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Chapter 1

Introduction to models and
modelling

The word dynamic means “marked by usually continuous and productive activity or
change”[] In this course we think about systems that change in time: dynamical sys-
tems. One of our main goals is to see how mathematics plays a universal role in other
disciplines. Examples of dynamical systems include the motion of celestial bodies under
the influence of gravity, the changing population levels of plants and animals while ‘eating
or being eaten’, the variation of prices under economic influences, the changing concentra-
tions levels of chemical species during a reaction, and many, many more.

We encounter three classes of mathematical models for dynamical systems: iterated maps,
differential equations, and numerical methods. The classes are interrelated, as we will
see later. In this chapter we introduce each type of model in the context of population
growth.

1.1 An iterated map

Let us describe a simple model for the population of a single species in an environment with
limited resources, such as a limited amount of food. The population will be determined
at discrete times tg, t1, to, etc. Let P, > 0 denote the population size at time t,. If there
were an unlimited food supply, we assume the population would grow by the uninhibited
growth factor § = P,11/P, > 1. The quantity / is assumed constant, a parameter of
the model. Due to limitations, rather, the maximum population that can be sustained by
the environment (the so-called carrying capacity of the environment) is P. > 0, a second
parameter. A model for the population growth that accounts for limited resources in the

!Merriam-Webster online dictionary.
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Figure 1.1: Iterates of the model (1.1) with Py/P. = 0.1 and several values of 3. The
iterates are connected by straight lines for visualization purposes. Independent of 3, the
populations eventually tend to the carrying capacity P..

environment is

BP.P,
P+ (B—-1)P, (11)

Given the initial population Py at ty, the equation tells us how to compute the
population P; at time t;, and from this we can iteratively compute P,, P;, etc. For
example, Equation (|1.1)) provides us a first example of a model in the form of an iterated
map or recursion. In Figure some iterates of the model are shown for several values
of 8. For large 8 the population grows faster initially, but all populations level off at the
carrying capacity.

Pn+1:

1.2 A differential equation

The Verhulst model for population growth in an environment with limited resources is
dP P
—=rP|1—— 1.2

where P(t) is the population size, r > 0 is the uninhibited growth rate, and P. > 0 is the
carrying capacity of the environment.
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Suppose the population at time ¢y is P(ty) = Fy, and we wish to find the population
P(t;) = P, at some later time ¢; > to. Dividing both sides by P(1— P/F,), and integrating
with respect to t from time ¢y to t; we find

h 1 P t
T dt= / rdt,
/to P(1— P/P,) dt o

/ et ) (1.3)
piy) P(1—P/PR,) Y

Using a partial fraction decomposition, the integral on the left can be evaluated as fol-

lows
P 1/P, P
—+—"""_)dP=[InP —1In(l — P/P,)]
P B,

-1 .
TP/, "1-R/P.

=1

Using this result and applying the exponential function to both sides of (1.3|) gives

—1
Pl PO — er(tI*tD)
1- P /P ) \1- R/P. |

B erlthi—t) p_p,
P+ (erlamto) — 1) Py’

Solving for P; yields

P

Note that, since t; is arbitrary, the above relation provides us with a formula for finding
P(t) for all t > ty:

er(t—to)PCPO

P(t) - Pc -+ (er(t—to) — 1)P0

(1.4)

Solutions P(t) are shown in Figure[1.2] for the case r = 1/4 and different initial conditions
F.

The Verhulst model is our first example of a differential equation. Let us reflect for
a moment on what we have done here. In contrast to the iterated map , for which
the model itself provides a recipe for computing the solution, the model does not
directly specify how the population P(t) varies as a function of time, but only specifies
the relation between P(t) and its derivative dP/dt. Consequently, we need to solve the
differential equation to determine P(t). Second, note that the solution (1.4) at time ¢ is
expressed as a function of the solution at another time ty. If we do not know the solution
at some other time, the differential equation defines a class of solutions parameterized by
the unknown constant Py (that is, each P, defines a different solution).



1.3. A NUMERICAL METHOD 9

1-4 T T T T T T T

C

0.8 .

0.6} 1

Population, P/P

0.4 1

0.2 4

1 1 1 1

0 5 10 15 20 25 30 35 40
time, t

o

Figure 1.2: Solutions of the Verhulst model ([1.2)) with » = 1/4. Independent of the initial
condition Fy/P. € {%, %, - }—3}, the populations eventually tend to the carrying capacity
P..

1.3 A numerical method

Suppose we did not know how not evaluate the integral in ((1.3). We might try to learn
something about the solution using the following approach. Starting from the definition of

the derivative 2P(1) P(t 4 A1) — P(1)
} + —
g A At ’ (1.5)

we approximate this infinitessimal limit by a finite difference:
dP(t) _ P(t+ At)— P(t)
dt At ’
for some fixed, positive value of At. (That is, we refrain from taking the limit.) Substituting
this approximation into ([1.2)) yields

P(t+At) - P(t) _ P(t)
A7 ~rP(t) ( — ?C) .

(1.6)

Denoting the approximation to P(t,) by P,, where t,.1 = t, + At, the above formula
defines, for each At > 0, an iterated map or recursion

P,
Poii =P, + AtrP, (1 - F) . (1.7)
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Figure 1.3: Iterates of the model (1.7)) with Py/P. = 0.1, » = 0.25, and different stepsizes
At. The iterates are connected by straight lines for visualization purposes. As At is
decreased the iterates approach the exact solution shown in Figure [1.2]

This family of iterated maps, depending on the time step parameter At, is our first example
of a numerical method or (more specifically) a numerical integrator. Whereas a differential
equation such as may or may not be easily integrated analytically, the numerical
integrator is suitable for implementation on a computer.

See Figure[L.3|for numerical solutions computed with a range of stepsizes At. We know that
as we make At smaller, the finite difference becomes a better and better approximation
of the derivative (|1.5]), and consequently we may expect that the approximation computed
via better and better approximates the solution . This intuition is correct, as we
will see later, but it comes at a price: to compute the solution on the same interval with
smaller time steps, the number of computations increases. The computer must do more
work to improve the accuracy.

1.4 Relationships between the models

Note the similar form of the solution ([1.4)) of the differential equation model and the map
1| Given r > 0 and a time step At, if we define § = exp(rAt), then the solution of the
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differential equation at time P(At) is given from ({1.4))

BP.P(0)

P(at) = P.+ (5 —1)P(0)

= F(P(0)).

The function F' defines a map taking the initial condition to the solution at time At. This
function is the same as the map of the iteration . To compute the solution P(2At),
we may either choose a new B = exp(r2At), or simply apply F' again to the new ‘initial
condition’ P(At), i.e.

P(2At) = F(P(At)).

In other words, the map just happens to beE| the time At-solution map of the differ-
ential equation . In fact, for any fixed At, we can think of the solution of a differential
equation as defining a map that takes initial conditions to solutions at time At. In this way,
associated with a differential equation is a whole class of maps, one for each At > 0. The
converse is not true however. There exist maps that are not the solution of any differential
equation. This will become clear later in the course.

What about the numerical method ? Clearly, for each At the numerical method is
just a map. We can say that a numerical method defines a one-parameter class of iterated
maps. There is something special about these maps, however. As we let the parameter At
tend to zero, we will demand that the associated map converge to the solution map of the
differential equation.

In this course we study models in the form of iterated maps, differential equations, and nu-
merical integrators. All three define dynamical systems under appropriate conditions.

2Well, it didn’t “just happen”—it was constructed this way to illustrate a point.



Chapter 2

Definitions and elementary
concepts

2.1 Modelling time dependent processes

We assume that the state of our system at any time ¢ can be fully described by a set of
d variables {y™M(t),y P (t),...,y@D(t)} that vary with time. Generally, the @ (¢) will be
real numbers. When they denote populations or concentrations, they will be nonnegative.
The language of linear algebra is convenient. We denote

y(t) = : , yeDCRY t>0, (2.1)

where D is sometimes referred to as the state space or phase space. In these notes we use
superscripted parentheses to denote the index of a vector element. For the most part we
try to avoid working with individual elements, however.

Example. The state of a chemical reaction may be specified by the concentrations of the reactants.
Let () (¢) be the concentration (say, in grams per centiliter) of reactant 7 at time t. Then the state
is give by , and D = Ri, where R is the set of nonnegative real numbers, since we do not
permit negative concentrations.

Example. The state of the solar system may be modelled by the positions and velocities of all plan-
ets relative to the sun. Later we will explain why both positions and velocities are needed. Let X;(t) =

(@ (), yD(t), 2 ()T be the position vector of the ith planet, and V;(t) = (v (t), v (t), w® (¢))T

12
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be its velocity vector. Then we may take

X1(t)
Vi(t)
y(t) = : :
Xon(t)
Vin(t)

where m = 8 or m = 9 depending on whether one considers Pluto a pIanetﬂ Here, D = R3™.

For discrete time models, the state is only defined at distinct times tg, t1, to, ..., assumed
uniformly spaced with step size At, i.e. t,.1 = t, + At. In this case, we use superscript
notation y, = y(t,) to indicate time. Obviously, the effectiveness of such models depends
on the existence of an appropriate At, which typically needs to be ‘small enough’ but not
‘too small’.

The second ingredient to a dynamical system is a rule describing how the system state
changes in time. In the next three sections we expound on the three ‘rules’ illustrated in
the previous chapter: iterated maps, differential equations, and numerical integrators.

2.2 Iterated maps

The rule describing the change of the system state in discrete time may be given as a set
of d algebraic functions of d variables:

A = O (50,2 419), 2
1’531 = F® (xfll), e 2

a:fi)rl = F@ (a:ﬁll) z? ,mﬁld)) .

5 n oy

Here, each of the functions F® is a scalar valued function of d variables: F : R? — R.

Analogous to 1) we define the discrete state vector z,, = (%(11)’ xg), o ,:E,(fl))T. Similarly

we can define a vector function

F(l)(xn)
F(z,) = : , F:R%* = R,
F(d)(xn)

and write (2.2)—(2.5)) in the compact (vector) notation
Tpi1 = F(x,), n=0,1,2,...

!Pluto was discovered in 1930 and named the ninth planet. In 2005 the International Astronomical
Union officially defined a ’planet’. Pluto fell short of the critera and, sadly, was demoted.



14 CHAPTER 2. DEFINITIONS AND ELEMENTARY CONCEPTS

Given a mapping F(z) : R? — RY, a subset D C R? is said to be invariant under the
mapping F if F(z) € D whenever x € D. We denote this by F': D — D. In this situation,
we define an iteration on D by

Tpr1 = Fxy), n=0,1,2,..., x9€D. (2.6)
A sequence of vectors satisfying ([2.6|) is referred to as an orbit:

{zo, 1,29, ... | Tpi1 = F(z,)}.

An iterated map is also referred to as a discrete map, recursion, recurrence relation, iterated
function, etc.

