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R Marangell Part III - Nonlinear ODEs

1. 2-D NONLINEAR AUTONOMOUS SYSTEMS

For this section (and for a large part of the remainder of the course) we are going to
consider nonlinear autonomous 2 X 2 systems of equations. We begin with some examples.

Example 1.1. We start with the second order ODE & + sin(xz) = 0, the normalised
pendulum equation. We’ll write this as a system in the usual fashion

T =1y
y = —sin(x).

Example 1.2 (Modified Logistic Model). Another example is one that arises in cellular
transport models (i.e. how cells move through a given material /substrate). We start with
the ‘well-known’ logistic model

t+u(l—u)=0
and we modify it slightly

i+ u(l —u)=0.

The effect is that now we want to consider a diffusive process balanced by the logistic
reaction term (the u(1 — u) bit) rather than a growth process balanced by it. We again
write this as a 2-D system in the usual fashion

U=0

0= —u(l —u).
Example 1.3 (Lotka-Volterra). This next example (which is quite rich/informative)
comes from mathematical biology. It is used in more complicated population models
- so-called predator-prey systems. Sometimes it is called the Lotka-Volterra equation.

T =axr — cxy

Y= —by +dxy
Here x and y represent the population of two species the ‘prey’ (x) and the ‘predators’
(y). In this system a, b, ¢, d are all real positive parameters which will change according

to what you are trying to model (though we shall see that they don’t in fact affect the
qualitative behaviour of the system that much).

Example 1.4. This next example comes up directly in my own research - it isn’t the
whole story, but it does play a role.

) ,  2utw?
U=ou —
o
. 2uiw?
w=—ow(l —w)+
o

Again in the above ¢ > 0 is a parameter. In fact this is a relatively safe rule of thumb -
if there is an unknown in the right hand side of the dynamical system (ODE) which does
not appear on the left, it can usually be thought of as a parameter of the system. This
equation (in case you were curious) arises in what’s called ‘haptotactic cell migration’.
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R Marangell Part III - Nonlinear ODEs

So we now return to a general case:

(1.1) E=twy) (I> - (f@’y)) =: F(z,y),

y=g(z,y) y 9(z,y)

where f and g are ‘nice’ (i.e. Lipschitz, C' C*, etc - depending on what we need)
functions.

The idea now is to construct a phase plane or phase portrait of the nonlinear ODE.
The phase plane is the (z,y) plane together with phase curves of solutions. These are
parametrized curves (z(t), y(t)) which are solutions to the differential equation (1.1), and
parametrized by the independent variable ¢. This is exactly what we did for linear systems,
only this time we won’t necessarily be able to solve for z(¢) and y(¢) explicitly.

The simplest type of phase curves are single points. These are when f(z,y) = g(z,y) =
0. In this case we will have a constant solution to the ODE. These points are called critical
points or equilibrium points.

Example 1.5. Returning to the modified logistic growth equation
Lo U=

(12) 0= —u(l —u).

We can see that the right hand side is equal to 0 precisely when (u,v) = (1,0) or (u,v) =
(0,0). Thus we have two critical points, or equilibrium points or equilibrium solutions in

the (u,v) plane. Can we find more solutions? In this case, we can do the following ‘trick’.

Consider the following;:

big—gidvi—u(l—u)
o e du v ‘

dt
The last two expressions give us an ODE in terms of v and v that our phase curves must

satisfy. In this case
dv  —u(l —u)
du v
is a separable equation and we can solve it. Doing so we see that our phase curves must
satisfy the following equation in the (u,v) plane
203

2 2
_ L=
v 3 u

where C' is the constant of integration. In other words our phase curves (the parametrized
solutions to our ODE in the (u,v) plane) must be level sets of the function
2u3

H(u,v)ZUQ—?—i-uQ.

We can use Mathematica to plot a few of these for a few values of C. See Figure 1. Once
we have the phase curves, we know that solutions will ‘travel’ along these curves, but
there is more. Solutions will be parametrized by the independent variable ¢. In order to
account for this, we add arrows to the phase curves showing the direction of motion of
the solution as t increases. How do we find the direction of the arrows? Well, we have
continuity of our solutions in initial conditions, so it suffices to find a single value of the

vector field Z = F(u,v) and then we know that a solution curve must be tangent at

such a point to the vector. From here we can extend by continuity. In this instance,
choose the point (0, 1) in the phase plane. We have that the tangent vector at that point
is the vector (1,0), so we know our solution must be moving to the right at this point.
We can then extend by continuity (see Figure 2).
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FIGURE 1. Phase curves of eq. (1.2). The value of the constant C' ranges
from -5 to 10 or so.
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FIGURE 2. The phase portrait of eq. (1.2).

More generally, for eq. (1.1) we can consider the following:

J_ @ _dy _glwy)
¢ % dr f(x,y)
and we have an ODE in terms of y and x

d
(1.3) dy _g(y)

dz  f(z,y)
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R Marangell Part IIT - Nonlinear ODEs

In many interesting cases it is possible to solve (1.3) directly, and in doing so, we will
then know the paths that solutions must follow in the phase plane (we won’t know the
direction along the paths that solutions will travel though).

Remark. Now I want to point out and emphasise a philosophical shift in how we think
about ODEs. We can directly think of these phase curves as solutions to the ODE.
Typically, we think of a solution as an expression (z(t),y(t)) where we write out some
explicit formula of x and y in terms of ¢. This is often impossible to do for the general
nonlinear ODE case, and even when it is possible, it isn’t very enlightening. Instead you
d x
should begin to think about the phase curves (the solutions to d—y = ?E ,y%
x x,y
with the arrows indicating the direction of movement in t) as the solutions themselves to

the ODE.

Example 1.6. As an example of what I mean when I say that it is much more fruitful
to think of solutions to ODE’s as phase curves in the phase plane, let’s return to the
pendulum equation. The pendulum equation is given by

T=1y

y = —sin(x).

together

(1.4)

It is easy to see that critical points of eq. (1.4) are (nm,0) where n € Z, and you can check
d —sin(z
yourself that phase curves must satisfy & _ # which is a separable equation that
Z Y
we can explicitly solve. So, we have that phase curves are solutions in the (x,y) plane
that satisfy y? — 2cos(z) = C, a constant. Using Mathematica, we can plot these for

several of values of C' and see what happens (see Figure 3). We can also plot the direction

MM T T T

-3

FIGURE 3. Phase curves of the nonlinear pendulum equation. The value
of the constant C' ranges from -2 to 10.5 or so.

of motion along the phase curves by evaluating the right hand side of eq. (1.4) at a non
critical point and then extending by continuity. See Figure 4.
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F1GURE 4. The phase portrait of the pendulum equation.

You can look up on the internet that the solution of the nonlinear pendulum equation
is given by
x(t) = 2arcsin (k sn (¢; k))
0
where k£ = sin (%) , and sn is a Jacobi elliptic function, defined as the inverse of an
k)

integral. We let u(y; k) be defined as

v dt
ulyik) = /0 SO -ke)

The Jacobi elliptic function sn(u; k) is then defined as the inverse of wu:
y = sn(u; k).

This is a particularly nice example and in general you will not be able to find a closed
form solution (even in terms of special functions) of your ODE. Effectively the way that
this is derived is the following. The expression for & together with the formula for the
phase curves gives you the following:

z V2cosC+C
Then if we suppose that the integrand has an antiderivative ®(x), we can write
t=@(x(t)) — P(x0),

and so if we then assume that the antiderivative has an inverse, we have (technically
anyway) an expression for x(t) in terms of ¢

2(t) = (¢ + D(x0)).

Essentially, what is done in this case is to express the initial conditions and the constant C'
in such a way so that a Jacobi elliptic integral pops out. This relies on some trigonometric

t =

6 (©University of Sydney



R Marangell Part III - Nonlinear ODEs

identities and some fairly straightforward substitutions, but is by no means easily extended
to very many ODEs.

Remark (Translation in the independent variable). We pause briefly to mention that for
an autonomous ODE, then if we have a solution xz(t), then x(t + s) is also a solution,
provided (t+ s) is in the maximal interval of existence of solutions. What this means is
that phase curves are really representing families of solutions, not just a single one. So if
we want to choose a specific one, we need to explicitly say what ¢y and x(to) are for some
to in the maximal interval of existence.

Now we move on to introduce some more terminology for 2-D autonomous systems of

ODEs.

Definition 1.1. The curves where f(z,y) = 0 or g(x,y) = 0 are called nullclines. Slightly

x d
more generically, the curves where 9(r.y) _ dy = (' a constant are called isoclines.

flz,y)  da

Nullclines and isoclines, while not in general solutions themselves, give you some infor-
mation as to what the slope of tangent line to the phase curve is along the null/isocline.
For example if we’re looking at the nullclines then either the vector field is horizontal
y = g(z,y) = 0 or vertical £ = f(z,y) = 0, and so the phase curves will have either a ver-
tical or horizontal tangent. Also you can find critical points by looking for the intersection
of the nullcline curves.

2. LINEARISATION: HYPERBOLIC, GOOD. NON-HYPERBOLIC, BAD
Example 2.1. Consider the modified logistic equation:

U=

(2.1) 0= —u(l —u)

=: F(u,v).

We have that (1,0) is a critical point in the phase plane (i.e F/(1,0) = 0). We want to
examine solutions ‘near’ the critical point. To that end, let’s consider solutions of the

form (x(;)(:)— 1) . Plugging them into eq. (2.1) we have

(2.2) (5;) — F(z+1,y+0) = F(1,0) + DF(1,0) (;) +hot.

where we have used the Taylor Series expansion of the function F' at the point (1,0) and
DF(1,0) is the Jacobian of the function F'(u,v) evaluated at (1,0). This can be computed

as ((1) é) If we ignore the higher order terms, we are left with a 2-D linear system

T 01 T
= ()00 ()
which you can readily check for yourself is a saddle. Further, if we ‘zoom’ in on our critical

point (1,0), we see that the solution to the nonlinear equations seem to be very similar
to the solutions to the linearisation at (1,0).

7 (©University of Sydney



R Marangell Part III - Nonlinear ODEs

03|

R
YIRS S———r /12
et /jp’/)//// Q\‘§\ ST
SN ————— T NN
L 05 :_:ﬁ'\‘_‘\::‘\;‘i* . j/},///, f/ 1 01| \\\\\Q\ //?/////'f .
SSSSST=7 NNSN\N\774 000
S m W
NI ] o\
i 9y
77 22a\NINY77 22 N\\\
Tégg‘///gfﬁ?&\i\\\i\\ W //,/;f/{,%//i;:&:?:f\\\\\\\gﬁ -
st ’{;/ /,—;:—‘\\ ~ . — '/._—-&‘ \
- );, ::;'::_:/‘:‘//_,?':’/i— ’—1Q‘§\$\‘§\\\\ 03 {///’2‘2 '/,: f_‘_*: Q\\‘\\\i‘:\i\\‘{k 4
i \‘;‘;‘.;—‘;‘7‘:‘_\\ ] :)‘/(‘;“_//::_T:::\\\\\\\\\\\K \\ 07 0F 09 T8 T %) 3
% & i i i s is is (¢) The phase plane of

(A) The phase plane of the (B) The phase plane of the the nonlinear ODE eq. (2.1)
nonlinear ODE eq. (2.1) in  nonlinear ODE eq. (2.1) in in the window [0.7,1.3] X

the window [—2,2] x [-2,2].  the window [0,2] x [—1,1]. [—0.3,0.3].
oo | ‘\\\\‘\‘\\‘-\_::-k_.‘,_///‘/ 7//' ] o3| %\\\\Q‘:ﬁ‘t_i—:)ljﬁ’f//:////,
N BN ==
NN 7774 NN

o S e ARRRNRN g a4
N7/ AN 7/
VOS] VWA= (/]|
()m_&]\}\‘l\\\\\\r"f/f(‘ffl[li_ na-}}J‘}j\l}\!\J\}((r(fr,‘f,‘_
,‘ lll‘j/'; k\\\'\\|". t b j// \‘\ \"\‘.\1
111/ 70 -:\'i\\\“‘.\lu Iy ,’///:-?\\\ \‘.l'\
R NN\ W /7 s SN\
s NN\ VSN
| 22NN V222 NN

(D) The phase plane of (E) The phase plane of
the nonlinear ODE eq. (2.1)  the linear ODE eq. (2.3)
in the window [0.99,1.01] x  in the window [—0.3,0.3] x
[—0.01,0.01]. [~0.3,0.3].

FIGURE 5. Zooming in on the critical point of eq. (2.1) at (1,0). It is
reasonably clear that the last two pictures ‘look alike’.

