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1 Introduction

1.1 Problems modelled with differential or difference equations

Applied mathematicians create mathematical models to describe the world. These may in-
volve physics (mechanics), chemistry (reaction kinetics), economics (stock movements, sup-
ply and demand), social sciences (voter preferences, opinion formation) or any number of
different disciplines and problems. The common thread though is that the model is only use-
ful if it can be used to obtain more insights into the problem being addressed. The methods
that can be brought to bear depend on the nature of the model.

Models used to simulate and predict weather or climate could be very complicated, be-
cause various processes like heat transfer (both vertically and horizontally) are coupled to-
gether on the surfaces of land, ocean and ice. For the fantastically detailed climate models
used to assess the probability of climate change the techniques are essentially computa-
tional, but mathematics is important in the design of the schemes and the analysis of the
data. Climate scientists will also use much cruder models to provide insights into the relative
importance of different effects. These models are designed so that more detailed mathemat-
ical analysis is possible, and longer, more varied computer simulation as well because the
time spent on the computation is so much smaller.

T | rest position

Figure 1.1: A harmonic oscillator only under the spring force F' = —kzx.

The aim of this course is to describe some of the mathematical techniques that can be used
to analyse differential or difference equations that arise frequently in models. Differential
equations are used to describe how quantities vary in time (or space). If there is only one
independent variable then the model is an ordinary differential equation (ODE) such as

d%x

— +wr =0 1.1

with solutions x(t) that is a function of the continuous, independent variable ¢ and the
initial conditions (if they are specified). This equation describes the motion of an object
under the sole force of spring force (see Figure 1.1), governed by the Newton’s equation
mi = F = —kx. It is sometimes useful to consider time as a discrete variable, leading to

difference equations such as the logistic equation
Tpi1 = prn(l —x,)  with pe0,4]. (1.2)

This generates a sequence {xg, 1, T2, ...} rather than a function of a continuous variable.
We assume you are familiar with basic linear differential equations and difference equations.
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1.2  What is this course about?

There are two features that may be new to you (and will be our focus later) in this course:
nonlinearity and parameter variation.

Nonlinearity refers to the existence of terms like 22 in the equation — terms that are
not linear in the dependent variable you are seeking — for example, the logistic equation
(1.2) is nonlinear whilst equations (1.1) and are linear in x and u respectively. In general,
nonlinear equations cannot be solved in terms of simple functions, and new techniques are
needed to obtain information about solution.

In many models these are parameters — quantities which are constant in any single
realisation of the experiment, but which can be changed (like the interest rate set by Bank
of England to regulate the economy). In fluid mechanics an example is the Reynolds number
of a flow, in chemistry reaction rates depend on ambient temperatures, in social sciences
behaviour may be influenced by the average number of friends a person has (and in epidemi-
ology the average number of contacts). Often these parameters are not known accurately and
so it is important to know how sensitive any conclusions are to parameter variation. This is
described by bifurcation theory: the study of how quantitative changes occur as parameters
are varied. The quantity p in the logistic equation is an example of a parameter. ‘Tipping
points’ are another.

Finally, nonlinearity can lead to behaviour that is more complicated than the obvious
static and periodic solutions (or more general quasi-periodic solutions). This is called chaos,
and one of the interesting features of chaos is that it has its own version of bifurcation
theory — there are a number of common routes to chaos describing how chaotic solutions
are created as parameters change. We will discuss some of these too.

1.2 What is this course about?

In this course, we will be focus on qualitative properties of continuous and discrete dynam-
ical systems, complementing other common methods, like explicit solutions and numerical
approximations. Explicit solutions, even available in certain cases, may not be useful. For
example, the general solution of the system

dx dy 1 — 2242
— =27 , - _ <
a " ae 2
with initial condition z(0) = xg, y(0) = yp is
. 2!13'0
Sl a2 i+ (1—ai —yd)cost — 2ypsint’
_ 2ypcost + (1 — z2 — y2) sint
Cl4 a4+ 2+ (1 — a3 —yd)cost — 2ypsint’

x(t)
y(t)

Can you get any information from this explicit solution, without plotting any sample trajec-
tories? Numerical approximations may also not be so effective for high dimensional systems
or long time behaviours.

Before considering complicated nonlinear systems, we start with a few basic notations
and concepts in the next section.



2 Notation and basic concepts

2.1 Ordinary differential equations (ODEs)
We only consider coupled first order equations: autonomous(time-independent) equations
T = f(x), xreR" f:R"— R"
or occasionally non-autonomous (time-dependent) ones
T = f(x,t), reR" f:R"xR— R"

Here the n-dimensional Euclidean space R is called the phase space of the system.
Remark (Conventions about notations).
(a) In the rest of the course, we use variables like x for both vector and scalar, and there is

1 -1

1 ) x 1s a column vector

usually no confusion. For instance, z in the system & = (

of length two, but x in the system
T=v—-y, Yy=-r+y
is a scalar.

(b) Explicit time dependence is also omitted, that is, we write x instead of z(t), and similarly
o« e . . . d d2
&, 2 for the time derivatives f2(t) and J{zx(t).

(¢) The solution to the system @ = f(x) is usually written as x or x(t), and sometime z(xo, t)
or ¢;(xg), if the dependence on the initial condition zy is emphasized.

There is no need to consider higher order equations, because they can always be converted
into first order systems by introducing new variables for the derivatives, as in the following
example.

Example 2.1 (Coupled first order equations). Take the simple harmonic oscillator (1.1),
i+ w?r =0. (2.1)

This is a second order equation, and can be recast in the form of (2.1) by setting y = @
(hence y = & = —w?z). That is, we get the coupled first order equations

T =1y, = —wzx or aly) =l o))

Note that this is an example of a linear system of differential equations, the general form of
which is
v = Av. veR”

where A is a n X n matrix (possibly time dependent).

>



2.1 Ordinary differential equations (ODEs)

Ezercise. Change the fourth order equation j—;z — wr = 0 describing the vibration of a
beam into a system of first order equations, by introducing y = &,z = &, w = . What does
the coefficient matrix look like? How about the equivalent first order system for the n-th

order autonomous ODE
x(n) — F(l" x/’ “ e ’x(n_l))’

by introducing the variables z, = z®), k =0,1,2,--- ,n — 1 for the k-th order derivatives.

We can always consider autonomous equations (with no explicit dependence on “time”),
because non-autonomous system like # = f(z,t) can be converted into autonomous system
by introducing a new independent variable 7 as "time”, while taking ¢ as dependent variable.
That is, # = f(x,t) is equivalent to

d d

—xr = - U = ]_
dT:E f(zat)a th ’

which is an autonomous system for & = (z,t) that depends on 7.

Example 2.2 (The simplest scalar linear equation). The differential equation @ = ax for
x € R and with initial condition x(0) = x¢ is simple but illustrates features of stability and
instability to which we will return. If 2y = 0 then & = 0 and so z(t) = 0 for all time (it is a
stationary point). If xy # 0, it can be solved using separation of variables, that is,

(Ed t
/ —x:/adt,
xQ Y 0

which gives © = zge™. Alternatively, we can use the integrating factor e~®. Taking the
derivative of e~ %z, we get

d
dt

(e™"z) = —ae x4+ e i = e (i — ax) = 0.

Therefore, e~z is a constant and equal its value at t = 0. That is e %z = x, or x = e%x.
The behaviour of solutions depends on the sign of a (the real part of a if it is complex):

if a <0 then |z(t)| — 0; if a > 0 then |z(t)| — oo.

A radioactive material contains unstable nuclei whose atomic nucleus loses energy and decays
into another nuclide. Let N4 be the number ! of atoms in a sample, then N, is usually

governed by the ODE

d
—N4 = —MN
A AN A

where A4 is the decay constant. The solution is N4(t) = Na(0)e 4. The time T} /5 = % is
called half-life, is the time taken for the radioactive substance to decay to half of the initial
value, i.e., Na(T1/2) = Na(0)/2.

!This number is so large in practice that it can be treated as a continuous quantity to be differentiated.




2.1 Ordinary differential equations (ODEs)

Example 2.3 (Chain of two radioactive decays). If one nuclide A decays into B by one
process, and then B decays into C' by a second process, then the amounts of A and B are

governed by

d d

—Ny = - N, —Np = —AgNp + AN

A AN, FTRA BINB + AalVa,

with the initial condition Np(0) = 0 (no B at the very beginning). From the solution

N4(t) = No(0)e 2t the second equation becomes
d
ENB( ) = —ApNp(t) + AaN4(0)e 4.
If A\ # A4, then this ODE can be integrated with the integrating factor 5! to give
NA(O))‘A —Aat —Apt
Ap(t) = At — e BY),
B( ) A5 — A4 (6 € )
FEzercise. (1) Find the time T" when Np(t) reaches its maximum; (2) Find the solution when
Ap = Aa.
Example 2.4 (Linear matrix equations). The previous system can be written as
T = Ax (2.2)
with z € R", and where A is an n X n constant matrix. Solutions can be written as
z(t) = e xq (2.3)

where the exponential matrix is defined by (exactly the same as in the scalar case)

1 n
I+B+2'Bz+ lpss Z —B",
where [ is the identity matrix. With this definition of matrix exponential, the expression
(2.3) is a solution to the linear matrix equation (2.2) can be proved by differentiating term by
term. In practice, the matrix exponential e is not calculated from above series expansion,
but by transforming B into Jordan blocks, using eigenvectors of B. If B = SAS~!, where
the columns of S are the (generalised) eigenvalues of B, and A consists of Jordan blocks:

Al )\k 1

A A 1
A= ’ . ) Ak: :

Am )\k

Then e = Se*S~!, while e* can be computed easily. In general to find e?, it is easier to
find the eigenvectors and eigenvalues (or equivalently the decomposition B = SAS™!) than
to calculate the series with powers B™ (but there are exceptions as in the following example).

Example 2.5. If A = ((1) _01), using the fact that A = [ ATl = A A2 =
—I, A" = — A (n is an integer) and the above definition for matrix exponential, we get

exp(tA) = (

cost —sint
sint cost J°
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2.1 Ordinary differential equations (ODEs)

Ezercise. What is exp(tA) for A = <(1) (1)) ?

Review on different ways to solve differential equations:

(i) Linear ODEs with constant coefficients:
L)+ () 4 () + aga(t) = 0
dtnl’ an_ldtn—lx aq dtl’ aogx = u.

Looking for solution of the form x(t) = e“!, where w are the roots of the n-th
degree polynomial
W 4 Ay w4 agw + ag = 0.

(ii) Linear first order scalar equation i = a(t)x + b(t): Multiply both sides by
the integrating factor exp <— ft a(T)dT) to get

% {x exp (— /ta(T)dT>] = [ — a(t)z] exp <— /t a(7)dr> — b(t) exp <_ /t a(7)d¢> .

followed by integrating on both sides,

2(t) exp (- / ta(T)dT> = C+ / b(t) exp (- / ta(T)dT> dt.

d
(iii) Separable first order equation & = f(x)g(t): Integrate o g(t)dt to get

f(x)
T e /t
— = [ g(t)dt,
f(z)
where the integration constant is determined by the initial condition (if it is given).

(iv) First order homogeneous ODEs i = f(¢,z), where f(\zx,At) = f(z,t) for
any A: The trick is to introduce z = z/t. Since

4, g( t) = +t%
a’ T T
and f(x,t) = f(zt,t) = f(z,1), the original ODE becomes z + tZ = f(z, 1), which
is separable, and the solution is given by

7=/ er=

System of equations, especially nonlinear ones, are much more difficult to solve ana-
lytically, if not impossible. Nevertheless, we can still have a good understanding of the

qualitative properties, using different techniques that will be developed in the rest of the
course.




2.2 'Trajectories, phase portrait and flow on the phase space

2.2 Trajectories, phase portrait and flow on the phase space

In many situations, although explicit solutions of the underlying equations may not be
available, qualitative properties and long time behaviours can still be obtained using various
techniques. For example, we can understand solutions of the logistic ODE

T=2z(1—2x)

with different initial conditions z(0). If x(0) < 0, then z(¢) decreases, and z(t) — —o0 as
t — oo. If (0) € (0,1), then z(t) increases to 1 and finally if 2(0) > 1, x(¢) decreases to 1.
In general, for the one dimension equation & = f(z), although we can get the solution from

z(t) dx
[
the qualitative properties can be understood better using a phase portrait as Figure 2.1: x
increases on regions where f(z) > 0 and decreases where f(x) < 0.

f

. «
T \

Figure 2.1: Phase portrait of the one dimensional autonomous equation & = f(x).

This picture can be extended to higher dimensions. Consider the equation @ = f(x) with
x € R" and f : R" — R"™. If we plot the trajectory {z(t) | t; < t <t} in R" for some
time t; and ty, then f(x(t)) is exactly the tangent vector of x(t) (the definition of the ODE
& = f(x)!). In other words, once we have the vector field f(x) at any points z, then we can
“integrate” along the vector field to get the solution trajectory, as in Figure 2.2. A sketch
of the different trajectories in phase space is called a phase portrait. Indicate the direction
of time on phase portraits by an arrow denoting the direction of increasing time along the
trajectory. In some cases, some trajectories can be obtained explicitly by solving ODEs with
time t eliminated; otherwise, general behaviour of the underlying system can be inferred by
”connecting” the vector field given by f(z).

Example 2.6 (Equations governed by trajectories). Consider the system
T=-y, Y=

The trajectory is governed by the different equation

dy 9y z
de & Yy

Y

9



2.2 'Trajectories, phase portrait and flow on the phase space
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Figure 2.2: Vector fields and phase portrait for the system @ = y,y = —x + 2°.

which is separable. Rewriting this ODE as ydy + zdx = 0 and integrating both sides, we get
2 +y?=C
for some constant C' > 0.

Example 2.7 (Newtonian dynamics in one dimension). Consider the Newtonian dynamics
mZ& = —U'(z) in one dimension (so z is a scalar, m is the mass and U is called the poten-
tial). By introducing the momentum p = ma, then the original second order scalar ODE is
equivalent to the first order system

. p . /
p— —’ p— —U .
= D (x)
The trajectory, governed by the ODE j—ﬁ = —%/(x) is separable, is
2
b
—+U(x)=F
o T U@)

for some constant F, called the total energy.
Example 2.8. For the ODE & =y, = —x + 23, the ODE governing the trajectory is
% T+ 3
dx y
Therefore the trajectories are x? + y? — 21/2 = C for some constant C' (not necessarily
positive).

Remark. For two dimensional system & = f(x,y),y = g(z,y), the differential equation
j—i = % can not always be solved explicitly. For instance, if the system in the previous
example is changed to @ = y + 2,y = —x + 3, there seems no expressions for general

trajectories. But whenever there is a solution that written in the form F(x,y) = C, the
function F(xz,y) is called a conserved quantity (because the time derivative 4 F(z,y) is
zero), containing important information about the underlying system.

Remark. In most cases, it is easier to write the trajectories implicitly as x> + y*> = C or
22 + 9% — 21/2 = C in previous two examples. There is no need to write y as a function of
x or x as a function of y.

10



2.2 'Trajectories, phase portrait and flow on the phase space

Semi-group property for autonomous ODEs

Another way of representing solutions is via the flow: x(t) = ¢;(zo) represents the solution
to & = f(z) at time ¢ with initial condition z¢ at t = 0, i.e. po(xg) = x¢ and

S olw) = (o))

For example, the solution to the system of ODEs
T=—-x+y, y=-y
with initial condition (zg,yo) is given by
pi(0, yo) = (xoe™ +te o, e yo).

For autonomous equations & = f(z), where f has no explicit dependence on ¢, the solution
() satisfies the semi-group property,

Pis(2) = i) = ps(pi(2).

This fact can be verified by the uniqueness of the solution to the system & = f(x), by defining
two functions ¥4 (t) = @iys(x), e(t) = pi(ws(x)). Then 1)1(t) is a solution to & = f(z) with
initial condition 11 (0) = ¢s(x) and ¥, (t) is also a solution to & = f(x) with initial condition
¥2(0) = po(ps(z)) = @s(x). Since Y1 (0) = 15(0), by the uniqueness of solutions to ODEs,
Y1(t) = ¥a(t), or rs(x) = pips(2)). Similarly, we can show @u5(z) = @s(i(z)).

Example 2.9. The solution to the ODE & = 22, 2(0) = x( satisfies the semi-group property.
In fact, this is an separable ODE. Integrating both sides of 72dx = dt, we get

t_/dt /x(t dx: ﬁ

o
That IS SOt(:,Uo) = 1—xt050() al’ld @s(gpt(xo)) = SOS <1_xt0x0) — 1_187;3;% — 1—(tx-|(-)8):1,‘0 = QOH_S(SL’O)
—txg

Remark. The reason we use semi-group instead of group here is that some dynamical systems
can not be defined backward in time, or lose the uniqueness of solution when solving backward
in time (common for infinite dimensional systems, like partial differential equations).

Remark. The solution of any autonomous system always satisfies the semi-group property
(the law of dynamics does not dependent on ”time”); on the other hand, if a function ¢;(z)
satisfies the semi-group property, then it is the solution to the first order autonomous system
& = f(z),2z(0) = xo. The function f, or the "law of dynamics” can be actually determined
by writing 4¢,(z9) as a function f(¢(z0)). For instant, if ¢,(zo) = zo/(1 — tap), then
Lioy(wo) = x5/ (1—tx)? = (e(x0))? = f(pe(xo)) with f(z) = 22, the same as in Example 2.9
(there is no explicit ¢ dependence). Alternatively, f(z) can be determined at the initial time
(the law can be inferred from any instance of time). That is, f(z) = S, ()| o

11



2.3 Special solutions: fixed points and periodic orbits

2.3 Special solutions: fixed points and periodic orbits

Special solutions, if they exists, usually give a lot of information about the general behaviour
of the underlying system. There are two obvious special solutions for & = f(x) arising in
practice:

Stationary (or fixed) points: A stationary point x* satisfies
x(t) = x¥, (2.4)
i.e. the trajectory is a single point and the solution does not change in time. Thus
0= Salt) = 1 (a1)) = f(2"),
and stationary points can be found by solving the algebraic equation f(x*) = 0.
Periodic Orbits: if there exists T' > 0 such that

x(t+T)=uaz(t) forallteR.

then the trajectory is called a periodic orbit and T is called the period of the periodic orbit.
Note that kT is also a period for any positive integer k because z(t + kT) = z(t), and
sometimes T is referred as the minimal period). A periodic orbit with T" = 0, which is not
allowed in the definition, would be a stationary point. Periodic orbits are much harder to
find, and they form closed curves in phase space.