A recursion may also depend on more than one previous time level. For instance a two-term
recurrence is defined via a rule such as

Tnt1 = G(Tp, Tp_1), G:RYx RY— R

Example. One famous recursion model is the Fibonacci recursion
Tnal = Tp + Tp_1. (2.7)

Fibonacci used the model to describe the population dynamics of rabbits. The number z,, represents
the number of rabbit pairs in month n. The model accounts for maturity of the rabbits, by assuming
that newborn pairs must first mature by one month before they can produce offspring. Subsequently,
all mature pairs produce precisely one pair of offspring. The model also assumes that all rabbit pairs
remain alive. The number of rabbits in month n + 1 is therefore equal to the number of rabbits
in month n, plus the number of new offspring, which is equal to the number of rabbits in month
n— 1.

A general (k + 1)-term recurrence assumes the form
Tpt1 = G(ﬂ?n, Tn—1y--- >xn—k)- (28)

A k-term recurrence can always be written as a one-step iteration by introducing extra
variables. To do so, define the vector

xn
Tpn-1
Yn = .
Tn—k
and the extended map
G(Tp, Tpn-1y- - Tn_t)
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Then the companion form
Ynt1 = F(yn)
is equivalent to (2.8]) plus a number of trivial identities.

Example. We can rewrite the Fibonacci sequence (2.7)) as a one-step model by introducing a
second variable z, = x,_1. Then the sequence can be written

Tn+l = Tn + 2n, Zn+1 = Tp.

() =1 o (%)

The matrix above is the simplest example of a Leslie matrix, to be discussed in Chapter [4]

In matrix-vector form, this becomes

When d = 1 we speak of a scalar iteration. We will treat recursions on the real line in
Chapter [3] and discuss the generalization to higher dimensions in Chapter [4]

2.3 Differential equations

In this section we will learn about models described by differential equations. The motion
or evolution of the model in time is given by a function y(¢). Here, ¢ varies over an interval
t € 10,7, and y(t) defines the state of the model at time ¢. For the Verhulst model (L.2)),
the state is specified by the population size P(t).

Remark. Of note, y(t) is a continuous (in fact, differentiable) function of ¢, which may
not reflect the often discrete nature of the phenomenon being modeled. The number of
individuals in a population is always a whole number, and cannot change continuously.
The continuum approximation is most appropriate for a large population, or when the
quantities involved reflect probabilities or averages.

Unlike models based on recursions, differential equation models do not directly define the
motion y(t), nor even provide a recipe for constructing it. Instead, the motion is implicitly
defined by specifying the relationship between y(¢) and one or more of its derivatives. The
general form of a differential equation is

dy
The differential equation is seen as a problem whose solution yields the motion y(t), where
we mean by a solution a function y(t) that identically satisfies the differential equation and

any additional constraints, such as the initial condition.

Example. The model for exponential growth or decay, familiar from radioactive materials, interest

on loans, and so forth, is
dy

L ay(e), (2.9)
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where a is a given constant. We can immediately verify by direct substitution that a solution to this
differential equation is provided by the function

y(t) = Cexp(at) (2.10)

with arbitrary constant C. Hence the differential equation is an implicit definition of a class of
functions. By specifying the solution at some time, say y(0) = yo, the constant C' becomes fixed,
since

yo = y(0) = Ce™ = C,

and therefore the solution through this point is y(t) = yo exp(at). The initial value problem is to find
the solution y(t), t € [0, T, of a differential equation given y(0) at time ¢t = 0.

Remark. We will often use shorthand notation ¢ or 3’ to represent %.

In the above example, the function f(¢,y) = ay has no explicit dependence on ¢. In such
a case, the differential equation is called autonomous and otherwise non-autonomous. An
example of a non-autonomous differential equation is § = sin(t)y.

Most models require more than one piece of information to define the model state, and
consequently y(t) will be a vector in a d-dimensional subset:

y(t) = ),y @), ...,y )", y):[0,7] - D c R™.

For example, if the model describes the populations of aphids A(t) and ladybugs B(t) in
a rose garden, then y(t) = (A(t), B(t))T is a vector with two components, the number of
each species at time t.

Each of these variables 41 (¢), ..., y@(t) satisfies a differential equation that will typically
depend on the other variables. The general form of this system of differential equations
is

dy™

= FU 6y @),y (1), ...,y @),
dy®

= Oy, 920, ..y (),
@' O @ (d)
=1 £y (), 2 @), ...,y (1)) .

Define the vector of time derivatives

dy dy®  dy® dy@\"
ﬁ_( dt dt 7 dt >

and the vector field

fty) = (FOx% ), fO ), f D> y)T
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Specifying an initial condition yo = (y™(0),%®(0),...,y¥(0))”, we pose the general form
of the initial value problem on D C R%:

dy _

gy = f(t,y), y(0) =1y, te0,7], yeD, f:[0,T] x D — R (2.11)

The special case d = 1 is referred to as a scalar differential equation.

The order of a differential equation is the magnitude of the largest derivative of y present.
For instance, the differential equation

d
—4a— +by = (2.12)

is a second order differential equation since the largest derivative of y is two. We can
always rewrite a higher order differential equation as a first order system by introducing
additional variables. In the above example, for instance, we define v = dy/dt and derive
the system

dy _
dt
dv
dt

U’
= —av — by.

Evidently, defining initial conditions for the first order form corresponds to specifying
initial conditions on y and some of its derivatives in the higher order formulation. In this
example, we would define y(0) = yo and v(0) = §(0) = vp.

2.3.1 Solution by separation of variables

There are a number of general strategies for solving scalar differential equations. For our
purpose the most important strategy is the method of separation of variables, which has
already been used to construct the solution of the Verhulst equation (1.4)).

Suppose that the function f can be written as a quotient f(t,y) = g(t)/h(y), where g(t)
and h(y) have known anti-derivatives G(t) and H(y). Then we may separate the variables
and integrate

H(y) = G(t) + C,
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where C' combines the integration constants and is to be determined from the initial con-
dition. To express the solution y(t) explicitly we also require H(y) to be invertible.

Example. We solve the initial value problem

v =y,  y(0)=wo (2.13)

In this case g(t) = 1, h(y) =y~ 2, G(t) =t and H(y) = —y~!, yielding

1 1
——=t+C t) = .
;= ttC o y(t) = —5—
Using the initial condition y(0) = yo, we determine that C' = —yal, and the general solution is
)=— (214)
y(t) = — . :
Yo bt
Remark. Every autonomous scalar differential equation y’ = f(y) is separable with

g(t) =1 and h(y) = 1/f(y). Explicit solution of the differential equation is then possible if
an invertible antiderivative H(y) exists. The solutions of many scalar differential equations
have been studied and their solutions categorized and approximated in the theory of special
functions.

2.3.2 Existence and uniqueness of solutions

Whether or not a solution can be explicitly constructed, it is often necessary to at least
show that a solution exists and that it is unique. For differential equations, it is well
understood that for a large class of initial value problems unique solutions exist. The
following definition and theorem hold for scalar as well as multidimensional systems of
differential equations:

Definition 1 A vector field f(y) : D — R® is said to be Lipschitz continuous on D if there
exists a constant L > 0 such that

1f () = fWll < Lllz —yll, Vr,yeD. (2.15)

Theorem 2.3.1 Let D C R? be an open set and D its closure. If f(y) is Lipschitz
continuous on D and yy € D, then the initial value problem has a unique solution
y(t) satisfying y(0) = yo. The solution exists on an interval in t containing the origin, and
extending until such time as y(t) reaches the boundary of D.

Remark. If f is continuously differentiable on a closed, bounded set D then it is Lipschitz
continuous on D. If f is Lipschitz continuous, then it is continuous. In the scalar case,
we can choose L = maxp |f'(y)|. (And for d > 1, we can choose L to be the maximum
normalized directional derivative of f on D).
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Example. For yg < 0, the differential equation has Lipschitz constant L = 27 on any
interval D = (—%,%). There is a unique solution through any point in such an interval. If yo < 0
the solution exists for all ¢ > 0. For yy > 0, the solution exists on ¢t € (0,y,"), since y(t) grows
unbounded at t — yal.

For the initial value problem
v =2yy, y(0)=0,

Lipschitz continuity fails on any D containing the origin (since f’(y) is unbounded there), and no
unique solution exists. It can be directly verified that two distinct solutions to this initial value
problem are y(¢) = 0 and y(t) = ¢2.

2.4 Numerical methods

Very few of the differential equations encountered in practice can be solved explicitly. Exact
solutions are known for nonlinear differential equations in few dimensions, or when there is
some mathematical structure that constrains the trajectories to lie at the intersections of
certain surfaces. However, even for differential equations in R?, the trajectories can become
so complex and chaotic, that no explicit solution is imaginable. The complexity increases
with the dimension d. In this case, we may either try to prove qualitative statements
about the solution, e.g. to determine the ultimate fate of all solution trajectories with
initial condition in some open set; or we may employ numerical methods to approximately
solve the differential equation using a computer for some specific initial condition. In this
section we introduce numerical methods for differential equations.

The most fundamental property of the numerical approximation is that it must be com-
putable in a finite number of operations (unless one is willing to wait an eternity for
the solution). The process of replacing the continuous solution by a finite one is called
discretization.

To discretize, we replace the interval D = [to, to+ 1] by a finite number N of discrete times
tn = to+nAt, n =0,1,...,N, where At = T/N is the step size. Similarly, we replace
the continuous solution y(t) on D with the numerical solution y,, =~ y(t,), n =0,1,..., N.
The y,, can be thought of as snapshots of the system state at the discrete times, and the
sequence {yo,Y1,--.,yn} as a movie. Finally, we need a procedure to generate the y,
for n > 0 (yo is the given initial condition). In this section, we will consider methods
that approximate y,41 as a recursion given y,, At, and the explicit form of f(¢,y). A
time-stepping procedure is referred to as a numerical integrator or scheme.

There are several approaches to the construction of integrators. The oldest and simplest
method is Fuler’s method, which we encoutered in . It is based on the rectangle rule
for approximation of an integral. First consider the special case of with f(t,y) = f(t)
(f is independent of y). The rectangle rule is just y,.1 = y, + Atf(t,). Generalizing this
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to y-dependent problems is straightforward, and results in Euler’s method

Ynt1 = Yn + Atf(tm yn) (216)

Euler’s method can be interpreted in several other ways: (1) as the direct extrapolation
of the local slope of y(t) through (t,,y,), (2) as the single term truncation of a Taylor
expansion, or (3) as a finite difference, as we explained in Chapter . These different
interpretations can be used to generalize this method and construct others.

To program Euler’s method, we write a loop and compute the successive iterates as fol-
lows:

Algorithm 2.4.1 (Euler’s Method) Given: initial time ty, initial value yo, stepsize
At, a vector field f(t,y), and a number of time steps N,

Output: y1,ys,...,yn approzimating the solution of % = f(y,t) at equally spaced points
tl = tQ —I—At,tg = to —|-2At, -

forn=0,1,...,N -1
tn+1 = t0—|—nAt,

Yn+1 ‘= Yn + Atf(tm yn);
end O

Figure illustrates the numerical solutions for a range of step sizes At. We can make a
couple of observations. First, we are happy to see that all of the solutions tend to the stable
equilibrium at P = P, = 1. We will come back to this later. However, we may also notice
that there is a quite a difference between the solutions leading up to the stable equilibrium,
despite the fact that all of the numerical trajectories start from the same initial condition.
We discuss this next.

