy € I. such that VI(z;) # 0. Then there exists a local differen-
tiable change of coordinates y = h(z) such that in a neighbourhood U (z)
we have I, VU = {y, = 0} and let z, = (9,,0) with g, € R™~!. Hence, in
these new coordinates VI € Span{(0,...,0,1)} in U.

Then, from I|;, = 0, we have that Fy,|y = 0. Let F : R*! — R"! be
defined as F'(y1,...,yn—1) = (F1(¥1,- - Yn-1,0), ..., Fur1 (1, - - -, Yn—1,0)).
Then by the local uniqueness of the solutions to the system & = F(z), the
solution with initial condition in z; coincides in U with (q;t(go), 0), where ¢;

is the flow of the system g = F(g) Hence, the solution is in I.. This proves
the invariance of I.. O

Ezample 2.6. Given the system
t=a22—y—1

y=(r—2)y
the lines y =0, y = + 1 and y = 3z — 3 are invariant sets.

Stable and unstable manifolds

An important example of invariant sets is given by the stable and unstable
manifolds of a hyperbolic fixed point.

Definition 2.8. Let z be a fixed point of a vector field F' : R" — R" with
flow ¢¢(-), and let U be a neighbourhood of z,. The local stable manifold
W (zg) of zy in U is the set

Wio(zg) :={z €U : ¢(z) €U forall t >0, ¢(z) = zy as t — 400}
Analogously, the local unstable manifold W} (zq) of zy in U is the set
We(zg) :={z €U : ¢(z) €U forallt <0, ¢t(x) > xy as t — —oo}

Theorem 2.19 (Stable and unstable manifolds). Let z, be a fized point of
a Ck, k> 1, vector field F : R — R™ with flow ¢4(-). Let’s assume that x
is hyperbolic and let E*(0) and E"(0) be the stable and unstable eigenspaces
associated to the linear system § = JF(xq)y. Then there exists ¢ > 0 such
that there exist local stable and unstable manifolds, W (zq) and W} (),
of xy in B:(xy) with the following properties:

(i) Wi (zq) and W}k (xy) are unique in Be(z);
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(1) W (xq) is forward invariant, and W} (xq) is backward invariant;

(iii) Wi (zo) and WE (z4) are C* manifolds, dim W (z,) = dim E*(0)
and dim W} _(zq) = dim E*(0);

() Wi (zq) is tangential to xq + E*(0) at x4, and Wi (zg) is tangential
to o+ E*(0) at .
Proof of Theorem 2.19 in R? (see [7]). Without loss of generality, let’s
assume that the fixed point is (zg,yo) = (0,0). If dim E® = 2 or dim E* =
2, the proof is trivial since in these cases either W (0,0) or W} (0,0),
respectively, coincide with a ball around (0,0) and the properties of the
statement follow from the Hartman-Grobman Theorem 2.8.
The interesting case is when dim E® = dim E* = 1 and (0, 0) is a saddle.
Up to a change of variables, we can assume that the system is written as

{ == z+ f(x,y)

2.3
y=py+g(r,y) 23

with A\, > 0, f,g € C* with f(0,0) = ¢(0,0) = 0, and f,g = O(z® + 3?)
if k > 2, and f,g,0,f,0yf,029,0,9 = o(\/2? + y?) if k = 1. Hence, E* =
Span{(1,0)} and E* = Span{(0,1)}.

We give the proof for the local stable manifold, it follows analogously for
the local unstable one. For any ¢ > 0 and M > 1, introduce the following
notations:

De:=A{lz|<e, |yl <e}, COumi=A{lz] = Mlyl}, o)
2.4
SFi=Cyn{z=+e}, O3 :=Cyn{z=0}.

The proof is divided into different steps.

Step 1. There exists €9 > 0 such that for all M > 1 we have Z|}, (= S 0.
€ M
By assumption, there exists € > 0 such that

|f(z,y)] < 2:\@\/962+y2, V(z,y) € D..

Then, on D, N C'J\tf, we have

A
iz—)\x—l—f(x,y)S—/\:c—i—ﬁvxz—i—ng

A 1 A A
< =)\ - 214+ —— | < A+ =] =—= .
< :c+2\/§ a:<+M2)_:U< +2) 2:c<0
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Similarly, on D. N C},, we have

T=-Ax+ f(z,y) > Az — 2\>§\/x2+y2 >

A 1 A A
> - 2 | > ) == .
Ax NG T <1+M2> || ()\ 2) 2|:U|>O

Step II. For any M > 1, there exists e1 = £1(M) > 0 such that fore € (0,1)
on the boundary of D. N Cyy the field F' points towards the outside of Cyy.
First of all, we consider ¢ € (0,g9) with g9 from Step I. Let us study the
case z,y > 0. We have i‘a(Dqu\j) < 0. It is then enough to prove that

Uop.ncty > 0. Fixed M > 1, by assumption, there exists 1 < g such
€ M
that for ¢ € (0,¢1)

I
z,y)| < ——————= V2?2 + 92, V(z,y) € D-..
gz y)l < 5 o Vet (z,y) € De

Then, on 8(D. N C};), we have

- p
=py+g(,y) > py — ——= /22 +y2 =
y=ry+o(@y) = ny - somm—s y

_ H 22 _ ( M>_”
—py— ———\/ 1) = ~ By =Ey>o.
W s y3( )=y (p 5 5 Y

The other cases follow analogously.

Step III. Fore € (0,e1), on ST there exist non-empty open intervals Iy and
I_ such that for all (xo,y0) € I+ the orbit ¢¢(xo,yo) intersects 8(D5ﬁCAJC[) N
{y = 0}.

The existence and the properties of the intervals I and I_ follow from Steps
I and II, and from the local uniqueness and the continuity with respect to
the initial conditions of the solutions to (2.3).

Step IV. There exists e < €1 such that for e € (0,e2) The set ST\ (I UI-)
consists of a single point (&,y+()).
By the properties of the solutions to (2.3), there exist yi,y2 such that

SINIL VL) ={(e.y) 1y € [y, 52]}-

We need to show that y; = yo = y.
Let’s assume that y; < yo. It is known that multiplying a vector field
F(z,y) by a non-vanishing function h(z,y), the orbits of the system do
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not change but only their time-parametrisation is affected. Let h(z,y) =
1/(A = f(z,y)/z) in D. N Cpy. Then the system in D, N Cy; becomes

T =—-x

_ e, ~ (2.5)
)= 9Y) — 1y 4 G(x,y)

with g,0,g = o(y/2? +y?). There exists €2 < &1 such that for all M > 1
and all € € (0,e2) we have

dg Iz
) < 7
]ayu,y)\ <L

vaz+y?, V(x,y) € D..

Then the solutions to (2.5) with initial condition (e,y) are of the form
(ee”t,y(t)). Hence, we can compute the vertical distance between the or-
bits ¢¢(e,y1) and ¢y(e,y2) by computing the distance y2(t) — y1(t) of the
second components of the solutions to (2.5) with initial conditions (e, 1)
and (e,y2). We have

() — (1) = S a(0) + 3l e n(0) — Ky (0) + gle i (1) =
= alt) = ) + 5 (e E0) (2®) ~ a(0) >

> (42(t) — (1)) (g‘ et @) .

w
> — t) —yi(t)).

= o (y2(t) — w1 (t))

Hence, (y2(t) — y1(t)) — 400, which contradicts that the orbits of the set
SF\ (I+ U I_) are forward asymptotic to (0,0). We have thus proved that
Y1 =Y2 = Yy

Conclusion part 1.