Example 2.10 (Fixed points of linear constant coefficient ODEs). If A is a non-singular
n X n matrix, then the only fixed point is the origin. In other words, the only solution to
Ar=0isz = 0.

Exercise. What if the coefficient matrix A is singular as in

#\ (1 0\ (z
g) N0 0)\y/)"
Find the solution starting from (g, yo). What are the fixed points?

Example 2.11 (Fixed points of potential dynamics). Consider the Newton’s equation
mi = —VU(zx) in n-dimensional space (the force is derived from the potential U), which is
equivalent to the first order system of 2n equations (p = ma is the linear momentum):

T =

. )

3=

Then any fixed point takes the form (z*,p* = 0), where VU (2*) = 0. For those who took
courses in mechanics, the fixed point is stable if z* at the local minimum (bottom of the
potential well), and unstable if z* is at a saddle point.

—

Example 2.12 (Harmonic oscillation). The simplest example of periodic phenomenon is

the motion of a harmonic oscillator, & + w?x = 0, or the equivalent first order system
T =1, y = —w’z.

The only fixed point is the origin, but there are many periodic orbits around the origin. In
fact, the solution can be written as

x(t) = Acoswt + Bsinwt.

12



2.3 Special solutions: fixed points and periodic orbits

¢
@

Figure 2.3: The simple pendulum and associated phase portrait.

Example 2.13 (Simple Pendulum). Consider the pendulum in Figure 2.3. By taking com-
ponents of the force in the radial direction, the equation of motion is

0 + I ing =0
14
or the first order system (by introducing y = 6)

6=y, y:—%sinﬁ.

So phase space is R?, or more precisely the cylinder T x R with 6 € [0,2n) (here 6 is taken
modulo 27). The solution can not be represented using elementary functions, but can be
given in terms of more special ones called elliptic functions.

Stationary points are given by solving §# = ¢ = 0, i.e. y = 0 and sinf = 0, so the
stationary points are (see Figure 2.3)

(km,0) ke€Z.

The only fixed point is the origin, but there are many periodic orbits around the origin.
The simple pendulum equation has special properties that make it easier to sketch the
phase portrait than for more general systems: the energy (also called Hamiltonian)

1
E= §y2—%cose

is constant on solutions, which is determined from the initial condition (fy,yo = 6(0)). This
can be seen by differentiating both sides with respect to time (using the chain rule on the
right hand side):

dE

E:yy—l—é%siné’:%(—y sinf +y sinf) = 0.

Example 2.14 (Prey-predator system). Let x and y be the population number of prey (for
example, rabbits) and predator (for example, foxes), then the simplest system of ODEs is

& = (A — By)z, y=(Cx— D)y, (2.5)

where A, B, C, D are all positive constants. The fixed points are

(0,0), (g,%).

13



2.4 Invariant sets

2.4 Invariant sets

For the ODE & = f(x), a set S C R"™ is called invariant, if xy € S implies the solution
z(t) = pi(xo) € S with initial condition z(0) = po(xg) = zo for all £ > 0. The basic idea
behind invariant sets is: if you start in the set, you stay in the set. Common invariant sets
include:

(1) Single/multiple stationary points
(2) Periodic orbits

(3) Trajectory passing one or more specific points
Si(xo) =A{prlwo) [ 120} or  S(zo) = {pu(wo) [ £ € R}
Example 2.15. The unit circle 22 + y? = 1 is invariant for the system
i=-r+y+a@@+y?), §=-z-—y+yla®+y).

In other words, if (g, o) is on the unit circle, then the solution is also on the unit circle for
any time ¢ > 0. Therefore, we only need to show that z* + 3? does not change (always unit),
for all time. Taking the time derivative of 22 + /2,

d
E(xz +y?) = 2xi + 2y = 22 ( — x +y + 2(2* + 7))

+2y(—z—y+y@@®+y°) =20 +y*)(@*+y* - 1) =0.

That is, 22 +y? does not change in time if (z,y) is on the circle, and 22 +3? = 1 for all time.
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Figure 2.4: Invariant circle for Example 2.15 and invariant straight line for Example 2.17.

This example shows an important fact: a set S = {z | G(z) = 0} is invariant iff

%:f-VG:() on G(x)=0.

Geometrically, VG is the normal to the curve S, and f- VG = 0 means that the vector field
defining the ODE is orthogonal to the normal.
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2.4 Invariant sets

Example 2.16 (Prey-predator system). The two coordinate axis S, = {(z,0)},S, = {(0,y)}
are two invariant sets of the system

& = (A — By)z, y=(Cx—D)y.

If the initial condition (x¢,yo) is on the x-axis, then yo = 0, then the solution (x(t), y(t))
stays on the x-axis, or y(t) = 0, because y = 0. Alternatively, from the second ODE
y(t) = (Cx(t) — D)y(t), we can “solve” y(t) (assuming x(t) is known, this is a linear ODE)

y(t) = yo exp [ /0 (Car) D)dT} 0.

Therefore, the x-axis is invariant. Similarly, we can show y-axis is invariant.

Example 2.17. We can show that the line y = 2z is invariant under the system

S 1 1
izﬁx—§y+2x2—l—§y2, y=—x+2y+4ry.

Geometrically, the line y = 2x is a trajectory on the phase portrait.

Define G(x,y) = y — 2z, so the line is § = {(z,y) | G(x,y) = 0}. We can look at the
evolution of the function G under the system,

Gla,y) =y — 22
= (—x + 2y + 4ay) — (5x — y + 42* + %)
= —6x + 3y — 42* + day — 1°

If (x,y) € S, G =0 and y = 2x, which implies that

G|G:0 = —6z + 6 — 422 4+ 82? — 422 = 0.

In physics, the invariance of a set is generally related to the conservation of some quan-
tities, as shown in the following three examples.

Example 2.18 (Conservation of energy for Newtonian potential dynamics). If the force F
of an particle with mass m is derived from a potential (gravitational potential or electric
potential), that is F(x) = VU(x) for some U, then the Newton’s equation becomes & =
F(z) = —VU(x). Introduce the (linear) momentum p = ma, then the dynamics is governed
by the equivalent first order system

& =p/m, p=—-VU(x).

2

Then the total energy (also call Hamiltonian) E(z,p) = LA (x) is conserved, and the

2m
dynamics is on the constant energy surface.

Example 2.19. We can show that the (open) unit disk {(z,y) | 2% + y?® < 1} is invariant
for the system
t=-x+y, y=-r-Y.

15



2.5 Existence and uniqueness

By the definition, we need to show that if the initial condition (zg,yo) is on the unit disk
(i.e. 22 +y2 < 1), then z(¢)* + y(t)* < 1. Since

d
a(ﬁ +y°) = 2zi + 2yy = 2x(—x 4+ y) + 2y(—z — y) = —2(2* + y*) <0,

the quantity x(¢)? + y(¢)? is non-increasing. In other words, z(t)® + y(t)* < a3 +y2 < 1.
Therefore, the point (z(t),y(t)) stays on the unit disk.
Example 2.20 (Bounding functions). The previous example can be generalised into the

concept of bounding functions. Let V(x,y) = ¢ be a set of nested regions with ¢ increasing
outwards, that is {x e R" | V(z) < 1} C{z € R" | V(2) < ¢y} for ¢; < . If

f-VV <0 on V(z)=c

for some ¢, then the set {z € R"|V(z) < ¢} is invariant. The idea of the proof is very simple
(we will cover it in more detail later): if f-VV < 0 then f must point inwards along the
surface and so no solutions can leave the region V' < ¢ across the surface.

2.5 Existence and uniqueness

We have been assuming the existence of solutions of dynamical systems without comment.
However this is not necessarily straightforward and needs to be examined in more depth. As
the next set of examples show, solutions for ODEs may be difficult to pin down!

Different phenomena in ODEs: We will give a sequence of examples showing how
complications can arise in ODEs.

Example 2.21 (Non-uniqueness with continuous right hand side). Consider the ODE & =
V]z|, xy = 0. By observation z(¢) = 0 is a solution (a stationary point). On the other
hand, using separation of variables, we get

T d t
/ - z/lﬁ
V2|
If # > 0, both sides of above equation become 2(y/z — /zy) = t. Therefore z(t) = t*/4 is

a different solution other than the trivial one z(t) = 0! Even worse, we have a family of
functions z.(t) for 7 > 0, defined by

o 0, if0<t<r,
(1) =
(t—7)2/4, ift>T,

as can be verified by direct substitution (check it!). The main issue responsible for the
non-uniqueness here is that f(x) = /|| is not Liptchitz continuous.
Example 2.22 (Finite time blow up). Consider the differential equation

i = z?

with solutions [ i—ﬁ =torx = 1—96—:(3@ Thus if 2y > 0 then solutions tend to infinity as
t—at.

16



2.5 Existence and uniqueness

These examples show that we need a better understanding of existence of solutions. To
show the existence, we first convert the ODE & = f(z,t), x(0) = ¢ into an integral equation

:c(xo,t)::co—l—/o F(a(s), 5)ds, (2.6)

which can be verified by differentiating and using the Fundamental Theorem of Calculus.
Of course, if we do not know x(s), 0 < s < t, then this does not help as we cannot evaluate
the integral. Instead we consider the iteration

2" (4) = T[2™](t), where T[z](t) = xo +/ flx (2.7)

with the initial condition z(®(¢) = z,. If the sequence of functions {z™ ()} converges to
some function Z(t), then taking the limit of both sides of (2.7), we get z(T") = T[z](t), or T
is a fixed point of the operator T'. Taking derivative of both sides of Z(T") = T'[z](t), we can
show that Z is a solution of the ODE & = f(z,t) with initial condition Z(0) = (. This is
called Picard Iteration, and so if we can show that 7" defined in (2.7) is a contraction mapping
then we have an existence theorem. On the assumption that this can be done Picard iteration
also provides a way of constructing approximate solutions locally (See Figure 2.5).

22 (t) (1)

20
~_ /L~
/ |

#0()

B (t)

Figure 2.5: The sequence of function (™ (¢) converges to the exact solution z(t).

Example 2.23. For the ODE & = ax with initial condition z(0) = 1. The Picard iteration
is

t
() =1 +/ az™ (s)ds
0

with (9 (t) = 2y = 1. Therefore,

2
H
| |

t
1—|—/ ads =1+ at,
0

t 2
1+/ a(1+as)ds:1+at+%t2,
0

||
i
_I._
S— o— —
§
||

¢ a2 o2 a3
ax? ds-l—l—/a l+as+ —s?)ds=1+at + —t> + —t>.
o 2 2 3!
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2.5 Existence and uniqueness

In fact, we can show that

2™t =1+ at+ -+ ot
n:

which converges to the exact solution x(t) = e®. The n-th iteration is exactly the n-th
Taylor series expansion at the start time ¢ = 0. In general, higher order (greater than n)
terms may appear in 2™ (¢), which may not agree with the Taylor expansion with more than
n terms, as shown in the following example.

Example 2.24. Find a power series expansion for solutions to

t=x—2% x0=2

correct up to and including cubic terms. Set z(*)(t) = 2. Then
t
s () =2+ / (2 —2%)ds =2 — 2t.
0
Continuing
t t
@ (t) =2 +/ [(2—25) — (2—25)°]ds =2+ / (=2 + 65— 4s*)ds = 2 — 2t + 3t — 413
0 0

Although the cubic term appears in 2(?)(t), its coefficient is not that in the Taylor series,
and will be correct in the next iteration. That is,

t
x<3>(t)=2+/(2—25—332+...)—(2—25—332+...)2ds
0

¢ 43 16
=2 —l—/ <—2 + 65 — 135% + 165> — 334 +8s° — §SG> ds
0

=2-2t4+3t" - B4t + -

which is correct to the cubic term. This ODE can be integrated explicitly (a separable ODE)

to give
2 13 25 541
— =2 2% — 34+ ¢ - 5 4+ O(tY).
2 et 3 * 4 60 +0(t")

x(t)

Remark. After some technical work, the existence of solution can be established using the
above Picard Iteration scheme z("*1(t) = T[z(™](t) by taking the limit as n goes to infinity.
We will focus on qualitative properties in the rest of the course?, and the interested readers
may consult Chapter 3 in Meiss’s book differential dynamical systems.

2You can safely ignore related questions about the existence and uniqueness of ODEs in the past papers.
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3 Linearisation and equilibria

In this section, we will study mainly the properties of linear systems around fixed points,
as a first step towards the understanding of more complicated behaviours of nonlinear sys-
tems. The local, linear part can be obtained from the full nonlinear counterpart via Taylor
expansion around the fixed points.

3.1 Taylor’s theorem

Suppose x* € R" is a stationary point of & = f(x), that is f(z*) = 0. If z = 2 — 2* is small,
we can use Taylor’s Theorem to expand f(z) around z*, that is,

i =z2=f(x) = f(a" +2) = fla) + Df(a")z + O(|2*) = Df(x*)z + O(|z).
Here Df(z*) is the n x n Jacobian matriz with entries [Df(z)],. = 2Li(z). The ’big-O’

(] ox;

notation means that if a function g(z) = O(|z|*) then ‘*“JZ‘Q) < C, for some C' < oo, on a

neighbourhood of z = 0. If 2z is small then we can hope to ignore the small O(|z|?) terms

and consider the linearisation about z*: 2 = Az with A = D f(z*) or A;; = ggj (%) .

Example 3.1. Consider the system

T\ ~ (Zr -y + 227 + 1P
<y>—f(x,y)—< —x+2y+4xy2 )’ (3.1)

for which (0,0) is a stationary point. Since

5 1
s+4r —5+y
— 2 2
bite.y) (—1+4y 2+4x)’

the system can be approximated by

(z) _ A (Z‘) . where A=Df(0,0) = (_31 _2%) .

which could have been read off directly from the linear part of the equation (3.1).

Key questions in the next few subsections

1. How can we characterize solutions of linear equations # = Ax?

2. (Harder) How/when does information about the linearisation provide useful local in-
formation about the original (nonlinear) problem?

Example 3.2. Consider the system

(-(5)
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3.1 Taylor’s theorem

We start with the stationary points, by looking for zeros of the right hand side of the system:
the second equation implies that x = 0; substituting it back into the first equation, we get

y = —1. Therefore, the only stationary point is (0, —1).

(1 —ax?+y _[—2az 1 (01
From f(z,y) = b , Df(x,y) = b0 and Df(0,—1) = (b o) The
. D . x 0 u\ . [(u 0 1\ (u
linearisation in coordinates = + s{. = or
Yy —1 v v b 0) \v
U=, v = bu.

This linsear system can be solved by eliminating v (or alternatively using matrix exponential):
i =0 = bu, or i — bu = 0. Using elementary methods in ODEs, if b > 0 the solutions are

u=Ae"" £ BV with v =1 = Vb(AeV" — BV,

for constants A and B determined from the initial condition. Most solutions are unbounded
(with general A and B). But the special solution with A = 0 converges to the origin.

If b <0 then
uw= Acos+/|b|t + Bsin+/]b|t and v = \/W(—Asin\/Wt—l—Bcos\/Wt)

i.e. solutions of the linearisation oscillate in time.

2,\ T
/ N ~ —— —— —= —— = = V4 N
1 V7 \ ~ —_— —— = = - s t NS
pe / N ~ —_ = = — Vi A N
oF ~— e 1l ~ -~ — - -, 1 N ~~
= v = N ~ T
-1 — — - @ ~ T~ T
_— = - - - - -~ — s TS
-2 P — -— -_ —_ = =TS
P e p— _—— ~— T~ TS
-3 - (= - — = = = ==
e —— —— = = = = ==
-4t \ \ . =
-2 -1 0 1 2

Figure 3.1: The phase portrait for two systems: (left figure) # = 1 —2?+y,y = x and (right
figure) # = 1 — 2* + y,y = —z, with common fixed point (0, —1).

Question: When does this linear analysis give accurate information about the behaviour
of the full nonlinear problem? It will turn out that the behaviour if b6 > 0 is a good sense of
the general behaviour (locally) whilst this may not be the case if b < 0. For instance, the
trajectories of the system & = 1 — 2? + vy, = —x — 2% around the fixed point (0, —1) are
spirals.

For the above system @ = 1 — az? + y, 9 = bz, you can show that
V(z,y) = (2a°2* — 2a + b — 2ay) exp(2ay/b)

is conserved under the full system (3.2), and the trajectories are governed by V(z,y) = C
for different constants C'.
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3.2 Linear systems

3.2 Linear systems

Suppose x(t) satisfies the linear ODEs # = Az, where A is a constant n X n matrix and
x € R™. If A has distinct eigenvalues A; with corresponding eigenvectors ¢, then the general
solution is a superposition of the eigenmodes:

x(t) = Z Crete,

where the Cj, are constants determined from the initial condition z(0) = > Cye;. This shows
that eigenvalues and eigenvectors of A will be crucial to the understanding of the dynamics.

The eigen-pairs are also closely related to a particular coordinate transformation that
simplifies the dynamics: = = [e; €3 -+ e,]y, or y = Ux with U = [e; ey -+ e,]7', the
inverse of the matrix formed by the eigenvectors. The the ODE for y becomes

y=Ui=UAx =UAU 'y,

i.e. y satisfies a linear ODE v = UAU ~1y.