2.4.1 Convergence

A numerical method is an approximation of the exact time-At solution map (cf. Section [1.4])
of a differential equation. As such, there is always an element of error in the numerically
generated solution. If the method is to be useful, we must be able to control this error, at
least on short enough time intervals.

A tool of singular importance in numerical analysis is Taylor series, for which the relevant
form here is

At? At
y(t+ At) = y(t) + At y'(t) + > "(t) + ?y”’(t) 4o (2.17)



2.4. NUMERICAL METHODS 21

for a perturbation At > 0 around ¢. For a scalar function (d = 1), assuming y(t) is p-times
continuously differentiable, Taylor’s theorem says there is a point t* € [t,t + At] such
that

p—1 L
At d'y ANZ T

For a vector function (d > 1), such a statement holds for each component, but in general
the mean value will be attained at a different ¢* for each component. Nonetheless the norm
of the last (remainder) term is bounded on [t,¢ + At], and we have

AtP dPy

=79 < P
1= Gl < oar,

for a positive constant C', and we write

p—1 At diy
y(t+ A1) =>" — (1) + O(A), (2.18)
i=0

where the notation O(At”) means the final terms converge to zero no slower than At

i.e.
. 1 o= At' diy
— N == <
A (Atpz i di (t)> =

1=p

for some contant x > 0 independent of At.

We define the global error after n time steps to be the difference between the discrete
approximation and the exact solution

en = Yn — Y(tn). (2.19)

For an approximation we want the error to be small in norm at each step of simulation,
that is, we would like to satisfy

<
Jpax lenll <6,

for some choosable tolerance §. For a given vector field f, initial value 1y, and time interval
T, we have only one free parameter, the timestep At = T'/N, which we can vary to make
sure the norm of the error meets our tolerance. If the method is going to be useful, we
must be able to vary At to meet any tolerance we choose.

Given a Lipschitz vector field f, a method is said to be convergent if, for every T,

lim max |le,|| = 0.
At=0, n=0,1,...,N
At=T/N

(Note that this definition considers only discrete values of At which are integral fractions of
the time interval. Equivalently we could take the limit as N — oo with At =T/N.)
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We demonstrate convergence for Euler’s method. Consider the initial value problem for
an autonomous differential equation

%If(y), y(t)ye D, f:D— R

and assume that f is Lipschitz with constant L, and all solutions y(¢) have bounded second
derivatives on D, i.e. || dt§|| <C.

For an initial value problem y(0) = yo and t € [0,7], we evaluate the global error (2.19))
after n + 1 steps of Euler’s method, and expanding the exact solution y(¢) using Taylor’s
theorem:

€n+1 = Yn+1 — y(thrl)

=+ At () = o) + A (1) + S-S0
=t A () = [olta) + AtF0) + 5 0]

for some t* € [t,, t,+1]. Applying the triangle inequality and the Lipschitz condition,

2

At? At
lensrll < llgm =yt + At F () = FOED] + %-C = (14 AtLlea]| + 5 -C. (2:20)
To proceed we need the following lemma:
Lemma 2.4.1 Let the sequence of nonnegative numbers x,, satisfy inequality recursion
Tn+1 S aTy + bv Lo Z Oa
where a > 0 and b > 0. Then

a —1
a—1

T, < a"zg+ b.

The proof, by induction, is straightforward.

For the global error (2.20)) the appropriate constants are a = 1 + AtL < exp(AtL) and
b= CAt /2. Assuming the initial condition is exact, ey = 0 and we find

wws(e ) c.

AtL 2
and in particular we find
C
2L

The global error decreases at a rate proportional to At as At — 0. Consequently, Euler’s
method converges as At — 0.

max len|l < At— (™" —1).
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2.4.2 'Trapezoidal rule and other methods

Before concluding this section, we introduce a some additional numerical methods. From
elementary calculus, you may remember that a better approximation than the rectangle
rule is the trapezoidal rule. Again consider the equation % = f(t). The trapezoidal rule
approximation is yYn+1 = Yo + 5L (f(tns1) + f(tn)). Generalizing to the ODE , the

trapezoidal rule is

A
Yn+1 = Yn + 7t (f(tm yn) + f(thrla yn+1)> . (221)

Notice that this method is of a character very different from Euler’s method. It is not
possible to evaluate the last term in the equation without knowing ¥,.1, and it is not
possible to compute y,,.1; without evaluating this term. The trapezoidal rule defines 1
implicitly as function of y,,. In other words, we must solve the typically nonlinear system
of algebraic equations

0=r(y) =y — v + 5 (Flta, ) + S, v) 2.22)

for y to determine y,, 1. Such methods are termed implicit methods, and generally demand
much more work from the computer per time step than an explicit method such as Euler’s
method. Methods for solving systems of algebraic equations are, for example Newton’s
method (which we will encounter in Chapter [4f), or Picard iteration. Obviously an implicit
method must be significantly advantageous in some other sense to justify its increased
computational cost. We will say more about this later. Also, it is uncertain if
will possess any real solutions, and if so, how many. For instance, applying to the
differential equation ([2.13)) yields

At At

_ ﬁ 2 2 2 ar
Ynt1 = Yn + 5 (v, + yn+1) < Yn+t1 5 Ypn+1 = Yn T 5 Yo

This is a quadratic equation in the unknown #,,; and has two solution branches in general.
Which one should we choose? For At = 0, there is the unique solution y,.1 = y,. One of
the two solution branches converges to this solution in the limit At — 0, whereas the other
branch diverges. We should choose the branch that remains bounded in the limit.

Two additional numerical methods that we will study are the implicit Fuler method

Ynt1l = Yn + At f(tn+l> yn+1)7 (223)

which is similar to Euler’s method, but implicit like Trapezoidal Rule; and the “extrapo-
lated midpoint rule”:

At
Yn+1 = Yn + Atf (tn+1/27 Yn + Tf(tna yn)) ) (224)

where ¢, 11/ = t, + At /2. Note that this method is explicit, as is Euler’s method. However
the extrapolated midpoint rule converges more rapidly.



Chapter 3

Models on the real line

3.1 Scalar iterations

In this chapter we focus on scalar models. We introduce the concepts of equilibrium and
stability in this context. To motivate our discussion we first introduce a technique for
visualizing scalar iterations.

3.1.1 Graphical analysis of iterated maps

One means of developing intuition about scalar maps is to construct the associated “cobweb
diagram”. This is illustrated in Figure On the horizontal axis, we plot x,, and on the
vertical axis x,41. The function F(z) is shown in blue. Suppose o = 0.1. We follow the
dotted line upwards to the graph of F(xg), then to the left along the dotted line to the
vertical axis to find z;. To compute the following iterate, we first need to find the image
of x; on the z, axis. To facilitate this, the identity map I(z) = x is also shown in the
figure: the red line. Now we follow the dashed line from x; horizontally to the identity
map, then down along the dotted line to find x; on the horizontal axis. From here we can
repeat the whole process again to find x5, etc. However, we can also take a short cut. From
the figure it is clear that it is unnecessary to follow the dashed lines to the corresponding
axes. Instead, we can iterate by alternately stepping wvertically to the graph of F, and
subsequently horizontally to the identity map. This cobweb diagram is illustrated with the
yellow line.

Example. The logistic map is a scalar iteration related to the Verhulst model ([1.2))
Tyl =12p(l —2p), <<= F(x)=rz(l—2x). (3.1)

We choose D = [0, 1]. The mapping F'(x) is a parabola, centered at = 1/2 and concave downward.
With r > 0, F(x) is nonegative for all z € D, and attains its maximum at z = 1/2 with F'(1/2) = r /4.
Consequently, D is invariant under F for r € [0, 4].

24
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Figure 3.1: Graphical analysis method illustrated for r = 1.8.

Figure|3.2|illustrates cobweb diagrams for the logistic map for different values of the growth
rate parameter r. The corresponding orbits are shown as a sequence {zg, z1, ...} as func-
tion of iteration number n on the right. In all three cases, the orbits appear to converge
upon a fixed value. In the following sections we provide an explanation for this observed
behavior.

3.1.2 Fixed points and stability

The points in a cobweb diagram at the intersection of the graphs of F'(x) and I(z) (the
blue and red lines, respectively) are special. These correspond to iterates x,,1 = F(x,) =
I(x,) = x,. The iterates are identical, and the orbit satisfies

Tp=Tp1=-=21=0q0=0, <= a=F(a)
Such a point « is termed an equilibrium or fized point of the recursion (2.6)).
What are the fixed points of the logistic map ? These are the solutions of
r=F@)=rz(l—2) <= z[r(l—z)—-1]=0.

That is,
ae{0,1—r1}.

Why are equilibria important? Looking at the cobweb diagrams in Figure |3.2] we notice
that in all cases the orbits seem to eventually approach one of the two equilibria. For the
case r = 1, the orbit approaches equilibrium «; = 0, while for the cases r = 1.8 and r = 2.8
the orbit approaches ap = 1 —r~!. For r = 1.8 the iterates z,, tend to ap monotonically,
whereas for r = 2.8 they oscillate about s with decreasing amplitude.
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Figure 3.2: Cobweb diagrams (left) and orbits (right) for the logistic map (3.1)) for r =1
(top), r = 1.8 (middle) and r = 2.8 (bottom).

An equilibrium with the property that nearby iterates remain nearby is called a stable
equilibrium. To be precise,

Definition 2 An equilibrium o = F(«) of the recursion (@ 1s Lyapunov stable if, for

every € > 0 there exists § > 0 such that ||z, — «| < e for alln = 1,2,..., whenever
lzo — af] < 0. An equilibrium that is not stable is unstable.

Can we use the definition to prove that the equilibrium «; = 0 is stable for the logistic map
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(3.1) with » = 17 We have already seen that the interval D = [0, 1] is invariant under the
logistic map for all r € [0,4]. This implies that if zy € D, then z,, > 0, for all n. For r =1,
the map becomes z,,1 = z,(1 — x,) = z, — z2, and since z2 > 0, it follows that
Tpt1 < X, with strict inequality holding if z,, € {0,1}. Hence {x,} is a monotonically
decreasing sequence in D if 0 < zg < 1. Consequently, for every € > 0, we can choose
d = min{e, 1}, and «; is stable.

Next, consider the trivial recursion x,,, = x,. For this iteration, every point is an equilib-
rium. Furthermore, every point is stable with § = €. Yet the iterates do not ‘tend to’ some
other value in the limit of large n, as we observed for the logistic map. We distinguish
between stable equilibria and asymptotically stable equilibria.

Definition 3 An equilibrium o = F(«) of the recursion @ 1s asymptotically stable if
it 1s Lyapunov stable and, in addition, lim, . x, = «.