By Steps I-IV, for all M > 1 there exists 3 = e2(M) > 0 such that for
all € € (0,62) we obtain the existence of a unique point (g,74(¢)) in SF
whose orbit is forward asymptotic to (0,0). Therefore, ﬁxing a M > 1 the
local stable manifold W .(0,0) in D. N Cy for all e € (0,2(M)) is given by
the forward orbit of the point (e2(M), 7+ (g2(M))). An analogous argument
shows the existence of the local stable manifold W} _(0,0) in D, N C,; for

all € € (0,e2(M)).
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This shows the uniqueness of W} (0,0), its forward invariance, its reg-
ularity since the orbits of a system inherit the regularity of the vector field,
and that its dimension is 1. It remains to prove that W} (0,0) is tangent
at (0,0) to E* = Span{(1,0)}, that is to the z-axis.

Step V. Fizing a M > 1, for all ¢ € (0,e9(M)) the orbit ¢(c,y+(c)) has
vanishing angular coefficient as t — +o0.

Let (xe(t),ye(t)) denote the two components of ¢i(e,74+()). We need to
show that y.(t)/ze(t) — 0 as t — +oo.

By the local uniqueness of the solutions to (2.3), for all € € (0,e2(M))
the point (g, (¢)) is in the orbit of (¢, 4 (¢')) for all &’ € (g,e9(M)). This
shows that, for all & € (0,e2(M)), for all t > 0 there exists () < e such that
(e(t),ye(t)) = (£(t),y+(£(t))). Hence, as t — 400 we have &(t) — 0T so
that (z:(t),y:(t)) is in mMgMgM(t)CJ\JFJ for some M(t) — +oc. This shows

that y.(t)/z.(t) < 1/M(t) — 0T as t — +oo.

Conclusion part I1.
Step V concludes the proof of the theorem. O

Given a hyperbolic fixed point z,, one can introduce a notion of global
stable and unstable manifolds. However, these sets in general have weaker
properties than the local counterparts.

Definition 2.9. Let z, be a hyperbolic fixed point of a C*, k > 1, vector
field F' : R™ — R™ with flow ¢¢(-). The global stable and unstable manifolds
of z are defined as

Wo(zo) =) oe(Wihe(zo)),  Wzo) == er(Wielzo)),  (2:6)

t<0 >0
where W, (z,) are the local manifolds in Be(z,) for some & > 0.

It is interesting to analyse the possible intersection of the global stable
and unstable manifolds. By the local uniqueness of the solutions to an ODE,
the two global manifolds cannot intersect transversally. In R? they can
coincide or end up at another saddle fixed point, giving rise to a homoclinic
or two heteroclinic orbits respectively. In R™ with n > 3 more interesting
phenomena occurs, and some imply the existence of “chaotic” phenomena.
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2.4 Motion in the plane and periodic orbits

In this section we consider a system of differential equations in R?

2.7
v =g(z,y) 27

with C*, k > 1, functions f, g : R? — R. We discuss methods to study the
phase space of (2.7) which work in two dimensions.

Polar coordinates

In R?, it is sometimes easier to study the phase space of a system when
using polar coordinates. Let

Q:={(p0)eR*: p>0,0<0<2r} /({0 =0} ={0=2n}),

that is Q is a strip in the plane with the upper and the lower boundary
identified, hence it is an open cylinder. The map % : Q — R2 (z,y) =
Y(p,0), with

{ x(p,0) = p cos b

y(p,0) = p sind

is a diffeomorphism from € to R?, with Jacobian det Jv(p,0) = p. We can
then use 9 and its inverse to push a vector field F(z,y) = (f(z,y),9(z,y))
back to a vector field on 2. An easy computation shows that the system
(2.7) when written in polar coordinates reads

{ p= f(pcosb,psinb) cosf + g(pcosh, psinf) sin b
(2.8)

9‘ _ g(pcosB,psin®) cosf—f(pcosb,psinfh) sinb
P

for all (p,0) € Q. In general one should not expect that the vector field in
polar coordinates can be continuously extended to the boundary {p = 0} of
Q. This is true only under particular conditions on the functions f,g.

An important application of the use of polar coordinates is the identi-
fication of circular periodic orbits. Using Proposition 2.18 one can show
that

Proposition 2.20. If there exists pg > 0 such that

f(pocosB, posin®) cosl + g(pgcos, ppsinf) sinf =0, Vo e l0,2n]
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and 0 # 0 for all (p,0) € {p = po}, then the set
L={p=po} = {(x,y) €R® : z* +y* = pj}

s a periodic orbit.

Isoclines

Here we introduce a method to find an analytic expression for the orbits of
(2.7) in special situations.

Proposition 2.21. Let (zo,y0) be a non-fixred point for (2.7). Then there
exists a neighbourhood U(xg,yo) such that the set O(xg,yo) N U, that is the
orbit of (xo,yo) in U, is the graph of a function.

In particular, if f(xo,yo) # 0 there exist ¢ > 0 and a C* function h :
(xo —e,x0 +€) = R such that

O(z0,40) N ((ggO e, +€) X R) — {(z,h(z)) : = € (w0 — &, 20 + )},

and h(z) satisfies the Cauchy system

dy _ g(z,y)
dz = f(z,y)
y(w0) = Yo (2.9)

€ (xo—e,20 +¢)

Instead, if g(xo,y0) # 0 the analogous statement holds by interchanging the
roles of x and y and of f and g.

Proof. If f(xo,y0) # 0 there exists € > 0 such that f(z,y) # 0 for all
(z,y) € Bas(x0,90). Let h(x) be a solution to system (2.9) and define the
C* function I(z,y) =y —h(z) on {x € (x¢ — &, 20 + €)} N Bac(z0,v0). Then
with respect to system (2.7

)
=0y = (5 = W(@) &) |{r=0y = (9(2,9) = 1'(2) [(2,9)) ly=h(x) =
= g(x, h(z)) = I'(z) f(z, h(z)) =0

Therefore Iy := {y = h(x)} is an invariant set in a neighbourhood U (o, yo)
containing (g, yo). Then Iy = O(xp,yo) NU, and the proposition is proved.
The analogous argument works if g(zg, y0) # 0. O

The solutions to system (2.9) are called isoclines for (2.7).
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Ezample 2.7 (Predator-prey Lotka-Volterra models). We apply the method
of finding isoclines to prove the existence of periodic orbits in a predator-
prey Lotka-Volterra system. Let x,y € Rg denote the population of two
species in a predator-prey relationship. The population x predates on the
population y, hence the system of differential equations for x and y is of the

form
{ t=xz(-A+bry)
y=y(B—bax)

with A, B,b1,bo > 0. The system has two fixed points, Py = (0,0) and
P, = (B/by, A/by). The point Py is hyperbolic and it is a saddle with stable
and unstable manifolds given by the x and y axis respectively, whereas the
point P; is not hyperbolic being a center.

Let us find the isoclines of (2.10). When zo # 0 and yo # A/b; we can

write
{ dy _ y(B-bsyzx)
der = xz(—A+biy)
y(xo) = yo
which has a local solution given implicitly by the equality

Y _A * B -
/ +b18ds:/ ﬁdt & I(z,y) = I(x0,y0)
Yy €T

0 § 0 t

(2.10)

where
I(z,y) == Alogy+ Blogz —byy —byx.

We have thus found that I(z,y) is a first integral for (2.10), hence the orbits
lie on its level sets. Then, it is immediate to find that I(x,y) has a point
of global minimum at P;, therefore the levels sets {I(z,y) = ¢} are closed
curves for ¢ bigger than I(P;) but sufficiently close to it. Hence, the orbits
on these level sets are periodic?.