The above choice of U = [e; ey -+ e,|7! is particular in that UAU—1 is diagonal, and
the system y = UAU—1y is essential n decoupled ODEs:

Y1 =My, Y2=Ay2, 0 Un = An¥n.
With this ‘natural’ choice of transformation y = Uz, the resulting system for y is called the
normal form (depending only on the eigenvalues of A). We will work in the plane R? with
real matrix A, though extension to R™ is not hard.

a) eigenvalues real and distinct: Suppose the eigenvalues A\; and Ay of A are real and
distinct, then their corresponding eigenvectors e, 6 (assumed to be column vectors)
are real and linearly independent. With the matrix U = [, &] ™!, we get

_ A 1
AU ! = A[61 62] = [Ael Aeg] = [)\161 >\262] = [61 62] |i ! )\2:| = U 1d1ag(>\1, >\2)

Left multiplying both sides with U, we have UAU ! = diag(\, \2) as expected.

As we shall see shortly, this transformation into normal form also makes it easier to
understand the structure of the solutions, which depends on the signs of A; and \,.

a i) A\; < Ay < 0: stable node In this case the linearisation in the normal form coordinates
t o .
y' = (u,v) is
U= )\1u, V= )\Q’U

with solutions

At Aot
s .

U = Uge V= Vg€

Thus (u,v) — (0,0) as t — oo and both coordinate axis (u = 0 and v = 0) are
invariant.

Moreover, if ug, vg # 0 (i.e. off the coordinate axes)

U A v
— e}\lt — (6A2t>>\2; — e}\zt
Uop Vo
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3.2 Linear systems

and so ) \
u v
2 2, (3.3)
Uo Vo )\2
or equivalently uv=*/*2 is a constant for points on the same trajectory. These are
generalized parabolas, tangential to the v-axis at (u,v) = (0,0).

€2

Figure 3.2: Stable node in transformed (u,v)-coordinates and in the original (x1,xs)-
coordinates.

This is called a stable node. In the original coordinates the wu-axis corresponds to ¢
and the v-axis to the e direction (you can see this from the transformation y = Ux),
so the phase portrait is as shown in Figure 3.2.

Thus in the original coordinates, lines corresponding to eigenvectors are invariant.
Moreover almost all trajectories are tangential to e at (0,0), i.e. tangential to eigen-
vector of eigenvalue with smallest modulus.

Figure 3.3: Unstable node in transformed (u,v)-coordinates and in the original (x1,xs)-
coordinates.

a ii) A\; > Ay > 0: unstable node The phase portrait can be obtained using the same tech-
niques as in the previous section. Indeed the manipulations are the same and the gen-
eralized parabola is also the same as changing the signs of both eigenvalues does not
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3.2 Linear systems

change the sign of their ratio. Another way of seeing the direct correspondence with

the previous case is by reversing time. Set 7 = —t so
d dr d d
dt  dtdr  dr
and so if 4 4
au = \u, av = AU
then q d
v = —\u, el —Av

which is the same as in case ai). Thus all we need to do is to change the direction
of time, i.e. the arrows on the phase portraits to get the new phase portrait. This is
called an unstable node, as shown in Figure 3.3.

A
“ A1

a iii) Ay <0 < Ay: saddle The analysis is as before but now - = (;)*2 is a generalized
hyperbola as A\; /Ay < 0, as shown in Figure 3.4.

Figure 3.4: Saddle node in transformed (u,v)-coordinates and in the original (zi,zs)-
coordinates.

b) Complex conjugate eigenvalues p + iw,w # 0. The eigenvectors z1 are complex, and
satisfy
Azy = (pLiw)zs. (3.4)

But we prefer to work with real quantities, and the first step is to take the real and
imaginary parts of both sides of (3.4) (only with z,),

A(Rezy +ilmzy) = (p +iw)(Rezy + ilmz, ),
or equivalently

ARez; = pRezy — wlmzy, Almz, = plmz, + wRez,.



3.2 Linear systems

To proceed, we take real and imaginary parts of the above eigenvector zi (remember
that the real parts of z. are the same, and the imaginary parts only differ in their
signs), forming the matrix

U =[Rezy , Imz, ] or U™' =[Rez; , Imz,].
Then

AU = [ARezy, Almz,]
= [Re(Azy) , Im(Azy)], (‘as A is real)
= [PRe(zy) —wlm(zy), plm(zy) + wlm(zy)]

= [Rez,, Imz_] ( P ‘”) .

( P “’) = UAUY,
“w )

where ( p C;) is the complex normal form.

Thus we end up with

In the new coordinates y = (u,v)’ = Uz, the system becomes u = pu + wv,v =
—wu + pv. It is much easier to look at this system in the polar coordinates u =
rcosf,v = rsinf. Differentiating this new transform gives

@ =r7cosf —rfsinf = prcos + wrsin 0

b =7sinf + 16 cos = —wr cos O + prsin 6.

To eliminate 6 to obtain an equation for 7, multiply the first of these by cos € and the
second by sin # and add to get

7 =pr, ie r=repe’ (3.5)

Similarly to get the equation for 6, multiply the first by sin 6§ and the second by cos 8
and take the difference: .
f=—w ie 6O=0j—wt,

which represents a clockwise rotation at constant angular velocity if w > 0. Using

this to eliminate ¢ from the equation for r shows that trajectories lie on spiral r =
roep(g_g())/w.

b i) p > 0: unstable focus. In this case (3.5) shows that solutions grow with time so tra-
jectories spiral out of the origin. This is called a unstable focus clockwise if w > 0
(counter-clockwise if w < 0). In the original coordinates, the phase portrait is a dis-
torted spiral. To determine the direction of spiralling, we can consider the sign of &y
on a horizontal line (where xo = 0) through the stationary point or the sign of #; on
a vertical line through the stationary point. If more detail is required the nullclines
(see c(ii) below) indicate where solutions are flat or vertical as they move around the
stationary point. This is called an unstable focus (see Figure 3.5).
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3.2 Linear systems

\\\&ﬂ u [ \\&/m

Figure 3.5: Unstable focus in transformed (u,wv)-coordinates and in the original (x1,xs)-
coordinates.

NN
P o

Figure 3.6: Stable focus in transformed (u,v)-coordinates and in the original (x1,xs)-
coordinates.
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3.2 Linear systems

b ii) p < 0 : stable focus In this case the 6 behaviour is the same as in the previous case
but the radial velocity is towards zero. Solutions tend to the origin spiralling clockwise
(if w > 0) as shown in Figure 3.6. In the original coordinates the solutions spiral
inwards, with the direction given by consideration of the sign of @5 (or @) on the
horizontal line (resp. vertical line) through the stationary point. If more detail is
required the nullclines (see c(ii) below) indicate where solutions are flat or vertical as
they move around the stationary point. This is called a stable focus.

b iii) p = 0: centre If p = 0 then ¥ = 0 and so r is constant — solutions lie on circles in the
transformed (u,v)-coordinates with € changing at a constant rate, i.e. if ry # 0 then
solutions are periodic with period |2w—7r| This is called a centre, see Figure 3.7.

Clearly if nonlinear terms are added then 7 may no longer vanish, so we do not expect
this type of behaviour to persist in typical nonlinear systems.

v T\

- )
K j U t T1

Figure 3.7: Centre in transformed (u, v)-coordinates and in the original (z1, x3)-coordinates.

c) Repeated real roots A\ # 0. If the characteristic equation has two repeated roots A =
A1 = Ao, then by Cayley-Hamiltonian Theorem (a matrix satisfies its own characteristic
equation) (A — AI)?> = 0. Depending on the number of eigenvectors to the equation
(A — Al)e =0, we have two cases (the equivalent two cases are A = Al and A # AI).

c i) Repeated real roots \ # 0: star. Suppose there are two (linearly independent) eigen-
vectors e and e to the equation (A — Al)e = 0, then

A[el, 62] = [)\61, )\62] = >\[€1, 62].

Since [e), 6] is non-singular, we can right multiply [e, &]™! to the previous equation to

get
A0
i (39)

i.e. Ais diagonal in any basis! Then using (3.3) with A; = Ay, =~ = - and so solutions
lie on straight lines through the origin as shown in Figure 3.8. This is called a stable
star if A < 0 (so solutions tend to the origin) and an unstable star if A > 0 (so solutions

grow).
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3.2 Linear systems

9 x2

T1 T1

Stable star (A < 0) Unstable star (A > 0)

Figure 3.8: Stable stars and unstable stars

c ii): repeated roots A\ # 0: degenerate node. Suppose that there is only one eigen-
value € to the eigenvalue A (although it is repeated), then we can find another vector
e such that (A — A )e, = e, or Ae, = ey + €. Let U™' = [e; &, the matrix with
columns are the two vectors defined above. Then

AU = [Aa, Ag] = [Ma, de +a] = [a, 6] (A 1) ‘

0 A
A1) »
(1) -varm,

where the matrix <€]\ i\) is the normal form for this case of repeated roots.

In the transformed coordinates (u,v) defined as above,

Hence we get the

U= Au+v, U=\ (3.6)
The second equation is easily solved to give v = vpe. Substituting this into the first
equation gives 1 = \u + vpe. Using the integrating factor e™*, we get
d —Xt
— (ue = vp.
dt ( ) 0

The integration of both sides lead to ue ™ — uy = vyt or u = upe* + vote. It is

hard to analyse solutions directly from (3.6). The phase portrait is given in Figure 3.9.
They divide phase space into four regions according to the different combinations of
the signs of @ and ©. Bu considering the behaviour in each of these regions, we arrive
at the phase portrait sketched. Of course, a rigorous justification takes more work, but
this is enough to give a basic idea of the behaviour. The phase portrait of Figure 3.9 is
an unstable degenerate node. For the case A < 0 (a stable degenerate node), although
the solution eventually converges to the origin, it may take a long excursion to finally
move towards it.
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3.2 Linear systems

Figure 3.9: Phase portrait for « = A + v, v = Av with degenerate node (A > 0).

Direction of rotation for foci and centres

The sign of w in the normal form can always be chosen to be positive, but this might use
a transformation that reverses the orientation of the plane, i.e. counter-clockwise rotation
can be transformed into clockwise rotation. To determine the actual direction in an example
either calculate the nullclines and the direction of the flow across the nullclines, or (and this
is often easier) consider the direction of the flow on coordinate axes.

Example 3.3. Suppose that
T=—x—-4dy, y=r—-y

(7 )

with characteristic equation (s+1)* + 4 = 0 so the eigenvalues are —1 + 2. The origin is
therefore a stable node, but in which way does it rotate?

so the Jacobian matrix is

Set = 0 (the y-axis) and consider how solutions move across this line. On z = 0
& = —4y and so if y > 0 then the motion is from right to left (as # < 0) and if y < 0 (so
# > 0) the motion is from left to right. Thus the motion is counter-clockwise.

It is often useful to indicate this on a diagram to make sure the figure is drawn appro-
priately.

Summary on the relation between the signs of eigenvalues and the behaviour of
the underlying linear system

Given & = Az, x € R?. Find the eigenvalues of A to characterise all the behaviours of the
solution summarised as below.

real, distinct: both positive: unstable node, almost all trajectories tangential to eigenvec-
tor of eigenvalue with smaller modulus at (0, 0)

both negative: unstable node, almost all trajectories tangential to eigenvector of eigen-
value with smaller modulus at (0, 0)

one negative one positive: saddle with both eigenvectors invariant
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3.3 Planar ODEs

\\\\V /Z// A

|

/

\ﬁ
b

~_ 1 _~
4"\\\\ tr(A)
Nz

Figure 3.10: Different behaviours of the system & = Ax, depending on the determinant and
the trace of A.

complex conjugate pair: positive real parts: unstable focus
negative real parts: stable focus

zero real parts: centre

other special cases: equal (real) eigenvalues with two eigenvectors: star

equal (real) eigenvalues with only one eigenvectors: degenerate node otherwise, almost
all trajectories tangential to eigenvector at (0,0).

For 2D systems, since the behaviours of the solutions, or equivalently of the roots depend
only on the determinant and the trace of A, they can be equally summarised as in Figure 3.10,
where the parabola is the curve 4detA = (trA)?%.

Remark. The linearised systems for higher dimensions can be analysed in a similar way.

3.3 Planar ODEs

Recall that if x = a is a stationary point then we use x = a + y, |y| < 1 to change the
coordinate to y, such that

y = Df(a)y +O(y*)
ad linearisation is y = Ay, A = D f(a) (Jacobian matrix of partial derivatives).

It turns out that nodes, foci and degenerate nodes retain their basic properties under small
nonlinear perturbations, so this makes it possible to obtain approximate phase portraits for
some systems (ignoring periodic orbits for the moment).
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3.3 Planar ODEs

Example 3.4 (ODEs for competitive populations). Imagine a colony of rabbits (r) and
sheep (s) with r,s > 0 denoting the population size in normalized coordinates so that one
unit represents many animals and we are justified in approximating the population size as a
continuous variable. A model of the birth/death rates is

r=r3—r—s), rabbits
$=s(4—2r—ys), sheep
where s, > 0.

We can sketch the phase portrait in three stages: first find the stationary points, then
determine their types and the local phase portrait assuming the linear approximation is
valid, and then put this information together to create a consistent global phase portrait.

Stationary Points: 7 =0if r =0 or r 4+ s = 3 whilst s =0 if s =0 or 2r + s = 4. Hence
the stationary points are

r=0, s=0, (0,0)
r , §= 4, (0a4)
s=0, r=3, (3,0

together with the solution of the simultaneous equations
r+s=3, 2r+s=4

if they exist. Solving gives a fourth stationary point, r = 1 and s = 2, i.e. (1,2).

Note that the r-axis and the s-axis are invariant.

Linearisation:

3—2r—s —r
Df@z( —2s 4—27"—25)

pro0 = (5 9)

The eigenvalues are 3 and 4 with eigenvectors ((1)) and ((1]) respectively, so it is an unstable

node, with almost all solutions tangential to the r-axis and the local solution is as sketched

in Figure 3.11).
-1 0
D.f(074) = (_8 _4)

At (0,4) :
The eigenvalues are —1, —4 so it is a stable node. The eigenvectors are e_; = <—38> and

At (0,0) :

0 . . . . )
1 respectively, so almost all solutions are tangential to e_; at the stationary point. See
Figure 3.11.
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3.3 Planar ODEs

VAV

(0,0) (0,4) (3,0) (1,2)

»

Figure 3.11: Local phase portraits near each of the stationary points.

Figure 3.12: Consistent global phase portrait in r, s > 0. Note the role of the separatrices
in separating regions of initial conditions tending to each of the two stable nodes.

-3 =3
1 . . -3 o
0 and —2 with eigenvector e L So it is
a stable node and almost all solutions are tangential to e, at the stationary point.

At (1,2) -
Df(1,2) = (;11 :;)

so the characteristic equation is (s + 1)(s+2) —4=0or s> +3s—2=0, i.e. s3 =

At (3,0) :

so the eigenvalues are —3 with eigenvector

—3+£V17
3 .

su + 1), so ey slopes

Since sy > 0 and s_ < 0 is a saddle and the eigenvectors are ex = (
downwards and e_ slopes upwards.

Putting the information together suggests the global phase portrait of Figure 3.12. The
important features are the separatrices which separates solutions tending to (0, 4) from those
approaching (3,0).and the tangential approach to approximate stationary points.

Example 3.5 (ODEs for mutualistic interactions). Imagine a colony of bees (b) and flower
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3.4 Stability and Lyapunov functions

(f) with b, f > 0 denoting the population size in normalized coordinates so that one unit
represents many animals and we are justified in approximating the population size as a
continuous variable. Bees fly from flower to flower gathering nectar for food, and the flowers
also benefit from the bees for pollination. This is a typical example of mutualistic interaction.
A model for their population is

b= (3—3b+ f)b, f=04+b-fF. (3.7)
All the stationary points are (0,0), (0, 1), (1,0),(2,3). By evaluating the Jacobian

Df(b’f>:(3_6j?+f 1+bb—2f)

we have the following classification:

(0,0): unstable node
(1,0): saddle node
(0,1): saddle node

(2,3): stable node

Basically, the stability /instability of any stationary point can be implied from the lin-
earised system, when no eigenvalue has zero real part. These points are called hyperbolic
fized points. Otherwise, fixed points with zero real part in their eigenvalues (like centres)
are called non-hyperbolic fized point. The behaviours near these stationary points are more
difficult to study: while all orbits around centres are periodic, there could be no periodic
solutions when nonlinear higher order terms are added.

3.4 Stability and Lyapunov functions

We have seen that if Re); < 0 for all eigenvalues \; of A, solutions of linear system & = Ax
converge to the origin. In fact, if A can be diagonised with the eigenpairs (\;, e;), then the
solution can be written as .
x(t) = Z cieMle;,
i=1

while the prefactor e goes to zero as ¢ goes to infinity. Is this true of the corresponding
nonlinear systems near the stationary point, when the solution can not be obtained in explicit
form? This is part of a much more general question about stability of stationary points, so
first let us introduce some definitions. The main questions to be answered in this subsection
are:
(1) How do stability results for linear systems carry over to nonlinear systems locally?
(2) How about the boundedness or stability of solutions for & = f(x),z € R".

Definition 3.1 (Asymptotic stability). A stationary point z* of an autonomous system
& = f(z) is asymptotically stable iff there exists an open neighbourhood U of z* such that
(o) — x* as t — oo for all zy € U.
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3.4 Stability and Lyapunov functions

If all eigenvalues \; are negative, then the solution starting at any z, converges to the
origin. If A = diag(A1, \a, -+, \,) is diagonal, this asymptotical stability can also be shown
alternatively by considering the (squared) distance V(z) = |z|* between the solution z(t)
and the origin. Since

d

V(@) =200 = 2;)\,-:)3? <0,
the square distance |z(#)|? is strictly decreasing, until z(¢) reaches the origin. This means
that V(x(t)) = |x(t)|* converges to zero .

“\

Figure 3.13: (a) Asymptotic stability; (b) Lyapunov stability.

This means that if a solution starts sufficiently close to x*, its solution eventually becomes
arbitrary close to z*. But it does not imply the solution stays within U for all ¢t > 0.

Definition 3.2 (Lyapunov stability). A stationary point z* of an autonomous ODE is
Lyapunov stable iff for every open neighbourhood U of z* there exists an open neighbourhood
W C U such that o € W implies ¢;(zo) € U for all ¢ > 0.