This process of constructing a linear equation for each critical point is totally generic.
Associated with every critical point (xg,yo) of a 2-D autonomous system:

s e () () e

We have a linear ODE
p fo(o,y0)  fy (o, yo)> <p> (p)
2.5 L= = DF(x, .
(2:5) <q> (gx(wo,yo) 9y(z0,m0) ) \a (70 50) |
The p’s and ¢’s are really just there to remind you that this is not a linear system in the
original variables that you started with. This linear ODE is called the linearisation of

the system at the critical point. This is the 2D linear constant coefficient ODE found by
evaluating the Jacobian of F' at the critical point.

(5) = ot (5) = (Fiom) Bz (7).
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R Marangell Part III - Nonlinear ODEs

We can solve eq. (2.5), classify it, write down solutions, eigenvectors, etc. The question
is do the solutions to the nonlinear eq. (2.4) behave ‘like’ <§3) + solutions to eq. (2.5)7
The answer evidently is not always.
Example 2.2. Here is an example where the linearisation is deliberately misleading.
Consider the following nonlinear autonomous planar system of ODEs
T =y

2.6
(26) R

—y + 2
point (0,0) and the linearisation at it is given as

o ()=o) (2 ), (- %))

So the linearisation predicts that we will have a degenerate stable equilibrium, and in
particular the solutions to the linearised problem are all bounded.

Now, let’s use the techniques from earlier to sketch the phase portrait. It is straight-
forward to see that we have nullclines at y = 22, as well as on the z and y axes. You

We'll set F(z,y) := < vy ), the right hand side of eq. (2.6). We have a single critical

can also verify for yourself that there are isoclines on the curve y = ﬁi’vl and on this
curve % = #+1 depending on the sign of . Putting all of these together with Mathemat-

ica’s STREAMPLOT function gives a fairly reasonable picture as to what is going on, see
Figure 6.

This time however, no matter how much we ‘zoom’ in (shrink the viewing window)
we are never going to get the picture to ‘look like’ the picture of the linearisation at the
critical point. In particular, what is happening is that near the critical point, there is
actually motion away from the origin. So if you were to think about the phase portrait
as a bunch of sand, and then you turn on time, and you see that the sand flows according
to the arrows along the solutions, what you would see is that if you started near the
origin (away from the vertical axis), you would eventually find yourself well far away from
it. And so, with the exception of the solutions with initial conditions on the vertical
axis you have that that solutions to the nonlinear equation are wunbounded, while the
linearisation predicted bounded behaviour. Effectively what this is saying is that we have
a ‘saddle-like’ behaviour at the origin, but the linearisation predicts that we should have a
degenerate stable equilibrium. This is just one example of how non-hyperbolicity is ‘bad’.
See Figure 7.

In order to formalise what is going on (as much as we’re going to) we need the following.

Definition 2.1. A critical point x, of a nonlinear autonomous ODE & = f(z) is called
hyperbolic, if the linearisation of the full system at the critical point is a hyperbolic linear
ODE. That is if the Jacobian of f, evaluated at x., D f(z.), has no eigenvalues with real
part equal to zero.

Theorem 2.1 (Hartman-Grobman). Suppose that x, is a hyperbolic critical point of
an autonomous nonlinear system of ODEs & = f(x), and suppose further that f(x) is
C' in a neighbourhood of x.. Then the linearisation at x., that is the linear equation
p= Df(x.)p, (where Df(x,) is the Jacobian matriz of f, evaluated at the critical point)
18 a ‘good approximation’ in some neighbourhood of x.,.

Remark. For those of you interested, when I say ‘in a neighbourhood’ I mean, in an open
set around x,, and when I say ‘good approximation’ what I mean is that the solutions

9 (©University of Sydney
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20

FiGURE 6. Using Mathematica’s STREAMPLOT function to get a feel for
the phase portrait of eq. (2.6). The black lines are the nullclines (dashed
are where © = 0 and so the solutions have a vertical tangent line, solid are
where the tangent line is horizontal). The red line is the isocline where

1'2

1+ |z|

dy _

7. = sgnw. That is the curve y =

to the linear and nonlinear ODEs are, in that neighbourhood, what is called topologi-
cally conjugate (look that up on google/wikipedia or come talk to me if you want more
information).

Linearisation is an extremely useful and powerful tool for gaining information about a
nonlinear planar system of ODEs but it only works if the critical point under investigation
1s hyperbolic. If the critical point is not hyperbolic, then all bets are off - sometimes the
linearisation looks like what is going on, and sometimes... not so much.

Example 2.3. Here is another example detailing how non-hyperbolicity is ‘bad’. Consider
the system

T =2y
(2.8) L

y=—x°.
We can readily identify the critical points. We have that there is a line of critical points
on the y-axis, which we’ll denote by (0, %), and we have that the point (0,0) is a critical
point. So we have a line of equilibria (the y-axis). We can also draw the phase curves.

We have p )
—x x
_y:—:—— = $2+y2:c
dx xy Y
so we can see that our phase curves are circles. We now compute the Jacobian and

evaluate it at the critical points. We have
0
DF(0,*) = ( Y I) — (* )
22 0=\ 0

10 (©University of Sydney
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(D) The phase plane of (E) The phase plane of
the nonlinear ODE eq. (2.6) the linear ODE eq. (2.7)
in the window [—0.1,0.1] x in the window [—0.1,0.1] x
[~0.1,0.1]. [~0.1,0.1].

FIGURE 7. Zooming in on the critical point of eq. (2.6) at (0,0). The
last two pictures don’t really look alike. In fact, you will never be able to
‘straighten out’ the curvy part of (D), to get it to look like the phase plane
of the linear system (E). The reason for this (effectively) is that the critical
point of the nonlinear system is not hyperbolic, and so the hypothesis of
the Hartman-Grobman Theorem (theorem 2.1) fails.

which for positive y predicts one unstable direction, and one ‘null’ direction, while for
negative y this predicts one stable direction and one ‘null’ direction, and for y = 0 we
have DF = 0, which predicts no motion whatsoever. This is not hyperbolic for any crit-
ical point, and so we can’t apply the Hartman-Grobman theorem. What is bad about
this example is that the linearisation correctly predicts the degenerate stable and unsta-
ble equilibria away from the origin, but incorrectly predicts the behaviour at (0,0). So
non-hyperbolicty can mean that the linearisation is a ‘good’ approximation and a ‘bad’
approximation in the same phase portrait. What is (perhaps) even worse, is that numer-
ically, this system isn’t resolvable near the origin. So we can plug it into Mathematica,
and we see that it trajectories are moving away from the critical points on the positive
y-axis, and towards the critical points on the negative y-axis, but as we zoom in to the
origin, Mathematica breaks down, and is unable to resolve the phase portrait - we can’t
zoom in enough to see what is happening near the origin... (see Figure 8).
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FIGURE 8. Left: a picture of the phase portrait of eq. (2.8). The y axis is a
line of equilibria, and for positive y values you can see that the phase curves
are flowing away from the y-axis along a circle towards the corresponding
negative y values. Right: A zoomed in picture of the origin in Mathemat-
ica. Essentially, because we are at a non-hyperbolic critical point, we can’t
even numerically resolve what is going in with the dynamics.

3. SOME MORE QUALITATIVE RESULTS

Next I want to return to some observations about the examples we’ve described so far.
The first thing to point out is that the phase curves do not appear to cross each other.
This is not an accident.

Theorem 3.1. Let & = F(z) be an autonomous ODE. There is one and only one phase
curve through any point xy in the phase plane.

Sketch of Proof. Without going into details here, the proof is essentially due to the fact
that we have uniqueness of solutions and time translation invariance of autonomous sys-
tems. Two phase curves passing through the same point (xy say) must have the same
tangent vector (F'(z)), but by uniqueness of solutions, this means that they must be at
most time translations of each other. However, we just saw that phase curves are invariant
under time translation. O

Another thing to notice is that in some of these examples we have these closed phase
curves. So if we choose a phase curve that is closed, but doesn’t contain an equilibrium
point, then we see that for some 7' > 0 we must have that (z(T),y(T)) = (2(0),y(0)).
That is, if we progress long enough in ¢ we will eventually come back to our initial condi-
tion. Because phase curves are invariant under translation by the independent variable,
this can easily be extended to see that (x(t + T),y(t +T)) = (x(t),y(t)) for all t € R.
What this means is that we have just proved the following:

Proposition 3.1. Closed paths in the phase plane represent periodic solutions.

As an immediate consequence, we can see that periodic solutions must have a maximal
domain of existence of R. Going a little further, if you can write your phase curve as
y = y(x) (maybe with a couple of equations y;(x) and y»(z)) then you can find the period
T of a closed path P (solution) in the phase plane by computing the line integral

T:ﬁﬁ
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where & = f(x,y) is the first entry of your vector field. (Likewise you could separate and
integrate y = g(x,y) if you can write x = x(y) for your phase curve. This is typically
just done for numerics however, as these things are usually impossible to do analytically.
Also a worthwhile question to ask yourself at this point is: Why isn’t this line integral
equal to 0?7 The answer has to do with the following proposition which I am going to
state without proof:

Proposition 3.2. The phase path of a periodic solution in the plane must enclose at least
one critical point.

Example 3.1 (The undamped, unforced Duffing oscillator). Let’s look at another ex-
ample; one coming from biomechanics, neurobiology, nonlinear optics, and quantum me-
chanics (among other things). We start with the second order nonlinear ODE

i+ 0z + ax + Br’ = vy cos(wt).

This equation represents a damped, forced oscillator. In order to make sense of the phase
portraits we are going to set a = —1, f = % and 0 = v = 0. Substituting in these
parameter values gives

3

x
We re-write it as a first order system in the usual way, writing
T=1y
(3.2) . x3
=z — —.
6

We can plug this into Mathematica right away and get a picture of the phase portrait
(Figure 9), and if you are at a computer, I highly recommend that you do so. But it is
also useful to perform some analysis, in order to be able to further study what is going on
at key points in the phase plane. We have that the critical points are (0,0) and (++/6,0).

3

5 \\

FIGURE 9. Phase curves of the system corresponding to eq. (3.1).
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The linearisation at the origin is

(33) (2) =Dr,0) <2> - (1 —0§ (1)) (2.)=(0,0) <Z) - ((1) (1)) <]q)> '

This is easily seen to be a saddle as the determinant of the matrix is negative. The
critical point is therefore hyperbolic and so the Hartman-Grobman theorem tells us that
this is a reasonable approximation to what is going on. This fact is verified in Figure 10.
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FIGURE 10. Zooming in on the critical point of eq. (3.1) at the origin. It
is reasonably clear that the last two pictures ‘look alike’.

At the other two critical points (1/6,0), the linearisation is given by

0-(4 96

In these cases the linearisation is not hyperbolic, and so the Hartman-Grobman theorem
doesn’t tell us anything.
The phase curves are found by solving the differential equation
a3 4

d r—
d—i: y6 and so y2:$2—%+0
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where C' is a constant. That is to say, that phase curves lie on level sets of the function

2 ) o
Gr,y)=y"—=z —1—12.
The vertical nullcline of this system is when & = 0 on the line y = 0, and you can verify
for yourself that ¢ < 0 when 2 € (—/6,0) U (v/6,00), and so the arrows of the vector
field are pointing down in that part of the nullcline. You can also check that y > 0
when 2 € (—o0, —v/6) U (0,v/6) and so the arrows are pointing up there. The horizontal
nullclines are the lines = 0,++/6. Along these lines you can see that the vector field
is pointing to the right when y > 0 and to the left when y < 0. Lastly, in order to
qualitatively get a picture of what is going on, we sketch one more level set of the function
G(z,y), the one containing the origin. That is we sketch the curve y? —z? + ff—; = 0 in the
(z,y) plane. This is the ‘bowtie’ shape in left picture in fig. 11. Putting this all together,
along with the fact that phase curves don’t cross, and it is reasonably straightforward to
sketch out the phase portrait. This can then be verified with the aid of a computer.
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F1GURE 11. The left portrait is a sketch of the nullclines and the curve
G(z,y) = 0 in the phase portrait.The right is the phase portrait of the full
nonlinear ODE eq. (3.1).

Before moving on, it is worth noting that the level set G(z,y) = 0 (the ‘bow-tie curve
in Figure 12) in this example contains the origin, which is a critical point. So this is
actually three solutions. The left and right lobes and the point (0,0). It is also a decent
idea to try and sketch what the plots of x vs t and y vs ¢t for solutions would look like in
some examples. In Figure 12 I have done this for you for the case of the right lobe of the
‘bow-tie’ curve. You should try it for some of the other phase curves.