The field and the symmetries of the system

Here we introduce two ideas to draw the phase portrait of a system. Both
ideas work in all dimensions but are particularly simple to apply in the two
dimensional case.

The first idea uses the property of the field to be tangent to the orbits
of a system. Therefore, in principle, one can obtain the orbits of a system
simply by drawing the field in all the points of the phase space. In practice,

31t can be proved that all level sets are closed curves, therefore all orbits different from
the axes and the fixed points are periodic.
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it is useful to draw the behaviour of the field on some curves. For example,
it is a good idea to draw the lines on which the single components of the field
vanish (the intersection of these lines give the fixed points) and to obtain
the direction of the field in all the regions of the phase space between these
lines.

A more theoretical idea to apply is to look for symmetries of the system.
Given a vector field F' : R™ — R, the associated system & = F(z), and a
diffeomorphism S : R" — R”, we give the following definition.

Definition 2.10. Given a vector field ' : R™ — R" and a diffeomorphism
S :R™ — R™, we say that the system & = F(z) is symmetric with respect
to S if

d.S(F(z)) =+F(S(z)), VzeR".

A simple case is the case of systems symmetric with respect to linear
transformations. That is there exists an invertible matrix S € M (n x n,R)
such that S F(z) = £F(Sx).

Proposition 2.22. If the system (2.7) in R? is symmetric with respect to
a diffeomorphism S, given a trajectory (x(t),y(t)) of the system, the curve

(Z(t),g(t)) defined as

(1) = { Sy, ¥ &SFE) = FiSE),
S(z(—t),y(—=t)), ifdzS(F(z))=—F(S(x)),

is a solution to (2.7).

(#(t),9

Proof. Tt is enough to compute (Z(t), j(t)). O

Ezample 2.8. We show how the proposition works in two easy cases. Let us
consider the system (2.7) with the assumption that f(—xz,—y) = —f(z,y)

and g(—z,—y) = —g(z,y). The field F(z,y) = (f(z,y),g(x,y)) satisfies
F(—z,—y) = —F(x,y), hence it is symmetric with respect to the linear

transformation S(z,y) = (—x,—y) and

A(zy)S(F(2,y)) = —F(z,y) = F(5(x,y)).
)
t

Then, given a trajectory (x(t),
trajectory is given by (Z(t), g(t)

z(t) = —i(t) = —f(z(t), y(t)) = f(=a(t), ~y(t) = F(@(1),5(t)),
y(t) = —y(t) = —g(x(t), y(t) = g(~2(t), ~y(t)) = 9(&(1), 5(t))

y(t)) of the system, we show that another
) = (—z(t), —y(t)). Indeed, we have
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The other case considered in the proposition is obtained for Hamiltonian
systems in R? with Hamiltonian function of the form (2.2). In this case the
field is F(z,y) = (y,—W'(x)) and the system is symmetric with respect to
the linear transformation S(x,y) = (x, —y) since

d(x,y)S(F(xay)) = (val(x)) = —F(IE, _y) = —F(S(l‘,y))
Then, given a trajectory (x(t)
t

t),y(t)) of the system, we show that another
trajectory is given by (Z(t),y(t)) =

) = (2(~t), ~y(~t)). Indeed,

N
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Periodic orbits: non-existence

We describe two methods to prove non-existence of periodic orbits in a region
of the phase space. The first is of pure topological nature and the second
uses the analytical nature of the differential equation (2.7).

Definition 2.11. Let I' C R? be a simple closed curve. Given a vector field
F(z,y) = (f(z,y), 9(z,y)) without fixed points on I', the Poincaré index of
I', denoted by Ir(I'), is the number of turns that F' makes counterclockwise
as a point goes round I'. It can be computed as

1 ) o ad
Ir(T) ::27?/Fd<arctan?> :%/FW

Proposition 2.23. Given a vector field F on R?, the Poincaré index of a
curve has the following properties:

(i) let t — Ty be a continuous family of simple closed curves, then Ip(T')
is constant as long as no I'y contains a fixed point of F';

(ii) let T' be a simple closed curve not containing fixed points of F which
can be written as I' = I'1 +T's, where I'y and I'y are two simple closed
curves not containing fived points of F. Then Ip(I') = Ip(T'1)+1p(T2);

(11i) if T is a periodic orbit then Ip(T) = +1.

Definition 2.12. Let (xg,y0) be an isolated fixed point of a vector field
F. The Poincaré indez of (zo,0), Ir(xo,y0), is the Poincaré index of any
simple closed curve I' encircling (xg, yo) and no other fixed point of F'.
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Proposition 2.24. Let (x9,y0) be a fived point of a C* vector field F on
R? with det(JF (zo,v0)) # 0. Then:

(i) if (zo,y0) is a node, a star, an improper node, a focus or a centre,
then IF(xo,yo) = -l-l,‘

(11) if (xo,v0) s a saddle, then Ir(zg,yo) = —1.

Putting together Propositions 2.23 and 2.24, we obtain information on
regions of a phase space where a periodic orbit may exist or not. For exam-
ple, it may not exist a periodic orbit encircling only a saddle. Each periodic
orbit has to encircle sets of isolated fixed points for which the sum of their
Poincaré indices is +1.

Ezample 2.9. Let us consider the system

then Ir(0,0) = 0.
Ezample 2.10. Let us consider the system

2

=22 —y?

Yy = 2wy
then Ir(0,0) = 2.

Proposition 2.25 (Curl method). Let U C R? be a simply connected open
set and assume that the vector field F(x,y) = (f(x,y), g(z,y)) satisfies

of
Oy

(z,y) = gg(ﬂ:,y), V(z,y) €U

Then in U there exist no periodic orbits for the vector field F.

Proof. Let I' C U be a periodic orbit of period T parametrised by the
solution 7(t) of the Cauchy problem

y=g(z,y)
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Then v(T') = v(0) and ~/(t) = F(vy(t)) for all t € R.
By assumption and Poincaré’s lemma, the vector field F' is conservative
in U, that is there exists a C' function h : U — R such that F = Vh. Then

T T
0=h(2(D) = hx(0) = [ G homedt= [ (Thta(a). ' (0) de =
T T
— [ e Fa@) d= [ PGP
0 0
which is a contradiction because || F((t))|| # 0 for all ¢. O

Remark 2.26. The curl method can be easily extended to a differential equa-
tion in R™ with vector field F'. By repeating the last part of the proof of
Proposition 2.25 one can show that

Proposition 2.27 (Gradient systems). If there exists h : R™ — R such that
F = Vh, then there are no periodic orbits for the differential equations
= F(x).

Proposition 2.28 (Bendixson-Dulac method). Let U C R? be a simply

connected open set and assume that there exists a C* function p : U — R
such that for the vector field F(x,y) = (f(x,y),g(x,y)) it holds

Ap-f)
ox

Ap-g)
y

(z,y) +

(z,y) >0 (or<0), V(z,y)eU

Then in U there exist no periodic orbits for the vector field F'.