In other words solutions stay close to z* if they start close enough to z*. Note that
Lyapunov stability does not imply asymptotic stability (think of a linear centre). We have
been thinking about linearisation, which motivates our final definition.

Definition 3.3 (Linear stability). A stationary point z* of an autonomous ODE is linearly
stable iff the real parts of every eigenvalue of D f(x*) is negative.

For linear systems & = A, if the eigenvalues of A have negative real parts then |z(¢)| — 0
as t — oo, i.e. solutions are asymptotically stable (we have shown this in the special case
of distinct eigenvalues). We will take a geometric view of stability (see the textbook by
Meiss for a more analytic treatment). The geometric approach is via motivating example for
showing solutions are bounded (often an important first step in physics).

The proof of the lemma uses some results from calculus. First recall the chain rule for
the derivative of a function of a function. In one dimension

d _dV(a(t)) da(t)

V@) dr  dt
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3.4 Stability and Lyapunov functions

and in higher dimensions (z(t) € R™)

d B dz(t)
SV an) = vt

=VV(z)- 1.

So if = satisfies the differential equation & = f(z) then

d

3V (@) =VV(z)- f(x).

Lemma 3.1 (Bounding Lemma). Consider & = f(z), v € R™, f smooth. Suppose there
exists a compact set U C R™, € > 0 and a continuously differentiable function V : U — R
such that

(a) V(z) >0 in R"\U
(b) UCS,={V(zx) <c} forallc>co>0.
(c) Se is compact and S, C S if c <
(d) V(z) < —¢ for all x € R"\U.
then for all xy € R™ there exists ty > 0 such that ¢i(xg) € Se, for all t > t.

Proof. We first show that x(t) enters S, at some time, even initially z, is not in S,. If
xo & S, then V' < —e and V' (zy) > ¢, so

V(pe(wo)) < V(xo) —ct

V(zg)—co
€

such that

and so there exists £y <

V(‘ﬁto«%)) = Co, Le. Pto (xo) S SCO’

Once x(t) is in S,,, we show that it stays in S,,. To make this argument formally, suppose

X0

Figure 3.14: What if ¢y(x) leaves Sg,7

i+ () € 08, and for 6 > 0 sufficiently small ¢;(x¢) ¢ S.,, for any t € (t*,t* 4+ J) (see
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3.4 Stability and Lyapunov functions

Figure 3.14). Then V(gpis(xo)) > co = V(g (xo)) and V(py(xg)) < —e for any t €
(t*,t* +0). Then
t*+6 t*+6
0 < Vigesalan) = Vigr() = [ GV(atadt < [ (-t = e
t* t*

So we get a contradiction. O

Example 3.6 ( Lorenz Equations). The Lorenz equations are three coupled ODEs intro-
duced as a simple model of the weather. They are one of the earliest examples which appeared
to behave chaotically. The equations are

t=o0(y—x), y=rx—uy—xz, = —bz+uay
with o,r,b > 0. We wish to show that all solutions are bounded.

Need to ’create’ a positive function V(z,y, z) with the properties of the lemma. The
obvious thing to do is to choose quadratic function, slightly less obvious is which quadratic
function. The following approach is not optimal but works!

Set
V(z,y,z) = Az® + By* + C(z — 2r)?

and we want to choose the positive constants A,B,C to satisfy the lemma. So

%V = Azi + Byy + C%(z — 2r)
= Aox(y — z) + By(re —y — x2) + C(=bz + xy)(z — 2r)

where we have used the ODE to replace &, ¢, and 2. We want V' < 0 for large enough ., y and
z, so the ‘difficult’ terms are cross multiplications like xy and xyz (good terms are quadratic
terms, with negative coefficients). Choose the constants to remove them i.e.

B-C =0 (xyz terms vanish )
Ao+ Br—2Cr =0 (xy terms vanish)

So set B = C and Ao = Br,eg. A =r,B = C = o (we have one degree of freedom to
choose these constants: A =r/o, B = C =1 works as well), then

V(z,y,z) = ora* +oy* +o(z — 2r)?
and
‘ 2

1
§V(ZE, y,2) = —ora® — oy? — o(bz? — 2rb2)= —ora® — oy® — ab(z — r)? + obr®.

Notice it is (z —r)? on the right hand side, instead of (z — 2r)? as in V.

The specific form of V /2 also tells us which set to look at. So provided that (x,y, ) lies
outside the set

U = {(z,y,2)|ora® + y* + ob(z — r)? < br?} (an ellipsoid)
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3.4 Stability and Lyapunov functions

then V < 0. It is possible to modify the Bounding Lemma to deal with this, but the actual
conditions of the bounding lemma require V' < —e < 0. Thus we choose U a little larger:
pick € > 0 and set

U ={(z,y,2)|ora* + oy* + ob(z — r)* < obr® + €}
and so in R3\U .
V = —rox® —oy* —ab(z — 1) + obr? < —2e < —e.
Now just choose ¢ sufficiently large that
Sey = {(z,y, 2)|rz® + 0y® + ob(z — 2r)* < o}
(another ellipsoid) contains U.

Remark. We can relate V to V in a differential inequality, to induce some information about
the behaviour of V. More precisely, the above expression for V' implies that

Vi(z,y,2) = —2roa® — 20y* — ob(z — 2r)? — 0b2® + dobr® < —pV (z,y, z) + 4obr?.
with 1 = min(20,2,b). The advantage here is that we can “solve” this differential inequality.
Since

%(e“t‘/(:c, Yy, 2)) = e“t(v + uV) < dobriet.

Integrating both sides for time from zero to ¢, then

! 4obr?
eV (x,y, 2) = V (w0, Yo, 20) < 4abr2/ etTdr = l(e”t —1).
0 K

That is

dobr? dobr?
o (1—e™) < e ™V(xo,y0,20) + ~ ;
L

V(flf,y,t) S e_utv(x()vy(]u ZO) +

which is bounded for any ¢t > 0. We can estimate the time when the trajectories enter the
set (different from the above one)

_ Aobr?
0 — {<x,y,z>|v<x,y,z> < "jr +e},

. 1 €
that is ¢ > ;log V(@0,90,20) "

Remark. The function V' above is not unique, and we can choose alternative ones (along
with many others) like
V(z,y,2) =2* +y* +(z —r — o)
Then
dVv
dt

where oo = min(20,2,b). Then we can choose the set to be

= 202" =2 —b(z —1 —0)* = b2+ b(r +0)* < —aV +b(r +0)?,

U={(x,y,z)|x2+y2+(z—a—r)2s -

e o1},

or relax the right hand side by changing it to b(r + 0)*/a +e.
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3.4 Stability and Lyapunov functions

B (x*)

B(s I*)

Figure 3.15: Regions defined in proof.

The same basic idea works for stationary points.

Definition 3.4 (Lyapunov functions). A function V' : U — R is called a Lyapunov function
on U C R iff it is continuously differentiable, V(z) > 0 on U and V <0 on U.

Theorem 3.2 (Lyapunov’s Stability Theorem). Suppose x* € R™ is a stationary point of
& = f(x) with f smooth. Let U be an open neighbourhood of x* and suppose there exists a
Lyapunov function V : U — R such that V(x) > 0 on U\ {z*} and V(z*) = 0. Then z* is
a Lyapunov stable. If in addition V < 0 in U \ {x*} then x* is asymptotically stable.

Proof. Choose ¢ > 0 small enough so that {z | |z — 2*| < €} lies entirely in U, and let

co = | mir|1 V() which exists as |x — 2*| = ¢ is compact (closed and bounded), and ¢q > 0
r—x*|=¢
as o* ¢ {x | |v —a*| = ¢}. Let B.(z*) = {x | |v — 2*| < ¢}. Now V is continuous, and

V(z*) =0, so there exists 6 > 0 such that for all z € Bs(z*),V(z) < Lco.

Consider 2, € Bs(z*). Since V < 0 in U, V(gi(x0)) < V(xg) < 1co for all ¢ such
that ¢(z9) € U, and hence V(gi(20)) < 3¢0 < o, the minimum on |z — z*| = e. Hence
wi(x) € B-(z*) for all t > 0.

Suppose in addition that V' < 0 if z € U\{z*}, (note that V(z*) = 0 since z* is
stationary). Then if xg € Bs(z*) as before, V(¢4(z¢)) is strictly decreasing and hence tends
to a limit V' = limy o V(¢4(x0)). At the limit V' = 0 hence the limit must be x*. O

Example 3.7. Consider the Lorenz equations with 0 < r < 1.
=0y —x); y=rr—1y—xz; z=—bz+uy
with 0,0 > 0 and 0 < r < 1. Try a Lyapunov function of the form
V(z,y,z) = Ax* + By* + C2?,

with %V = Aox(y — x) + By(rex —y — xz) + Cz(—=bz + zy). Choose B = C' to remove the
Tyz terms:

1.
§V = Ao(—2% + 2y) + B(ray — y* — b2?)
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3.5 Linearisation and nonlinear terms

We deal with the zy terms to ensure V is negative, by choosing A and B appropriately
(matching the square!). Set B = o, A =r so all terms together

1.
§V =ro(—a* + 2xy) — oy® — obz?

=ro(—(x —y)?) — (0 —ro)y* — obz?
= —ro(z —y)* —o(1 —r)y* — ob2?
<0 if (z,y,2) # (0,0,0)

if 0 < r < 1. Hence the origin is asymptotically stable when 0 < r < 1.

Example 3.8. Let us consider a degenerate node with repeated eigenvalues A = —2:
T=="2x+y, yY=—2y.
Set V(z,y) = 22 + By? and B is chosen later. Then

1. 1 1
§V = 2(—2x +y) + By(—2y) = —22% + 2y — 2By* = —2(x — Zy)2 + gyz — 2By?.

So for any B > the function is a Lyapunov function and the origin is asymptotically

stable.

16

In many practical examples, the stationary point 2* can still be asymptotic stable, when
the condition V < 0 in U C {z*} in Theorem 3.2 can be relaxed to V < 0, provided that
x* is the only fixed point.

Theorem 3.3 (LaSalle’s Invariance Principle). Suppose thatV : U C R" — R is a Lyapunov
function for the system & = f(x). If the set {x € U | V(x) = 0} contains only one fized
point x*, then x* is asymptotically stable.

Example 3.9. Consider the equation # + i + w?zr = 0 descibing the motion of a harmonic

oscillator With friction (u > 0), or equivalently & = y, ¢ = —py — w?x. If we choose

V(z,y) = w?a® + 32, then V = —2uy® < 0. Since (0,0) is the only fixed point in the set
{(z,y) mod V(z,y) =0} = {(z,y) | y = 0}, by Lasalle’s invariance principle, the origin is
asymptotically stable. In other words, the harmonic oscillator will eventially stop moving.

3.5 Linearisation and nonlinear terms

The previous result shows that if Re(\) < 0 and the eigenvalues are distinct, then a linearly
stable fixed point is locally stable when nonlinear terms are added back in. This is an
example of a range of persistence results for behaviour.

Example 3.10. The linearised system of the full nonlinear system
P=-—z, j=y+a’

is & = —x,y = y, with two eigenvalues 1. The phase portrait for this saddle system should
be well known now, but there are two special straight lines deserving more attention: the x-
axis and and the y-axis. If the initial condition (zg, yo) is on the z-axis (that is yo = 0), then
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3.5 Linearisation and nonlinear terms

the solution (z(t),y(t)) converges to the origin, as time ¢ goes to infinity. This linear space is
called the stable manifold, denoted as E°. Although the solution with initial condition away
from the z-axis goes not infinity, as time ¢ goes to positive infinity, initial condition (zg, yo)
resides on the y-axis has the special property that its solution converges to the origin as
time ¢ goes to negative infinity. The y-axis is called unstable manifold (which is the stable
manifold when time is reversed), denoted as E".

E" W
E? e - E?
N

1/~ SN

I:_mvy:y x:—x,y=y+x2

Figure 3.16: Invariant manifolds W* and W* for the linearised system and full nonlinear
system in Example 3.10.

Back to the nonlinear system, the correponding phase portrait is deformed from that of
the linearised system. There are also special curves, the stable manifold W* and the unstable
manifodl W™, whose solution converges to the origin, as time t goes to positive infinity and
negative infinity, respectively. In general, W* (or W*") is no longer straight line, but it is
tangent to £° (or E") at the origin.

In fact, in this example, we can find the equations for W* and W*. Obviously, W*" is
the y-axis: if o = 0, then the ODE & = —x implies x(t) = zoe™" = 0, and y(t) = yoe' — 0
as t — —oo. The stable manifold is W* = {(z,y) | y = —2?/3}. If (w9, o) is on W¥, that is
Yo = —x3/3, then z(t) = roe~" and y satisfies the linear ODE
y=y+axie .

d
From the fact that a(e_ty) =e (g —y) =22, we get

t 2 2 2 2
e y(t) = yo +/ zoe ¥ Tdr = yo + i (1—e™)=y+ o) _Top-3t _ _20,-3
; 3 3) 73 3

2
Since the solution (x,y) = (moe_t, — e

goes to positive infinity), W* is a stable manifold.

) stays on W* and converges to the origin (as ¢

Remark. Here the word manifold is used for a smooth geometric curve or surface: if the
manifold is one dimension, it is a smooth curve (inluding straight lines); if the manifold is
two dimension, it is a smooth surface (including planes). But normally we do not know the
dimension of the curve or the surface in advance, so it is better to use the generic name
manifold instead of the more common curve or surface.

39



3.5 Linearisation and nonlinear terms

This above relationship between full system and its linearised system is summarised in
the following theorem, provided that none of the eigenvalue has zero real part.

Theorem 3.4 (Stable Manifold Theorem). Suppose & = Az + O(x?) and A has no eigenval-
ues with Re(\) =0 (x = 0 is called a hyperbolic stationary point in this case). Then after
a change of coordinates the system is

iy = Ata + O(|z)?), iy = A"z + O(|7]?)

where AT has Re(\) > 0, A~ has Re(A\) < 0. Moreover there are invariant manifolds W*
and W* with
Wt={zeU|p(x)—>0ast— —o0}

and
Wé={xeU|p(r) —>0ast— o0}.

which are of of the same dimension as x1 (resp. x2) and tangential to x5 =0 (resp. x1 =0)
at the origin.

This implies the persistence of saddle structure near a stationary point when the nonlinear
terms are added back into the linearisation. The correponding changes in the phase portraits
or the deformation of the stable/unstable manifolds are best discribed using language from
topology (think about the deformation of a coffee mug into a donut). The persistence between
structure are called topologically conjugate or topologically equivalent, but we will omit this
complicated topological language and keep a mental picture instead, as in the following
theorem.

Theorem 3.5 (Hartman-Grobmann). If & = Az+O(z?) and A has no eigenvalue with zero
real part, then the behaviour near the neighbourhood of the origin is topologically equivalent
to the linear system & = Ax.

Example 3.11. Now consider the system & = y,y = 2? + x and its linearised system

. . o dy a*+x, . .
T =1vy,y = x. The trajectories, governed by i (which is separable), are given by
x

@3 22y

5 = (. The stable manifold W* concides with the unstable manifold W*, and is
3 27 2

S

3 2

If A has eigenvalue with zero real part, then the situation is much more complicated, as
we can see from the following two examples.

Example 3.12. Consider the system & = z,5 = y? which you can solve the individual
equations separately (they are de-coupled from each other). The lienarized system (near the
origin) # = x,9y = 0 has only horizontal phase curves. For a related system & = 3%, ¢y = x
(you can also solve this explicitly).

If there is zero eigenvalue in the linearised system, their local behaviours of the full
nonlinear system near the fixed point are different, as we can see from Figure 3.18 and 3.19.
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N

A A e G
A A N N
I

o
N

Figure 3.17: The phase portrait for # = v,y = 2> + 2 in Example 3.11.

Figure 3.19: Phase portraits for the system @ = 32,7 = x with zero eigenvalues at the origin.
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Exercise. Find the solution to the system

and
i=y’ y=u
whose phase portraits are given in Figure 3.18 and 3.19.

The situation is even worse if f(z) = O(]z|*), because the linearised system & = 0
does not tell anything about the behaviour of the system near the origin. You can see two
examples in Figure 3.20. Information can still be obtained in certain cases, by looking at
the trajectories, or by transforming into polar coordinates.

Example 3.13. Consider the system & = —xy,y = 22 +y?, whose phase portralt is given in
Figure 3.20(left figure). The trajectory, governed by the ODE dy =-Z ;y is homogeneous.
By the change of Varlable y = zx, the ODE becomes gz = 2 Hx which i 1s separable The

solution is given by 2%(22% + 1) = C and the trajectories are given by 2z%y? + 2% = C.

Iy, A
S

Figure 3.20: Phase portraits for systems with zero linear parts at the origin: Left: & =

3.6 Maps

Besides continuous dynamical systems using differential equations, discrete dynamical sys-
tems defined by maps are also popular in modelling (Fibonacci number for the population
of animals), taking the form z,,; = f(z,) with z € R* and f : R¥ — R¥. These systems
are easier to deal with numerically, but more difficult analytically (precisely because of the
discrete phase space). If there are parameters in the map, we write

Tpt1 = f(xnvlu’)u
with 1 € R™, f : R¥ x R™ — R¥. Given an initial condition zg, the trajectory is the sequence
(ro, 1, T2,y ...),

i.e, a discrete set of points in phase space R".
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3.6 Maps

We often write

Tn = f(2na) = f(f(#n2)) = f(f(--- (f(w0))---)) = fo fofo---o f(x),
—_— ~

n times n times

where f™ means the n'" iteration of f, which is NOT [f(z0)]", the n-th power of f(xo).

Similar to their continuous counterparts, we are mainly interested in the fized points and
periodic orbits of maps to understand their local behaviours, as a starting point for more
complicated situations. A fized point of the discrete dynamical system x,1 = f(x,) is a
solution of

z = f(x).
Periodic orbits are defined similarly: they satisfy
Tptp = T, for alln >0,

and p is called the period. Any point in the periodic orbit with period p is just a fixed point
of fP, that is,
v=fP(z)=fofo - f(x)
—
p times

another algebraic equation! A period-p orbit is usually listed as a sequence of p points
(z1, 25, , ;) such that

l’;:f(lﬁ{), ZL’;Zf({L’;), ) x”{:f(x;),
while each of the point x} satisfies x = fP(x). Because of the periodicity, the period-p orbit
(25,23, x5, x7) is the same as (27,23, ,27), and we only need to choose one orbit out

of the p equivalent ones.