In Figure we provide two examples to illustrate some aspects of the stability definitions.
The first recursion (upper plots of Fig. is:

12z, 0L
Fe) = { 0 T >

In this case, for any small positive xg, the iterates increase monotonically until z,, > 1/2, at
which point z,.1 = z,.0 = --- = 0. That means that lim,,_,, x,, = 0, for all zy. However,
it is not possible to find a § > 0 for, say, ¢ = 1/4 such that the iterates remain within a
distance ¢ of 0 for all n. The equilibrium is unstable.

The second recursion (lower plots of Fig. [3.3) is

—iz, <0
— 6 7 —_ )
F(z) { —ox, x> 0.

In this case the equilibrium is asymptotically stable, but the iterates make large excursions
away from the equilibrium whenever o > 0. Therefore, 6 must be chosen much smaller
than e to meet the definition of stability.

The following theorem provides a useful criterion for identifying stable equilibria.

Theorem 3.1.1 Let D = [a,b] C R and F' : D — D be continuously differentiable. A
fized point o = F(«) is asymptotically stable if |F' ()| < 1 and unstable if |F'(a)| > 1.

Proof Let z, be represented locally in a neighborhood of a as x,, = o+ 1,,. Inserting this
into the recursion ([2.6) and applying Taylor’s theorem yields

@+ = Fla+mn,) = F(a) + F’(f)%;
for some £ between a and o + 7,,. Since a = F(«) this reduces to

Nn+1 = F/(é)nn-
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Choose p such that |F'(«a)] < p < 1. Then there exist © > 0 and 6~ > 0 with 6 =
min{d*,d~} such that |F'(£)] < p for all | — a| < § (see Figure[3.4). If |z, — | < §, then

Tnt1 — af = |ari| = [F' (] < plnn| = plon — af < |z, — af.
Iterating this argument shows that |z, — a| < p™|zg — o if |zg — a| < 0.
The same reasoning with < replaced by > proves the converse. Il

The proof of the theorem shows why strict inequality is necessary. The case |[F'(a)| =1
must be analyzed individually.

Let us apply Theorem to the logistic map (3.1)). The derivative is
F'(z) =r(1 —2z)

For the equilbrium a; = 0, we find F’(0) = r, so the origin is stable if » < 1. At the
equilibrium as = 1 —r~! we find F'(1 —r~') = 2 — r. This equilibrium is stable if

2-r<l <<= 1<r<3

Hence, we see that indeed s is stable in the cases r = 1.8 and r = 2.8 as shown in
Figure . Note also that for 1 < r < 2, the slope F’(aw) is positive and the convergence
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Figure 3.4: Hlustration of the proof of Theorem [3.1.1]

monotone, whereas for 2 < r < 3, the slope F’(as) is negative and the convergence
oscillatory.

What about the cases r = 1 and r = 37 For these values |F'(az)| = 1 and Theorem [3.1.1]
does not apply. We have already seen that the origin is stable for » = 1. The case r = 3
is left to the reader to prove.

3.1.3 Periodic solutions and bifurcations

What is the desitny of the orbits of the logistic map in case r > 37 We have seen
that for all 0 < r <4, the function F' maps D into itself, so the orbit {x,} remains in the
set D for all n. Yet F' possesses no stable equilibrium. Figure [3.5]illustrates the orbit for
r = 3.2. After a short transient period, the orbit appears to alternate between two values.
Such an orbit is called a period-2 orbit.

A period-2 orbit consists of a pair of points 5; € D and (35 € D satisfying

F(ﬁl) = [, F(ﬁ2) =p, B 7é Ba.

Note that in this case, 5, and f are both fixed points of the composite map F' o F'(z) =
F(F(z)), but not of F(x) itself.

For the logistic map (3.1]), the composite map is
FoF(x)=rF(z)(1 - F(x)) =r*z(1 — 2)(1 — ra(1 — 2)).

This function is shown in the leftmost plot Figure[3.6] We see that F'o F has four equilibria.
The origin and the equilibrium near x = 0.7 are unstable, since the slope of F'o F' is clearly
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greater than that of I(z) there. The remaining two are stable and correspond to the
observed 2-periodic orbit. In the middle plot of Figure we see the logistic map F(z)
superimposed over the plot of F'o F'. The unstable equilibrium of F o F' is the equilibrium
as = 1 —r~! of F(x) which became unstable when we increased r above r > 3. In the
rightmost plot of Figure [3.6| we show the superimposed functions F' and F'o F' for r = 2.8.
The 2-periodic orbit arises when the slope of F' increases above unity.
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As r is increased further to r = 3.5, the slope of F'o F' at ; and [, again exceeds unity
and the 2-periodic orbit becomes unstable. At this point a 4-periodic orbit appears, as
shown in Figure

The function F*(z) = Fo F o F o F(x) possesses 8 equilibria: the unstable fixed points ay
and ay of F', the unstable 2-periodic orbit 5; and (5, and the new 4-periodic orbit:

F(v) =7, F()=v, Fls)=m% F(u)=mn.

All eight equilibria of F* can be seen in the left plot of Figure In the right plot, the
functions F' and F' o F' are superimposed, illustrating the shared equilibria.
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Continuing to increase r in this way we find the 4-periodic orbit giving rise to an 8-periodic
orbit, etc. An important theorem is that of Sharkovskii. Consider an ordering of the natural
numbers as follows

3, 5, 7, 9,

2.3, 2.5 2.7, 2.9,

92.3 22.5 22.7 22.9
23 92 ol

where the first row is the odd numbers, the second row is two times the odd numbers,
the third row is 22 times the odd numbers, etc., and the last row is all powers of 2 in
decreasing magnitude. Then Sharkovskii’s theorem states that any recursion that has a p-
periodic orbit, also has a ¢g-periodic orbit for every ¢ that appears later in this ordering than
p. In particular, a recursion that possesses a 3-periodic orbit, possesses a g-periodic orbit
for every natural number ¢g. Our examples above illustrate the last row of the ordering,
i.e. the powers of 2. In the case r = 3.5 we saw that accompanying the 4-periodic orbit
were unstable 2-periodic and 1-periodic orbits.
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Figure 3.9: Bifurcation diagram for the Logistic map (3.1). Left: the entire parameter
range r € [0,4]. Right: enlargement of the range r € [3.5,4].

3.1.4 Chaotic maps

A map F : D — D is said to be chaotic or exhibit chaos if
1. For every z( there exist small perturbations that lead to large deviations of the orbits.

2. Every neighborhood of every x € D there exists an xy such that the orbit {z,} is
periodic.

3. There exists an orbit {z,,} whose iterates come arbitrarily close to every x € D.

To demonstrate this definition, let us examine the map
Tni1 = 10z, mod 1.

Given the decimal representation of a real number on D = [0, 1], the map just shifts the
decimal one place to the right and removes the whole number part. For instance, given a
decimal representation

xo = 0.27578397684409087

x1 = 0.75783976844090873
x9 = 0.57839768440908731
x3 = 0.78397684409087314

We check that this map satisfies all of the above criteria and is therefore a chaotic map.
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First consider the sequence that arises by perturbing xy in the 13th digit:

xo = 0.27578397684409087
To = 0.27578397684423296
x1 = 0.75783976844090873
21 = 0.75783976844232963
ry = 0.57839768440908731
To = 0.57839768442329638

x12 = 0.09087314399975
Z12 = 0.23296388576409

We see that a perturbation of 107! leads to a deviation in the first digit after only 12
iterations. To illustrate criterion 2, we can construct a periodic orbit arbitrarily close to
any initial condition by introducing a repeating decimal. For the initial condition xq above,
for instance, a periodic orbit that differs from zy only in the 11th digit is:

Zo = 0.2757839768 2757839768 2757839768 . ..

To illustrate criterion 3, we construct an orbit that passes arbitrarily close to every point
in the unit interval D = [0, 1]. To do so, we introduce an ordering on all rational numbers
in D having a finite decimal representation as follows:

0.0 0.1 02 ... 09
0.00 0.01 0.01 ... 0.99
0.000 0.001 0.002 ... 0.999

Subsequently we construct an initial condition by concatenating the digits following the
decimal to obtain

xo = 0.012345678900010203 - - - 9899000001002 - - - 998999 - - -

The iterates of our map eventually approximate any real number to arbitrarily many digits.
Consequently, the map satisfies all three conditions and is chaotic.

The logistic map is also chaotic for certain values of 7.

3.2 Equilibria and stability for differential equations

Analogous to fixed points of maps, the simplest solutions of differential equations are
equilibria. The study of equilibria and the behavior of solutions near equilibria are of
fundamental importance to our understanding of model dynamics.
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Definition 4 A point y* € D satisfying f(y*) = 0 is an equilibrium of the autonomous
differential equation y' = f(y). In particular, the initial value problem with y(0) = y* has
solution y(t) = y*.

Example. The differential equation ([2.13)) has a unique equilibrium at the origin. The Verhulst
model ([1.2)) has two equilibria according to the two solutions of

f(P)=rP(1-P/P)=0 =  P'=0o0rP" =PF.

These correspond to the biological states of extinction and full saturation of the environment, respec-
tively.

Just as with maps, we shall be particularly interested in determining cases in which solu-
tions that start in the neighborhood of an equilibrium stay there, and in which solutions
that start in a neighborhood of an equilibrium leave that neighborhood.

Definition 5 The equilibrium y* is Lyapunov stable equilibrium if for every e > 0 there
exists a 0 > 0 such that

lly(t) —y*|| <e, vt >0, whenever |y(0)—y*|| <.

Otherwise, y* is an unstable equilibrium. The equilibrium y* is asymptotically stable if, in
addition, there ezists a §* > 0 such that limy_, ||y(t) —y*|| = 0 whenever ||y(0) —y*|| < o*.

Example. For the linear differential equation (2.9)), the origin is stable if a < 0, since we can
choose § = ¢. If @ > 0, the origin is unstable:

(3.2)

tabl 0
J = ay, =0 {sa e, a <

unstable, a > 0.

For the Verhulst model (1.2)) with » > 0, we have P’(t) < 0 for P < 0 or P > P. and P'(t) > 0 for
0 < P < P.. Consequently, the equilibrium at P = 0 is unstable and the equilibrium at P = P, is
stable.

Let us write the solution in the neighborhood of an equilibrium as y(t) = y* + n(t),
where 7(t) represents the perturbation from equilibrium. Substituting this solution into the
differential equation and expanding f in a Taylor series around y* yields

d * * * * 1 *
Z "+ n(0) = [ +n(0) = F) + [ + 57 mE)? + -
We assume that 7 is small and disregard terms of order 7? and higher[] Then, since
%y* = f(y*) = 0, the above expression leads to the linear differential equation governing

the perturbation
dn _ s
o =L Wn.
In the stable case 7(t) — 0 and this approximation is justified. In the unstable case, the linearization
fails.
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Since f’(y*) is constant, this differential equation is of the form (2.9), and the stability
of the origin is determined by (3.2). If f'(y*) < 0, then the perturbation 7(t) will decay
to zero, and y* is stable. If f’(y*) > 0, then the perturbation 7(¢) will grow, and the
assumption that 7 is small will no longer hold. If f’(y*) = 0, then we can say nothing
about the stability based on these considerations. The reasoning is summarized in the
following.