Proof. Let I' C U be a periodic orbit of period T and let A be the region
enclosed by I'. Then applying Gauss-Green Theorem

0< //A (8(&7” (x,y) + 3(?)?9) (x,y)) dzdy :/F (—pgde +p fdy) =

T
:/0 p(a(t),y(t)) (—g(x(t),y(t)) 2(t) + f(z(t), y(t)) 4(t)) = 0

where we have used that I' = (x(¢),y(t)) for t € [0,T] and (x(t),y(t)) is a
solution of the differential equation associated to the vector field F'. O

Ezample 2.11 (Species in competition). In Example 2.7 we have shown that
predator-prey Lotka-Volterra models admit periodic orbits. Now we show
that there are no periodic orbits in a Lotka-Volterra model for species in
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competition. Let x,y € ]Rar denote the population of two species in com-
petition for the same resources on a finite environment. The system of
differential equations for x and y is of the form

{ t=z(A—a1x—bry) = f(z,y)
y=y(B—brz—ayy)=g(z,y)

with A, B, a1, a9,by,bs > 0.
The axes are invariant sets, hence the simply connected set

(2.11)

U:{(x,y)e]R2 c2>0,y>0}
is also invariant. Consider the C! function p(z,y) = 1/(2y) on U. We have

W0 D) 4 209 )= B g vy e

y y o
Hence, by Proposition 2.28, there are no periodic orbits in U.

Remark 2.29. The Bendixson-Dulac method uses the divergence of a vector
field. For differential equations in R", n > 3, it gives different information.

Proposition 2.30. Let F: R™ — R"™ be a O vector field such that there exists
a constant k > 0 for which div(F)(z) < —k for all x € R™. Then the flow
associated to F' contracts the volumes.

Proof. For A C R™ let ¢1(A) be the evolution of the set at time ¢, and let
m be the n-dimensional Lebesgue measure. By applying the same ideas in
the proof of Liouville Theorem 2.15, we obtain

vol(éu(4)) = |

t
exp </ div(F)(¢s(z)) ds> dm.
A 0
If div(F)(z) < —k for all z € R™ then
vol(¢pe(A)) < e Mvol(A), V>0,

and the proof is finished. O

Periodic orbits: existence in general

Theorem 2.31 (Poincaré - Bendixson). Let F be a C! vector field in R?,
and assume that there exists a non-empty region D C R? which is compact
and does not contain fixed points of F. If for some z there exists ty such
that ¢i(zg) € D for all t > to, then there exists a periodic orbit I' C D and
I' = w(z).
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For the proof we need some preliminaries. Given the differential equation
& = F(z) in R? with F € C' and any non-fixed point y of F, we call
transversal line at y the line ¢(y) which is the image of the curve v : R —
R? with v(u) = g]— wv, where v is a vector applied at y which satisfies

(v, F(y)) =0.
Definition 2.13. Given a non-fixed point y of F' and a constant k € [0, 1),

we call k-wide local section at y the set Si(y) obtained by taking the con-
nected component containing y of the set of points z € /(y) for which

|sin(vF(2))| > k.

The k-wide local section at y is non-empty since y € Si(y), and there
exists € > 0 such that y(—e¢,¢) C Si(y).

Proposition 2.32 (Local rectifiability of a vector field). Given a C! vector
field F in R?, a non-fized point y of F, and a k-wide local section aty, Sk(y),
there exists a diffeomorphisms v : U(0) — V (y) which maps horizontal lines
into the orbits of & = F(z) passing through Sk(y). That is (s, u) = ds(v(u))
for all (s,u) € U(0). a

Applying Proposition 2.32, let o > 0 and N, := {(s,u) € U(0) : |s| <
o}. Then we call o-rectangle of flur in y the set N, := ¥(Ny). Then for
each z € N there exists a unique s € (—o,0) such that ¢,(z) € Sk(y).

Proposition 2.33. Given a C! vector field F in R?, a non-fized point y of
F, and a k-wide local section aty, Sk(y), let z be a point such that y = ¢4,(2)
for some to. Then there exist e > 0 and a continuous function T : B.(z) = R

such that ¢, (z) € Sk(y) for all x € Be(z).

Proof. Let us define the function p : R? — R by p(z) = (z, F(y)). We notice
that p(z) = p(y) if and only if z € {(y), in fact if 2 = y + w then

p(z) =p(y) +p(w) =ply) < (w,F(y))=0

Let then consider the regular function G : R? x R — R given by G(z,t) =
p(¢¢(x)). Then by definition G(z,t0) = p(¢¢,(2)) = p(y) and

oG .

-7 (2,t0) = p(¢e(z)) = p(F(¢1,(2)) = p(F(y)) = [IF)|* #0

ot z=z,t=to

Hence we can apply the Implicit Function Theorem to G at (z,ty) and prove
the existence of € > 0 and ¢ > 0, and of a continuous function 7 : B.(z) —
(to — d,to + d) such that

p(y) = G(z,7(z)) = p(drw)(x)) VI € B(2)
It follows that ¢, (x) € Si(y) for all x € Be(z). O
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We are now ready to prove Poincaré-Bendixson Theorem.

Proof of Theorem 2.31. Choose z, € R? such that there exists to for which
¢t(zg) € D for all t > ty. By Proposition 1.1, the set w(zy) C D is non-
empty, compact, and invariant. For any z € w(z,) we show that O(z) is a
periodic orbit I', and that I' = w(z).

Fix z € w(zg), and let y € w(z) C w(zg), which is not a fixed point by
assumption. Consider a k-wide local section at y, Sy (y), and a o-rectangle
of flux NV, in y. a ;

Lemma 2.34. The forward orbit of x intersects Sy(y) exactly once.

Proof. Since y € w(z), there exists a point of O (z) in Ny, hence OT (z) N
Si(y) # 0. Let’s assume by contradiction that there exist z1,z, € OF(z) N
Sk@) with ; # z,. Since z € w(zy), also 1,29 € w(zy) by invariance
of the omega limit. Hence if N,(z;) and N,(z,) are disjoint o-rectangles
of flux, the forward orbit of x, has countable points both in N, (z;) and in
N, (z5). By the properties of the rectangles of flux, this implies that O (z,)
intersects Si(y) countable many times, alternatively close to z; and to z.
We now show that this is not possible.
Let us denote by {2, 29, . .. } the points in O (z9) NSk (y) cronologically
ordered, that is z; = ¢y, (zg), 2o = ¢1,(2g), and so on, with t; < ty <
Given three points z,,_1,2,,2,,1 and an ordering on Si(y) it must
hold z, | < z, < z,41 OF 2,11 < 2, < 2,,_1. Indeed let X denotes the
Jordan curve given by the segment z,,_;z,, and the orbit U, ,<i<, de(zg),
and let R be the region bounded by . Then ¢;(z,) € R for all t > t,,
because it cannot intersect any part of OR. It cannot intersect the orbit
Ut,, 1 <t<tn®t(zy) by the uniqueness of solutions of a differential equation,
and it cannot intersect the segment 2, ;z, which is in Sk(y), because the
vector field points in the same direction in all the points of a local section.
It follows that z,,,,; € R and it lies on the other side of z,, | with respect to
z,- It follows that the countable intersections of O (z,) with Sk(y) must
be ordered, so cannot be alternatively close to z; and to z,. This shows
that the forward orbit of z intersects Si(y) exactly once. O

We have thus proved that O%(z) N Si(y) = {¢z(z)}. Since y € w(x)
there is a sequence {t,,} such that ¢, (z) — y, hence for m big enough
¢, (z) € Ny. Tt follows that for m big enough, there exist 7,,, € R such that
Gty 41, (x) € S(y) for all m, hence ¢y, 1, (x) = ¢z(x) for all m. It follows
that there exists T > 0 such that ¢r(x) = z. We have thus proved that
O(z) is a periodic orbit I'.
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It remains to show that I' = w(z,). By invariance of the omega limit
I' C w(zy). Let now y € I" and consider a k-wide local section at y, Sk(y),
and a o-rectangle of flux N, in y. As discussed above, there exists a sequence
{tm} such that ¢,,(z¢) — y and ¢, (zg) € Sk(y), with ¢¢(zg) & Sk(y) for
t € (tm,tm+1) for all m. Since ¢r(y) = y, we can apply Proposition 2.33 and
find € > 0, § > 0, and a continuous function 7 : B.(y) — (T'— 8, T + &) such
that ¢r(,)(z) € Sk(y) for allz € B.(y), and 7(y) = T. Hence, choosing & < &
if necessary, we have ¢p(z) € Ny for all € Bz(y). Since for m big enough
bt (29) € Bz(y), it follows that ¢r(¢y,,(2g)) = ¢4+, (2g) € No, and there
exists s, € (—o,0) such that ¢rys,, 45, (2g) € Sk(y). Since ¢(zy) € Sk(y)
for t € (tm, tm+1), it must hold ¢, 11 = T +tyy, + Sm, hence tma1 —tm < T+o
for all m big enough.