Example 3.2. Let’s return to Example 3.1, and take a look at the other two critical
points at (£+/6,0). We saw that the linearisation was given as

(3.5) @ - (—02 3) @

which we saw to be a centre. We were therefore unable to use the Hartman-Grobman
theorem to analyse what is happening to the nonlinear equation near the critical points.
However, we can exploit another feature of this system, namely, that there is an equation
G(z,y) such that the level curves of G(x,y) are the solutions in the phase plane. We
notice that the critical points of our vector field are also critical points of G. That is we
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FiGURE 12. Left: A plot of the ‘bow-tie’ phase curve. Note that the origin
is a critical point, so that this is actually 3 solutions (the left, and right lobes
and the point (0,0))). Right: Plots of the profiles z(¢) (blue-solid) and y(t)
(red-dashed) of the phase curve corresponding to the right lobe of bow-tie
curve in Example 3.1. Note that y(t) = &(¢).

have
3

VG(£VE,0) = (=22 + =, 2y) = (0,0).
(Ivy):(i\/gvo)
We can then use the second derivative test to determine what type of critical point we

have. The Hessian of G at (:l:\/é, 0) is given by
— <4 0)
(z,y)——(i\/é,O)

2
D*G(£v6,0) = <_28”C g)

which has a positive determinant. Therefore you know from the second derivative test
that G(z,y) has either a maximum or a minimum at (4+/6,0) (in this case it will turn
out to be a minimum). Thus we know that near the critical point of G which is also a
critical point of eq. (3.2) solutions to eq. (3.2) will be closed (i.e. periodic) level sets of
the function G. Thus we can conclude from the geometry, that around the critical points
(£+/6,0) we have a sequence of periodic phase paths (i.e. closed paths in the phase plane)
which are going around the critical points. We haven’t described a nonlinear centre yet,
but this is it. It is important to note that while the linearisation fails to tell us what we
have, the geometry of the problem exactly tells what is going on. For completeness, in
Figure 13 I have shown that as we ‘zoom’ in on the critical point (v/6,0) we do indeed
see behaviour that looks like a centre.

Example 3.3 (Hamiltonian Systems). An important class of planar nonlinear ODEs are
Hamiltonian Systems. Returning to consider the general case as in eq. (2.4)

T = f(z, ;
(36) | f(z,y) o (x) _ (f(x,y)) — Pz, y)
y=g(z,y) Y 9(x,y)
Equation (3.6) is called a Hamiltonian system if there exists a function H(x,y) such that

OH OH
f(x7y>_a_y and g(l’,y)—_%

The function H is called the Hamiltonian function for the system. For example eq. (3.2)
is a Hamiltonian system with Hamiltonian H = %G as in example 3.1. A necessary and
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(c¢) The phase plane of the (D) The phase plane of the
nonlinear ODE eq. (3.1) in the nonlinear ODE eq. (3.1) in the
window [v6 — 1.5,v/6 + 1.5] x window [v6 — 0.5,/6 + 0.5] x
[~1.5,1.5]. [-0.5,0.5].

FIGURE 13. Zooming in on the critical point of eq. (3.1) at (v/6,0). Note
that the Hartman Grobman theorem does not predict this behaviour. The
reason that the linearisation provides a ‘good’ approximation near this crit-
ical point is because the system is Hamiltonian.

sufficient condition for eq. (3.6) to be Hamiltonian is that

(3.7) fe+9,=0.

Along the phase paths (z(t), y(t)) we have that
Mo Oy _
dt — Ox dt Oy dt

Thus we have that H is constant along the phase paths. Thus the phase paths are level

curves or contours of H, just as if we could solve g—g = ?Eig; (which we can in this case -

think about why). Again, in this case we have that if (z, yo) is a critical point of eq. (3.6)
then it will also be a critical point of the function H. We can use the second derivative
test again to determine whether or not H(z,y) has a saddle at (z¢,yo) or a maximum or
a minimum there. The thing to notice is that the determinant of the Hessian of H at the

—f(x,y)g(z,y) + gz, y) f(z,y) =0
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critical point (xg,yo) is the same as the determinant of the Jacobian of the linearisation
of eq. (3.6) at (2o, yo). To see this, notice that

me H:vy
sz Hyy

While the Jacobian at the critical point is

O

The linearisation thus predicts a saddle or a centre depending on the sign of the determi-
nant of the Jacobian (provided it is nonzero). If it is a saddle, then the Hartman-Grobman
theorem tells us that the nonlinear equation also has a saddle. If it is a centre, then the
argument from above using the second derivative test states that the level sets of H will
be closed paths in the phase plane around (z, yo) and so we have that the critical point
is a centre in this case as well. If the determinant of the Hessian of H or the Jacobian in
linearisation of eq. (3.6) at (z¢,yo) is 0, then local extrema of H will still be centres but
more complicated types of saddle points are possible. (Evidently Hamiltonian systems
only have saddles and centres).

det D2H = ' - HI:cHyy - (Hwy)2

4. THE LOTKA-VOLTERRA / A PREDATOR-PREY SYSTEM

Next, we’ll discuss a class of examples which have many applications - the Lotka-
Volterra system, or a predator-prey system. Diving right in we have that the system is
given by

N =aN —cNP

(4.1) .
P=—bP+dNP

where a, b, ¢, d are all positive constants.

A relatively straightforward derivation of the model is as follows: the dependent vari-
ables N and P represent two interacting species: N are the ‘prey’ and P are the ‘preda-
tors’. In the absence of predators, the prey will ‘live long and prosper’ reproducing at a
rate a (without bound). But there are predators in the habitat, which eat the prey at a
rate proportional to the populations of both the predators and the prey (c¢). Further, we
assume that if there are not enough prey to eat, the predators will die of at some rate,
proportional to their population (b), while if they do have enough to eat, then they will be
able to feed their baby predators, who will grow big and strong, increasing the predator
population proportionally to the number of predators and prey (d).

Now we are ready to perform some analysis. First, we will concern ourselves only with
the first quadrant (Q1), or those P, N > 0. This is to ensure that we stay in the realm
where the model is representing something realistic. It is easy enough to see that there

a
are two equilibrium points (0,0) and (a, —). Further we have that the Jacobian is given
c

as
a —cP —cN
DF:( dP —b+dN)'

Evaluating at the critical points gives

DF(0,0):(S _Ob) DF(%,%):(& Eb)

[

b a
At the origin we have that the critical point is a saddle, while at the point (E, —) we have
c

that the linearisation is a centre. In Q1, we have that the phase curves must solve the
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oL il

0 1 2 3 4

FIGURE 14. Phase curves of the Lotka-Volterra system in Q1. Here, for
simplicity, we’ve chosen a =b=c=d = 1.

differential equation

dP _ P(=b+dN)
dN ~ N(a—cP)

which is separable, leading to the equation for the phase curves

alog(P) — cP +blog(N) —dN =C

b
where C' is a constant. These will be closed curves around the point (;Z, g) (See Figure
c

14). By the previous analysis, we have that for these phase curves both N(¢) and P(t) will
be periodic solutions. You can then use your favourite computer software package (I used
pplane8 in Matlab for this one) to get a plot of NV and P versus ¢ for any particular value
that you want. The fact that our periodic solutions are not symmetric around the critical
points means that there is an offset in the peaks of the populations of P and N. This
makes sense if we refer to the derivation of the model - the prey population will grow, and
only then can the predators eat them and then grow themselves, which in turn shrinks
the prey population, which in turn will (at a later time) shrink the predator population
(which causes the prey population to grow... etc). See Figure 15. It is worth noting that
a change in the system, like a bad winter or something like that, will be reflected in a
change in the constant C. That is, we will jump to a different phase curve, and then
proceed from there. It is also worth noting that this model will not be able to model
extinction, as every phase curve (in Q1) will be part of a periodic solution.

One more thing to point out is that this is really just the beginning for population
dynamics. For example, if you were to change the assumptions on your model so that the
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FIGURE 15. A plot of N(= z) and P(= y) versus ¢ for one of the periodic
solutions oscillating around the critical point (1,1). One can interpret the
delay in the peaks as how fast the P population ‘reacts’ to the N population.

prey would reproduce in a logistic way, then this is represented as
N - aN(k — N)

(4.2) ' k
P=—-bP+dNP

where now k is the ‘carrying capacity’ of the environment for the prey. The steady state

of this system are now (0,0), (k,0) and (N, P.) := (£,2 — 22)_ You can verify yourself

that at (0,0) the linearisation is still a saddle, while DF'(k,0) is given as

—a —ck
DEK,0) = ( 0 —b+dk>

and you can check for yourself that this will be a saddle, provided that k is ‘reasonably’
large (in this case b — kd < 0). Finally for the last critical point we have that

—cNP

_ab ke

_ dk d

PENGPI= ap=ar)
ck

This has determinant = ab (1 — d—bk) which is positive if b < dk. The trace of DF(N,, P,) <
0 so we can use the Hartman-Grobman theorem to deduce that in the full, nonlinear
system, the critical point ‘looks like” a stable node or a spiral sink. To determine which,
you need to evaluate the sign of tr (DF(N,, P,))* — 4det DF(N,, P,). A phase portrait
for some specific values of the parameters is provided in Figure 16.

5. EPIDEMICS

In this section we’ll continue with another large class of examples that arise in mathe-
matical biology: modelling epidemics. In particular we are going look at a common class
of models for infectious diseases called SIR models. There is a vast amount of literature
relating to this model, and variations on it. As such, there is no way we can tell the
whole story, and you should really consider this just the starting point for further study.
In the SIR model, the total population is divided into three classes: S, I, and R. The
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FIGURE 16. A portrait of eq. (4.2). The parameters chosen were a = b =
c=d=1and k = 2.

S stands for susceptible - these are the members of the popluation who can catch the
disease. The I stands for infected - these are the sick members of the population who can
transmit the disease. The R stands for recovered or removed. These are the members of
the population who have either had the disease and are immune, or are isolated from the
susceptible and infected populations, or otherwise removed from the system. We denote
the population of each class at time t by S(t),[(t) and R(t) respectively. We make the
following assumptions about the model
(1) The infected population grows at a rate jointly proportional to the population of
the infected and the population of the susceptibles, and the susceptible population
decreases at this same rate (this is the +r term in the first two equations of
eq. (5.1)).
(2) The infected people recover at a constant rate (this is the +al term)
(3) The incubation period is short enough to be negligible (this says that we only have
3 classes)
(4) The total population stays the same S + I + R = N a constant.
(5) We assume that every pair of individuals has an equal probability of coming into
contact with each other.
Putting these all together we arrive at the (very famous) Kermack-McKendrick model

from 1927.

dS

2 8T

7 rS

dl
5.1 — =7rSI —al
(5.1) 7 rS a

dR

= al

a "

We will focus on values of S, I and R which are nonnegative and bounded above by the
total population. And we remark here that assumption (4) is built into eq. (5.1) as

ds  dI  dR _
dt — dt dt
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We consider the general initial conditions S(0) = Sy, I(0) = Iy and R(0) = 0. The
question is: given r,a, Sy and I will the infection spread? If so, how does it develop, and
when, if ever will it decline?

dl
We start by considering E(O) We see that

dI

(52 =

>0 >p a
O)ITSOIO—CLIOZI(](TSO—CL) {<0 if So{<p ,0:;

ds
If Sy < ? then because i —S1 we have that S(t) < Sp for all ¢ > 0, and so we can

r
conclude that

%I[(TS—&) <0 forall t>0.
In which case Iy > I(t) — 0 as t — oo, and so the infection dies out. On the other
hand, if Sy > p, then I(t) initially increases and we have what’s called an epidemic. By
epidemic we mean that I(t) > I, for some ¢ > 0. We thus have what’s called a threshold
phenomenon. If Sy is larger than p we have an epidemic, while if not, then we don’t.
What this is saying is that you need a large enough population for an epidemic to occur.
The parameter p is sometimes called the relative removal rate and the reciprocal o = = is
sometimes called the infection’s contact rate.