As with ODEs, we are interested in qualitative properies like special solutions and their
stabilities, invariant sets, long term behaviours and the dependence of these properties on
parameters.

Example 3.14. Consider the simplest linear map x,,1 = ax, +b. If a = 1, then z, =
Tno1+b=--+= x5+ nb and there is no fixed point, unless b = 0. Otherwise if a # 1, the
only fixed point is * = b/(1 — a). From the fact that

ab
= aQTp—-1 — =a (xn—l - ,’,U*) )

Ty — 2 =aT,_1 +b—
n=1 1—a 1—a
we get x, —x* = a"(xg — x*) and

1—a"

b.

Ty =2 4+ a"(xg — 2") = a"zg +

It is also easy to check that, if a # 1, there is no non-trivial period-2 orbits (check it!)—any
period-2 orbit (z1, zy) satisfies x1 = x5 = x*.
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3.6 Maps

Example 3.15 (Compound interest). Let P, be the principal at n-th month with initial
principal Py, monthly interest rate r and monthly payment M, then P, satisfies the relation

Py =(1+7)P, — M.
From the previous example, we get (with a = 1+7,b = —M) P, = (1+7)"Py— 2 ((1+r)"—1).

Remark. For a given continuous dynamical system (i.e., the ODE & = f(x)), we can define
an discrete dynamical system in the following ways shown in Figure 3.21. For any given
time interval 7' > 0, we can take x,, = x(nT), the solution of the ODE at t = nT. Then
the sequence (zg, x1, Ta, - - ) is a dynamical system. Alternatively, we can define the discrete
points at the intersection of z(¢) € R™ with a n — 1 dimensional surface, called return maps
or Poincaré maps.

Figure 3.21: Two ways to get discrete dynamical systems from continuous ones, either by
x, = x(nT) or the return map.

Maps also appear in the numerical approximations of ODEs. For example, if we want
to consider the solution of & = x(1 — ) at time ¢t = 0, h,2h,--- (h is called the time step,
which is usually small) and denote x,, =~ z(nh), then by Taylor expansion,

2

h
Tpy1 = x(nh + h) = x(nh) + ha!(nh) + gx”(nh) + oo =x, + h(1 — 3,2, + O(R?).
Therefore, to the leading order, we get the discrete map x,.1 = x, + hx, (1 — x,).

Similarly, for discrete dynamical system governed by z,y1 = f(x,), a set A C R" is
invariant iff o € A implies x,, € A for all n > 0. In fact, to show A is invariant, we only
need to show that, if x,, € A, then z,,.; € A.

Example 3.16 (Logistic map). The logistic map z, 11 = px,(1—=x,) is the simplest discrete
dynamical system exhibiting chaotic behaviours (for some parameters of p). We will study
in detail how these behaviours and the associated bifurcations depend on the parameter .
We can show that the interval A = [0, 1] is invariant when p € [0,4]. In fact, for z,, € [0, 1]
and p € [0,4], then z,,41 = px,(1 —x,) > 0 and

1 N\ u
xn+1:,u($n—$i):/i[1—<xn—§) ] Szﬂl-

Example 3.17 (2D system). Consider the system
Tny1 = T f(Yn), Ynt1 = 9(Tns Yn).

The line = 0 is invariant (z, =0 = x,41 =0), and on = =0, Y11 = (0, yy).
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3.6 Maps

Linear Maps: The local behaviours of discrete maps can also be inferred from linearisation
near fixed points. Let * be a fixed point of z, 11 = f(z,) with z* = f(z*). If z is close to
x* such that vy, = x,, — 2* is small, then

Yni1 = Ty — 2" = f(zn) = f(27) = Df(z")(x = 2%) = Df(2")yn

Therefore, the linearised equation is y,, 11 = Ay, with the constant matrix A = D f(z*). The
solution can be written as y, = A"yg. If the matrix can be diagonalised as A = SAS™! (the
columns of S are eigenvectors of A), then A" = SA"S~!. The change of variable z, = S™1y,
leads to the normal form

Zni1 = S Yy = ST Ay, = STYAS(S71z,) = Az,
where the matrix power A" in the solution z, = A"z; can be calculated easily. For example,

At A
Ay A

Am An

(A1 W (A" (n4 1A
A_(O A)HA_(O e )

The general solution of x,,,; = Az, when A has m distinct eigenvalues \,, with eigenvectors

€m 1S
m
T, = E cjAie;.
J=1

Here the coefficients ¢; are determined from the initial condition (n = 0 in the previous
equation)
m
Ty — Z C;€;.
j=1

We can start with the simplest case to motivate the criteria of stability. For linear ODES,
the canonical example is the scalar ODE & = Az with solution z(t) = zge*. Therefore, the
stability of the ODE is determined by exp(At) as ¢ goes to infinity, or equivalently the
boundary ReA = 0. Similarly, if we look at the simplest map z,.1 = Az, then z, = \"x.
The stability is determined by A" as n goes to infinity, or equivalently the boundary |[A| =1
(|A| < 1 implies stability in the corresponding eigenspace). Now we can proceed for general
cases in general dimensions.

and

Example 3.18 (Saddle). In Normal Form coordinates, the map is

LTn+1 A 0 T, .
= with Al <1 <Al
(yn+1) (0 Az) (%) il 2]
These two components x, 11 = A\ Zp, Yni1 = A2y, can be solved explicitly, to give

n n
Tp, = A\ T0, Yn = A3Yo-
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3.6 Maps

Sa

\k e T
‘/ NN
ST

Figure 3.22: Saddles for discrete time equations (a) 0 < A\; < 1 < Ag; (b) =1 < Ay < 0,
)\2 > 1.

||

We can take modulus on the solutions, 7 = A", % = |A1]™. That is, the solution (x,, y,)
lies on the generalised hyperbola

In|A1]/In|A2]
Y
{(fc,y) }

Yo
The motion of these hyperbolas is discrete; an orbit hops along the relevant curve or curves
as shown in Figure 3.22. If an eigenvalue is negative then the orbit of a point will oscillate
between negative and positive values in that eigen-direction as indicated in Figure 3.22(b).

T

Zo

Example 3.19 (Focus). The map in normal form is

)= )G

The geometric interpretation is clearer if we write the coefficient matrix as

P _ w
p —w 212 2 {2 cos) —siné
( ): /0 + w? \/PWJF \/g+ Y ( )

W p sinf)  cosf
\/p2 42 \/p2 +w? dilation \Q -

P
rotation by 6

where A = /p? +w? and § = tan"(w/p). If we define 2, = z, + iy,, then in complex
notation

Zntl = Tyl + Wny1 = A [(Zlfn cos O — y, sin @) + i(x, sin 0 + y, cos 9)}
= )\(COSG’ + i sin 9) (Zn + 1Y) = A 2,.
Therefore, the solution can be written as z, = A€z, or equivalently
Ty, = N'(xg cosnl — ygsinnh), 1y, = A" (zosinnb + yo cosnb).

Therefore, the solution (z,,y,) converges to the origin if and only if A = \/p? + w? < 1.
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4 Periodic orbits

The behaviour of a dynamical system could be very complicated, even we just consider those
limiting ones, as chaotic trajectories could appear. But in the plane, the limiting trajectories
on a compact set have relative simple structures, consisting only fixed points and closed orbits
(that connecting fixed points or periodic). We have talked about fixed points, while periodic
orbits are much harder to work with than stationary points, as the explicit expressions are
not always available. In this section, we will describe three aspects:

in the plane: Poincaré-Bendixson Theorem (existence of periodic solutions)

linearisation: Floquet Theory (solutions of linear ODEs with periodic coefficients)

and we will show how single periodic orbit could arise from bifurcation.

4.1 Poincaré-Bendixson Theorem

In the plane, there is a classic result called Poincaré Bendizson Theorem for proving the
existence of periodic orbits. This theorem is stated without proof (can be found in Chapter
6.6 in the book by Meiss), but you need to be able to state the conditions correctly and
apply it to examples.

Theorem 4.1 (Poincaré-Bendixson Theorem for the existence of periodic orbits). Consider
i = f(x), z € R? and f smooth. If there exists a compact (closed and bounded) subset
D C R? containing no stationary points and p € D such that ¢;(p) € D for all t > 0 (i.e,
D is invariant), then there is at least one periodic orbit in D and the orbit of p tends to this
periodic orbit.

Figure 4.1: Typical Poincaré-Bendixson region.

How do we apply the theorem? In applications the region D is usually annular (as
show in Figure 4.1). The strategy will be to show that solutions enter and do not leave an
annular region containing no stationary points, hence we can apply the Poincaré-Bendixson
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4.1 Poincaré-Bendixson Theorem

Theorem stated above. This is usually done by constructing a region lying between two
closed curves 0D+ defined by Vi(x) = cx with 9D_ lying inside 0D, and V. increasing
outwards (like Lyapunov functions). If in addition (for example) V_(z) > 0 on V_(z) = c_
and V,(z) < 0 on V() = ¢, then trajectories on both boundaries point into the region
and trajectories inside the region cannot cross outwards.

Remark. The function V' is not unique, and many functions could lead to the same conclusion
(of course the annular region D could be different). However, a good choice of the function
V' can enormously simplify your calculation, motivated from the corresponding normal form.

Example 4.1. Consider the system

. 2, .2

t=x+y—4x(z®+y)

y=—z+y—4dy(®+y°)
The stationary Point (0,0) is obvious. Are there any others?

From the first equation
do(x® +y*) =z +y e day(a® +y?) =2y +9y°
and from the the second equation
dy(x* +y?) = —z +y e day(x® +y?) = —2® + 2y
Therefore,
doy(z® +y?) = 2y +y* = —2* + 1y,

which implies that x* + % = 0, or there is no solutions other than (0,0).

Now consider V(z,y) = 32° 4+ 1y* (can your think of any motivation for this choice?).
Then

V=uxi+uyy
=a(z +y—4e(2® +9°) +y(—= +y — 4y(2® + v*)
=22 +y® —4(2® + P2 (4.1)

Define .
D:{(m,y) | §§x2+y2§1}.

Then V > 0 on 22 4 y% = + (which is the set V(z,y) = 1) i.e. solutions enter D across this
boundary; V < 0 on 22 + y* = 1 (which is the set V(z,y) = 1) i.e. solutions enter D across

this boundary.

So solutions enter and do not leave D which is closed, bounded and contains no stationary
points, and hence there is at least one periodic orbit in D. (Note that any outer boundary
bigger than i and lower boundary less than this will do.)

Remark. In polar coordinates this example is easy:

7 =r(l—4r?), 0=—1.
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4.1 Poincaré-Bendixson Theorem

Thus the 6 equation shows that (0,0) is the only stationary point, whilst the 7 equation
shows r — %!

Equivalently we could have noted that the equation for V in (4.1) can be written as

V =2V(1-8V).

So solutions V = 12 —

oo~

1
2

If the boundaries are given by V(z) = ¢, z € R2, and V increases outwards then V =
VV - f(z) (by the Chain Rule) and so if V > 0 on the inner boundary then f points into D
on the lower boundary and if V < 0 on the outer boundary then f also points into D on the
outer boundary. The region D is a trapping region (no solutions escape from D). This can
be proved rigorously using the Mean Value Theorem as in sections on Lyapunov functions,

but this geometric description is self-evident and does not really need further explication.

What if V > 0 on the outer boundary and 1%4 < 0 on the inner boundary (i.e, with non-
strict inequalities)? Here the geometric argument does not hold (trajectories can be tangent
to the boundary at some places) and we need to work a little harder. If we choose

1
D= {(fﬁ,y) <7+ < 1}
in the previous example, then V > 0 (actually V = 0) on 9D_ = {(z,y) | 2% + 3> = 1/4}.
In this case 0D_ is exactly the periodic orbit.

Example 4.2. Prove existence of a periodic orbit for
=y, y=-x+y(l-32"—06y?). (4.2)
First consider stationary points: from @ = 0 we find y = 0 and then y = 0 implies x = 0 so

(0,0) is a unique stationary point.
Try V(z,y) = 22 + y?, then

V = 2xi + 2yy = 2zy + 2y [~z + y(1 — 32 — 6y)] = 2y*(1 — 32” — 6y?).

Soif 1—3z2—6y% < 0 (i.e. in the neighbourhood of the origin), V < 0, and if 1 —322—6y% > 0
(i.e. far away from the origin), V >0. To apply the Poincaré-Bendixson Theorem, we have
to understand how the geometry of these ellipses {(z,y) | 1 — 32? — 6y*> = 0} describing the
sign of V interacts with the geometry of the circles of constant V(x,y) = 2% + y? that will
be used to define D. Moreover, every such circle contains some points on the x-axis (with
y = 0), and V = 0 on some parts of V = ¢. As a result, the simple geometric arguments
used above will not hold (we need 1% strictly less or greater than zero.

How does the V equation relate to the circles V = ¢? First,
V =221 — 32% — 6y%) < 2y%(1 — 322 — 3y?)

Soifx2+y2:V2%,thenV§0.
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4.1 Poincaré-Bendixson Theorem

Let the outer boundary of D be a2 + y* = i, call this 9D,. Then if p = (20,y0) with
Ip| = Vai+y3 < 3 and V(p) < 3, we claim V(pi(p)) = |@i(p)|* < 3 for all ¢ > 0. Here
¢i(p) is the solution to (4.2) starting from p at time ¢ = 0 (this form is used to emphasise
the dependence of the initial condition on p). Suppose this claim is not true, then there exist

two times ty and ty, such that
1

V(e (p)) = 3

and

V(e(p)) > for all t € (to,t1].

Wl =

In particular
V(pr, (p) — V(s (p)) > 0.
Hence by the Mean Value Theorem,

Vien(p, t1)) = View(p)) = V(edp))(tr — to) for some ¢ € [to, 1:].

On the other hand,
dV(e1(p)
dt
Therefore, 0 < V (i1, (p,11)) — V (01, (p)) = V(i(p))(t1 — to) < 0, which is a contradiction.

Now we consider the inner boundary. The fact

< 0 for all t € [to,tl] .

V = 2y%(1 — 327 — 632) > 2¢%(1 — 62° — 6°)

implies that V' > 0 on the set {(x,y) | 2* +? < 1/6}, and motivates the choice of the inner
boundary

1
D = {(x,y) | 2% +y? = 6}'
We claim that if V(p) > & then V(¢,(p)) > & for all ¢ > 0. The proof is almost exactly
the same as the above case (try it!).
So if we choose D = {(z,y) | + < V(z,y) < 1}, a solution that starts in D stays in D.
Moreover, D contains no stationary points and hence by the Poincaré-Bendixson Theorem
there is at least one periodic orbit in D.

Now we consider a much more complicated example, in which the Poincaré-Bendixson
region is much more difficult to construct.

Example 4.3 (Glycolysis oscillation). In this system of ODEs modelling the process how
the human body converts glucose (sugar) into energy, = is the ADP concentration and y is
the F6P (fructose-t-phosphate) concentration (a > 0):

. 1
i =—x+ay+ 2%y, yzi—ay—ﬁy-

We want to show that there are oscillations (periodic orbits) if the positive parameter a is
sufficiently small. Start by considering stationary points and their stability.
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4.1 Poincaré-Bendixson Theorem

Stationary Points: Solving the system

2 2 1
ry = —ay, xyzﬁ—ay,
we get x* = % and y* = m = %ﬂ. So (%, %H) is the only stationary point.

Stability: The Jacobian matrix is
g (1 2y 2 +a
~\ —2zy —(2*+a) )

At the stationary point (%, Til)’

. —l+y* 5
J(l’,y):( * 2y1)'

_y J— 2y*

Therefore, we get the determinant and the trace

1
detJ=—>0, trJ=-1+y"— .
2y* 2y*

Since the product of the roots (det.J) is positive the stationary point is not a saddle, and
so it is stable if Tr J < 0 and unstable if Tr J > 0. In other words, the stationary point is

unstable if 1 + 2;* —y*<0or

4da+1 2

1 - <
* 4 4a+1

0.

This equation can be written as
4(da+1)+ (4a+1)*—-8<0 or 16a+4+16a>+8a+1—-8<0

which is simplified as
3 — 24a — 16a* > 0.

Thus if a is sufficiently small, then the fixed point is unstable and there is a small closed
curve containing the fixed point that solutions cross outwards.

Constructing a PB region(when a > 0 is sufficiently small): As noted earlier, if a is
sufficiently small then the stationary point (%, H%) is unstable and so we can use the Lya-
punov function constructed from adjoint eigenvectors in reverse time to construct an inner

boundary that trajectories cross outwards. In what follows € > 0 is a small constant.

The remainder of the Poincaré-Bendixson region will be constructed using four straight
lines (see Figure 4.2): the x-axis, a vertical line near the y-axis, a horizontal line at larger y
and a part of z + y = ¢, with ¢ chosen later. The first two are obvious. If y = 0 (the z-axis)
then y = 1/2 > 0 and so trajectories cross the z-axis upwards into y > 0. If z = —e < 0
(near the y-axis) then & = e + ay and so & > 0 if y > 0. Thus solutions cross the x-axis and
a horizontal line near the y-axis into the positive quadrant formed by the two lines. (The
use of € is so that we don’t have to worry about the behaviour at the origin, where £ = 0
had we chosen the two coordinate axes.)
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4.1 Poincaré-Bendixson Theorem

r = —€, \\ 1
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Figure 4.2: Poincaré-Bendixson region for the glycolysis model.

To think about the remaining straight lines of the boundary, draw the two nullclines:

Yy = a—fx? on which z = 0,
1 . .
y:m OnWthhyIO.

In other words, the direction field (or the vector field) is vertical on the line y = z/(a + x?)
and horizontal on y = 1/2(a + 2?).