Theorem 3.2.1 An equilibrium y* of a scalar differential equation y' = f(y) is asymptot-
ically stable if f'(y*) < 0 and unstable if f'(y*) > 0.

A similar statement holds for systems of differential equations. However, we must deter-
mine how to properly generalize the idea of the “sign of the derivative” to higher dimen-
sions. More on this in Chapter [4]

The essence of our definition of stability above is that an equilibrium is stable when so-
lutions emanating from a neighborhood of the equilibrium remain in a neighborhood of
the equilibrium, and that this statement continues to hold as the neighborhoods are taken
smaller and smaller.

For the problem (22.9)), the solution is y(t) = yoexp(at). If a < 0, then

ly(t)| = e*y(0)] < |y(0)],

and more generally
@] < ly(s)l, vt >s.

Consequently, the interval [—d,0] is invariant for any 6 > 0. Conversely, if @ > 0, then
ly(t)| = exp(at)|y(0)] > |y(0)], |y(t)] > |y(s)| for all ¢ > s. No finite interval is invari-
ant.

3.3 Equilibria and stability for Euler’s method

In this section we give a first impression of the stability of Euler’s method. This subject will
be treated in more generality in Chapter [4, and there we will also discuss other numerical
methods.

Suppose that f(y,) = 0. Then Euler’s method gives

Ynt+1 = Yn + Atf(yn) = Yn,

i.e., such a y, is a fixed point of Euler’s method. Conversely, suppose y* is a fixed point of
Euler’s method. Then,

Y=y +ALf(Y) = fly") =0,
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that is, y* is an equilibrium of the vector field f. In conclusion, y* is a fixed point of Euler’s
equation if and only if y* is an equilibrium of the differential equation being solved.

Applying Theorem [3.1.1] we see find that y* is asymptotically stable if
1+ Atf'(y")| < 1 = —2 < Atf'(y*) < 0.

The equilibrium y* is asymptotically stable for the differential equation under Theorem
if f'(y*) < 0. Under this condition, y* is an asymptotically stable equilibrium of
Euler’s method if the stepsize satisfies the condition

2
0 <At < :
—f'(y")
Be careful! This condition is only applicable for scalar, differential equations. The general
case will be handled in Chapter 4] Nevertheless, an important observation is that in the
case of Euler’s method, stability depends on both the stability of the underlying differential
equation and the step size At.



Chapter 4

Models in higher dimensions

4.1 Time series and phase space

A solution to an autonomous system of differential equations in d dimensions

d

— =y, yt)eDCR (4.1)
is a vector-valued function of time y(¢). For each time ¢, we can think of the components of
y, ie. yM(t), y 2 (), ..., y¥(t) as the coordinates of a point in d-dimensional space:

(), y? ),y (1) e R

As the solution evolves in time, the point moves in D C R?, tracing out a curve. Such a
solution curve is referred to as a trajectory or orbit. Due to the existence and uniqueness
theorem, there is precisely one trajectory passing through each point in D, and the curves
may not cross each other, as the intersection of two distinct trajectories at a point would
imply an initial condition with two solutions. In this context we refer to R? as the phase
space. For the specific case d = 2, we refer to R? as the phase plane. We can get a good
idea of how solutions to behave by plotting several solutions in the phase plane. Such
a plot is called a phase portrait. A function f(y) : R? — R? assigns to each point y in the
phase plane a vector f(y) € RY, a vector field.

Example. A pendulum of length ¢ makes an angle 6(¢) with the downward vertical. The gravita-
tional acceleration is g. The equation for pendulum motion is a second order differential equation

d26 g .
R sin 6.
With the angular velocity v = % the system is written in first order form
dg dv g

= —=siné.

[
Some solutions (with g/¢ = 1) as functions of time ¢ and in the phase plane are plotted in Figure

411
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Figure 4.1: Solutions of the pendulum: (top left) time series solution showing 6(¢) and
v(t) as functions of ¢; (top right) the vector field f(6,v) = (v, —sin#)T; (bottom left) some
phase trajectories (6,v); (bottom right) phase portrait. Initial conditions are identified

with a circle.
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4.2 Linear recursions in R-.

To understand recursions in R? for d > 1, it is instructive to first study linear recursions.
However, linear recursions are also important in their own right: we will meet an important
class of linear recursions in the form of Markov chains in Chapter [6]

4.2.1 Eigenvector decomposition

A general linear recursion in RY, d > 1 takes the form
Tn4+1 = Axn;

where A is a d x d matrix. The solution of this recursion can easily be determined by
induction. It is
x, = Axg.

We suppose that A has d independent eigenvectors v; € C¢, i = 1,...,d, each with
corresponding eigenvalue \; € C, satisfying

AUZ‘ = )\ﬂ]i, 1= 1,...,d. (42)

(Recall that the eigenvalues and eigenvectors of a generic matrix A are complex even when
A is a real matrix.) Since the v; can be chosen independently, every vector in R% and in
particular xy can be written as a linear combination of the v;:

To = Y1V1 + Y2v2 + -+ + VaVa, v € C.
Note that A™v; = Al'v;. Consequently, the solution to the recursion is

Ty = Ao = N ATV + Y2 502 + -+ Ve vg

We say that \; is a dominant eigenvalue if |\;| < |A], for all j > 1. Suppose A has
dominant eigenvalue ;. Then we can rewrite the solution above as

V2 Ay Yd Ad
Tp =71\ (v + =02+ +——nv)
1A | U1 71)\12 Y

Since \; is dominant, we find[|

A" A\"
lim -~ = lim (—J> =0.

n—o00 )\711 n—oo \ Ay

"Write A\; = rje®i. Then i—i = :—’l'ei(ei_el), where r; < 71 and |e?%=%)| = 1. Consequently, the
quotient has modulus less than unity and limnﬁoo(%)" =0.
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Consequently,
Ty A N1ATUL

for large n. Specifically, the vector z,, converges to the direction of the dominant eigenvector
v1. Furthermore, if |A;| < 1, then lim,_,o |A1|" = 0, and the origin is a stable equilibrium.
If Ay = 1, then the vector yjv; is a stable equilibrium (i.e. z,, — 0). If [A\;| > 1, then
the magnitude of z, grows unbounded, but in the biological context we may speak of a
stable population distribution since the ratio of individuals in any two population groups
is constant, equal to the ratio of the corresponding elements of the eigenvector.

Note that in the biological context (at least) the model is only sensible if the iterates x,,
are nonnegative vectors (that is, each element of the vector z,, must be nonnegative). In
particular this means that 3 A\Tv; must be nonnegative, Since y;v; is a constant vector, it
follows that A\ must be real and positive, and that it must be possible to choose v;v; to
be nonnegative as well.

4.3 Linear differential equations in R

Let us consider a linear initial vaue problem in R%, d > 1

dy

i Ay, y(0) = o, (4.3)

where A is again a d x d real matrix. We again suppose that A possesses d independent
eigenvectors v; € C4, i = 1,...,d, each with associated eigenvalue \; € C satisfying (4.2).
Since the v; form a basis, we can expand any vector y(t) as

y(t) =n@or + - +7a(t)va (4.4)

uniquely in terms of the coefficients 7;(t), 7 = 1,...,d. Substituting (4.4) into both sides

of (4.3) we find

d d

dt dt
= 71(75))\1111 + -4 ”)/d(t))\d’l)d,

Gathering terms yields

d d
T P

The vectors are independent so all of the coefficients must equal zero, and consequently,

d;
dt
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In particular, from the relation (4.4)) we can discern the quantities v;(0), j = 1,...,d, from
yo. The solutions of (4.5]) are

Yi(t) = ety (0), i=1,...,d.
Consequently the solution of the differential equation is

y(t) = 1 (0)eM vy + - - - + 74(0)e vy

Clearly the origin is an equilibrium. Since A is invertible, it is also the unique equilibrium.
Suppose, without loss of generality, that the eigenvalues are ordered such that Re A\; >
ReXdy > Re)ds > .-+ > Re ;. We rewrite the above relation as

y(t) = (0)6)‘175 (,Ul + fﬁe(/\z—kl)t,UQ I Ee(Ad_Al)tUd) .
mn g

Clearl
A lim e Mt =0, j>1.

t—o00

Consequently,
y(t) = 11 (0)eM oy, > 0.

That is, the vector y(t) tends toward the direction of v; for large t. Furthermore, if
Re\; < 0, then lim; ,, y(t) = 0, and the origin is stable. If Re A\; = 0, then the norm of
y(t) is constant, and the origin is Lyapunov stable but not asymptotically so. Finally, if
Re A1 > 0, then y(¢) grows in magnitude without bound, and the origin is unstable.

4.4 Nonlinear recursions in R¢?

In this section we extend the stability results for linear recursions to nonlinear recursions,
and provide an important application.

4.4.1 Multivariate Taylor series and the Jacobian matrix

For the material that follows, we need the multivariate form of Taylor series. For simplicity,
we consider first a scalar function f(z,y) : R*> — R of two variables and a perturbation
(&,7n). Expanding first with respect to z yields

f( +&y+ ) f( + )—l—af( + )f‘i— 182f( + )§2+
x ) = f(x, —(z, ——=(x, e
yrn yTn O yTn ol 92 yrTn
2To see that limit holds for negative real part, let z = —x + iy where 2 and y are positive real numbers.

Then e = limy;_, o, e **e?¥! = e~ *!(cosyt + isinyt) and consequently lim;_,, e** = 0.
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Next each term on the right is expanded with respect to y:

flxy+n) = f(z, )+g—“§(x y)n+ 21,22];( Y
Wioyrme=Yames 2§y<x,y>£n+-~ ,
P wrme =Ty
Combining these and suppressing the coordinates (z,y) gives
flx+&y+m) =f+—f£+af + 21,22€52+%577+%%02+m

With a lot of patience, one can work out the general form of Taylor series for a vector
function f(y) : R — R%

fly+n)=fly)+Df(y)n+-- (4.6)

Here, the Jacobian matriz D f(y) associated with a vector function of a vector variable
f(y) : R — RY, is the matrix of partial derivatives:

-af(l) af(l) 8f(1>-
oy gy 9yld)
af®  5f®@ af2
oy oy 0 Hy@
Df(y)= ™" %7 %7 . (4.7)
afd gy af(d
Loy oy 0 fy(d) |

The Jacobian is the appropriate generalization of the derivative f’(y) required for stability
of nonlinear maps and differential equations.

Example. The Lorenz attractor is conceptual model of fluid convection. It is commonly used to
as a differential equation exhibiting chaos. The Lorenz model is

d

S o2, (48)
dy

Y —alp-2) -y, (49)
dz

pri Bz, (4.10)

where o, p and 3 are positive constants. (E.N. Lorenz studied the case p = 28, 0 = 10, and 5 = 8/3
for which all trajectories approach a so-called “strange attractor”). The Jacobian matrix for the Lorenz
model is obtained by taking partial derivatives of the right hand sides of the above equations:

—oc o 0
Df(x,y,z) = |:p -z -1 w] . (4.11)
y oz =B

We will make use of this matrix shortly.
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4.4.2 Fixed points and stability

Just as in the scalar case, an equilibrium or fixed point of a recursion in R? is a point
a € D satistying
a=F(a).