Now, on the surface, this model seems like it is a 3-D model, but the constant population
assumption really means that it can be reduced to a 2-D one. We consider the phase lines
in the (S, I) plane. We have that the critical points all lie on the I = 0 axis. We also have

dl (rS—a)l )

— = =—14=.

a5 r51 TS
Integrating this gives the equation for the phase curves in the (S, I) plane:
(5.3) I+S—plog(S)=C=1Iy+ Sy — plogSo =N — plog(5)

We can then sketch the phase trajectories. See Figure 17.
If an epidemic occurs, one question is: how severe is it? We have that the maximum

I, I,,.x will occur when i 0. From eq. (5.3) we have that

Imax = plogp — p+ Io + So — plog So

=N —p+plog (S%)

We also have that as % < 0 and from the second and third equations in eq. (5.1)
dS S .
— = —— which means that
dR p

S = Spe P > Soe NP > ()

or 0 < S(00) < N. The reason that I point this out is that this means that the infection
dies out because of a lack of infected individuals, and not because of a lack of susceptibles.
This is a key (but subtle) feature in the model.

We illustrate one more point. We write:
TS()

a

ROZ

The parameter Ry (don’t confuse this with R(0) = 0) is the called the basic or intrinsic
reproduction rate of the infection. This is the number of secondary infections produced
by one primary infection in a wholly susceptible population. If Ry > 1 then we have an
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FIGURE 17. The phase trajectories for an STR model in the (S, 1) phase
plane. The curves are determined by the initial conditions Sy and I,. All
initial trajectories start on the line S+/7 = N and remain within the triangle
since 0 < S+1 < N. An epidemic occurs formally when [(t) > I, for some
time ¢. This always occurs in this model if Sy > p.

epidemic, while if Ry < 1 then we don’t (think about why this is so). The reason that this
parameter is important is that it is measurable. So one can (and people do) try various
methods to get Ry < 1. One such method is by vaccination. If V' is the percentage of the
populace which is immunised against a disease, then (1—V) is the percent not immunised.
So the population ‘participating’ in the disease after an immunisation is (1 —V)N. Thus,
effectively, the intrinsic reproduction rate of disease after immunisation can be thought
of as Ry = (1 — V)Ry. The question then is what percent of the population do you need
to vaccinate in order to successfully assure the eradication of the disease?” We have

Roz(l—V)Ro<1:>V>1—i.
Ry
As an example, of how this was practically used, it was determined that in developing
countries, before the eradication of the smallpox virus, that the basic reproduction rate R,
for the smallpox virus was approximately 3—5. Thus it was estimated that approximately
70 — 80% of the populations of these countries needed to be vaccinated in order to get rid
of the disease.
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Remark. In the example eq. (5.1) we were considering, the disease was modelled so that
the the only steady state solutions were ones where I = 0. It is conceivable that one
could, in another model write down different equations for the right hand side of eq. (5.1)
which produced a steady state where I # 0. In this case the infection is called endemic.

6. SOME ABSTRACTION, GLOBAL EXISTENCE & REPARAMETRIZATION

For the purposes of this section we’ll consider a nonlinear ODE on some subset £ C R™
(but you can think of it a subset of the plane if it helps):

(6.1) & = F(z),

where F' is a C' function on some subset £ C R". We impose the C! restriction for
convenience, and note that quite a few of these results can be extended even if F' is not
so nice everywhere though we ‘recall’ that from the existence and uniqueness theorem
that we want F' to be at least Lipschitz continuous. We also have from the existence
and uniqueness theorems, that for each t € J (some domain of existence) we will have a
solution map which was originally denoted as u(t,y), but now we want to denote it as

o E = F

to emphasise that we have a sequence of (differentiable) maps from E (the phase space)
to itself which are parametrized by time. Further, we can think of ®; as giving us an
evolution rule for our subset E - that is we can ‘turn on time’ and think of what happens
to points in F under the motion of ®; as ¢ increases (or decreases) from ¢, in J. Finally,
we note that, we have that there is some maximal interval of existence J which is open
(and sometimes is all of R), on which these solution maps are defined. Putting these ideas
together, we define the following:

Definition 6.1. A one parameter family of differentiable maps ®;, : F — FE is called a
complete flow (sometimes just a flow) if

(1) @, is defined for all t € R.

(2) ®o(z) =x forall z € E.

(3) (The group property) ®4(P;(x)) = $15(z) for all x € E and all s,t € R.

The group property of a complete flow means that if we have a complete flow ®; ! = ®_,,
so we have a one parameter family of (nonlinear) maps which are (a) differentiable, (b)
invertible and (c) whose inverse is also differentiable (such a map is called a diffeomor-
phism).

Next we observe that for each fixed x € E, a complete flow ®;(x) defines a curve in £
as t varies over R. For the sake of convenience in what follows, we’ll denote by R™ the
nonnegative reals i.e. ¢ > 0. Likewise R~ will denote the nonpositive reals.

Definition 6.2.

(1) The orbit or trajectory of a point x € E is the set of all points that are in the
image of ®;(x) for some ¢ € R. This is the set

I, ={y € E|®;(x) =y for some t € R} .

(2) The forward (backward) orbit or trajectory of a point z € E is the set of all points
in the image of ®,(z) for t > 0 (¢ < 0). This is the set

I's = {y € E|®;(z) = y for some t € R*}.

The simplest orbits are just critical points. These orbits are just the points themselves.
A periodic orbit is a closed loop - these orbits correspond to periodic solutions, and we
have that for some 7' > 0, &7 (x) = O4(z) for all s € R.
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Definition 6.3. A set D C E is called invariant if ®;(D) C D for all x € D,t € R. A
set is called forward invariant (backward invariant) if it is invariant for all ¢ € R (R7).

As a straightforward class of examples, we have that when we start with a linear

constant coefficient ODE

T = Ax.
The (complete) flow map is explicitly given ®,(x) = e?*x. Further, we have already
verified that we have a complete flow, that is that ®; satisfies properties (1), (2), and (3)
in Definition 6.1.

Another way we’ve been looking at ODEs is that they arise from some vector field, given
by the function F(z). For every point x € E, we put a little arrow, whose magnitude
and direction are given by F(x). From here, we simply stick an & on the left, and we
have an autonomous ODE. Such an autonomous ODE can give rise to a complete flow, by
solving the ODE. In the opposite direction, if some stranger walks up to you in an alley
and hands you a complete flow ®;(x) according to Definition 6.1, then you can generate
a vector field and subsequently an ODE. The vector field that you obtain from a flow is

found by:
d
F(x):=—o
(#) = i)
Even better, is that the ODE you generate will be solved by the flow you started with.
This should be reasonably obvious.
In order for us to have a complete flow, we need to have global existence of solutions.

When does this happen? We state without proof two important cases.
Theorem 6.1. If F': R™ — R" is locally Lipschitz and bounded, then ®(x), the solution
to & = F(z) defines a complete flow.
Theorem 6.2. If ' : R™ — R™ is globally Lipschitz, on R™ then ®(x), the solution to
& = F(x) defines a complete flow.
Example 6.1. Consider the planar 2 x 2 system for the pendulum equation
T=1y
= F
y = —sin(z) (z)

We claim that F' is globally Lipschitz, with Lipschitz constant 1. This is fairly straight-
forward to see. The Jacobian of F' at any point (z,y) in the plane is given by DF(z,y) =
(_ COOS (z) é) . We have that the norm of this matrix (using the matrix norm defined in
tutorial 1) is given as

IDF|[ = sup

p?+qg?=1

DF(z,y) (g) ‘ = ¢ +cos’(0)p? < PP+ ¢* =1,

We then appeal to the proof of Proposition 5.2 from Part II'’s lecture notes to see that F'
is Lipschitz on the entire plane with Lipschitz constant 1.

We'll remark here too that this is not the whole story - that a vector field can fail both
of these criteria, and still define a complete flow. As an example, consider the vector field
given by

You can check for yourself that the function
—t
I1€
CI)t(I) = (x2ea:1(et—l)>
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is defined for all t € R and x € R?, is C',and satisfies the group property. It is also
straightforward to see that F'(x) is only locally Lipschitz, and not bounded (i.e. it fails
the hypotheses of both the previous theorems).

Next we introduce an important tool called reparametrization which will, without too
much trouble, allow us to create complete flows from any locally Lipschitz vector field.
Further these complete flows will have the same phase curves as our original one (which
might not be defined for all time), though they will naturally not solve the same ODE.
The basic reason that allows us to do this is that we know that we have a maximal interval
of existence J for any solution to a vector field on some open neighbourhood, and that
all open intervals are ‘morally’ the same as (—o00, +00). Essentially what we do is change
our independent variable so that if J = («, ) is our maximal interval of existence, then
we set a new independent variable 7 = 7(t) such that 7(a) = —oo0 and 7(f) = +o00. Then
we'll set our phase curves y(7(t)) = z(t) and we’ll have a new ODE /(1) = F(7) that y
solves.

We can even explicitly write down the function 7(¢), the reparametrization as follows:

T:/ 1+ |F(z(s))|ds

to
This function gives us a one to one map from the interval J = (a, #) to (—oo, +00). Then
we set y(7(t)) = z(t), and we see that y(7) satisfies the new ODE (we use ’ to denote =)

v =

1+ [F(y)]
which is locally Lipschitz if F' is.

The point of all this is that from now on we can just assume that any locally Lipschitz
vector field will give us a complete flow (by reparamterizing time) as necessary. Thus we
will largely just drop the word ‘complete’ from the description of a flow and simply refer
to the solution map of an ODE as a ‘low’ though we will mean ‘complete flow’.

7. FLows oN R

This section is really more of an extended example, but the idea is to get used to
the terminology we’ve been introducing and discussing in the last weeks. In the end we
will derive a full classification of the possible dynamics of any autonomous flow (linear,
nonlinear, whatever) on the real line, and further we will see that the underlying geometry
of the real line fundamentally determines the possible behaviour of a dynamical system
(a flow, the solutions to an ODE) on it. We'll begin with an example.

Example 7.1. Consider the ODE
(7.1) i=f(r)=2"-1

where x € R. We want to sketch the ‘phase line’ of this ODE. That is we want to draw
the ‘phase portrait’. We see right away that there are two critical points x = £1. We
have that at these critical points, we have stationary solutions, i.e. x(t) = £1 is a solution
to the ODE, and it is constant. This means that under the ‘low of time’ (i.e. if we were
to consider the solutions to the ODE as a one parameter family of maps from R to itself),
these points are ‘fixed’. This motivates the following definition:

Definition 7.1. A critical point of a system of ODEs is called a fized point or equilibrium
point of the associated flow ®,.

Moving on, we have that the right hand side of our ODE 22 — 1 < 0 when x € (—1,1)
and greater than 0 when |z| > 1. We interpret this in our sketch of the phase portrait as
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arrows moving to the right when f(z) > 0 and to the left when f(z) < 0. Putting this all
together we have the following sketch of the phase line (see Figure 18).

Y
A
A
Y

—1 1

FIGURE 18. A sketch of the phase line of eq. (7.1), & = 2% — 1

Example 7.2. Here we consider another example. Consider the ODE on R given by
(7.2) i = f(r)=2(x—1)(z —2) =2° - 32* + 2.

We have fixed points x, = 0,1 and 2. Moreover, we can apply the techniques from Section
2. The linearisation of our ODE at each of these critical points x, is given by the system

where D f(z,) is the 1 x 1 ‘matrix’ of the Jacobian of f evaluated at x, = 0,1 and 2. That
is the derivative of f, f'(z), evaluated at z, = 0,1 and 2. That is the linearisation of the
nonlinear ODE in eq. (7.2) at x, = 0,1, and 2 is given respectively by

y=f0y=2y, y=-y, and y=2y.
Just as in the previous example we can pick points not equal to the critical points, and

determine the sign of f(x) there, and add our arrows accordingly. This produces the
phase portrait seen in Figure 19.

Y
N
A 4

<
.y

0 1 2

F1GURE 19. The phase portrait of the system given in eq. (7.2).

Now we're ready to do the general case. The secret is to plot f(x) versus z. Then we
note that the points where f(z) = 0 are the critical points, and then we can readily see
which directions the arrows go by looking at the graph of f(z). We can then put the
arrows on the z-axis of our plot, and we have transformed it into the phase portrait of
the flow corresponding to the solution to @ = f(z) (see Figure 20).

We point out now that all of our examples thus far the orbits have all been monotone
that is they either move towards a fixed point directly, or they move off to +co. This is
not an accident. We have the following.

Theorem 7.1. Periodic solutions don’t exist in flows on the line.