Thus the nullcline y = 1/2(a + 2?) for § has a maximum at y = 5; if y > 5-, then § < 0

and trajectories have a component downwards. This suggests using the line

1—|—
= —+¢
y 2a

which all solutions cross downwards.

But we can not choose a vertical line x = M for some large M to complete the closed
region, because of the term 2%y ( & may not be negative on this vertical line). However,
we note that the sign for & + ¢y = —z 4 1/2 is much simpler (negative when = > 1/2).
This motivate the choice of straight lines of the form x 4+ y = ¢ for some c. If we choose
F(z,y) = z +y — ¢ and define the region D = {(z,y) | F(z,y) <0, then F < 0 if 2 > 1/2.
In other words, trajectories on the line z + y = ¢ cross inwards to D.

The choice of ¢ is determined by closing the outer boundary as simply as possible: choose
it so that = + y = c intersects y = % + ¢ when x = %, ie.

L, 1,
C = — — .
2 2q €

So consider region (see Figure 4.2) bounded by

1
=0 0<y< —
(a) z =0, _y_2a—|—e
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4.2 Floquet theory

(b) y=0, 0<z<
(c) 1+ 0<z<
C = —

J 2a “ =T=

1 1
SSL’S§+—+E

1 1
d — (= 4+ — —
() a4y 5+ 5 +6) =0, y

2 2a

Solutions enter but do not leave this region bounded by these curves. Together with the
small closed curve about the unstable (a sufficiently small) stationary point which solutions
cross outwards, this forms a Poincaré-Bendixson region. Hence there exists a periodic orbit.

4.2 Floquet theory

Suppose u(t) is a periodic solution of & = f(z), so u(t+71) = u(t) for all £ € R. What is the
linearisation of the equation about this solution? Note that since it is a solution wu satisfies
= f(u). Set x(t) = u(t) + v(t) where |v| < 1. Then

t=u+0=f(ut+v)= f(u)+Df(u)v+O(v).

i.e. © = Df(u)v is the linearisation of the equation about w, where Df(u) is the n x n
Jacobian matrix evaluated at uw. This system of ODEs is linear (in v), but its coefficient is
periodic, different from the constant coefficient ODEs we considered earlier. The Floquet
theory deals with the structure of such system of ODEs

0= Aty, A(t+T) = A).

Example 4.4 (One dimensional case). The one-dimensional case is elementary and some-
what misleading if we are thinking about its generalization to higher dimensions. Nonetheless
it is worth considering as an exercise. We have

0 = a(t)v, a(t+T) = a(t),

where both a(t) and v(t) are scalar. This ODE is separable, and the solution is given by

u(t) = v exp ( /0 t als) ds) .

To find the instruction of the solution, we look at ¢ = nT first, that is v(nT) =
Vo eXp(fO"T a(s) ds). Then because a is periodic,

/OnT a(s) ds = /OT a(s)ds+---+ /(:_Tl)T a(s) ds

= n/o a(s) ds as a(s+T) =a(s)
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4.2 Floquet theory

This implies that v(nT) = vy®" where the constant ® = exp ( fOT a(s) ds). Therefore,
|v(nT)| is increasing/decreasing (i.e. unstable or stable) according to whether |®| is greater
than or less than one. If we write

o) = w(t) BT = w(t) exp <% /0 : a(s)ds) , (4.3)

then w(t) is a periodic. In fact, we have

V(t+T) = v(t) exp ( /t - a(s)ds) = u(t) exp ( /0 ' a(s)ds) = w(t) exp (# /0 ' a(s)ds) .

Comparing with the expression (4.3) (at ¢t + T instead of t), then

o(t+T) = w(t + T) exp (# /OT a(s)ds) — w(#) exp (# /OT a(s)ds) ,

that w(t) = w(t + T') and w is periodic with period T'. Therefore, in general the solution v
is no periodic, unless ® = 1.

The nice solution in terms of exponentials does not work in R™: even though the solution
to @ = A(t)x with initial condition v(0) = vy can be written as v(t) = ®(t)vg, the matrix ®(t)
depends on the coefficient A(t) in a much more complicated way than that in one dimension.
Nevertheless, such a matrix ®(t) exists, and plays a similar role of as in one dimension.

Example 4.5 (A one-way coupled linear PDE with periodic coefficient). Consider the fol-
lowing two systems

(1) % (5) = <_11 sigt) (i) @ % @ - (S;llt (1)) @) ’

where the coefficient A(t) is periodic with period 2. In both cases, x is governed by the
same equation & = —z and the general solution is given by z(t) = xge*. For system (1), y
is governed by vy = x + ysin t, whose solution is given by

t
y(t) — LE‘Oe—COSt/ e—T—l—COSTdT_i_yOel—COSt'
0

For system (2), y is governed by ¢ = zsint + v,
et ‘ To\
y(t) = —?(cost + 2sint)xy + (yo + €> et

Question: are there any periodic solution with period 27 for either system with particular
initial condition?
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4.2 Floquet theory

The Structure of linear ODEs with periodic coefficients. Let v; be the solution to
the system
0= A(t)v, Alt+T) = A(t)

with the initial condition v;(0) = e, the k-th canonical basis in R"™ (the vector with 1 at
k-th entry, and 0 otherwise). Because of the linearity, any solution with initial condition
v(0) = (an, -+, an)" = areg + -+ agey, is

() =Y anui(t) = 2(t)v(0),

where ®(t) is the so called fundamental matriz with vy at k-th column, i.e,
(t) = [oi(t) walt) -+ wva(t)].

In other words, ®(t) is the solution to the matrix ODEs & = A(t)® starting with the
identity matrix as initial condition. We can get from the solutions in Example 4.4 that the
fundamental matrices are

et 0
O(t) =
( ) (6_ cost fot 6—T+COSTd,7_ el—cost)
and ,
e” 0
(I)t = —t
®) (% (e —etcost) — 2e'sint et>
respectively. There is no need to start with v;(0) = e as the initial conditions to construct
®(t). We can start with any n-linearly independent solutions oy, 0y, -, 7, of the ODE
= A(t)r. If we define ®(t) = [07 Ty ---T,), then ®(t) = ®(¢)®(0)~" is the desired
fundamental matrix.

Remark. The fundamental matrix ®(¢, s) exists for general linear ODEs & = Az, where A is
any general matrix (no need to be periodic).

Now we can see how the periodicity of the coefficient matrix A appears in the solution.
In general, for non-autonomous ODEs (as the ones with periodic coefficients considered in
this section), if v(t) is a solution, v(t + s) does not have to be a solution. But for periodic
solution, if we differentiate both sides of ¥(t) = v(t +T'), then

Co(t) = b1+ T) = A+ T)o(t +T) = A(D)(1).

That is 0(t) = v(t + T') is also a solution. Then from the facts that
o(t) = ©(t)0(0) = @(t)v(T) = ®(t)P(T)v(0)

and v(t+71) = ®(t+T)v(0) for any v(0), we get ®(t+T1') = ¢(t) B and ®(nT") = B™ for any
integer n, where B = ®(T') is called the monodromy matrixz of the system. Similar to the one
dimensional case, if there is a constant matrix H such B = exp(T'H), then ®(t)exp(—tH)
is periodic, or

D (t) = P(t) exp(tH),
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4.2 Floquet theory

the fundamental matrix ®(t) is the product of a periodic matrix P(¢) and a matrix expo-
nential exp(tH). The stability of periodic solutions is reduced to the eigenvalues of the
monodromy matrix B = ®(T) = exp(TH): if all eigenvalues have modulus less than unit,
the periodic solutions are locally stable; otherwise if there is one eigenvalue with modulus
greater than unit, then the periodic solutions are unstable.

Example 4.6 (Another linear ODEs with periodic coefficients). If

A(t) = <

—1+14 COS t 1—%costsint)

1-— §costs1nt -1+ %sin2t

with period 7 or

= (-143cos®t)u+ (1 —Lcostsint)v
0= (— 1—§costsmt)u+( 1+ 1sin®¢)v

cost L sint\ _;
. e 27, e
—sint cost

are solutions with initial conditions e; and es. Therefore

(1) = < e‘ico‘st e:t sint)

Then

—e"2sint e ‘cost

and

and hence the origin is stable.

For linear ODEs with periodic coefficients from linearisation, more information is avail-
able about the eigenvalues.

Theorem 4.2 (Special value w.r.t perturbed periodic solutions). Let ¢(t) be a periodic
solution of the autonomous system © = f(x), and v = A(t)v with A(t) = Df(o(t)) is the
linearisation around ¢(t). Then the monodromy matriz B corresponding to A(t) always have
eigenvalue 1.

Proof. Let v = ¢, then taking derivative of the equations for ¢, v = f (¢(t)), we have

0= Df(6(1)d(t) = Alt)o.

That is the derivative v = qb satisfies the linearised ODEs and is periodic with period T (the
same period as ¢). Therefore,

v(0) =v(T) = ®(T)v(0) = Bv(0),

and 1 is an eigenvalue of B with eigenvector v(0) = ¢(0). O
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4.2 Floquet theory

Another result is to generalise the solution z(t) = g exp( fOT a(s)ds) of the scalar ODE
# = a(t)x into higher dimension.

Theorem 4.3 (Evolution of the determinant). If ®(t) is a non-singular matriz that satisfies
the system of ODEs & = A(t)x (the matriz A does not have to be periodic and ®(0) does not
have to be the identity matriz), then

t
det®(t) = exp </ trA(s)ds) det®(s).
Sketched proof. We can actually show the equivalent versions

d
Edet@(t) = trA(t)detd(t).

Without loss of generality, we can assume s = 0 and ®(0) = I. Then ®(¢) = I+tA(0)+O(t?)
when t is small. Then

det®(t) = det(I 4+ tA(0) + O(t%)) = 1+ ttrA(0) + O(t?).

Therefore, %det@(t)‘tzo = trA(0). O

Remark. This theorem is a more general fact: if the points evolve under the ODE & = f(x, t),
then the rate of change of the local volume element is div f(x,t), the divergence of the vector
field f(x,t). The volume (or area in two dimension) does not change if and only if the
divergence of the vector field is zero. In the special case of linear ODEs with f(z,t) = A(t)x,
we recover the above result since divf(x,t) = trA(?).

Now we can look at the stability. The eigenvalues of the monodromy matrix are denoted
as p1, P2, , Pn, also called characteristic multipliers. Their logarithms divided by T are
called characteristic exponents, i.e. pr = exp(urT’). Therefore

T
p1p2 - pn = exp(prT) exp(poT) - - -exp(p,T) = det(B) = exp </ trA(s)ds) :
0

If the ODEs © = A(t)v is two dimensional, and are derived from periodic solutions of

iy = fi(w1, 1), By = fow1, T2).

Then we have one characteristic multiplier p; = 1 (from Theorem 4.2) and the other one

T T
P2 = exp (/o trA(s)ds) = exp (/0 (g—ﬁ + g—iz) ds) :

Therefore, the stability is determined by the sign of the integral of the divergence of the
vector field (f1, f2) along the periodic solution. If the periodic solution is known, the above
integral could be evaluated in some special cases, leading to conclusions about the stability
of the periodic solution.
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4.2 Floquet theory

Example 4.7. Consider the ODEs
b=z —y—a(@®+y?), g =x+y—ylx®+y?).
In polar coordinates x(t) = r(t) cos0(t), y(t) = r(t) sin 6(t), the equations become
i=r(l-r?), O=1

There is a periodic solution 7(t) = 1 with period T" = 27. The stability of this periodic
solution is easy in the polar coordinates, or using the criteria above. We have

d 2, 2 9 2, 2 2, 2
_ i p—y— 9 - —92_4 .
A 8x(g: y—z(z +y))+8y(z+y y(z® + %)) (2° +y°)

Therefore, on the periodic orbits r = 1 (or 2 + y* = 1), A(t) is the constant —2 < 0 or
p2 = exp(—2T") = exp(—4m) < 1. The periodic solution is stable.
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5 Bifurcation and centre manifold

For the general ODE & = f(x) near its stationary point z*, we learned early that if none of
the eigenvalues of the Jacobian D f(2*) has a real part zero, then the behaviour of & = f(x)
is determined by its linearised system y = D f(x*)y with y &~ = — z*. What happens if the
Jacobian matrix D f(2*) has eigenvalues with zero real part?

If some eigenvalues have zero real part, nonlinear terms are expected to play a role,
and the behaviour could change accordingly. The study of these qualitative changes in the
behaviours (mainly stability/instability of stationary points and periodic orbits), subject to
changes in certain parameters, is call bifurcation theory. Since the stability /instability of
fixed points is indicated precisely by the real part of the eigenvalues, we are going to see how
these eigenvalues pass the imaginary axis, as the parameter changes.

Example 5.1. Consider the following two systems

T = pr+wy,
Yy = —wT + uy.

(@) @=px, (b {

It is easy to see that, the eigenvalue A\(i) = pin (a), and A(u) = p 4w in (b). The stability
is changed when g crosses zero. More general scenario is shown in Figure 5.1.

A(p) Tm\
A(p)

M ReA

A ()

Figure 5.1: Left figure: real eigenvalue passing through zero as a function of u; Right
figure: complex eigenvalues passing through the imaginary axis (think of the eigenvalues as
parametrised curves in the complex plane).

5.1 Centre manifold theorem

We learned Stable Manifold Theorem earlier, which states that the structure of the system
near a hyperbolic fixed point does not change when nonlinear terms are added. Consider
the system

i=—x, y=y+a’

and its linearised system as shown in Figure 5.2.
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5.1 Centre manifold theorem

|\
- Es
1/ N

E 1%
T=-x, Y=y $:—$,y:y+$2

WU

-

-
.

Figure 5.2: The nonlinear system and its linearised system.

The stable manifold £* and the unstable manifold E* for the linearised system (in normal
form) are easy to calculate, which is just the horizontal and vertical axis. Therefore, the
notation £° and E* (instead of E® and E") is used for the linearised system, to emphasize
that they are linear vector spaces. The corresponding stable and unstable manifold for the
nonlinear system are usually curved. For the system @ = —z,9 = vy + 22, the unstable
manifold is still the vertical axis (show this!), but the stable manifold is different, and can
be approximated as a local series expansion

W* = {(z,y) |y = M(z) = asa® + azaz® + - -- }. (5.1)

The constant term in M (x) vanishes because W* passes the origin, and the linear term
vanishes because W* should be tangent to £E® (the horozontal axis), the stable manifold of
the linearised system. Now the coefficients as, ag, - - - representing W#* can be obtained by
taking the derivative of both sides of y = M(x). On one hand

y=y+2°>=(ag+1)2*+azz® + - .
On the other hand,

d
EM(:E) = (2a0z + 3azz” + -+ ) & = (—2) (2a0z + 3azz® +---) .
Matching the two expressions for § = %M(m), we get ag = —1/3,a3 = a4 = --- = 0. In
other words, the stable manifold is exactly y = —x?/3.

Because the real parts of the eigenvalues are away from zero, the nonlinear system is stable
under changes in the parameters or nonlinear terms. However, if there is any eigenvalue with
zero real part, we expect some qualitative changes in the property when certain parameter
changes, which precisely why bifurcation theory and Centre Manifold Theorem are studied
together.

Theorem 5.1 (Centre Manifold Theorem). Given & = f(x),x € R", f smooth and suppose
x = 0 is a stationary point. Suppose the Jacobian matriz D f(0) has eigenvalues in sets o,
with Re(\) > 0, o, with Re(\) < 0 and o. with Re(A\) = 0 and corresponding generalized
linear eigenspaces E*, E° and E° respectively. Then there exist unstable and stable manifolds
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5.2  Calculating the centre manifold W¢

W® W# of the same dimension as E", E* and tangential to E° and E* at x = 0; and an
wnvariant centre manifold W¢ tangential to E€ at x = 0.
So in general, locally R = W@ W* & W* with the approximate governing equations on

each manifold

T =g(x) on W¢
y = By on W* (stable directions)

2=0C% on W" (unstable directions)

where g(x) is quadratic (or higher order) in x, all eigenvalues of B have negative real parts,
and all eigenvalues of C' have positive real parts.

E® W

W(J

E(J

WS

Figure 5.3: Behaviour on W€ depends on nonlinear terms, behaviour off W€ is dominated
by exponential contraction in the E* direction.

In Figure 5.3, there is no unstable direction and in the stable direction the dynamics
is attracting, so solutions tend to the centre manifold very quickly. The dynamics on W¢
depends on nonlinear terms, is usually much slower and characterise the dynamics of the
whole system in the long time. So the question is how this decomposition can be useful in
general, and how the centre manifold can be approximated or computed.

5.2 Calculating the centre manifold W¢

Suppose that after a change of coordinate transformation, the hyperplane (or line, if x is one
dimension) (z,0) is spanned by E¢ and (0,y) by E®, then the centre manifold is tangential
toy =0 at (0,0) and we may assume that

We={(z,y) | y = h(z),h(0) = 0, Dh(0) = 0}.
In this coordinate, the system can be written as

i = Az + fi(z,y), ¥ =Cy+ fo,y),
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5.2  Calculating the centre manifold W¢

where all eigenvalues of A have real parts zero and those of C have real parts non-zero, f;
contain only nonlinear terms. So on the centre manifold W¢,

&= Az + fi(z, h(x))

and y can be calculated on the centre manifold in two ways: directly from the ¢ equation
above, or by differentiating y = h(x), i.e.

y=Ch(x)+ fola,h(z)) and §= %h(m) = Dh(x)i = Dh(z) [Az + fi(z, h(z))] .

where Dh(z) is the (matrix) partial derivatives of h(z), in one dimension simply h'(x).

Expanding h as a Taylor series (noting that the constant and linear terms vanish), the two
equations for g provide two different polynomials and the coefficients of different monomials
can be equated to determine the coefficients of the Taylor expansion.

For a specific problem, here is the general procedure to calculate the centre manifold
(which is very similar if you want to find the stable/unstable manifold):

(a) Change the system into normal form (if needed), such that the linearised system is a
diagonal matrix

(b) Identify the centre manifold E° of the linearised system, which is the linear space spanned
by the eigenvectors associated with the zero eigenvalues.