To establish the stability of a fixed point, we again introduce a local representation
Tp = O+ Ny,
substitute this into the recursion and expand in Taylor series
a+ npr = Fla+m) = Fla) + DF(a)m + .. .,

where DF(z) denotes the Jacobian matrix (4.7]) of partial derivatives of F(z). Ignoring
terms of quadratic and higher order in 7, this reduces to

N1 = DF(a)n,.

Again the eigenvalues of DF can be used to establish stability.

Theorem 4.4.1 Let F(x) be continuously differentiable at a fized point o = F(a). Let
N, j=1,...,d, be the eigenvalues of the Jacobian DF («) of F(x) at . Then

o « is asymptotically stable if |\;| <1 for all j,
o « is unstable if |\;| > 1 for some j.

The theorem says nothing about the case |\;| <1, j =1,---,d, with |\;] = 1 for some
1 <k <d. Other analysis must be used to determine stability in these cases.

4.4.3 An application: Newton’s method

An important example of a nonlinear recursion is Newton’s method (or the Newton-
Raphson method) for finding a zero (root) of a nonlinear system of equations. Suppose that
we wish to find a zero of G(x) : R? — R%, where G is continuously differentiable. Further
suppose that after n iterations of Newton’s method we have an estimate z, = x* — 9,, of
a root G(z*) = 0 of G. We do not know d,, explicitly, or we would know z*. However we
can approximate it using Taylor series,

where the ellipses denote terms of quadratic and higher order in ¢,,. If we assume that 9, is
small and that the tensor of second derivatives is bounded in the neighborhood of x*, then
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neglecting these terms is an acceptable approximation, and we can define a new iterate to
be x,11 ~ x, + d,, Or

Tpi1 = T, — (DG (2,)) G (20). (4.12)

Newton’s method is a very powerful means of finding a root, because it can be shown
that the error e, = ||z* — x,|| converges quadratically in the limit of large n: e, = €2.
On the other hand, the rapid convergence must be weighed against the computational
cost of solving a system of linear algebraic equations with the Jacobian matrix in each

iteration.

4.5 Nonlinear differential equations in R?

Let y* be an equilibrium of the autonomous differential equation ¢y’ = f(y), i.e. f(y*) =0.
Let n(t) denote a perturbation solution and y(t) = y* +n(t). Inserting this solution in the
differential equation and expanding in Taylor series (4.6) yields

o = W ) =y +a) = fy7) + DY)+
Ignoring the higher order terms, and noting %y* = f(y*) = 0, the equation for the pertur-

bation reduces to
dn

at =Df(y")n

Since the Jacobian D f(y*) is a constant matrix, we are back in the setting of Section
The following general linear stability theorem can be proved:

Theorem 4.5.1 Let f(y) be continuously differentiable at an equilibirum f(y*) = 0 of the
autonomous differential equation y' = f(y). Let \;, j =1,...,d, be the eigenvalues of the
Jacobian Df(y*) of f(y) at y*. Then

e y* is asymptotically stable if Re \; <0 for all j,

o y* is unstable if Re \; > 0 for some j.

In particular the theorem tells us nothing about the case of imaginary eigenvalues.
Example. The Lorenz model (4.8)-(4.10)) has three equilibria:

r=y=2=0, r=y=2\PB(p—1), z=p—1.
For instance, at the equilibrium (0,0,0), the Jacobian becomes

-0 0o 0
Df(0,0,0)=|p -1 0 [.
0 0o -

This matrix has all negative eigenvalues if p < 2. Otherwise it has at least one eigenvalue with positive
real part, for which case the origin is an unstable equilibrium.
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4.5.1 Summary of stability criteria for maps and differential equa-
tions

It is prudent to pause for a moment and compare the stability criteria for equilibria of
iterated maps and differential equations.

Given a fixed point x* of an iterated map, to analyze its stability we compute the Jacobian
matrix DF(z*) and determine its eigenvalues A\;, i = 1,...,d. From Theorem the
fixed point is stable if these all have modulus less than unity:

‘)\i’<1, Z:L,d

In contrast, if y* is an equilibrium of a differential equation, to analyze its stability we
again compute the Jacobian matrix D f(y*) and determine its eigenvalues p;, i = 1,...,d.
From Theorem the equilibrium is stable if all eigenvalues lie strictly in the left half
of the complex plane:

Rep; < 0.

The binding factor is the exponential function which maps the left half-plane into the unit
circle, i.e. |exp(z)| < 1 if Rez < 0. Essentially this is because the exponential function
provides the time-¢ solution map of a linear differential equation (recall Section[l.4), and our
analysis is based on linearization. That is, given the linear differential equation % = uy,
the time-At solution is y(t + At) = exp(Atu)y(t). Viewing the solution as an iterated
map, its “eigenvalue” is precisely A = exp(Atu). Hence, if p is in the left half-plane,

Al < 1.

This is often a source of some confusion among students new to the subject.

4.6 Application to numerical integrators

4.6.1 Fixed points of numerical methods

In the previous section we have devoted a lot of attention to the equilibria of differential
equations and maps. Considering the significance of equilibria, we would like them to be
preserved by the numerical method. Given an autonomous differential equation, denote
by F the set of equilibria

F={yeR': f(y) = 0}.

For a numerical method with map Wa,(y), the fixed points may depend on At as well as
f. We denote the set of fixed points of Wa,(y) by Fay:

Far={y € R": Up(y) =y}
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An important practical question is whether the sets F and Fa; coincide.

Consider Euler’s method ([2.16):

Uae(y) =y + Atf(y).

Suppose y € F. Then f(y) = 0 and therefore Wa,(y) = y. Thus, F© C Fa,. Suppose,
conversely, that y € Fay. Then, Yoy =y =y + Atf(y), so Atf(y) = 0. It follows that
for At > 0, Fa; € F and therefore, for Euler’s method, Fa; = F.

As a second example, consider the “implicit midpoint rule”

Yn+1 — Yn _ f Yn+1 + Yn
At 2 ’

First, suppose y,, and y,+1 are such that (y,4+1 + y,)/2 is an equilibrium. The right hand
side evaluates to zero and therefore (for positive At) y,11 = yn, i.e. y, is a fixed point of
the method. Thus, F C Fa;. Conversely, if y, is a fixed point of the implicit map Wa,,
then y,11 = y, and the left side evaluates to zero. We are left with f(y,41) = f(y.) = 0,
so again Fa; € F and the sets are equivalent.

Next, consider take the “extrapolated” Euler method:

Yni1 = Yn + ALf (Y + ALf(yn)) -

It is clear that if f(y,) = 0, then y,.1 = y,, so F C Fa; here. The converse is not
necessarily true, however, as we illustrate next. We apply this method to the Verhulst

model (1.2)) with r = 1:
y =yl -y)

to obtain the map

Uai(y) =y + Aty + Aty(1 —y)] [1 —y — Aty(1 —y)].

For y € Fa; we have

[y + Aty(1 —y)] [1 —y — Aty(1 —y)] =0,

so one of the terms in square brackets must equal zero. In the first case, we have

1
y(1+At(l—-y)=0 = {yzOoryzl—l—E},

In the second case,

1
l—y—Aty(l—y)=0 = {y=1lory=—}
At
Hence, Fa; = {0,1,1 + At™', At™'}. The fixed points 1 + At~' and At™!, which are not
equilibrium points, are termed extraneous fized points. Note that the extraneous fixed
points grow unbounded as the time step is refined.
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While the set of fixed points of a numerical method Fa; = {y € R?: y = Wa,(y)} is not
generally the same as the set of fixed points F = {y € R%: f(y) = 0} of the flow map, for

many classes of methods, the fixed points of the numerical method are a superset of those
of the flow map: Fa; 2 F.

Thus Fa; includes all the fixed points of F but it may have some extraneous ones. Notice
that the existence of extraneous fixed points depends not only on the method but on the
differential equation we are solving.

You might think that a method which admits extraneous fixed points would be of limited
interest, since it is then quite possible that a numerical trajectory converges to a point
that is nowhere near the stable equilibria of the original dynamical system. Nonetheless,
such methods are used frequently in dynamical systems studies.

The reason that we can use methods like this is that in general (as in the example above),
as At — 0, all the extraneous fixed points tend to infinity. This gives us a simple way
to test for extraneous fixed points: we simply vary the timestep and solve the problem
repeatedly. The fixed points which stay put regardless of stepsize are genuine.

4.6.2 Linear stability of numerical methods

For a linear system of ODEs
dy
dt
where A is a d x d matrix with d linearly independent eigenvectors, we have seen that the
general solution can be written in the compact form

Z 7i(0)eN vy,

where Ai, A9, ..., g are the eigenvalues, vy, vs,...,v4 are the corresponding eigenvectors,
and 71(0),72(0),...,74(0) are coefficients. We have seen that, if all the eigenvalues have
negative real part, then the origin is asymptotically stable.

= Ay,

A related statement can be shown to hold for many of the numerical methods in common
use. For example, consider Euler’s method applied to the linear problem b — Ay:

Yni1 = Yn + AtAy, = (I + AtA)y,.

If we let y,, be expanded in the eigenbasis (say vy, vs, . ..,v4), Wwe may write
Yn = ag)vl + 04512)1)2 +...+ agld)vd.

If we now apply Euler’s method, we find

o1 = (I +AtA) (a1 + ooy + ...+ alvg),
= a/(I + At + o (1 + AtA)vy + ...+ o (I + AtA)g
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Now, since v; is an eigenvector of A, we have
and this implies

Ynil = Z a,’ (1 4+ At\)v

We may also write
d
_ @
yn+1 - an+1vza
i=1

and, comparing these last two equations and using the uniqueness of the basis representa-
tion, we must have
all = (1+At)a?, i=1,2,....d

It follows from this that the origin is a stable point if |1 4+ AtX\;| < 1,7 =1,2,...,d, and
is asymptotically stable if |1 + At\;| < 1,7 =1,2,...,d. The condition for stability can
be stated equivalently as requiring that for every eigenvalue A of A, At\ must lie inside a
disk of radius 1 centered at z = —1 in the complex plane. This region is sketched below.
We call it the region of absolute stability of Euler’s method.

Thus, given the set of eigenvalues of A, this condition implies a restriction on the maximum
stepsize At that can be used if the origin is to remain stable for the numerical map. This
is illustrated in Figure [4.2]

4.6.3 Stability functions

To develop a general theory, let us consider first the scalar complex case. When applied to
y = Ay, A € C, Euler’s method has the form

Yn+1 = R(At)‘>ym

where R(u) =1+ p.

More generally, a very large class of one-step methods, when applied to the scalar complex
equation
Yy = My, AeC

take the form
Yn+1 = R<At)‘)ym

where R(p) is a rational function of u, i.e. the ratio of two polynomials

R(p) = P(p)/Q(),
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Euler stability region

-6 -5 -4 -3 -2 -1 0

Figure 4.2: The spectrum of A is scaled by At. Stability of the origin is recovered if At
is in the region of absolute stability |1 4+ z| < 1 in the complex plane.

where P and () are two polynomials. R is called the stability function of the one-step
method.