Proof. The proof is simply understanding what a periodic orbit means on the line. Given
a flow on R, © = f(z) we have that a periodic orbit must change direction and go back
over itself at some point z,. But this would mean that £ = 0 at this point, but this means
that f(x,) = 0 there, and so x, is critical point, and so it can not be part of a periodic
orbit. We conclude that periodic orbits do not exist for flows on the line. 0

Moving on, we can further exploit the geometry of R by using it to fully classify the
types of (isolated) critical points that can occur. In Figure 20 we see an example of all
the types of critical points that can occur. We either have flow moving in towards the
point as in x9, moving away from it as in x4 or it is moving into and then away from as
in 1 and x3. The first of these cases we call stable, the second is called unstable, and the
final two are both called semi-stable.
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T2 xr
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FI1GURE 20. The general technique for drawing the phase portrait of an
ODE on the line. The critical points are the roots of f(x) denoted by z;,
and then the direction of the arrows in the phase line can be determined
by whether f(x) is positive or negative. This figure is also a classification
of the types of critical points that can occur on a flow on a line z; and 3
are semi-stable, while x4 is stable, and x4 is unstable.

Theorem 7.2. Suppose the flow of
i = f(x)

Has only isolated critical points. Let x, be a critical point of the flow. on R. Then moving
from left to right through x., the function f(x) either goes from positive to negative, and
x, is of stable type, or f(x) goes from negative to positive and x, is of unstable type, or
f(z) has a turning point at x, and . is of semi-stable type. Figure 20 shows visually the
qualitative possibilities for critical points of flows on R.

We remark that orbits of a flow on the line will be either critical points or the intervals
between them, or perhaps interval going off to £00. We also remark that hyperbolicity of
a critical point z, say, of an ODE on R (& = f(x)) is equivalent to f'(z.) # 0.

Here is another example of how the geometry of the line R dictates what sort of qualita-
tive behaviour is possible. Suppose that we have a flow on R which is the solution to the
nonlinear ODE & = f(x), where f(x) is some locally Lipschitz continuous function. Now
suppose we had two critical points, x; and x5, and no other critical points on the line.
Further suppose that x; is of stable type. Then xo can not be of stable type. The reason
for this is the intermediate value theorem (see Figure 22). Likewise if z; is unstable, then
T9 can not also be unstable.

Finally, we close this section with a ‘full’ classification of the types of flows that can
occur on the line.

Theorem 7.3. Suppose that you have a flow R which is the solution to the ODE:
i = f(x)

28 (©University of Sydney



R Marangell Part III - Nonlinear ODEs
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critical points of semi stable

type

FIGURE 22. If z; is of stable type, then because of the intermediate value
theorem, then the next critical point on the line x5 can not be of stable

type.

where f(x) is a Lipshitz continuous function from R to R. Suppose that you had only
1solated critical points, and suppose that you knew the number and type of critical points as
well as their relative order to each other. Then any other flow with the same characteristics
‘looks like’ (in the same sense as the Hartman-Grobman theorem) the given flow.

What this theorem says is that from a certain point of view (the qualitative one)
knowing the number, type and order of the critical points is sufficient to fully qualitatively
understand a flow on R.

8. o AND w-LIMIT SETS

Another thing that we are interested in is what happens to a point, (or a collection of
points) as time moves off to +00. In order to talk about this asymptotic behaviour, we
introduce some more notions. Again for this section we let ®;(x) be the (now complete)
flow associated with the vector field & = F(z).

Definition 8.1. A point y is called an asymptotic limit point of a forward orbit I} if
there exists a sequence of ¢;s, t; <ty < --- <t < --- such that t; — oo and ®,(z) =y
as k — oo.

Likewise we could define a backward asymptotic limit point by simply requiring that our
sequence of ¢;s decrease to negative infinity.

29 (©University of Sydney



R Marangell Part III - Nonlinear ODEs

Definition 8.2. The w-limit set (read ‘omega limit set’) of a point z is the set of all
asymptotic limit points of z. It is denoted w(x).

In the opposite direction, we have the a-limit set which is defined as the set of all back-
wards asymptotic limit points of x and is denoted a(x).

This next example will not only give us a feel for what the w-limit sets look like, but it
will also introduce a very useful technique for analysing certain non-linear ODEs.

Example 8.1. Consider the planar autonomous (dynamical) system:
-y -y
p=y(l—2"—y") +a

t=z(1—=z

(8.1)

In order to get a better feel for what is going on, we need to look at this guy in polar
coordinates. ‘Recall’ in polar coordinates we have:

:

r=\/2%+1y? x =rcosf

f = arctan

A~
SHAS

) y =rsinf
By substituting in we get

7= ~(xx+yy) =71 —7r?) and

—_ 3=

6 = r—Q(xy —yx) = 1.
So the dynamics in polar coordinates are the (now decoupled) equations
i =r(l—1r?)

(8.2) -

which we can explicitly solve for each variable (by separation of variables in the r variable.)
The solution with initial conditions (r¢, ) is given by:

r(t) = ¢

Vet —14 %
To

0(t) = t + 6,

It is straightforward to see from eq. (8.2) that the only fixed point is the origin (where
r = 0 and @ isn’t defined). The following straightforward linearisation argument shows
that this is an unstable focus. We compute the linearisation of the original system (in
terms of = and y!) at the origin, getting

- ).

and we see that the eigenvalues of the Jacobian at the origin are AL =1 4.

We can also see that ¥ = 0 when » = 1. What this means is that the radius of the
orbit isn’t increasing with ¢. So in particular, we have that as # is simply increasing at a
constant rate, then we have that there will be a closed orbit which will be the unit circle
in the plane. Further we can see that as 7 > 0 when r < 1 and 7 < 0 when r > 1 we
have that orbits will spiral in or out to the unit circle. Which means that the unit circle
will be the w-limit set of any point in the plane save the origin. (See Figure 23 for a
Mathematica plot of the phase portrait of this system.)

Definition 8.3. A periodic orbit v that is the w (or a)-limit set of a point = ¢ - is called
a limat cycle.
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FIGURE 23. The phase portrait of the system in eq. (8.1).

Lemma 8.1. An w-limit set is closed. In fact
—+
w(r) = FCIDT(:E)J
>0

where ng(x) is the closure of the forward orbit of ®p(x).
Proof. The proof is left as an exercise in the tutorials. O
Lemma 8.2. An w-limit set is invariant.

Proof. If y € w(z) then there exists a sequence ¢ such that &, (z) — y as k — oo.
Further, the group property, and continuity means that for every s € R we have that
O (P, (7)) = Doyt () = Ds(y), s0 Ps(y) € w(z) for every s € R, so w(x) is invariant. [

We’'ll close this section out with some more vocabulary. You should familiarise yourself
with the terminology so that we can talk about the limit points of dynamical systems
with more ease.

Definition 8.4. A set N is called a trapping region if it is compact (closed and bounded)
and ®,(N) C Int (N), where Int (N) means the interior of N, or all the points x € N
such that there is an r > 0 with B,(z) C N.

If you have a compact set N and can show that everywhere on the boundary, the vector
field points inward, then you have a trapping region.

Definition 8.5. A set A is called an attracting set if there is a (compact) trapping region
N, with A C N so that

A=) ®u(N).
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FI1GURE 24. The shaded region represents H, the basin of attraction for
the unstable eigenspace in the right half plane.

Definition 8.6. The basin of attraction of an invariant set A which we’ll write as W¥(A)
is the set of all points x such that the distance between ®;(x) and A:

d(Dy(x),A) = ;ng\ |Py(x) —y| = 0 ast— oo

Remark. As a remark, we note that any invariant set can have a basin of attraction.
Not just attracting sets. As an example, consider the linear system

x 0 1\ [=x
6 ()= ) C)
The unstable eigenspace in this system is
E* = {(k, k)[k € R}

i.e. space spanned by (1,1). The half line £ > 0 (i.e. the unstable eigenspace in the
right half plane), is invariant, and it is reasonably straightforward to see that the basin
of attraction for this set is the half plane (see Figure 24):

H = {(I’,y) S R2|y Z _l‘} .

It is worth noting that this includes the stable subspace, as well as the point 0. This is
because in the definition of the basin of attraction, you are allowed to approach any point
on the invariant set. So while most points tend to the line y = x for > 0, the points on
the stable subspace get arbitrarily close to the origin under the flow.

If A is an attracting set with trapping region N, then
We(A) = @)

t<0

or the backward flow of the trapping region V.
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Definition 8.7. A set A is an attractor if it is an attracting set and there is an x such
that A = w(x).

Now let’s look at some examples that can tease out some more information from these
definitions.

Example 8.2. Consider the dynamical system in polar coordinates
r=r(1-r)

0=1

with the phase diagram shown in Figure 25.

(8.4)

FIGURE 25. The phase portrait of the system in eq. (8.4).

We claim that the disc of radius 2 about the origin Dy = {(r,0)|r < 2} is a trapping
region. On the boundary (the black circle) we have that 7 < 0 so the vector feild is
pointing inward everywhere. The point is that you can have quite complicated behaviour
and lots of interesting dynamics within a trapping region, specifically more than just a
critical point. It is also relatively straightforward to see that the set Dy = {(r,0)|r < 1} is
an attracting set, with trapping region Dy. The basin of attraction of D is the set of all
points in R. Finally, we point out that D, is not an attractor by the definitions we’ve just
introduced, for the entire thing is not an w-limit set of any point. We do have though that

1 3
the unit circle is an attractor, with trapping region the annulus R = {(r, 9)]5 <r< 5}

(We could have chosen any closed annulus around the unit circle).

9. A MORE COMPLICATED EXAMPLE

In this section we’ll explore some of the more complicated asymptotic behaviour that
can occur in planar 2-D systems. Limit cycles mean that periodic orbits can occur as
w-limit sets of nonlinear ODEs in the plane. We know from our analysis of linear 2-D
systems points can also be w-limit sets. This example will show that other possibilities
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can occur as well. (We will delay for the time being the full description of what is possible
for w-limit sets of nonlinear ODEs in the plane). Consider the system

1
= 2 Zx(y — 14 222
(9.1) t=y+x 4x(y + 22%)

y=-2(1+y)z.

With a little bit of work, we have the following table describing the critical points, and
the dynamics of their linearisation (notice that they are all hyperbolic).

] Critical Point \ Jacobian \ Eigenvalues \ Classification \
-3 %
(—1,-1) < 0 2) -3,2 Saddle
1
(0,0) (_42 é) + (1 £iv/127) | Unstable Focus
1 3
_ 4 _
(1,-1) (0 _2) 2,1 Saddle
_3 1 5
_ 22 4 _3
(2,-1) ( 0 _4) 4, =3 Stable Node
It is also straight forward to see that the line y = —1 is invariant (this is because y = 0

along it. It is maybe not so straightforward (but true) to see that the parabola y =
—222 4+ 1 is also invariant. To see this, observe that

B —2(14y)x _ —2x(2 - 22?)
Syt a?— gy -1+ 222 222 4+ 1 + 22

= —4x.

y:72$2+1 :72x2+1

So on this parabola, the vector field is pointing in the direction —4x. We also have that
the tangent line of the curve y = —22% + 1 is —4x. So the vector field is pointing in a
direction parallel to the tangent line of this curve along it. This means that the curve is
a phase curve, and is hence invariant.

The flow along the parabola y = —22%+1 above the line y = —1 goes from the saddle at
(—1,—1) to the saddle at (1, —1), ‘around’ the unstable focus at (0, 0). Since we know that
trajectories can not cross (we're in an autonomous system) this creates a region around
the origin where the orbits are ‘trapped’, thus if we choose an initial condition near (0, 0)
(say zop = (0.1,0.1), we see that we have the flow spirals outward getting closer and closer
to the edge of this region, but never hitting either the parabola or the line y = —1 between
—1 and 1. We can thus conclude that the w—limit set of this point is the union of the
line segment [—1,1] x {0}, (this is the set of points {(z,y) € R?||z| < 1,y = 0}, and the
parabola P = {(x, —2z% + 1)||z| < 1}. Call this set S. We have that the w-limit set of all
the points inside the region bounded by § is &, while the w-limit set for the points on &
itself is either the point (—1, 1) or the point (1, —1). For completeness, we have that the
a—limit set of the points inside S is the origin, while for those points on § it is again the
saddle points on the line y = —1. See Figure 26 for a sketch of the phase portrait.
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FIGURE 26. The phase portrait (rotated 90 degrees) for eq. (9.1). We have
that the parabola y = —222+41 and the line y = —1 are both invariant. The
presence of an unstable equilibrium point inside these two curves, means
that the set &, boundary of the region that they enclose, is the w—limit
set for all the points inside it. Red dots represent equilibrium points, while
the green curves represent invariant sets. The arrows tell you which direc-
tion along the invariant sets solutions will travel, and the blue curves are

solutions (found using pplane).
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10. STABILITY

We’ve discussed linear stability - and the linearised stability of a critical or equilibrium
point of a nonlinear system. In this section we’re going to move onto nonlinear stability. In
what follows, we'll be considering a dynamical system (a vector field, a system of ODEs)
which is given by & = F(z) and a (complete) flow map ®,(z) which we will think of as
the solution. In this section, we will denote a critical point of our flow by x, (hopefully
the context makes it clear what’s what).