We now consider a fixed n > 0. By continuity of the flux ¢;, there
exists 6 > 0 such that if d(zy,25) < d then d(¢¢(21), P1(2z5)) < n for all
t € (=T — 0,7 + o). Hence, for m big enough such that d(¢.,,(zg),y) < 9,

we have

d(66(01, (@), u(w)) <n Vi€ (-T—0,T+0)

Since y € T', so that O(y) =T, and ty, 11—ty < T + 0o for all m big enough,
we have that

d(¢dgoxrj <n  Vte< (tm tmi1)

for m big enough. We can conclude that d(¢:(z;),I') — 0 as t — +oc.
Hence w(zy) C I'. This shows that I' = w(z), and concludes the proof of
the theorem. O

Ezample 2.12. Let us consider the following system in polar coordinates
p=p(l—p*)+ef(p,0)
0 =1+eg(p,0)

with f, g € C'(R?). For ¢ = 0 the system admits the orbitally asymptotically
stable periodic orbit I' = {p = 1}. We now show that there exists g9 > 0
such that for all € € (0,ep) there exists a periodic orbit I'.. Let

L=ggﬂﬂ+@D

and g9 = ﬁ. We now prove that if ¢ < g¢ the set D = {% <p< 2} satisfies
the assumptions of Poincaré-Bendixson Theorem 2.31.
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First of all for all (p,0) € D

3
1—{—6g(p,9)21—6L>1—60L:1

so that D contains no fixed points of the system. Moreover

1
p'\pZQ:—6+gf(2,9)<—6+5L<—6+50L:—6+1<0

and

. 3 1 3 3 1
p|p:é:8+€f<279>>8_€L>8_€0L:8>0

so that on 0D the vector field is always directed towards the inside of D.
This implies that for all z € 9D and for all ¢ > 0 it holds ¢;(z) € D, and
completes the proof.

Finally, we state a result which extends Theorem 2.31 to the case of
regions with fixed points.

Theorem 2.35. Let F be a C' vector field in R?, and let D C R? be a non-
empty bounded positively invariant region containing at most a finite number
of fized points for F. Then, for all x € D, the set w(z) is non-empty and
one of the following possibilities holds:

e w(x) is a fized point;
e w(x) is a periodic orbit;

e w(x) consists of a finite number of fixed points and heteroclinic orbits
connecting them.

2.5 Exercises

2.1. Draw the phase portrait of the linear system & = Az in R? and find
the stable, unstable, and central eigenspace of 0, with A given by:

5 4 -8 0 -8 6
(a)A:<2 7) (b)A:<1 —6) (C)A:<—9 13)
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7 -5 1 -2 _ 2 —4
wa=(T5) was( L ) was(? )

2.2. For the following systems, find the critical points and study their linear
stability.

z=—2x(x—1)(2x — 1) T =x(4—2z—1y)
a b
(){y:—zy (){yzy(i’)—z—y)

&= —y+a3 &= ety 4y
(¢) { | ) (d) { |
y=x+y Yy=y—2xy

T =2y & = x(60 — 4z — 3y)
) { jop- U {y=y<42—3x—2y>

2.3. Find a Lyapunov function to study the stability of the fixed point (0, 0)
for the following systems:

&=y — 323 i =—wy?
(a) § . 3 ®) § . 4
y=-—x—Ty y=vyx

. 4 3 2

x:x—a:y r=T —TYy—x
(C){ . 3 9 (d){ .

y=y—y’z Y=y +2xy—Ty

2.4. Determine the stability of the fixed point (0,0) varying pu € R for the
system

&= (ux+2y)(z+1)

y=(—z+py)(z+1)

z=—z

2.5. Find the fixed points and study their stability varying p € R, p # 4,

for the system

& =pxd—ad

y=(2uy+2)(z—-2)
2= (—2y+ pz)(z—2)
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2.6. Draw the phase portrait for a mechanical Hamiltonian system with
H(z,y) of the form (2.2) with m = 1 and potential energy W given by:
(a) W(z) = 222 + L2 — 1o

(b) W(z) = x log(1 + 22);

6*12, x <0

)

(©) Wiz) = { cos(ﬂx), x>0

(@) Wix) = —sine.

T

2.7. Consider the system

T =35y
U =—(1+px+ pr? + 23

N[ =

varying u© € R. Show that it is a mechanical Hamiltonian system writ-
ing down the Hamiltonian function. Let denote by (z,(t,0),y.(t,y0)) the
solution to the system with initial condition (z(0),y(0)) = (0,yo), then find

* = 1 f N 1. = .
v (1) inf{yo >0 t—>1£—noo xu(t) +o00}
2.8. Draw the phase portrait for the following systems:

. 2 . .
T=y—x T =sinx (—0.1cosx — cosy
(a) { (b { ( ) on [0, ]2

y=x—2 g =siny (cosx — 0.1 cosy)

t=x2_-1 T =1 CoST
<c>{ <d>{ ’

Yy =sinz

T=1y T=1y
(6){3‘/::133—3: (f){y:x3—:v+éy

2.9. For the following systems, study the existence of a periodic orbit en-
tirely contained in {z% + y? > 2}:

3

&= —x+1y? &= Ty
@1 CR O
y=-2 U=
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2.10. Study the existence of a periodic orbit for the system
. 2 2 1,5
{x—x 22 +y? — 3z (2 + %) + 15y

g =y +y? =3y (a® +y?) - 5a°



Chapter 3

Discrete-time dynamical
systems

In this chapter we consider discrete-time dynamical systems as defined in
Definition 1.2. Hence we need to specify a set X and a map T : X — X.
The properties of X and T may vary and give rise to different areas of
research. Here we assume that X is a locally compact connected metric
space and 7' is a continuous map, and call (X, T) a discrete-time continuous
dynamical system. In many situations one can simply consider X to be an
interval of the real line, and in fact some results of this chapter hold only
for one-dimensional spaces X or even for compact intervals of the real line.
We start with simple definitions.

Definition 3.1. Let (X,T) and (X ,j“) be two discrete-time continuous
dynamical systems. We say that (X,T) is a topological factor of (X,T) if
there exists a continuous map h : X — X that is surjective and satisfies

Toh=hoT. (3.1)

If the map h : X %~)~( _is a homeomorphism and satisfies (3.1) then we
say that (X,T) and (X,T) are topologically conjugate and h is a topological
conjugacy.

Ezample 3.1. Let’s consider the full shift (24, Np, o) on two symbols A =
{0,1} of Example 1.8, and the Bernoulli map T on S! of Example 1.7.
Let Jy = [0,1/2) and J; = [1/2,1) be a partition of S!, and let the map
h: Q1) — S! be defined by

W= (wi)iENo = h(w) = ﬂ TQ_Z(JM) :
i€Np

55
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The map h is continuous and surjective, and satisfies 7o o h = h o o. Then
the Bernoulli map is a topological factor of the full shift on two symbols.