For example, consider the trapezoidal rule (2.21)):

At
Yni1 = Yn + E(Ayn + MNnt1).

Solving for y, 41 gives

1— £\

Yn+1 = — 2 Yns

1+ £
from which follows that R(u) = i—zg
Theorem 4.6.1 Given the differential equation y' = Ay, where the d x d matriz A has d
independent eigenvectors and the eigenvalues Ay, Ao, ..., Ag, consider applying a one step
method. The method has a stable (asymptotically stable) fized point at the origin when

applied to
dy
—=A
dt Y,
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if and only if the same method has a stable (asymptotically stable) equilibrium at the origin
when applied to each of the scalar differential equations

d
d_i =Nz, foralli.

Since we know that a one-step method applied to % = Az can be written
Zni1 = R(AtN)z,
we have the following corollary:

Corollary 4.6.1 Consider a linear differential equation % = Ay with diagonalizable ma-

triz A. Let a one-step method be given with stability function R. The origin is stable for
the numerical method applied to % = Ay (at stepsize At) if and only if

[R(p)| <1

for all p = AtX, X an eigenvalue of A.

4.6.4 Stability regions

Evidently the key issue for understanding the long-term dynamics of one-step methods
near fixed points concerns the region where R(pu) = |R(p)| < 1. This is what we call the
stability region of the numerical method. Let us examine a few stability functions and
regions:

Euler’s Method:
R(p) =1+ pl
The stability region is the set of points such that R(,u) < 1. The condition

1+pl <1

means f lies inside of a disc of radius 1, centred at the point —1.

Trapezoidal rule: the stability region is the region where:

A

R() = '

14+ p/2 -1
1—p/2] —

This occurs when
11+ /2] <1 —p/2f,

or, when 1/2 is closer to —1 than to 1, which is just the entire left complex half-plane.
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Another popular method is the implicit Fuler method,
Yntl = Yn T h)\ynJrl

R(p) = |1 —pl ™"
which means the stability region is the exterior of the disk of radius 1 centered at 1 in the
complex plane. These are some simple examples. All three of these are graphed in Figure

4.3l
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Figure 4.3: Stability Regions: (a) Euler’s method, (b) trapezoidal rule, (c¢) implicit Euler

What do these diagrams tell us? Consider first a scalar differential equation ‘fi—f = Az, with
possibly complex A\. We know that for the differential equation, the origin is stable for A
lying in the left half plane. For a numerical method, the origin is stable if At A lies in the
stability region. This is not usually going to happen independent of At, even if A lies in
the left half plane. For the methods seen above, this is true of trapezoidal rule and implicit
Euler. For Euler’s method the origin is only stable for the numerical method provided At
is suitably restricted. Note that, in the case of Euler’s method, if A lies strictly in the left
half plane, there exists At a sufficiently small to have I%(At)\) < 1, since the rescaling of A
by a smaller value of At moves the point At\ towards the origin.

On the other hand, observe that this will be impossible to achieve if A lies on the imaginary
axis. Thus Euler’s method is a very poor choice for integrating a problem like dz/dt = iwz,
where w is real.

A very valuable feature if we are interested in preserving the asymptotic stability of the
origin under discretization is if the stability region includes the entire left half plane. In this
case we say that the method is unconditionally stable. An unconditionally stable numerical
method has the property that the origin is stable regardless of the stepsize.
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Linear dynamics in the plane

5.1 Linear differential equations on R”

In this section we provide a rather complete analysis of the solutions of the system of
differential equations

dy™)

= any® + apay® (5.1)
duy(®
gjlt = a21y(1) + a22y(2). (52)
In matrix form, we write this system as
dy y(l) air a2
- _ A = A= . 5.3
di Y, ) (y(z) ) Gy Qoo (5.3)

The analysis of the solutions of such systems is greatly simplified once we have found the
eigenvalues and eigenvectors of the matrix A. Recall that an eigenvector v and correspond-

ing eigenvalue \ satisfy
Av = .

The existence of such an eigenpair (A, v) requires (A — Al)v = 0. This in turn requires

that the matrix A — Al be singular, with v in its null space. Hence, such A necessarily
satisfy

a21 age — A

0= det(A - /\]) = det |:Cl11 —A 412 :| = /\2 - (CLH + Glg)/\ + (anagg - (112(121).

The terms in parentheses are the traceE] s =tr A = a;; + a;2 and determinant d = det A =
a11Q29 — a12a27 of A. The characteristic polynomial is

N 4d=0, a—SayE_d (5.4)
9 1,2 2 4 9 .

'The trace of a matrix is the sum of the elements on the main diagonal.

52
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where \; 5 denote the two roots of the quadratic equation.

Since A is a real matrix, the coefficients of characteristic polynomial (5.4)) are real, which
means that its roots are either real A\ 2 € R, or a complex conjugate pair \; = A\, € C.
We treat all cases below:

5.1.1 Real, distinct eigenvalues

Suppose A1 and A\, are real and distinct. In this case the eigenvectors v; and v, are also real
and linearly independent. Any vector in R? can be written uniquely as a linear combination
of v; and vy. In particular,

y(t) = aq(t)vy + as(t)vs.

Substituting this vector function into the differential equation yields

d da da
d—?Z = d—tlvl + d—;UQ = Oél(t)Aﬂl + Oég(t)AUQ = oq(t))\lvl + Oég(t))\vg.

Since the projection onto v; and vy is unique, we can equate coefficients to give

dOél dOéQ A
_— « _— «
dt 141, 202

The solutions of these scalar differential equations are
a1 (t) = eMay(0), as(t) = eMay(0),
which leads to the general solution
y(t) = ety (0)v; + e ay(0)vs,. (5.5)
Without loss of generality we assume that A\; > Ay, and write
y(t) = e (ar (0)vy + e(’\Q_)‘l)ton(t)vg) .

The exponent in the second term in parentheses is negative by assumption, and in the limit
t — o0, it decays to zero faster than the first term. Therefore we expect that for large ¢,
the solution will point approximately in the direction of the first eigenvector vy:

y(t) = eMay (0)vy, for t > 0.

Since A is nonsingular, the origin is the unique equilibrium for this system. The stability
of the origin depends on the eigenvalues. We distinguish three cases:

e Stable node: Ay < A1 < 0. Both terms in (5.5)) decay monotonically to zero as t — oo.
The origin is stable.



o4 CHAPTER 5. LINEAR DYNAMICS IN THE PLANE

! e Ne N< 1 o/ o
0.8 B e N NN N T
0.6 06— —o ~ SO\ W/ =
0.4 04 —s —s ———=u X b e =
c
0.2 02— —» —— = N\ - =
o
0 o—= — — — = L
0
0.2 02— — — — N = -— = <
04— —= — -~ 1 >~ T~ TS 04— — — X XN TS S—
-0.6 o// = 74 t AN \\o -0.6 } / a z N — T \\o
=gt ZAN KRN AN 1 VIR N NN N =Y
4 o7 & e b e N BN e Sel 4 /07‘\\0\0\ o S0
-1 0.5 0 05 1A 0.5 0 0.5 1

Figure 5.1: Stable nodes: canonical coordinates (left), transformed coordinates (right).

e Unstable node: 0 < Ay < A;. Both terms in (5.5)) grow unbounded monotonically as
t — oo. The origin is unstable.

e Saddle Ay < 0 < A;. In this case, the first term vy in (5.5) grows unbounded while
vy decays to zero for large ¢ — oo whereas the opposite occurs for t — —oo.

Example. Figure shows phase plots (initial conditions denoted with a circle) for the cases

A= [_1'5 —0.8] A= [_(1)'5 —0678} ' (5.6)

For A the eigenpairs are (A = —0.8,v1 = (0,1)7) and (A —2 = —1.5,v5 = (1,0)T); for A these are
(A = —0.8,v1 = (1,1)T) and (A — 2 = —1.5,v3 = (1,0)T). The eigenvectors are plotted as solid
black lines in Figure[.1] Note that for large ¢, the phase curves are tangent to v; at the origin.

We establish that the solution of an autonomous differential equation with the vector field
negated, is a solution to the original differential in reversed time. Suppose y(t) solves the
initial value problem

y(t)=fy®), y0)=y, tel0,T].

Define the function g(t) = y(T' — t). Taking the derivative of this function with respect to
t, applying the chain rule, and making use of the differential equation gives

%(t) = /(T —t)=—f(y(T —1)) = —f(5(t)),

from which is follows that g(¢) solves the negated initial value problem

y(t)=—f@), 90)=yT), tel0,T]

with endpoint solution y(7") = yo. It follows that the phase plots for the differential
equations ' = f(y) and y' = —f(y) are identical, but with the directions of traversal
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Figure 5.2: Unstable node.

reversed. In particular, a stable equilibrium of y" = f(y) is an unstable equilibrium of

y = —f(y) and vice versa. Also, trajectories emanating from an unstable equilibrium
converge upon it in backwards time as ¢ — —oo. The unstable node corresponding to the
matrix
1.5
A=
o

is shown in Figure In the rest of this section we only show one orientation of the flow
(the stable one, when it exists).

Figure [5.3| illustrates saddle point phase plots corresponding to the matrices

~1.5 . [-15 23
A‘{ 0.8]’ A‘[o 0.8}’

with the same eigenvectors as (5.6)).

Real distinct eigenvalues occur for d < s?/4, since then the discriminant in is positive.
In the trace-determinant parameter space (Figure , the real distinct eigenvalues occur
below the parabola d = s*/4. The case d < 0 corresponds to a saddle point, since d = A\ \s.
For 0 < d < s%/4, the equilibrium is a node. The eigenvalues are like-signed, and since
s = A + Ao, the node is stable if s < 0 and unstable if s > 0. The borderline cases will be
treated later.

If d > s? /4, then A 5 are complex conjugates, as are the eigenvectors vy o
)\172 :/L:EZQ, V1,2 =17r—41is

Again the solution is given by (5.5)). Note that since eigenvectors remain eigenvectors
upon scaling, we can “absorb” the initial conditions a;2(0) into vy and further ignore
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Figure 5.3: Saddle points: canonical coordinates (left), transformed coordinates (right).
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Figure 5.4: The trace(s)-determinant(d) parameter space.
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Figure 5.5: Center point: canonical coordinates (left), transformed coordinates (right).

these terms. Then ([5.5) can be written as
y(t) = WO is) 4 e (1 — is),
= e [(cos Ot + isin6t)(r + is) + (cos Ot — isinOt)(r —is)],
= 2" [(cos Ot)r — (sin 6t)s] .

Consider first the case pn = 0 (purely imaginary eigenvalues). In this case the solution at
times ¢t = ’;—g, k=0,1,2,... are
s s 3 27
O = _—) = — —_) = — —_—) = —_— ) =
v =r ylgg)=-s y(G=-r ygp)=s ylz)=r

Hence the solution is periodic. The equilibrium, called a center point, is shown in Figure|5.5
Clearly, the equilibrium is Lyapunov stable according to our definition of stability.