Definition 10.1. We say that z, is Lyapunov stable (or stable in the sense of Lyapunov)
if for every neighbourhood N around z, (that is for every r > 0 there is a ball of radius r
containing z,) - for every neighbourhood N there is another neighbourhood M contained
in N such that if x € M then ®;(z) € N for all t > 0.

This says that if you start ‘near’ a critical point x, then you stay ‘near’ it. You are
allowed to leave the neighbourhood M, but for every N there must be a neighbourhood
M that will be ‘trapped’ so to speak by the flow.

Example 10.1. A simple example of this is the following linear system

o (5)=(0 %))

It is easy enough to see that solutions are given by

(i) = (o) rex ()

where ('} 5 are constants. In this example, the origin is asymptotically linearly stable as all
the eigenvalues are negative, but, depending on where we start, we won’t just go directly
to the origin. For example if we start on the inner ellipse in Figure 27, the solution with
such an initial condition might leave the region enclosed by the outer ellipse, but it will
always stay within the outer ellipse (and eventually the solution will tend towards the
origin).

2t 4

FIGURE 27. The phase portrait near the origin of eq. (10.1)

The phrase ‘eventually tend towards the origin’ that was used in the last example is a
motivation for the extension of the concept of asymptotic linear stability to the current
non-linear regime, however, we need to be a bit careful, as things can get a bit funny in
some of these non-linear examples. To illustrate what I mean, here is another example:
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FIGURE 28. The phase portrait near the origin of eq. (10.2)

Example 10.2. Consider the following nonlinear system in polar coordinates:

(10.2)

i=r(1—r) and 6 =sin? <g> :

It’s easy enough to see that there are exactly two critical points, one at (0,0) and one
at (1,0). Further, just as with the example motivating the definition of a limit cycle, it
is easy enough to see that for all » > 0 we have that » — 1. We also have that > 0,
so we have that our solutions will be winding around the origin. What we can see from
Figure 28 is that all solutions will ‘eventually tend towards’ the point (1,0), but if we
were to start just above it, but still on the unit circle, we would travel all the way around
the unit circle before settling back (eventually) to the point (1,0). That is, we can find
a neighbourhood N containing the point (1,0), such that there is no such neighbourhood
M so that all the initial conditions in M will stay in N. As an example, simply choose
the ball of radius 155 about the point (1,0). In other words the point (1,0), even though
it ‘attracts’ (eventually) all the nearby points - is not Lyapunov stable. Evidently this is
bad, and so we will need to rethink our intuition - and change our definition of (nonlinear)

asymptotic stability.

Definition 10.2. A critical point of a flow z, is asymptotically stable if it is

(1) Lyapunov stable, and

(2) there is a neighbourhood N of , such that all € N, ®,(x) — z, as t — co.

Note that (1) is included to get rid of examples of the previous type and (2) is our origi-
nal intuition of asymptotic stability. Further, it should be noted that the neighbourhoods
used to prove asymptotic stability may have nothing in common with the neighbourhoods
used to establish Lyapunov stability (hence denoting them with a ™ ).

So, as has been intoned before, when we have a critical point, and the linearised system
is hyperbolic, the behaviour of the linear system should be ‘close’ to the behaviour of the
non-linear system. A nice way to make this precise is the following:
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Theorem 10.1 (Asymptotic linear stability implies asymptotic stability). Suppose that
F(x) is a C vector field, with a critical point at .. Further, suppose that the linearisation
is asymptotically linearly stable (that is all the eigenvalues of DF(x.) have negative real
part). Then x, is asymptotically stable (in the full non-linear system).

Remark. We will prove this theorem directly, but first we remark that this is not strictly
necessary. We have the Hartman-Grobman theorem, (Theorem 2.1) which tells us that in
a neighbourhood of a hyperbolic critical point our linear system is a ‘good’ approximation
of the non-linear system. Hence if our linearisation is asymptotically linearly stable (i.e.
if the constant coefficient matrix of the Jacobian has only eigenvalues with negative real
part), it is hyperbolic, and in this neighbourhood we have non-linear asymptotic stability
(we haven’t proven this, but you should think about why the origin is a Lyapunov stable
critical point in a constant coefficient linear system where all the eigenvalues of the matrix
have negative real part).

The point is that we haven’t proven the Hartman-Grobman theorem rigorously (nor
will we), but we can prove this partial result without appealing to it, and moreover we
get a feel for the types of arguments used in nonlinear dynamical systems.

Proof. First, we can Taylor expand F(z) near the critical point. Set y := x — x,, and
A := DF(z,) and we have

F(z) = F(z.) + DF(x,)(x — x4) + g(z — x,)
= Ay +9(y)

where ¢(y) is the higher order terms in the Taylor expansion. Further, the fact that F' is
C! means that

(10.3)

im 9@
v=0 [y
(this is called being o(y) - read ‘little-oh’ of ). This follows from the definition of differ-
entiability of F' and the definitions of g(y) and y. Differentiability of F' means that
F(x) — DF(x,
- |F@) - DF(x.)

T |z — x4

=0

but this is just

l9(y)|

lim ‘2220,
y=0 |y

Another way of saying this is that for every € > 0 there is a 0 such that if |y| < § then

l9(w)] < elyl.
Returning, we have that y must solve the differential equation

(10.4) y=Ay+g(y).

In order to solve this equation, we use the technique of variation of parameters. We write
y(t) = et'n(t) where 7 is some function of ¢ that we need to determine. Differentiating
the expression for y(t) and using (10.4) we have that n(t) must satisfy the differential
equation

(10.5) (t) =e g(y).

Formally integrating gives
t
(10.6) o) = 0) = [ e Potus)ds
0
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and substituting in for 7 and isolating the y(¢) function gives an integral equation for y(t)

(10.7) y(t) = ey +/0 A= g(y(s))ds.

The next step is to try and bound the right hand side of equation (10.7). The first term,
we have a bound from (a generalisation of) question 3 from the week 5 tutorial, we have
that since A has only negative eigenvalues by hypothesis, then there is a constant K and
areal a > 0 so that |ety,| < Ke |yo|. Now the fact that g(y) is o(y) means that for
any ¢ there is a § such that if |y| < K0 then |g(y)| < ¢|y|. Putting everything together
we have

t
(10.8) ly(t)| < Ke *|yo| + K&/ e~ =)y (s)|ds
0
or (why not?)
t
(10.9) (O] < Klwl + Ke [ elyfs)ds
0

Now we assume that |yo| < and set £(¢t) = e*|y(t)|. Then

() < K(5+K€/0t§(s)ds

which means that we can use Gronwall’s lemma to say that
£(t) < Koefet = |y(t)| < Koe~ (e Ko,

So, if Ke < «, then |y| — 0 and stays bounded below K¢ for all ¢ > 0. What this says is
that if M is the ball of radius ¢, then N is the ball of radius K9, and so we have Lyapunov
stability. The fact that |y| — 0 then means that we also have asymptotic stability. U

As per the discussion before the proof, this theorem is directly implied by Theorem 2.1.
But, we don’t need to introduce extra terminology (like topologically conjugacy) in order
to prove it. Also the theorem itself predates the Hartman-Grobman theorem by about 50
years. Indeed this theorem is sometimes called Lyapunov’s first method. In some sense
this theorem should reinforce the idea that it is much easier to get qualitative (asymptotic
at least) behaviour of a nonlinear system near a hyperbolic critical point, than one which
is not hyperbolic (hyperbolic - good, nonhyperbolic - bad).

11. LYAPUNOV FUNCTIONS

Another (very nice) way to show stability is through what’s called a Lyapunov function.
Lyapunov functions, are great - with the caveat that you may not always be able to find
them. Again, for this section, we’ll suppose that z, is a critical point of a flow ®4(x)
coming from a vector field & = F(z).

Definition 11.1. Suppose we can find a function L : R™ — R such that the following
hold:
(1) L(z,) =0,
(2) L(z) > 0 for all x # x. in some neighbourhood N of z, (i.e. some open ball of
radius r about the critical point).
(3) 4L(z) =VL(z) -4 = VL(z) - F(z) <0 (or <0) for all z € N\ {z,} and ¢ > 0.
Then we call L a weak (or strong if < 0) Lyapunov function.

Lyapunov functions are important for the following reason:

Theorem 11.1.
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(1) If there exists a weak Lyapunov function with respect to the point x., then the
critical point is Lyapunov stable.

(2) If there exists a strong Lyapunov function with respect to the point x,, then the
critical point is asymptotically stable.

We’re not going to prove this theorem, but I want to give you a couple of ideas about
intuitively what is going on.

So the first thing to notice is that the first two conditions in the definition of a Lya-
punov function, mean that L(z) has a local minimum at the critical point. In this sense,
Lyapunov functions have sometimes been described as ‘energy’ - or a generalisation of the
concept of energy - level sets of L(z) will be sort of like ‘energy surfaces’. The next thing
to point out is that the third condition can be thought of as the following: Make a new (in
n + 1) dimensional ‘surface’ that consist of the points (z, L(z)). The first two conditions
means that you have a local minimum at x,. The third condition says that if you were to
‘lift” the flow from R™ to this surface, then the last coordinate would always be negative,
that is, the flow is ‘running down’ the basin created by the Lyapunov function.

Another way of thinking of these guys is that in 2-dimensions, the level curves of L(x)
do what’s called ‘foliate’ the neighbourhood N. That is you can think of N as being the
disjoint union of the level sets of L(z) (or parametrized by L(z) = C'). The third condition
says that along the level sets of the Lyapunov function, the arrows of the vector field are
always pointing in to the critical point (in the case of a strong Lyapunov function). (None
of these are complete proofs, by the way, they are just to give you an idea of what is going
on). Let’s do some examples.

Example 11.1 (Van der Pol equation). The nonlinear second order ODE:

(11.1) i—pB*=1Di+xz=0 B>0

can be written as a system of first order equations by setting & = y, and rewriting as:
=y

y=pB(" — 1y —a.

You can see for yourself that (0,0) is the only critical point. Linearising, we have that
the Jacobian of the van der Pol equation at the origin is

proo - (" )

/\i:%<—6j:\/m>

which will always have real part < 0. In this case, we can appeal to Theorem 10.1 to
know that because the linearised system is asymptotically linearly stable, the origin in
this case is asymptotically stable. Can we find a Lyapunov function? The answer is yes,
and in this case it is very straightforward.

(11.2)

which has eigenvalues

L(z,y) = 2" +y’
Clearly this has a local minimum at (0,0) and we have that

%L(:p) = 20d + 2y = 28(x* — 1)y* <0

for x,y in a small enough neighbourhood of the origin.
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(11) Zooming in on the origin, you can
clearly see that the vector field points
inwards on the level sets, except at the
points where y = 0. This makes this a

weak Lyapunov function.

FIGURE 29. The phase portrait of eq. (11.2).

Example 11.2. Let’s do another example that isn’t quite as straightforward. Consider
the 2-D dynamical system

b=z — 2
(11.3) . 5
Y=y —Yy .
Again we have that the origin is a fixed point, but this time at (0,0) we have that

DF(0,0) = (_01 8)

so we can’t say that the origin is asymptotically linearly stable, and we can’t appeal to
Theorem 10.1. In fact, this system isn’t even hyperbolic. However, we can without too
much trouble find a Lyapunov function. Let

L(z,y) = 2* + 24>
Then again, it is clear that L(z) has a local minimum at (0,0). Further we have that
d

EL(:zc) = —2(z* +2y*) <0

for all = # (0,0), so we have strong Lyapunov function, and the origin is asymptotically
stable (nonlinearly - even though it is not asymptotically linearly stable).

12. A TEST FOR INSTABILITY

So far we’ve mostly been talking about whether a critical point x, is stable or not. Now
we're going to talk about a similar test to determine whether a critical point is unstable.

Definition 12.1. A critical point which is not Lyapunov stable is called unstable.

If the critical point is hyperbolic, then it is enough that the linearisation be unstable to
conclude that the critical point is unstable. This is the content of the Hartman-Grobman
theorem. If the critical point is not hyperbolic, it can still fail to be stable, as we have
already shown in a couple of examples so far. Now we introduce a new technique (sort
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(1) Some level sets (red) of a strong  (II) Zooming in on the origin, you can
Lyapunov function. The vector field clearly see that the vector field points
points inwards on the level sets. inwards on the level sets.