Ezxample 3.2. Let’s consider the Tent map T with s = 2 of Example 1.5, and
the logistic map T with A = 4 of Example 1.6. Let the map h : [0,1] — [0, 1]
be defined by

0,1] >  + h(z) = sin® (gx> .

The map h is a homeomorphism, and satisfies Ty o h = h o T5. Hence the
Tent map T with s = 2 is topologicall conjugate to the logistic map T with
A =4

Remark 3.1. In some situations it is interesting to study the regularity of a
conjugacy. For example, if T" and T are C* maps, with k£ € Ny U {oo,w}, a
natural question is whether there exists a conjugacy h between the systems
(X,T) and (X,T) which is of class C*. If it exists we say that (X,T) and
(X,T) are C* conjugate.

3.1 Stability in one dimension

Let T : X — X be a continuous map of a one-dimensional space X =
[a7 b]’ (a7 b)’ [a7 +OO)7 (a7 +OO)7 (_007 b]7 (_OOJ b)? R? Sl

Definition 3.2. A fixed point xg € X of T is called attractive if there exists
d > 0 such that, for all z € Bs(xo), one has T"(x) € Bs(zo) for all n > 0,
and T"(z) — x¢ as n — +o00.

A fixed point xy € X is called repulsive if there exists § > 0 such that, for
all x € Bs(xg), x # w0, there exists n € N for which T™(x) & Bs(xo).

To study the dynamics in a neighbourhod of a fixed point zg, first it is
useful to try the linearization approach. Let T be differentiable at xy. Then,
there exists € > 0 such that for all z € B (x¢)

T(z) = T(x0)+T (x0)(x—z0)+0(|Jx—20|) = 20+T" (20) (T —20)+0(|]x—"20]) -
Hence,
T () — zo| = |T"(20)| |z — wo| + of|x — wol). (3.2)

We deduce that, at the first order, it is the derivative T"(xo) which may
determine whether the orbit of a point = € B.(xg) gets closer or further
from the fixed point zg. This justifies the following definition.

Definition 3.3. Let T be differentiable at a fixed point xy. The fixed point
xo € X is called hyperbolic if |T"(zo)| # 1.
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Theorem 3.2. Let xg be a hyperbolic fixed point for a map T which is
differentiable at xo. If |T'(x0)| < 1 then the point is attractive, if | T (xo)| > 1
then the point is repulsive.

Proof. Let |T'(z0)] < 1 and fix ¢ € (|T'(x0)|,1). If we choose § > 0 such
that |T"(z)| < ¢ for all x € By(xg), then we have that for all n > 1

|T"(x) — zo| < " |z — 20|, Va € Bs(zo). (3.3)

From (3.3) and ¢ € (0,1), it follows that T"(x) € Bs(zp) for all n > 0 and
T™(x) — x¢ as n — 400.

We now prove (3.3) by induction. For n = 1, for all z € Bs(xg) there
exists £ between x and x( such that

| T(x) — ol = |T(x) — T(wo)| = |T"(&)] |z — w0l < ¢l — @0l

where |T"(&1)| < ¢ since &1 € Bs(xg). Then, let’s assume that (3.3) holds for
a given n, and show that it holds for n + 1. There exists &, between T"(z)
and x( such that

T (2) — 20| = [T(T"(x)) — T(x0)| = |T(&:)| 1T () — @0l <
<c- |z —xo| ="z — x|,

since &, € Bs(xo).

Let now |T"(xo)| > 1, and first consider the case T"(xg) > 1. Then we
fix ¢ € (1,7"(x0)) and choose 6 > 0 such that T"(x) > ¢ for all z € Bs(xo).
We now argue by contradiction and assume that there exists € Bs(zo),
x # w0, such that T"(z) € Bs(xo) for all n > 1. Then, we can repeat the
argument above to show that

|T™(z) — x| > " |x — 20|, YVn>1,

from which we find that |T"(z) — xg] — +00 as n — 400 since ¢ > 1. This
gives the contradiction with the assumption 7" (z) € Bs(zo) for all n > 1.
A similar argument works in the case |T'(z¢)| > 1 and T"(zg) < —1. O

When the fixed point is not hyperbolic, the approach in (3.2) suggests
that the higher derivatives of T' at xg may give some information.

Definition 3.4. A fixed point x¢ € X is called semi-attractive from the left
if there exists § > 0 such that it is attractive for points on (z¢ — J,z¢) and
repulsive for points on (xg,x0 4+ ). A fixed point xg € X is called semi-
attractive from the right if there exists § > 0 such that it is attractive for
points on (xg, zo + ¢) and repulsive for points on (xy — d, zg).
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Proposition 3.3. Let xq be a fixed point for a map T which is differentiable
at o with |T'(xg)| = 1. The following possibilities hold:

(i) Let T'(x9) = 1 and assume that T € C?(B.(x0)) for some ¢ > 0, and
T"(zo) # 0. Then,
— If T"(xg) > 0, then xg is semi-attractive from the left;
— If T"(xg) < 0, then xg is semi-attractive from the right;
(i) Let T'(x0) = 1 and assume that T € C3(B.(x0)) for some ¢ > 0, that
T"(x0) =0, and T" (x¢) # 0. Then,
— If T"(x¢) > 0, then xzq is repulsive;
— If T"(x0) < 0, then xq is attractive;

(iii) Let T'(zo) = —1 and assume that T € C3(B:(x¢)) for some € > 0.
Then we look at ST (zo), the Schwarzian derivative of T at xq, where

CT"(@) 3 (T'(2))?
ST(@) = Ty ~ 5 (T,($)> : (3.4)

Then,

— If ST (x) > 0, then x is repulsive;
— If ST (z0) < 0, then xg is attractive.

Proof. The proofs of (i) and (ii) are immediate from the graphical approach.
Let us prove (iii). Since T"(z¢) = —1, in a neighborhood of xy the map T is
order-reversing. We look at G := T? for which G(z¢) = 7o, and use that zg
has the same stability for G and T. We have

Ca) =T'(T@)T'(x) = G (xo)=(T'(x0))’=1,
G (x) =T"(T(2)) (T'())> + T'(T(x)) T" ()
= G(w0) = T"(w0) ((T"(20))* ~ T'(w0) ) = 0.

Moreover G € C3(B:(xp)), hence we can compute G"(x¢). It holds
G (a) = T"(T(@)) (T*(2))" + 3T"(T(a)) T'(2) I"(2) + T'(T(2)) T"(x)

= G"(w0) = T" (o) ((T'(20))* + T'(w0) ) +3 (1" (20))* T' (o)

= G"(zg) =25T(z0).
The result follows from (ii). O
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We conclude this section by studying the stability for periodic orbits.

Definition 3.5. Let zg be a periodic point for 7" with minimal period p. The
orbit O(z) is called attractive (respectively repulsive) if x¢ is an attractive
(respectively repulsive) fixed point for T7.

Remark 3.4. Let xg be a periodic point for T" with minimal period p. If
T € C1, it is a straightforward corollary of the chain rule that the derivative
of TP is the same on all the points of the orbit of zg, i.e. (TP)(T(zg)) =
(TP)(z0) for all i =0,...,p— 1, since

n—1
(T?) (o) = [] T'(T7 (o))
=0

3.2 Existence of periodic orbits

In this section [a,b] denotes a compact interval of the real line. Given a
finite number of points {z }r=o, . » such that

a=20< 11 <To <+ < Ip_1<Tp=">0,

we consider the partition J of [a, b] into the closed intervals Ji = [z;—1, =],
k=1,...,n.