(c) Parameterise the centre manifold. You can parameterised E° first, and then for We¢.
For instance, if E° is the y-axis, then E° is parameterised as x = 0 (and z = 0 if in
three dimension), and ¢ (also a line!) is parameterised by x = asy? + azy® + - -+ and
2 = byy? +bsy® +- - -. If E¢is the zy-plane in three dimension, then E° is parameterised
by z =0 and W€ is parameterised by

z=ax® +bry+cy* +--- .
(d) Finally determine the coefficients in the parmaterisation by differentiation on both sides.
Example 5.2. Consider the system

- - 2

T=zy, Yy=-y-—7z.

The linear normal form (based on the linearisation at the origin) has the constant matrix

00 :
A= <0 1) = diag (0, —1).

Then the eigenpairs are

>\1:0,61:((1)), )\2:—1,62:((1)).

Since the matrix A is already in normal form, no coordinate transformation is needed.
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5.2  Calculating the centre manifold W¢

Now the centre manifold takes the form
y = h(z) = az® + bz’ + cx* + O(a°), (5.2)

There is no constant term, because the centre manifold passes through the origin; there is
no linear term, because this manifold should be tangent to e; (or equivalently £, the centre
manifold of the linearised system).

We can determine the coefficients by comparing two ways for calculating ¢. Directly from
the ¢ equation of the system

v =—y— 2= —(ax® + bz® + cz’) — 2* + O(z°). (5.3)
On the other hand, differentiating (5.2) w.r.t t gives § = dh(x)/dt = ih'(x), i.e.,
v(ax® + ba® + ca* + - - )(2ax + 3ba® + 4ex® + ) = 2axt + -+ . (5.4)
Equating coefficients of 22, x* and z* in (5.3) and (5.4) gives
—a—1=0, —b=0, —c=2d°
ie.a=—-1,b=0and c = -2

Thus the centre manifold is y = —2? — 22* + O(2°) and the dynamics on the centre
manifold is
& = zh(x) = —2* — 22° + O(z").

Thus © < 0if z > 0 and & > 0 if x < 0. So the origin is stable and the solutions look like a
stable node, but the motion onto the centre manifold in the y-direction is much faster than
the motion on the centre manifold, leading to a phase portrait as shown in Figure 5.4.

Figure 5.4: Phase portrait showing exponential collapse onto the centre manifold and then
slow motion towards (0, 0) on the centre manifold.

Remark. If you try higher order terms, you get
y = —2® — 2z — 122° — 1122® — 13602'° — 1987222 + - - - |

The fast increasing of the coefficients implies that this approximation is valid only in a small
neighbourhood of the origin.
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5.2  Calculating the centre manifold W¢

Example 5.3. Consider the system
T=y—x+ Yy, y=x—y— .
First we have to convert the linearised system

(G)=2() a=( )

into normal form. It is easy to calculate the eigenpairs of A,

)\1 = 0, €1 = (1) y >\2 = —2, €y = <_11) .
1 —1\"" 1/1 1
U=lere0 ' = (1 1 ) T2 (—1 1) ’

the change of variable from (z,y) to (u,v) (in normal form) is

() =0 C)=(0k) o ()= ()=l ()

The new system in (u,v) is

Let

(5h):

2 2

U=uv—v-,0=—2v+uv—u".

The centre manifold is parametrised by v = h(u) = au® + bu3 + cu® + - - -, then

b = (2au + 3bu’ + 4eu® + - - )i
= (2au + 3bu* + dcu® + - -+ ) (u(au® + bu® + cut + -+ ) — (au® + bu® + cut + - -+ )?)

:2a2u4—|—...

and on the other hand

0= =20+ uv — u?

= 2(au® +bu® +cut + ) Fulau bt dcut +---) —u
= (2a + Du® + (2b — a)u® + (3¢ — b)u* + - - - .

2

Comparing the coefficients of u?, u® and u* of the two expressions of 0, we get

1 1 3 1 1 3
(I:—§, b:—i, C:—g, or U:—§U2—ZU3—§U4+"'.
The dynamics on the centre manifold is
2 Ly 1, 3

Y — p— P — _ = __5 o 0.
U=UvV — 0V 2u 4u 8u—|— ,

which is stable if u is small. Going back to the original coordinates, the centre manifold is
approximately

o ]‘ 2 ]‘ 3 3 4
y—a= 4(x+y) 16(:L“+y) 64(x+y)+
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5.3 Extended centre manifold

Remark. The calculation could be quite involved if you are calculating unnecessary higher
order terms than needed in the end. In general, the lowest power appears in equations with
stable linear part. For instance, the second expression above starts with 2, while the first
expression starts with u?.

Remark. Strictly speaking, the change of variables from (z,y) to (u,v) is not necessary, but
we need to know that the centre manifold is represented as

y—z=az+y)’+asz+y)]’+---.
Take the derivative of both sides (w.r.t t),
g —i = (2a2(x +y) + 3az(x +y)> + - ) (& +9).

After substituting # and g, we compare the coefficients of powers of (x 4+ y) on both sides,
and we should get the same answer. (Probably it is worth the effect to perform the change
of variable at the very beginning).

5.3 Extended centre manifold

As it stands, the CMT does not allow us to deal with parameters. To include the effect of
parameters and hence to treat bifurcations, we work on the extended centre manifolds by
augmenting the equation with the apparently trivial equation o = 0:

T = Az + fl(x>y>lu“)a

y = Cy + fQ(xvynU/)a

[ =0.
The additional equation allows us to parametrise the centre manifold as y = h(z, ) instead
of the form y = h(zx) considered in the last section (hence the extended centre manifold).

The trivial equation 1 = 0 adds one more dimension to the centre manifold and allows
us to work in a neighbourhood of both (x,y) = (0,0) in phase space and p = 0 in parameter
space, where p = 0 is the value at which the bifurcation occurs. So A has the zero real
part eigenvalues and C' has stable and unstable manifolds, and fi, fo contain only nonlinear
terms. The CMT gives the motion on the stable and unstable manifolds,W* and W*" in vy,
and there is a n. + 1 dimensional centre manifold (where n. is the dimension of x), valid for
|x| and |p| small.

This time, if coordinates are chosen so that the central motion is in normal form, the
extended centre manifold can be parametrised by y = h(z, i), with

h(0,0)=0,  Dh(0,0) = 0.
Notice that Dh = [D,h, D,h|, which is the partial derivative w.r.t both variables. Then
&= Az + fi(x, h(z, p), 1) is the equation on the (extended) centre manifold.

There are three typical equations (to leading order) on the extended centre manifold if
A =0 and z is a scalar:

&= p— (saddlenode bifurcation)
&= pr — 1 (transcritical bifurcation) (5.5)
&= pr —2° (pitchfork bifurcation)
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5.3 Extended centre manifold

T T

I I 1

Figure 5.5: (i, x) plane for local bifurcations of stationary points: saddlenode, transcritical
and pitchfork (supercritical).

Typical behaviour is sketched in the (z, u) plane: these are called bifurcation diagrams.
By convention, dotted lines are used to show unstable solutions and continuous lines for
stable solutions. The pitchfork illustrated her is supercritical, meaning that the non-trivial
stationary points are stable; if they were unstable then it would be a subcritical pitchfork
bifurcation (a subcritical pitchfork bifurcation when the solid line is dashed, and the dashed
line is solid). More details will be given in the next subsection.

Example 5.4. Consider the second order ODE
i+ — pu 4 u? =0
with a parameter p. Setting v = u, we get the equivalent system of ODEs

U=v, ©U=-—v+ pu—u’ (5.6)

At the origin, the matrix for the linear part is . The eigenvalues satisfies s(s+1) —

1
—1
1 =0, so there is a eigenvalue with real part zero, if and only if s = 0, or u = 0. Therefore
we expect a bifurcation at the origin if u = 0.

Rough Ezplanation of what happens for p small: The stationary points are governed by
v =0, pu—u?=0. That is u = 0, or u = p, and we expect a transcritical bifurcation
(exchange of stability).

The general procedure: (a) Transform to normal form (including in the 4 = 0 equation);
(b) Expand extended CM; (c) Calculate dynamics on CM.

(a). Transformation: The linear part (5.6) at the origin if 4 = 0 is not in normal
(diagonal) form. We have the eigenpairs,

>\1:O, €1I<é), >\2:—1, 62:<_11>

Hence the change of coordinate uses the matrix of eigenvectors and the NEW coordinates
x, y are defined by

(-G 26 = €)= D06 1))
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5.3 Extended centre manifold

Hence the coordinate transform is
r=u-+v, Yy=-—-v or u=x+y, vV=-U.
In terms of these new coordinates, the system (5.6) becomes

T=u4+0=v—v+pu—u’=pulzt+y) —(r+y)?*
y=—0=v—pu+ut=—y—pulx+y)+(z+y)?

(b). Extended Centre Manifold Now the extended system in the new coordinates is
b=pr+y)—(z+y)? g=-y-—plz+y +@@+y? =0

The extended centre manifold should be tangential to the (x,u) plane (or y = 0) at
(z,y,p) = (0,0,0), and is parametrised by

y = h(x, 1) = ax® + bxp + cu’® + h.o.t.
From the y equation
y=—(ax® +bap+cp*+...)—plr+.. )+ +-=1—a)x* — (b+ Dap+---

From the definition of the extended centre manifold
. ) h . )
Y= _I+_MM: (2ax + bp)t = - - -,

where all the terms are at least cubic. So equating coefficients of the quadratic terms (of
which there are none in the second equation!) gives a = 1, b = —1, and the extended centre
manifold is

y=a>—zpu+....

(c). Dynamics on the centre manifold. Locally on the extended Centre Manifold 1 = 0
is trivial so it is the & equation that is interesting:

o=plr+a®—pr+...)— (2 + 22 —px) +...)
= px — 2° + O(2?)

Substituting back into the equation for & we get (to leading order)

&= pr — 2 +0(z?).

Standard Form for transcritical

The phase portrait for the reduced dynamics for x is shown in Figure 5.6 and the phase
portrait for the original system is in Figure 5.7.
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5.4 Classifications of bifurcations

- e = e - w<0 x[
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Figure 5.6: Phase portraits on the (one-dimensional) centre manifold and the bifurcation
diagram.
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Figure 5.7: Full phase portraits of the dynamics in ¢ < 0 and p > 0.

Remark. If the stable manifold is of higher dimension, then vy, = hy(x, 1), yo = ho(x, 1) and
we need to find Ay, hy using the same method. For example, for the system

b=pr—yz, U=-—-y+ai, i=—z+a>

Add i = 0 to this system, then the stable manifold expanded by y and z is parameterised
by z and p, that is

y=hi(z, 1) = a12* + agrp + azp® + -+, 2= ha(z, 1) = byx® + by + bap® + - - - .

Then a; = 1l,ay = a3 = by = by = bg = 0. That is y = 2> + ---, but we have to go to
cubic polynomials to find the stable manifold for z, which gives z = 2® 4 - - -. Therefore, the
reduced dynamics on the stable manifold is

i = f,(r) = px — 2°.

If 4 <0, z = 0 is the only stable fixed point. If ;& > 0, there are three fixed point 0, zi'/*
and —p!'/%. Since

f0) = >0, fi(£p") = p =5 = —4p <0,

1/4

the fixed point 0 is unstable, and the fixed points +p'/* are stable.

5.4 Classifications of bifurcations

Suppose x = 0 € R"™ is a stationary point of the system of ODEs & = f(z,u) if p = 0,
and D, f(0,0) has a single zero eigenvalue. (If the stationary point is z* at p*, then we
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5.4 Classifications of bifurcations

simply work in shifted coordinates x —x* and p — p*). Now we consider the extended centre
manifold for the system governed by (z € R)

where f satisfies f(0,0) = 0 and f,(0,0) = 0. Consider the Taylor series expansion of f for
||, |pe| small:

rzﬂmm+nmﬂn+nmmm+%uwﬁ+mwﬂﬂﬁwm+0mﬁmm

where all partial derivatives are evaluated at (0,0).

By the assumption that f(0,0) = 0 (x = 0 is the stationary point on the centre manifold
for 4 =0) and f,(0,0) = 0 (there is a zero eigenvalue), the above Taylor series is simply

izﬁMQ®M+%thﬁﬂ”+hMQ®ﬁ+ﬂhAQ®Wﬂ+“~

Different bifurcations could occur, depending on whether the partial derivatives vanish or
not.

Saddle-node Bifurcation i = y — 22

If both f,,(0,0) and f,,(0,0) are non-zero, then

2
b= 0,00+ 3 Far(0,0)2 + Ol |, ) % 4fu(0,0) + - F2u(0,0).

The stationary points are
2£,(0,0)

Thom gy - 5.7
if 10f,,(0,0)/ f22(0,0) < 0. So the stability is determined for sufficiently small |z| and |u| by
the sign of f,, and f,: there is no solution, if pf,/fzz > 0, and there are two solutions given
by (5.7) if pufu/ few < 0. Since

o (0,0) = 22000 60,

0
%f(l'a 1) - f22(0,0)

Therefore, if pf,/fze > 0, x4 is stable, z_ unstable if f,, < 0 and z_ is stable, z; unsta-
ble if f,, > 0 This is a saddle-node bifurcation, also called tangential bifurcation or fold
bifurcation.

Transcritical Bifurcation & = puxr — 22

If in addition to f(0,0) = f,(0,0) =0, £.(0,0) is zero, but f,,(0,0) # 0, the ODE equation
becomes

i 20 3 (0,002 4 21200, 0t + £, (0, 0))
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5.4 Classifications of bifurcations

Then the possible stationary points are %, = kypu, where

_ _fxuj: zu_fxxfuu
oz

So if gu — faafuu > 0, there are two branches of solutions which intersect at the bifurcation
point (0,0). This is a transcritical bifurcation. Stability is determined by looking at the
leading order terms of the derivative f,(z, ) and a relatively simple manipulation shows
that one branch is stable and the other is unstable, with stability being exchanged as pu
passes through zero. To show the stability,

LH)| = 10005 + L0000 = T, — Fenfon

ZB:Ii

ko

So the fixed point x is stable if 4 < 0 and unstable if g > 0; x_ has the opposite stability
property.

Pitchfork Bifurcation & = ux — 23

If £,(0,0) = f,,(0,0) = 0 then

o1 1
&~ 5 (funtt” + 2fapp) + : (Froa®® + Fuputt® + ... (5.8)

Sun
2fep
of solutions by balancing the second term f,,zu and the third terms f.,2*:

If fz, # 0, there is one branch of solutions with  ~ —z#~pu. However there is a second set

1
f:cul"ﬂ + g.fx:cxxg =0

from which, provided f,.. # 0,
6/
2t = ——"1y
ffE"E"E

giving two new solutions in whichever sign of y makes the right hand side positive. There
are no other ways of balancing leading order terms (by posing x ~ u®) so these are the only
bifurcating solutions. Since

(5.9)

0 1
o @ 1) = foup + §fmx2 + (5.10)

we see that the solution z ~ —zii‘—;;u is stable (locally) if f;,p < 0 and unstable if f,,u > 0.
So the sign of f;, determines on which side of ;4 = 0 this branch is stable.

The stability of second set of solutions is determined by substituting (5.9) into (5.10)
giving —2f,,p and so the stability is the opposite of the simple branch described above.

This is called a pitchfork bifurcation: if the non-trivial branch is stable it is called a
supercritical pitchfork bifurcation and if the non-trivial branch is unstable it is called a
subcritical pitchfork bifurcation, as shown in Figure 5.8.
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5.5 Hopf bifurcations
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Supercritical Pitchfork Bifurcation & = pz — Subcritical Pitchfork Bifurcation & = —px + 2?

Figure 5.8: Two types of Pitchfork Bifurcation

Remark. It should be noted that the classification of bifurcation is based on the behaviour
near the bifurcation point: in saddle-node bifurcation, the number of fixed points is from
zero to two, one stable and one unstable; in transcritical bifurcation, two fixed points always
exist and exchange stability; in pitchfork bifurcation, the number of fixed points changes
from one to three, and the stability is exchanged.

5.5 Hopf bifurcations

The only ‘typical’ case not treated in the previous section is the appearance of purely imag-
inary (simple) eigenvalues +iw, instead of zero eigenvalues. Usually, there is only one zero
eigenvalue (as seen in all examples in the previous section), and the centre manifold is only
one dimension. But in the simplest case with bifurcation with two purely imaginary eigen-
values, the centre manifold at p = 0 is two dimensional and the extended centre manifold is
three dimensional. The equations governing the bifurcations could very complicated, but a
standard example will be enough for our purposes.

Consider the canonical example
. 2 2 - 2 2
&= pr—wy— o2 +y°), ¥=wr+py—ya +y’)

or in polar coordinates r = /22 + y2, 0 = arctany/z

F=pr—r®, 0 =uw. (5.11)

(L)

with eigenvalues p +iw. So if p < 0, the origin is stable and if ;¢ > 0 it is unstable. Observe
that the 7 equation implies that if 4 > 0, 7 — ,/u, i.e. there is a periodic orbit of radius
V/It, which is stable (sketch the right hand side of the 7= equation if this is not obvious).

This is an example of a Hopf bifurcation, also known as Poincaré-Andronov-Hopf bifurca-
tion. As the parameter is varied, a stationary point changes its stability and a periodic orbit

The linearisation about the origin is
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5.5 Hopf bifurcations

/

Figure 5.9: Hopf bifurcation: when p increases, the stable focus becomes unstable, and a
periodic solution called limit cycle appears.

is created with the opposite stability (like a pitchfork bifurcation in r). If the bifurcating
periodic orbit is stable, then this is a supercritical Hopf bifurcation and if it is unstable this
is a subcritical Hopf bifurcation. The above canonical example can also be written with com-
plex numbers. That is, if we define z(t) = z(t) + y(t), then the above system is equivalent
to

i (4 iw)z — z|z%

Remark. If only the first equation in (5.11) in the radial variable r is taken, a pitchfork
bifurcation happens at u = 0. This connection (at least qualitatitively) between Hopf
bifurcation (for two variables) and pitchfork bifurcation (in radial like variable) is true in
general.