FIGURE 30. The phase portrait of eq. (11.3).

of the inverse of the Lyapunov function method) to determine whether or not our critical
point is stable.

Theorem 12.1. Suppose that we can find a function U : R™ — R (which is differentiable)
such that the following hold (again, & = F(x) is our C' vector field with critical point x.):

(1) U(z.) =0,

(2) In every neighbourhood N, of x. (in every B.(x.)) there is at least one point at
which U(x) > 0,

(3) U(x) > 0 for all x # x, in some neighbourhood M of x..

If we can find such a function U, then x, is an unstable critical point.
Again, we’re going to skip the proof of this theorem, but let’s do an example:

Example 12.1. Consider the ODE:
7=
(12.1) .
y=x—ysinz.

We have that (0,0) is a critical point and the Jacobian at the origin is given by

0 1 01
pro - .
(z,)=(0,0)

1 —ycosx sinx
So we have a saddle. Again, we can, from the Hartman-Grobman theorem conclude that
we have an unstable critical point at the origin. Let’s construct a function satisfying
hypotheses (1)-(3) of Theorem 12.1 anyway. Consider the function

U(z,y) = zy.
Then U(x,y) satisfies (1) and (2) right away, since along the line y = = we have that
U(z,y) = 2*> > 0. Now we check the third condition

U= yi + xy = 2> +y? — xysin .
We claim that this function

G(z,y) = 2* +y* — zysinz
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FIGURE 31. A plot of the vector field given in eq. (12.1). The red lines
are the contour lines of U(z,y) = xy. The black dashed is where U(x,y) is
always positive.

has a local minimum at (0, 0). To see this heuristically, Taylor expand sinz = z— %—l—h.o.t.
Thus for small z, y we have that G(z,y) will be dominated by the quadratic terms x? + 1>
and we can neglect the terms to third order (the rest). To see this formally, you can
observe that VG(0,0) = (0,0) and the second derivative of G at the origin is given as

DG(0,0) = (?) g)

and so we can use the second derivative test to conclude that G' has a local minimum of
0 at the origin, and so U = G must be positive in some neighbourhood of the origin. See
Figure 31 for a plot of the vector field of eq. (12.1) as well as the level sets of the function

U(z,y).

Example 12.2. In this next example, we will need the function U(x,y) to establish the
instability of the critical point. Consider the ODE i = 3. Writing this as a system we
have

=1y
(12.2) ] 3
y==x".

It is clear that (0,0) is a critical point, but the linearisation at the origin is not helpful

DF(0,0) = (8 é) .

So we again consider the function U(z,y) = xy. We have that
U:y:t+$g):y2+:c4>0
for all (z,y) # (0,0). So even though we can’t say anything with the linearisation, we

have that the critical point is unstable.
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FIGURE 32. A plot of the vector field given in eq. (12.2). The red lines
are the contour lines of U(z,y) = xy. The black dashed is where U(x,y) is
always positive.

13. LASALLE’S INVARIANCE PRINCIPLE

This next example will give us some idea of what to do when we only have a weak
Lyapunov function, as well as lead us up to the statement of a relatively famous theorem.
Not to mention the fact that it is a fairly ubiquitous dynamical system in biological
settings.

Example 13.1 (Logistic growth with delay). The logistic growth equation is used to
model the growth of a population when the environment is of finite size. We have

T =rz(l—x).

Here r is the unabated growth rate or reproduction rate of the species, and 1 represents
the (normalised) carrying capacity of the environment. Now suppose that we didn’t have
an instantaneous reproduction, that is, there was a little bit of delay - so that really
& = rx(1 — y) where y(t) is z(t) at some previous time. Then if we suppose that y will
increase proportionally to the ‘new’ population we have that our system becomes

Tt =rz(l—y)
y=blz—y).
In this set up, b represents the ‘birth rate’ of the population, and r = births - deaths and

so we have 0 < r < b. We see that in eq. (13.1) we have two critical points, (0,0) and
(1,1). Computing the Jacobian gives:

DF — (T(lb— v) —_7;;75)

r 0
b —b
one positive and one negative eigenvalue, so this means we have a saddle at the origin.

(13.1)

and so at (0,0) we have that DF'(0,0) = which is lower triangular, and has

44 (©University of Sydney



R Marangell Part III - Nonlinear ODEs

b —b

will both have negative real parts, so we can use Theorem 10.1 to infer that there is some
neighbourhood about (1, 1) and the critical point is asymptotically stable with respect to
such a neighbourhood. We would like to know if this neighbourhood includes ‘realistic’
initial conditions. In particular, suppose that our initial conditions were xy > 0 and
Yo > 0, then we’d like to know if ®,(zo, o) — (1,1) as t — oc.

First, notice that the line = 0 is an invariant set, so solutions that start with x > 0
can’t cross it. Second, notice that along the line y = 0 in Q1, we have that ¢ > 0, so an
orbit can’t leave Q1 once it has entered it. That is to say the set Q1 = {(z,y)|z > 0,y > 0}
is invariant. To rephrase our original question, we have that (1, 1) is asymptotically stable,
but we want to know if the entire set Q1 ends up there (i.e. is w(Q1) = (1,1)7).

Let’s introduce the function (why not?):

— 1
Likewise, we have DF'(1,1) = (0 T) , which has eigenvalues 5 (—b + Vb2 — 4rb) which

(13.2) L(z,y) = (z — 1) — log(z) + —(y — 1)*.

We claim that this is a weak Lyapunov function for the point (1,1) and for all of Q1. You
can verify the first two parts yourselves, and now we look at

d . T T .
=—r(y—1)*<0.

d
And moreover we have that EL(x,y) < 0 for all of Q1 except on the line y = 1. We

are interested in computing lim,_,., ®4(xg, yo) for an arbitrary initial condition in Q1. We
have that either ®;(xg,y9) — 00 or w(zg, yo). Since we have weak Lyapunov function on
all of Q1, we can not have the former. Further if we take any sequence 0 < t; < ty <
-+ <t <--- we have that because L is decreasing in ¢ we must have

(134) L(Zlfo,yo) > L((Dt1<l'0,y0)) > > L((I)tk(l‘o,yo)) > ...

Does the sequence of values of L terminate? The answer is yes, because L has a lower
bound in @1 (it has a minimum at (1,1)). But this means that we must have that
limy_, P¢(20,yo) be contained in the set (call it Z) where <L = 0. But it must also be
invariant (w-limit sets are invariant), and we can see that the only invariant set entirely
contained in the line y = 1 is the critical point (1,1). So what we’ve just shown is that no
matter what initial condition (zo,yo) we choose in Q1, we end up at the fized point (1,1).
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FIGURE 33. Some of the level sets (red) of the weak Lyapunov function
given in eq. (13.2). The black dashed line is the set Z where 4L = 0 and
we have that any w-limit set must be contained in Z.

Restating this what we have just proved is the following

Theorem 13.1 (LaSalle’s Invariance Principle). Suppoe that you have a weak Lyapunov
function on some set U that is forward invariant. Let Z be the union of all complete

d
orbits entirely contained in the set where aL(x) = 0. Then for each x € U we have that
w(z) C Z.

In the previous example, we used some independent analysis to deduce that the whole
first quadrant was forward invariant. From there we were able to apply LaSalle’s invari-
ance principle to gain some qualitative information regarding the w-limit sets of the points
in 1. However often times it is not so obvious what to choose as a forward invariant
set. But, if we have a weak Lyapunov function, then we can oftentimes use this to get a
little bit more qualitative information than just Lyapunov stability. We have the following
theorem.

Theorem 13.2. Suppose that (x.,y.) is a critical point of a planar flow, and suppose
that L(x.,ys) is a weak Lyapunov function for (x.,y.) in the neighbourhood

Ny = {(z, y)|L(x,y) <k}

Suppose further that there are no other critical points in the neighbourhood Ny, and that
the curves

N, ={L(z,y) = al0 < a < k}

are not phase curves of the flow. Then (x.,y.) is asymptotically stable.

Proof. The idea is to show that the set N, is forward invariant. Then we appeal to
LaSalle’s invariance principle. Because none of the level sets of the Lyapunov function
are complete orbits, we have that the only point in the set Z defined in the statement of
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LaSalle’s invariance principle is the point (x,, y.). So we know that it must be the w-limit
set of any point in Vg, i.e. it is asymptotically stable.

To see that Nj is forward invariant, choose a point (x1,y;) € Ng. Suppose that
L(z1,11) = a. The forward orbit from (x1,7;) is not a phase path, and so it must
either separate from the curve L(z,y) = a immediately, or after following it for some
time, but before completing a cycle and forming a closed curve. Because we have a weak
Lyapunov function, when I' ") departs from the curve L(z,y) = a, it must move to the

(1717
interior of N,. But this means that the set N, is forward invariant. [

14. HILBERT’S 16TH PROBLEM AND THE POINCARE-BENDIXSON THEOREM

We have already classified all of the possible (qualitative) behaviours that we are going
to see for flows on R. Now, we’d like to do the same thing for flows in the plane. This
is much harder, and in fact, a full classification of flows on the plane has not really been
discovered yet. Actually, the problem is much worse than that. In 1900, at the Interna-
tional Congress of Mathematicians, one of the most ‘famous’ mathematicians of all time,
David Hilbert (you might know him from Hilbert spaces), gave one of the most ‘famous’
mathematical speeches of all time, in which posed to the mathematics community, 23
problems that he thought would ‘define mathematics for the 20th century’. One of these
was the Riemann Hypothesis, and one was the one that we are going to talk about be-
low. Of the 23 problems, 10 have seen resolutions that are accepted by consensus. Some
have a partial resolution, and a few of the problems were formulated in too vague a way
to ever have a real resolution. However three of the problems remain totally unsolved -
these are Problems 8 (the Riemann Hypothesis), Problem 12, and Problem 16. The 16th
problem is formulated in a couple of ways, we're (for obvious reasons) going to focus on
the dynamical systems formulation.

Question (Hilbert’s 16th Problem). Consider the planar dynamical system

y=g(r,y)

where f(z,y) and g(x,y) are polynomials of degree d. Find an upper limit for the number
of limit cycles in the system.

This problem has resisted the test of time, and in fact, there hasn’t even been progress
made (in terms of a proof) for when f(x,y) and g(z,y) are quadratic! The solution in
this case is thought to be 4, but no proof or counterexample is known.

Okay, so classifying all the behaviour for planar ODEs is unknown, however, there is a
very powerful theorem which enables us to determine what the asymptotic behaviour of
such ODEs is. That is, we know what the w-limit sets of flows in the plane can be. So
while we aren’t going to be able to fully determine all of the qualitative behaviours of a
planar nonlinear ODE in the same way we did for the line, we will be able to determine
asymptotically (i.e. as t — d00) what is possible.

Theorem 14.1 (Poincaré-Bendixson). There’s no chaos in 2 dimensions.

This is nicely put, but a bit glib (and vague) for us, so what we’ll actually prove is the
following;:

Theorem 14.2 (Poincaré-Bendixson). Suppose that € is a nonempty, closed and bounded
w-limit set of a complete flow in R?. Suppose that Q does not contain any critical points
of the flow. Then ) is a periodic orbit.
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It is worth noting, that this type of theorem (or even more - a full classification of
behaviours see the next theorem) in for nonlinear flow in R? is essentially impossible. The
reason for this is that chaotic dynamical system exist (and are even fairly prevalent). You
may have heard of the ‘strange’ attractor in a Lorenz system. You know what attractor
means, what ‘strange’ means in this case (among other things) is that the attractor
doesn’t have an integer dimension! - examples like this really put an analogue of the
Poincaré-Bendisxon theorem for 3D flows out of reach.

Before we begin with the proof of the Poincaré—Bendixson theorem, let’s look at some
consequences.

Theorem 14.3. Let ®; be a complete flow associated with a vector field & = F(x) on
the plane R?. Suppose that R is a positively invariant set with compact closure (i.e. it is
bounded). If p € R,and there are at most a finitely many number of critical points of ®,
then w(p) is one of the following:

(1) an equilibrium point

(2) a periodic orbit

(8) a union of finitely many critical points and perhaps a some connecting orbits.

That last theorem is essentially a full classification of the types of limiting behaviour
of flows in R%. As a final consequence of the Poincaré-Bendixson theorem before moving
on to the proof, we have the following.

Theorem 14.4. If a flow in R? has a positively invariant, bounded annular region (that
is a region R with only one hole in it) and there are no equilibrium points of the flow
i R, then R contains at least one periodic orbit. If in addition, there is a point on the
boundary of R that gets mapped under the flow to a point in the interior, R contains a
limat cycle.