Definition 3.6. Given a partition J = {Jy} of [a, b] and two not necessarily
distinct sets Ji and J, of the partition, we say that Ji T'-covers J;, m-times,
with m € N U {oo}, if there exist m open sub-intervals Ki,..., K, of Ji
such that K; N K; = 0 for i # j, and T(K;) = Jy, for alli =1,...,m.

Definition 3.7. Given a partition J = {Ji},_, _, of [a,b], the T-graph
of J is a graph with nodes given by the indices {1,...,n}, and such that
there are m-arcs from k to h if Jy T-covers Jy, m-times. An admissible path
of length s € N on the T-graph of J is a sequence Jy1)Jp2) - - - Jp(s) with
p(j) € {1,...,n} and such that there is at least one arc from p(j) to p(j+1)
forall j =1,...,s — 1. An admissible path of length s € N is called closed

if p(s) = p(1). An admissible closed path is called a loop.

Lemma 3.5. If Jy1)Jp) - - - Jp(s)Ip(s+1) @5 a loop on the T-graph of a par-
tition J with s € Ny, then there exists a point x € Jyq) which is periodic

for T with period s and such that TV (x) € Jp(j+1) for all j=0,...;s.
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°

Proof. Let us fix Ks11 = Jy(s11). Since the path Jyq)Jp@) - - Jp(s) Ip(s+1) 18
admissible, there exists a family K; C Jy;), j = 1,...,s, of open intervals
such that T'(K;) = Kj11. Hence there exists an interval K1 C J,) such that
T%(K1) = Ks11 2 Ki. The fixed-point theorem implies that there exists
r € K such that T*(z) = z, moreover by construction T7(z) € K;+1 C
Jp(j+1) for all ] = 0, ceey S OJ
Remark 3.6. It is important to notice that Lemma 3.5 does not prove the
existence of a periodic point with minimal period s. That the period s is
minimal may be obtained by looking at the path used in the proof of the
lemma.

Proposition 3.7. Let T : [a,b] — [a,b] be a continuous map for which there
exists a periodic orbit of odd period m > 1. Then T admits periodic orbits
of minimal period n for all n > m, for all even n < m, and for n = 1.

Proof. Let’s assume that m is the smallest odd number greater than 1 for
which T has a periodic orbit of period m!. In particular, m is the minimal
period of the orbit. Let us denote by p1, po, ..., pm the points of the periodic
orbit ordered in [a, ], so that T'(p1) > p1 and T'(pm) < pm. It follows that
there exists h such that T(pj) > p; and T'(pg) < py forall k = h+1,...,m.
Finally let J be the partition given by the points a,b and the points of
the periodic orbit p1,p2,...,pm, and let Jy := [a,p1], Jm = [pm,d], and
Jg = [pr,pr+1] for k € N := {1,...,m — 1}. By construction and the
fact that m > 2 we have that one of the inequalities T'(p;,,) < pj and
T(py) = ppyq is strict, hence J; T-covers itself at least once. By Lemma
3.5, this gives the result for n = 1.

We now proceed by proving intermediate statements.
Step 1. There exists an admissible path on the T-graph of the partition J
from J; to any set Ji of the partition with k € N
Let us define by recurrence the following subsets of the nodes N of the
T-graph. We put Ny := {h},

Ny :={reN : J; T-covers J,} ,
and for 7 > 3

N;:={reN : 3s € N;_qsuch that Js T-covers J,.} .

LIf not, we prove the result for such smallest odd number greater than 1 and obtain
the proposition.
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Since m > 2, each Jg with s € N, T-covers at least one set .J, with r # s.
Moreover the fact that J; T-covers itself implies that A € N; for all i > 1,
hence {N;} is a non-decreasing sequence of sets. We conclude that there
exists ¢ such that Ny = Nyyq = N, since Ny # N implies that m is not the
minimal period of the periodic orbit. This finishes the proof of this step.

Step 2. There exists k € N such that Jy, T-covers Jj,.

We argue by contradiction. If the thesis of this step is false, all points p; of
the periodic orbit with j < h have distinct images in the set {hgts - Pm},
and analogously all points p; of the periodic orbit with j > h+1 have distinct
images in the set {p1,...,ps}. Since m is odd we get the contradiction.

Step 3. On the T-graph of the partition J there exists a loop starting from
J; and passing through all the sets Jy, with k € N. This loop contains J;,
only at the beginning and at the end.

We first show that the shortest loop from Jj to itself is of length m. Let
Jrdp@) - - - Jp(s)Jr, be such loop of length s +1 < m, there are two cases.
If s is odd, by Lemma 3.5 there exists z € J; such that T°(z) = =z, but
s < m — 1 and we have a contradiction by the choice of m. If s is even, we
can consider the loop Jj, 2y - - - Jp(s)J5J;, which is of length s+2 and gives,
by Lemma 3.5, the existence of a periodic point of period s +1 < m. Again
we have a contradiction by the choice of m.

Let JJp2) - - - Jpem—1)J5 be the shortest loop from J; to itself. All J
appear at most once in this path, indeed if one J; appears twice, we can con-
struct a shorter loop from Jj, to itself. Hence, J; Jy) - - . Jp(m—1)J;, contains
all the sets Ji with k € N. The same argument shows that the T-graph of
the partition J contains one single arc from an index k € N to h.

Let us now relabel the sets of the partition J by letting I := J; and
Is, ..., I,,—1 be chosen so that there exists an arc from k to k + 1 for all

ke N.

Step 4. The map T admits periodic orbits of minimal period n for alln > m.
This follows by applying Lemma 3.5 to the loop I1ls... I, 111...1; of
length n + 1.

Step 5. For each odd k € N there exists an arc from m — 1 to k.

The statement is clearly true for m = 3. If m > 3 we show that the sets
Ij; are ordered in [a,b] in a precise way. From step 3 we know that I} T-
covers itself and I3, and no other set. So T'(p;) = pj1o and T'(ps,1) = pp,

or T(pp) = phyr and T(pp 1) = - In the first case Iy = [pj, 1, Pp 0l
and since Iy T-covers only Is we have I3 = [p;_;,p;]. We can continue
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repeating the argument to conclude that Ip,—1 = [pm—1,Pm], and T(ppm—1) =
p1, T(p1) = pm and T(pm) = pj. Since I with k odd are of the form
[Ph, Pha1] With h < h, the thesis of the step follows.

Step 6. The map T admits periodic orbits of minimal period n for all even
n < m.

This follows from step 5 by applying Lemma 3.5 to the loop of length n 4 1
from I,,—1 to itself of the form I, 1I;Ij41...I,—1 where j = m — n is
odd. O

Theorem 3.8 (Sharkovsky). Let T : [a,b] — [a,b] be a continuous map and
consider the following ordering on N

1<2<4<8<---<92"<ontl o ontly L ontly o

3.5
=< 2M5 <23 <0 <2-5<2:-3<...7<5<3 (3:5)

If T admits a periodic orbit of minimal period m then it admits a periodic
orbit of minimal period n for all n < m in the ordering (3.5).

Proof. If m is odd, the thesis follows from Proposition 3.7.