Example 5.5 (Brusselator model for autocatalytic reaction). Consider the system of ODEs
t=a—(b+ 1z + 2%y, y = bxr — 1y,
where a and b are two positive parameters. The unique steady state is (a,b/a) with the
Jacobian b1 o2
()

Since the determinant of J is a2, the only possible bifurcation Hopf bifurcation, which occurs
only when the trace is zero. That is when b* = 1 + a*. For b < b*, the steady state (a,b/a)
is stable; for b > b*, it is unstable and a new periodic solution (a limit cycle) appears.

Example 5.6. We considered in Example 4.3 the following model

& =—x+ay + 1%y, y=0b—ay— 2y
for glycolysis oscillation with b = 1/2 and a > 0. For general b, the only stationary point is

b

*:b, *:7.
v J a+ b2
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5.5 Hopf bifurcations

We can find the conditions for possible bifurcations. From the Jacobian matrix

~1+2zy a4+ 2?
—2ry  —a— a2,

J(x,y)z(

b2—a 2
* * a a_l_b
J(Iay):<b2;b2 —a—bz>

T atb2

we have

Since det.J(z*, y*) = a+b* > 0, the only possible bifurcation is the real parts of the complex
eigenvalues pass zero (real eigenvalues can not pass zero, which leads to zero determinant),
or Hopf bifurcation. This happens when the trace of J(x*,y*) is zero, that is,

b —a — a®> — 2ab*> — b*

trJ(z",y") = P

If trJ(z*,y*) < 0, the fixed point (z*,y*) is stable; otherwise it is not stable.

Figure 5.10: The phase portrait of the system (5.12) for u = 1.8 (left figure) and p = 2.2
(right right). As p passes 2, the periodic solution (or the limit cycle) disappear, and the
unstable focus at (@ — 1, —1) becomes a stable focus. (Can you add arrows to indicate the
direction of the trajectories, based on the local behaviours of the stationary points?)

Example 5.7. Consider the following system
i=1-y’  g=—xz—py—y, (5.12)

for > 0.
The fixed points are (g — 1,—1) and (—p — 1,1) with the Jacobian matrix is J =

0 —2y
1 —p—2y)

At the fixed point (—p — 1,1), J = ( 0 —2

-1 —p—2
eigenvalues have opposite signs, and this is always a saddle point.

Since detJ = —2 < 0, the two
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5.5 Hopf bifurcations

0 2

At the fixed point (p —1,—1), J = <_1 2

) and the eigenvalues are the roots of
N4 (n—2)A+2=0,

or \y = YA . ng_4”_4. Since A A_ = 2 > 0, the real parts of the eigenvalues pass zero if
and only if p passes 2. At pu = 2, the two eigenvalues are ++/2i, this is a unstable focus
becomes a stable focus. When u continues to increase beyond 1 + 24/2, the discriminant
A = p? — 4u — 4 becomes positive, and the two eigenvalues are both real and negative.
Therefore, the stable focus becomes a stable node, as shown in Figure 5.10.

Figure 5.11: The global bifurcation at about u* = 1.63, where there is a homoclinic orbit at

Remark. There is actually another bifurcation at about p* = 1.63, with a homoclinic orbit
at the fixed point (—u — 1,1): the unstable manifold W* coincides with the stable manifold
W?# through this fixed point. This kind of global bifurcation is much more difficult to study,
where the critical parameter pu* can not be determined as the local bifurcation in the previous
few examples.
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6 Maps and their bifurcation

6.1 Fixed points and periodic orbits of maps
Recall that a discrete time system (or map) is defined by a difference equation
Tntl = fu(xn>7 Ty, € Rnu

with parameter(s) p (the subscript p may be omitted if no confusion arises). Similar to
continuous dynamical system, simple solutions include:

i) Fixed Points: z,.1 = x,, that is solutions of z* = f(z*).

ii) Periodic orbits: (zo,...,z,—1) with x; = f(zx_1),k=1,...,p— 1 and 2o = f(xp_1).
Therefore,

l’k:fp(l’k):f((f(l’k)))j k=0,1,2,--- ,p— L

. ~ .
p 1terations

That is, periodic points are fized points of an iterate fP of the map. We usually work
with smallest period.

The stability of fixed points or periodic orbits can also be studied via linearisation. If z,,
is close to the fixed point, let y,, = x,, — x*, then

Yn = Tn — = f(xn—l) - f($*> ~ (:Cn—l - .flf*)f/(ﬂf*) = f/(x*)yn—lu

and y, =~ [f'(z*)]"yo. Therefore, a fixed point x* is linearly stable if | f'(z*)| < 1.
For a periodic orbit with period p, the condition for the fixed points is

|(fp)/(xk)|<1 k:O71a27p_1

If fact, we only need to check one k, since (f?)'(zo) = (f?)'(x1) = --- = (f?)'(xp_1). Using
the chain rule (try the case of p =2 and p = 3 to see how it works),

o) = PG T @) PP faw) ) o)

p—1 it(;rrations p—2 ite‘r,ations
= f(@hrp-1) [ (Trap—2) - f'(21)
= f'(@e-1) f'(x—2) - f' ()
= f'(@wo) f'(z1) - - f'(wp-1). (6.1)

So there is only one condition for the linear stability of a periodic orbit: [[2) | f/(zx)] < 1.

The concept of invariant set can also be defined for maps, but is less used than that for
the continuous dynamical systems.
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6.2 Bifurcation of maps

Example 6.1. Let A\ be any non-zero constant. Then the parabola P = {(x,y) | y = 2}
is an invariant set for the map z,11 = AZn, Yns1 = N?y,. In fact, if (z,,y,) € P, then
Y = 22 and

Yn+1 = Azyn = Azxi = ()‘xn>2 = xi+1-

That is (€41, Yns1) € P as well. Therefore, the parabola P is invariant.

Because of the points x,, are discrete in space, special graphic tools (other than the phase
portrait) are used. First, fixed points for the one dimensional map z,.; = f(x,) can be
viewed as the intersection of the straight line y = z and the curve y = f(z). If f'(z*) is
positive at the fixed point x*, the stability can also be determined graphically, by comparing
f'(z*) with the slope of y = x (see Figure 6.1).

y =
stable y=x

v = f(a) y=1t

T unstable

Figure 6.1: Left figure: graphic representation of the fixed points at the intersection between
the straight line y = = and the curve y = f(x). Right figure: cobweb diagram showing the
iteration of the map x,1 = f(z,).

The iteration of the trajectory zg, x1,- -+ can be viewed from the cobweb diagram (right
figure in Figure 6.1): (1) the vertical line x = z,, intersect the curve y = f(x) at (x,, f(x,)) =
(Zn, Tne1); (2) the horizontal line through (z,,, x,41) intersect the line y = x at (11, f(Tni1);
(3) then the vertical line through (z,,41,%,41) becomes = ,, 11 and the whole process can
be continued again.

The behaviour of the map x,41 = f.(z,) near a fixed point can be understood using
the cobweb diagram as shown in Figure 6.2. While the stability (inward towards the fixed
point z* or not) is determined by whether |f;(2*)| is greater than unit, the sign of f}(z*)
determines whether the diagram looks like stairs (f/,(z*) > 0) or spirals (f,(z*) < 0).

6.2 Bifurcation of maps

Similarly, as the parameter p in the map z,,41 = f,(x,) varies, bifurcation could occur at the
fixed point z* = f,(z*) if |f}(2*)| passes one. To compare with the continuous dynamical
systems & = f,(x), we can consider the analogous discrete maps ;41 = @, + f.(z,) (instead
of 11 = fu(xy), such that the fixed points in both cases coincide, that is f,(z*) = 0 and
the bifurcation diagrams are exactly the same.
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6.2 Bifurcation of maps

e

S

0< fﬂ(fﬂ*) <1 f;(x*) > 1 1< f,'l(x*) <0 f,'l(l“*) < —1

Figure 6.2: The behaviour near a fixed point in terms of the cobweb diagram

G
u/
\
AN
\\
¥ = —\/1

w <0 pw=20 ©w>0

Figure 6.3: Saddle-node (tangential) bifurcation.
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6.2 Bifurcation of maps

Saddle-node (tangential) bifurcation for x,,; = u+z, —z2: If g > 0, there are two
fixed points %, = +4'/? (two intersection points between the curve y = x and y = p+x—22);
the fixed point z* = p!/? is stable but 2* = —u!/? is not stable. If u < 0, there is no
fixed point. Because bifurcation occurs when the straight line y = = touches the parabola
y = p + o — 22 tangentially at u = 0, this saddle-node bifurcation is also called tangential
bifurcation (see Figure 6.3).

Transcritical bifurcation for z,, ., = (1 + pu)x, —22: There are always two fixed points
x* = 0 and z* = p. The fixed point z* = 0 is stable for © < 0, but becomes unstable for
i > 0, while the other fixed point x* = p is stable.

stable

unstable n=x
>0 ~
-7 u=0
-
=0 P
<0

Figure 6.4: Transcritical bifurcation.

Supercritical pitchfork bifurcation for z,.; = (1 + p)z, — z2: When p < 0, there
is only one fixed point z* = 0, which is stable. When p > 0, there are three fixed points;
x* = £u"/? are stable, but z* = 0 unstable.

4

@ >0

Figure 6.5: Pitchfork bifurcation.

Remark. Although the bifurcation diagrams of the three bifurcations look the same as those
for the continuous differential equations, the situation for discrete maps is more complicated:

(a) The bifurcation are valid only locally for discrete maps. Take the map x, 41 = 1+x, —22

(u = 1) and the initial condition zy = 10 (or any initial such that z is large), then
T, — —00 as n goes to infinity, different from the stable fixed point z* = /2 = 1. But
for the continuous dynamical system @ = 1 — 22, 2(t) always converges to 2* = p'/? = 1,
if xg is large.
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6.3 Logistic map

(b) Another bifurcation could happen along the stable fixed point, as p further increases
or decreases. The Jacobian of the map z,,; = p + z, — 22 at the stable fixed point
Tt = 1/2
we s
fi(z*)=1-2z" =1—2p"2
Then as > 1, f,(2*) < —1, which becomes unstable (a period-doubling bifurcation

happens as we show below).

For continuous dynamical systems, Hopf bifurcation is common when stable spiral be-
comes unstable spiral (real parts of the eigenvalue becomes positive), and periodic solution
appears. For maps, the analogous situation is period-two bifurcation: the original fixed
point becomes unstable, and a period-two orbit appear. This will be examined in the next
subsection, for the special logistic map.

6.3 Logistic map

The logistic map is the simplest quadratic family of maps

ful#) = pe(l =), p=0,

in which chaotic behaviours can arise. In the context of population dynamics, the two
terms pz and —pz? in this map can be interpreted as reproduction and starvation (density-
dependent mortality) respectively.

If this map is invariant on the interval [0, 1], then p € [0,4], since we only have to
make sure max,epo,1 fu(z) = fu(1/2) = /4 < 1. The behaviour of the map for small and
moderately large p can be explained by examining the stability of the fixed points and the
periodic orbits.

Fixed Points: z* = pz*(1 —2*). Soz* =0 or * = (u — 1)/p provided p > 1.

Linear Stability: First f)(r) = p — 2zp. If 0 < p < 1, the fixed point x* = 0 is stable
since | f/,(0)] = p < 1, and the fixed point 2* = (1 —1)/p is not in the range [0,1]. As p > 1,
the fixed point * = 0 becomes unstable. But * = (u—1)/p € (0, 1) become stable, as long
as

(e =D/ u)l = 12— pl <1,
or 1 < pu < 3. Because the fixed points 2* = 0 and z* = (1 — 1)/p exchange stability at
1 =1, this is a transcritical bifurcation.

Period-doubling bifurcation: As y passes 3, f[t((,u— 1)/u) passes —1 and z* = (u—1)/p
becomes unstable (see Figure 6.6 for sample iterations at u = 3.35). A period-two orbit
(x%_,2* ) appears, such that

:L’j_ = fu(l’*_), rt = fu(x*+>

In other words, both % and z* are fixed points of x = f,(f.(x)), but not fixed points of
x = f,(x). This is called period-doubling bifurcation, signified by f,-(2z*) = —1 at p* = 3.
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unstable fixed point ('
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Figure 6.6: The fixed point z* = (u — 1)/ becomes unstable as p > 3, and a period-two
orbit emerges (the iteration for p = 3.35 is plotted here).

Since
v — fu(fu(@) = 2(pe — p+ 1) (pPa® — (0° + )z + p+ 1),
all fixed points of z = f,(f.(x)) are

o A LEV (= 3)(pt 1)
+ 2 :

=0, 2f="——o]

The first two are inherited from z* = f,(z*), and the last two form the period two orbits,
solving the quadratic equation p?x? — (u* + p)x + pu+ 1 = 0. A more involved calculation
shows that the this period-two orbit loses its stability, when the modulus

d * *
T Iu(ful®)) = fiu(fu(@)) fu(@) - fu@) f(22)
Ty
is greater than unit. First from
I ok S
L T T

the Jacobian <L f, (f.(z))

. can be simplified as
Ty
@) fu(at) = p?(1 =227 ) (1 = 22%) = p? (1 = 2(a%, + 2% ) + 42" a?) =4+ 2u — .

By solving L f,(f.(2)) o = +1, we get p = —1 or p = 3 for Lf,(f.(2))
p=1++6for L1, (f.(2)) "

p = —1or u=1-+/6; in fact the fixed points 2% exists only for g > 3. Therefore, the
only possible bifurcation is at p* = 1+ v/6 ~ 3.449, with L f(fur(x))] . =—1. The value

—1 suggests another period-doubling bifurcation for x = f,(f.(x)), leading to period-four
orbits, which are fixed points of z = f,(f.(f.(f.(x))))-

= 1 and

at
= —1. We do not need to check the negative values of

N
Ty
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6.4 Bifurcation of two-dimensional maps

0.8 - R
0.6 R
04 - R
period—doubling bifurcation
transcritical bifurcation
0.2 - |
o)
/
0 0.5 1 15 2 25 3 3.5

Figure 6.7: Bifurcation diagram for the logistic map, when y is not too close to 4.

In fact there is an infinite cascade of ‘period-doubling’ bifurcations:

=3 period 1 — 2
o =1++v6 period 2 — 4
L, period 271 — 2"

Moreover, p, has a finite limit (about 3.56995), when the period-doubling cascade ends and
chaotic behaviours start. There is also a universal Feigenbaum constant defined as the limit
of ratio between the lengths of two successive bifurcation intervals, i.e,

lim M=t = Hr 4669

n=oo [ — Hnt1

Many other maps exhibit similar (period-doubling) bifurcations, and the above limiting ratio
is independent of the details of the map.

Remark. Although the bifurcation diagrams for both pitchfork and period-doubling bifur-
cation look similar, the behaviours of the fixed points are totally different: new “fixed
points” for period-doubling bifurcation are actually fixed points of x = f,(f.(x)) instead

of x = f,(x).

6.4 Bifurcation of two-dimensional maps

The same approach can be used to study the bifurcation of two-dimensional maps, by looking
at when the change in the parameter leads to eigenvalues of the Jacobian matriz with unit
modulus.

Example 6.2. Consider the map
Tpgl = W + Tn — Loy Yol = T,
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6.4 Bifurcation of two-dimensional maps

where |u| is small. The fixed point (z*,y*) satisfies the equations x = px +x — 2%,y = z.
That is, there are two fixed points

(ffayf) = (0a0)> (fﬁay;) = (:uhu)-

From the Jacobian matrix

J(o.y) = (a%(uyvgx—ﬁ) a%(ungx—xz)) _ (1 — 2 u)’

o oyt 1 0

« 1 . 1—-2
J(27,y7) = (1 g) J(23,y5) = ( 1 H 'g)

At the fixed point (z7, z3), the two eigenvalues are governed by

we get

det()\[—J(xl,yl))—det< 1 )\’u):)\z—)\—,u:().

That is
M 1++/1+4u
—
As p passes zero, A pass 1 and this fixed point (27, y}) becomes unstable.

At the fixed point (x3,v3), the two eigenvalues are governed by

det (AT — J(x3,v3)) = det (A _if 2 _Aﬂ) =N —(1-2uWA—pu=0.

That is,

A — 1—2u+ \/(1—2u)2+4u: 1—2,ui—\/1+4u2.
2

In this case, A, is close to zero (|A] | is far away from unit) and can not trigger any instability.
If 1 is small and negative,

V1+4p2 > /1 +4dp+4p2 =1+ 2p

and

)\+_1—2,u+\/1+4,u2 - 1—2,u+(1+2,u)_1
2_ e .
2 2

As a result, the fixed point (2%, y3) is unstable. On the other hand, if p becomes positive
(and small), \/1+4p2 < \/1+4pu+4p% =1+ 2p and

)\;_ 2u+\/1+4u 1—2,u+ (14 2p) _
2

Therefore, the stability of the two fixed points (23, y7) and (z3,y3) are exchanged, indicating
the transcritical bifurcation at p = 0.

The bifurcation is also clear from Figure 6.8. For u € (—1/4,0), |\f| < 1 and the fixed
point (z7,y7) = (0,0) is stable. The other fixed point (23, y5) = (u, p) is stable for p > 0,
but becomes unstable again when \; = —1, or u = 2/3. A period-doubling bifurcation
occurs her (associated with eigenvalue —1).
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6.5 Other concepts: intermittancy, Lyapunov exponent and the route to chaos

Figure 6.8: The eigenvalues of the Jacobian matrix near the two fixed points (0,0) and (p, p).

6.5 Other concepts: intermittancy, Lyapunov exponent and the
route to chaos

There are other important concepts motivated from maps, like

e Complex iterations from fractals (Julia sets)

e Chaos and its characterisation (sensitive dependence on initial data, existence of “strange
attractor”, . . .)

e Intermittancy (jumping between nearly periodic and chaotic motions) in chaotic regime

e Lypunov exponents (rate of separation of close trajectories)

These concepts will be briefly mentioned (you will see them more in books for popular
audience), but will not appear in the final exam.
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