15. PROOF OF THE POINCARE-BENDIXSON THEOREM

Before we get to the proof of the Poincaré-Bendixson theorem, it is necessary to intro-
duce some terminology that will help us later on.

Definition 15.1. A set X is said to be disconnected if there exists a pair A, B of nonempty
disjoint open subsets of X such that their union is all of X. That is we have

(1) XCAUB

(2) XNA#Dand XN B #0

(3) AnB = 0.
The sets A and B are called a disconnecting pair or a separating pair of X. If a set is not
disconnected, it is connected.

A simple fact that we’ll need later on is the following:

Proposition 15.1. The closure of the forward orbit of a point f;r s connected.

Proof. Suppose you could find a disconnecting pair A, B. Then suppose that z € A. Then
suppose that for some other ¢ > 0 we had ®,(z) € B. Then as the flow is continuous, the
intermediate value theorem means that ®;(x) would take every value along its path. This
means that it would have to leave A at some point, but this means that there would be
some point in FI which is not in AU B, so we must have that the whole of f,j C A but

then this means that F; N B = (), a contradiction. U

Finally, we’ll include the statement of a very famous theorem about the plane that we
won’t prove, but that we’ll need later on.
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Theorem 15.1 (Jordan Curve Theorem). A simple (i.e. no crossings) closed curve C in
the plane R? separates R? into two connected components, both with boundary C. One is
bounded, and called the inside of C and the other is unbounded and called the outside.

In order to prove Theorem 14.2, we will use four lemmata and the Jordan curve theorem.
The first of these is the following

Lemma 15.1. Suppsose that we have a complete flow ®, and suppose that T'F (the closure
of the forward orbit of x) is bounded. Then w(x) is nonempty, closed and bounded and
connected.

Proof. We already have that

=(Toe

>0
which says that w(z) is the intersection of a collection of closed nonempty nested, con-
nected sets. This implies that w(x) is nonempty, and because it is closed and it is contained
in a compact set, we have that w(x) is also compact. Suppose that w(z) were disconnected.
Then we could find a pair of disconnecting sets A and B. Consider the following:

Ty \ (AUB).

>0
Now this set is empty since w(z) C AU B, but this means that there is some 7" such that
ng(x) C (AU B), but this would mean that A and B were a disconnecting set for ng(x),
a connected set by Proposition 15.1, a contradiction. 0

The next lemma involves an important object in the further study of dynamical systems.

Definition 15.2. A curve segment > in the plane is called a transversal for the vector
field # = F(x) if for every point p € X we have that the pair (F(p),T,X) spans R% The
line 7,3 is the tangent line to the curve X at the point p.

What this says is that the tangent line to ¥ is never in the same direction of the flow.
See Figure 34. We note here that we can’t have any equilibria of our flow on ¥ if ¥ is to
be a transversal. There are other properties that one can infer as well, but for now, let’s
press on to the next lemma.

Lemma 15.2. If ¥ is a transversal for the flow ®; and if p € X, then the forward orbit
through the point p intersects 3 monotonically. That is if Oy, (p), Pr,(p) and Py, (p) are
all also on X, and if t; <ty < t3, then ®y,(p) lies between Py, (p) and Py, (p) on X.

Proof. Suppose that the orbit of p intersects ¥ more than once, say at the point z; =
®;, (p). Then form the simple closed curve consisting of the orbit of p from ¢ € [0, ;] and
the part of ¥ between p and x;. This curve divides the plane into two regions. Let’s call
R the interior. Because there are no equilibria on ¥ and because the flow lines can not
cross, the orbit from x; on must either enter or leave the region R along Y. If the flow
leaves R, then for the same reason it can’t enter it again, so if there is another point of
intersection with X, it must be beyond x;. Likewise if the flow enters R, then if it hits X
again it must do so on the opposite side of x; as p. For an illustration see Figure 35 [

We will use the monotonicity of intersections with a transversal to establish the follow-
ing.

Lemma 15.3. Let 3 be a transversal to a planar flow, and let p € 3. Then w(p) can
intersect ¥ in at most one point.
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(A) A transversal 3. The flow is never  (B) The curve ¥ is not a transversal in this case
tangent to the curve segment. because the flow is tangent to the curve.

FIGURE 34

X1

D¢ (p)

F1GURE 35. The forward orbit from p is leaving the region R at the point
x1. Since trajectories can’t intersect, and because of the Jordan Curve
theorem, if the forward orbit from x; hits > again, it must do so on the
opposite side of ¥ from p.

Proof. Let z € w(p) N YX. Because z € w(p) we can choose an infinite sequence of times
t, — oo with k such that klim ®;, (p) = z. The claim is that we can choose these t; such
— 00

that @, (p) € X. To see this, observe that since the ®;, (p)s converge to z they have to get
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within some (any) neighbourhood of it. But since F(z) # 0 and F is continuous, there
must be some neighbourhood N of z where all x € N are such that F(z) # 0. Within
this neighbourhood, all of the orbits must cross ¥. Thus we can flow our times forward
so that @, (p) € X. Then by appealing to Lemma 15.2 we have that these points form
a monotone sequence which converge to a unique limit. But we already know this limit,
the point z. O

The final lemma we need is the following
Lemma 15.4. If w(p) is connected and contains a periodic orbit v, then w(p) = 7.

Proof. Let y € ~ and construct a transversal ¥ through y. Since w(p) is closed and
connected, if there is a point in w(p) that is not in v, then by connectedness, there must
be a sequence of points y, € w(p) \ v such that the limit as n — oo = y. A point vy,
must have an orbit that intersects X, however this contradicts Lemma 15.3 which says
w(p) intersects ¥ exactly once. O

We are now ready to prove the Poincaré-Bendixson theorem.

Proof of Poincaré-Bendizson Theorem. Suppose that w(p) is closed and bounded and con-
tains no equilibria. By lemma 15.1 w(p) is also connected. Choose a ¢ € w(p), and observe
that w(q) C w(p). Let & € w(q). Since x is not a critical point we can make a transversal
through z, and a sequence of points in I']” which converge to x. Those points are in w(p)
because ¢ € w(p) and w(p) is invariant. Lemma 15.3 says that the only point in this
sequence can be z itself, which means that ¢ is on a periodic orbit say I', and in particular
we have that I' C w(p). Lemma 15.4 means that w(p) = I', and this completes the proof
of the Poincaré-Bendixson theorem. O

16. APPLICATIONS AND RELATED RESULTS

In this last section, we’ll show how the Poincaré-Bendixson theorem can be used to
show the existence of a limit cycle in quite a few general results. We'll start with an
example

Example 16.1. Consider the second order nonlinear ODE
i+ @2+ i —4i+a2*=0
or the system which is equivalent to it
T=1y
16.1
oy g=—(2°+y*—4)y— 2>

We have a single critical point at the origin, and as usual, denoting the right hand side
of eq. (16.1) by F(z,y) we have that the Jacobian of F' at the origin is given by

DF(0,0) = <8 D

which isn’t hyperbolic, so we don’t know anything about it. However, this section is about
periodic orbits, and by putting together what we’ve been studying for the last week, we
are going to deduce the qualitative behaviour of this system, namely, we’re going to find
a limit cycle. For no really good reason right now, consider the function

1 1

E(x,y) = 592 + 1904-
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It is easy enough to see that £(x, y) has a local minimum at the origin and is monotonically
increasing. We have a family of level sets £(x,y) = k for all £ > 0. Let’s denote by Cj
the level set of £ whose value is k

Cr = {(z,y) | E(z,y) =k}.
These Cy, are simple, closed curves. Now, let’s look at %(w, y) = VE - F(x,y). We have
d
—E(w,y) = gy + @2
=y (@" +y’ —4) -2y + 2’y
= —y*(2® +y* — 4).
Now we notice that inside the circle of radius 2 about the origin, Sy = {(z,y)[z* +y* = 4},
we have that £ > 0 while outside it we have that £ < 0 and with equality only when
y = 0. The idea now is to choose a k; so that the curve Ci, is entirely contained inside

the interior of Sy, and a ks so that CY, is entirely contained outside of S;. For example,
choose ky = % and ke = 5 as in Figure 36. Now, except for the points y = 0, we have that

i . . . . . . . . . . . . ]

2L _

4L _

-4 -2 0 2 4

X

FI1GURE 36. The blue curve is the circle Sy while the red curves are the

level sets £(x,y) = ki with ky = 3 (inside) and ks = 5 (outside).
E(z,y) > 0. So choose a point p not on this set, and consider the forward orbit from p, I h
We have that ®,(p) for ¢ > 0 must leave C, moving outward from it, and it is clear that
it can never return to the region inside Cy, because &(x,y) > 0 on Cy,. Moreover, for the
same argument, we know it can never leave the area bounded by Cy, because &(x,y) < 0
on Cg,. Thus we have that the forward orbit is trapped in the region R between the
curves Ci, and Cy,, and since there are no critical points of our flow there, there must be
a limit cycle by the Poincaré-Bendixson Theorem. Further, we can ‘squeeze’ the location
of this limit cycle by a judicious choice of Cp; and Cra. We need to choose k; and ks so
that £(z,y) and Sy are tangent to each other, both on the inside and on the outside. In
this way we can minimise the location of the limit cycle. For what it’s worth, it turns out

52 (©University of Sydney



R Marangell

Part III - Nonlinear ODEs

4

T
-
-—
—
—

\\/
N
= -~
~— —
. .~

e
e

~
—

————
Y
,//
~
_ 4\
——
—
— 7 A - —
O I I I |

T
LF

5
= of
)
IS

(A) The contours E(x,y) = k12 on a
numerical plot of the phase plane. You
can clearly see that there is a limit cy-
cle in between them.

that k; = 71 and ky = 4 are the values that do this (these can be found using the method
of Lagrange multipliers). See Figure 37 for a more detailed picture of what is going on.

iny

" 3 0 > 7
(B) The red curves are £(z,y) = I and
E(xz,y) = 4. These curves minimise
the area where the limit cycle can be
and are tangent to the circle Ss.

FIGURE 37

This example generalises really nicely to what’s known as Lienard’s (first) theorem.
Theorem 16.1 (Lienard’s Theorem 1 ). The differential equation
&+ f(z, )+ g(x) =0
or equivalently, the system
=y
y=—f(z,9)y —g(z)

where f and g are C' functions has at least one periodic solution under the following
conditions

(1) There is an a > 0 so that f(x,y) > 0 for \/2? +y> > a.

(2) f(0,0) <0 (hence f(x,y) <0 in a neighbourhood of the origin)
(3) g(0) =0 and g(x) > 0 when x > 0 and g(x) < 0 when x <0
) G = |

0

g(u)du — 0o as T — 0.

The idea is exactly the same as in the previous example, only now you want to choose
E(z,y) = 3y* + G(z) and instead of S, you want to use S, the circle of radius a. (You

can also use any curve C where you can find that £ changes sign on either side of it).
We’ll close this week with a test to determine when there are not any periodic orbits
in a region.

Theorem 16.2 (Bendixson’s negative criterion). Suppose that in the C? (twice continu-
ously differentiable) system of planar ODEs

T = f($’y)
v =g(x,y)
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we can find a region R in the plane with no holes in it, and such that on R the quantity
0 0
of | 99
oxr 0Oy

18 of one sign. Then there are no periodic orbits in R.

Proof. A periodic orbit means that we have a closed path C. Suppose that there were
one, and let S be the interior of C. Defining n to be the outward pointing normal along
C, we have that the divergence theorem in the plane says

// (af ag)dmdy—/c(f,g)-nds.

Since on C, (f, g) is perpendicular to n, we have that the integral on the right is zero. But
since the integrand on the left is of one sign, its integral can not be zero. Therefore we
can not have any closed paths C. O

Example 16.2. As an example of where theorem 16.2 can be applied let’s consider the
Duffing oscillator with damping
P40t —r+a°=0
where 6 > 0, or equivalently
T =y
=6y +ax—a°
When § = 0, the system is Hamiltonian, and we have periodic orbits almost everywhere.

In fact all orbits are periodic with the exception of three limit points and two others (the
lobes of the ‘bowtie’). Now if § # 0 we have that

f z T Gy = —0 7é 0
and so we have from Bendixson’s negative criterion that there are no periodic orbits
anywhere in all of R%. So we've gone from lots and lots of periodic orbits to none at all
by simply ‘switching on’ the parameter 6. This type of quantitative behaviour is going to
be the focus of our next module, Bifurcation Theory.
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