If m =2 -m with m odd and T admits no periodic orbits with odd period,
then we can repeat the same argument of the proof of Proposition 3.7 up
to step 2. This shows that h = 7 and, in the T-graph of the partition
including the sets Jj, with & € N/, there exists an admissible path from the
set [pm, Pm+1] to all the sets Ji with k € A. This implies that T" admits
a fixed point. However there is no arc to [psm, pm+1] from a different set,
since otherwise by Lemma 3.5 we could find a periodic orbit of 7" with odd
period. It follows that T'(p;) > pm+1 for all j < m and T'(p;) < ps for all
§ > 1+ 1, so the points p1, ..., ps give a periodic orbit of period mm for T2.
We can then repeat the argument for 72 and find periodic orbits of T? with
period 7 for all 7 < 7 in the ordering (3.5). The thesis for T follows.

If m=2"-m with r > 1, m odd and T" admits no periodic orbits with odd
period, then we do one step as in the previous case, and we are reduced to
the case m = 2"~ 1./m. So we can repeat the argument and obtain the thesis.
We remark that when m = 1, we only obtain periodic orbits with period
powers of 2. O

3.3 Topological chaos

Definition 3.8. Let T': X — X be a continuous map on a metric space X.
We say that T is chaotic in the sense of Devaney if there exists a compact
forward invariant set A C X such that:
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(i) the set of periodic orbits is dense in A;

(ii) T is topologically transitive on A, that is for all open sets U,V C X

with non-empty intersection with A, there exists n € N such that
T (UNA)N(VNA)#£0;

(iii) T has sensitive dependence on initial conditions on A, that is there
exists ¢ > 0 such that for all x € A and all € > 0 one can find y €
B.(z) N A for which there exists n € N such that d(T"(x),T"(y)) > c.

Ezxample 3.3. Show that the Symbolic dynamics of Example 1.8 is chaotic
in the sense of Devaney.

Remark 3.9. Conditions (i) and (ii) in Definition 3.8 imply (iii).

Definition 3.9. Let T : X — X be a continuous map on a compact metric
space X. For n € N and € > 0, a set S C X is called (n,¢)-separated if for
all 7,y € S there exists k = 0,...,n such that d(T*(z),T*(y)) > . Then
the quantity

1
hiop(T) := lim limsup - log (max{#S : Sis (n,e)—separated})

e—=0T n—ooco

is well-defined and is called topological entropy of T.

Proposition 3.10. Let (X,T) and (X,T) be two discrete-time conlinuous
dynamical systems on compact metric spaces, and assume that (X,T) is a

topological factor of (X, T). Then hiop(T) < hiop(T). In particular, topolog-
ical entropy is invariant under topological conjugacy.

Ezample 3.4. Using Definition 3.9 and Proposition 3.10, show that: The
Symbolic dynamics has positive topological entropy; The Tent map of Ex-
ample 1.5 with s = 2, the Bernoulli map of Example 1.7, and the Logistic
map of Example 1.6 with A = 4 have topological entropy log 2; The rotations
of the circle of Example 1.4 have null topological entropy.

We now move to the case of maps of the interval. First, we give a simple
criterion to compute the topological entropy in a special case.

Proposition 3.11. Let T : [a,b] — [a,b] be a piecewise continuous mono-
tone map with respect to a partition J = {J1,...,Jn} of the compact
interval [a,b] into closed subintervals. Assume that T'(J;) = [a,b] for all
t1=1,...,N. Then

1
hiop(T) = lim - log (#Fz’x(Tk)) —logN.
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We now introduce another notion of chaotic behaviour.

Definition 3.10. Let 7" : X — X be a continuous map on a compact
interval X = [a,b]. We say that T" has a horseshoe if there exists a closed
sub-interval J C X which T-covers itself 2-times.

Proposition 3.12. Let T : X — X be a continuous map on a compact
interval X = [a,b]. Then:

(i) if T has a horseshoe then has periodic orbits with minimal period n
forallmn > 1;

(ii) if T has a periodic point with minimal odd period m > 1, then T? has
a horseshoe.

Proof. (i) Let J C [a,b] be the closed interval which covers itself 2-times,
and let K7 and K5 be the open sub-intervals of J such that K1 N Ky = ()
and T(K;) = T(K3) = J. We consider the T-graph of K;, Kj, which is a
full graph on the indices {1, 2}.

Let K1 = (o, f) and Ko = (8 + &,7), there are two cases. If ¢ > 0 or
e = 0 and $ is not a fixed point, we apply Lemma 3.5 to the admissible
path K1 KoKsK; to find a periodic point of period 3 which is not fixed,
so it has minimal period 3 and we can apply Sharkovsky Theorem 3.8. If
e =0 and f is a fixed point, then it follows that there exists 0 € (3,7) such
that T'([0,~]) = J, so we can repeat the argument with K; = («, 5) and
K3 = (6,7).

(ii) Let m be the smallest odd number for which 7" has a periodic orbit
of minimal period m, and let {p1,...,pm—1} be the points of the periodic
orbit in dynamical order, that is T'(p;) = pj+1 for all i = 1,...,m — 2, and
T(pm-1) = p1. By Step 5 in the proof of Proposition 3.7, the point of the
periodic orbit are ordered in [a, b] as

a<Ppm1<pm-3<- - <ps<p3<p<p2<ps<-<Pm-sa<pma2=<b

or specularly. In the first case, we find T'(p1,p2) = (ps,p2) so that there
exists § € (p1, p2) such that T(§) = p1, and hence T?(§) = pa. We now show
that J = [pm_1,p2] T?-covers itself 2-times. Let K1 = (pm_1,Pm_3), then
T?(pm—1) = p2 and T?(ppm—_3) = pm_1, hence T?(K1) = J. If we also let
K5 = (pm_3,0), then as shown before again T?(K5,) = J. Since K1NKs = 0,
we are done. O

Definition 3.11. Let T" : X — X be a continuous map on a compact
interval X = [a,b]. We say that T is chaotic in the horseshoe sense if there
exists n € N such that T™ has a horseshoe.
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Theorem 3.13. LetT : X — X be a continuous map on a compact interval
X = [a,b]. Then the following are equivalent:

(i) T is chaotic in the sense of Devaney;
(71) hiop(T) > 0;
(iii) T is chaotic in the horseshoe sense;
(i) T has a periodic point with minimal period not a power of 2.

Ezample 3.5. The Tent map T of Example 1.5 is chaotic for all s > 1. If s >

2 : : _ .1
/2 one shows that 72 has a horseshoe by using the interval J; = [m, Sj—l],

since 2 € J, and T%(3) < SJ%l, whereas TQ(SJ%I) =T%(35) = 357 I
s € (1,4/2), the result follows by observing that there exist intervals .J; and

Jo on which T2 is equal to T2 after rescaling.
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List of Symbols

o Np:=Nu{0}.

e Rt :=(0,+00) and R{ := [0, +o0).

e |z| the integer part of a real number.

e {x} = x — | x| the fractional part of a real number.
e z points of a Euclidean space R™ with n > 1.

e d:R" x R" — R{ the Euclidean distance.

o (-,-):R" x R" — R the Euclidean scalar product.
e Be(z):={ycR" :d(z,y) <c}.

e M(n x m,F) is the set of n x m matrices with coefficients in the set
F.

o A°: =X\ A, foraset AC X.

e A is the interior of A C X.

e A is the closure of A C X.

e 0A is the boundary of A C X.

e fi:=max{f, 0} is the positive part of a real-valued function f.

o f_:=max{—f, 0} is the negative part of a real-valued function f.
e (C9(X) is the set of continuous functions on X.

e CP(X) is the set of continuous and bounded functions on X.

e C?(X) is the set of continuous functions on X with compact support.

67
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e CF(X) with k € NU {co} is the set of functions of class C* on X.

e CF(X) with k € NU {co} and a € (0,1] is the set of functions of
class C¥ on X for which the k-th derivative is in C®(X).