Next, suppose 1 < 0. Then the solution is as in the periodic case, except that the radius of
the orbit is exponentially decreasing. The solution spirals inward towards the equilibrium
as shown in Figure In this case the equilibrium is called a stable focus. If p > 0, the
trajectories spiral out away from the equilibrium, an unstable focus.

5.1.2 Degenerate cases
Finally, we consider a number of degenerate cases. The first is that of singular A:
A0
A= [O O} |

Since A is singular, there is a nontrivial solution to Ay = 0, namely y = (0,1)7. Any
initial condition on the y, axis is an equilibrium. The corresponding differential equations
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Figure 5.7: Singular flow (shear): canonical coordinates (left), transformed coordinates
(right).

are
dy dys
dt dt

If A <0, the trajectories tend to (0,y9) as t — 0. See Figure .

= )\yla =0

The case d = s*/4 corresponds to the parabola in Figure In this case, there may be
infinitely many eigenvectors or just one. The first case corresponds to a matrix A with

canonical form
A0
a=[5 3

In this case, since A is a multiple of the identity, every vector is an eigenvector of A. The
solutions are y(t) = exp(At)y(0). The stable case A < 0 is shown in Figure
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Figure 5.8: Node corresponding to A\; = Ay with independent eigenvectors.

Alternatively, A may have Jordan form

Al
-y
In this case, there is a single eigenvector v = (1,0)T. The corresponding differential
equations are
dy™) dy®
— W 2 AN VHC)
a T T Y

The second of these has solution 3 (t) = exp(At)y®(0). Substituting this solution into
the first equation yields
dy™)
dt
To solve this differential equation, we multiply through by exp(—At) and integrate

= My + exp(Mt)yP(0).

1
e—Atdy_() —de My = 4(3)(0),
dt
d
dt

Yy
T d T
/0 7 [e_)‘ty(l)] dt :/0 y(z)(O) dt,
e MyW(T) — yD(0) = yP(0)T,

<
=
—
~
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=
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Figure 5.9: Node corresponding to a non-simple eigenvalue: canonical coordinates (left),

transformed coordinates (right).

In vector form,

As t — o0, the second term dominates and the trajectories approach the approximate

y(t) = eM(y(0) + ty?(0)v)

solution y(t) ~ texp(\t)y®(0)v. See Figure

To summarize, the equilibrium is stable in all cases for which both eigenvalues satisfy
Re A\ < 0. It is unstable if any of the eigenvalues has Re A > 0.
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Markov chains

6.1 Graph theory of matrices and the Perron-Frobenius
Theorem

Following the reasoning of the previous section, we see that it is useful to have a means
of identifying when a matrix A possesses a dominant eigenvalue. The theorem at the end
of this section provides criteria for this, but we first need to understand some basic ideas
from graph theory.

Let A = (a;;) denote a matrix with elements a;;. By A > 0 we mean a;; € R and a;; > 0
for all 7,7 = 1,...,d. Similarly we use the notation v > 0 to denote a vector v whose
elements are real and nonnegative.

A directed graph consists of a set of vertices and a set of edges that express connections
between the vertices. For a d x d matrix we define d vertices. For every nonzero element
a;j of A, we define a directed edge from j to 7.

For an incidence matriz, a;; = 1 if there is an edge from node j to node ¢, and a;; = 0
otherwise. The nonzero element of the matrix AP counts the number of paths of length p
between pairs of nodes. For instance, denote by A7, the element (i, j) of the matrix A%, If
Afj = 3 then there are three paths of length 2 connecting node j to node 1.

Example. The incidence matrix of a Leslie matrix

11111
10000

A=10 10 0 0f, (6.1)
00100
000710

has the associated graph shown in Figure [6.Il Due to the nonzero elements in the first row, there
is a directed edge from each vertex to vertex 1, including a self-directed edge (loop) from 1 to
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itself. The nonzero elements on the first sub-diagonal imply edges from vertex j to vertex j + 1, for
ji=1,...,4

The matrices A% and A3 are

2.2 2 21 4 4 4 3 2
11111 2.2 2 21
A2=110 0 0 0}, AB=111111
01000 10000
00100 01000

For example, the two paths of length 2 to from node 2 to node 1 (i.e. A%, =2)are (2 — 1 — 1) and
(2 — 3 — 1). The 4 paths of length 3 from node 3 to node 1 (i.e. A3; =4)are: (3 —1—1—1),
B3—-1-2—-1),B8—4—>1—1),and 3—4—5—1).

For a weighted graph, each connection receives a weight a;;. In this case, the edge weights
of a path are multiplied together, and the various paths added up.

Example. Consider the Leslie matrix with same nonzero structure as the previous example:

b1 P2 93 Ps @5
cpo 0 0 O O
A=10 o9 0 0 O
0O 0 o3 0 O
0 0 0 o4 O

, (6.2)

where the ¢; and o; are positive constants. In this case, the (1,2) element of A? contains the sum of
the two weighted paths (2 -1 — 1) and (2 -3 — 1):

Al =(@2=1)x(1=1)+(2—3)x (3= 1) = g1 + 0293,

which is the same result as obtained through matrix multiplication.

b1 P2 b3 & ¢s

e o o o o
15 2 0 3 o0 4 5}

Figure 6.1: Graph associated with the matrix (6.2]).

A walk on a directed graph is a sequence of consecutive vertices connected by directed
edges, following the orientation of the edges. For example, in the graph in Figure [6.1} one
possible walk is (3 -4 — 1 — 1 — 2 — 1). In particular, vertices and edges may appear
multiple times in a walk. The length of a walk is the number of “steps” taken, that is the
number of vertices visited excluding the starting vertex (including multiplicity). In the
above example, the walk has length 5 (i.e. {4,1,1,2,1}).
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4N

& & & @ &

Figure 6.2: This graph is reducible, since there are no walks from vertex 5 to any other
vertex, and it is of period 2, since all cycles have length 2 or 4.

The graph is irreducible if there exists a walk from every vertex to every other vertex.
Otherwise it is reducible. The graph in Figure [6.1]is irreducible. By comparison, the graph
in Figure[6.2]is reducible, because there is no walk from vertex 5 to any other vertex.

A cycle is a walk that starts and ends at the same vertex, but otherwise has no repeated
vertices. The periodicity of a graph is the greatest common divisor of the lengths of all
cycles. A graph with period one is called aperiodic. The graph in Figure is aperiodic.
The graph in Figure has period 2, since all cycles have even length. If a graph contains
a loop (edge from a vertex to itself), then this is a cycle of length one, and the graph is
aperiodic. Equivalently, if a matrix has a nonzero element on its main diagonal, then its
graph is aperiodic.

The following theorem allows us to establish when a linear recursion has a dominant eigen-
value. Its proof is beyond the scope of these notes.

Theorem 6.1.1 (Perron & Frobenius) Suppose A > 0. Then:
1. A has a real eigenvalue Ay > 0 such that |\;| < Ay, j=2,...,d.
2. There exists a constant v, € C such that associated eigenvector vyivy > 0.
3. If A is irreducible and aperiodic, then Ay is the dominant eigenvalue: [|N\;|| < A1,

1 =2,...,d, holds with strict inequality.

The theorem also shows when the linear recursion possesses a nonnegative eigenvector,
which may be important in applications where negative or complex values have no meaning
(for example, when the iterates z,, denote population numbers or probabilities).

6.2 Probability vectors and transition matrices

A very important class of linear recursions are Markov chains. A Markov chain is a linear
probabilistic model of a system that attains only a finite number d of states. The probability
of observing the system in state j at discrete time n is denoted pg ). Since probabilities are
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never negative, and never greater than 1, we require 0 < p,(mj ) < 1. Also, since the system

must be found in one of the d states, we require

d
P=1
]Z_;p

We prefer to work with vectors, and introduce the vector p, = (pq(zl),pg), e ,p%d))T to
denote the probabilities of all states at time n. We will also make use of the vectors
1=(1,1,...,1)T € R and e; to denote the jth canonical unit vector in R?, i.e. the vector

whose elements are all zero except the jth element, which is 1 (equivalently, the jth column
of the identity matrix). Using this notation, the requirements on p, can be expressed as

0<elp, <1,V 17p, = 1. (6.3)
A vector satisfying these properties is called a probability vector.

A Markov chain specifies that the probabilities of observing the system in its various states
changes as a function of time. It is assumed that the system is likely to change from state
J to state ¢ with probability F;;, and that this probability is independent of time. Given a
probability vector py over the possible states at time zero, the probabilities evolve according
to the recursion

Pn+1 = Ppn, P =(Py) (6.4)

where P is the transition matriz with elements P;;. To gain more understanding of this,
suppose our system is known to be in state j = 1 at time n = 0. We denote this as py = e;.
Then, according to (6.4)), the probabilities of observing the system in each system state at
time n = 1 are given by

p1 = Ppo = Pey,

which is just the first column of the matrix P. In words, the first column of P, with
elements P;; specifies the likelihood of finding the system in each state i, given that the
system was in state j = 1 at the previous time. That is, P;; denotes the likelihood of a
transition from state 1 to state ¢. Similarly, if py = e;, then p; = Pe; is the jth column
of P, which specifies the likelihood of observing the system in state ¢ given that was in
state j at the previous time. Hence P;; specifies the likelihood of a transition from state j
to state i. It also follows from this reasoning that the columns of P must be probability
vectors:

0<P;<1, > P;=1Y

where column j specifies the likely states of the system at time n + 1 given that it was in
state j at time n. We express this also as
P >0, 1P =1". (6.5)

As an example, we consider a Markov chain model for weather prediction. We assume the
weather is observed in one of three mutually exclusive states: (1) sunshine, (2) overcast,
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and (3) rain. At time n, the probability of observing the weather in state j is given by

psl). The transition matrix is

1 1 1
2 6 2

P=|i 1o (6.6)
0 3 3

The first column means that: following a sunny day, with equal likelihood, either another
sunny day or a cloudy day will be observed. The second column is interpreted as: following
a cloudy day, there is a 1/6 chance of a sunny day, a 1/3 chance of another cloudy day,
and a 1/2 chance of a rainy day. The third columns states that after rain, with equal
probability, it either rains again or (“after rain comes sunshine”) sunshine follows. Figure
illustrates the graph associated with P.

1/2

A

1/3 1/2 1/2

Figure 6.3: Graph of the transition matrix of the weather model.

The following theorem ensures that the Markov chain is well defined, and gives us a condi-
tion for the existence of a stable steady state (i.e. a background “climate” for our weather
model).

Theorem 6.2.1 Let P € R¥? be a transition matriz satisfying with eigenvalues \;,
7 =1,...,d. Let py be a probability vector, and p, be the solution of the Markov chain

. Then,
1. p, is a probability vector for all n.
2. A\ =1 is an eigenvalue of P, and |\;| < Ay, for all j.
3. if P is in addition irreducible and aperiodic, then \y = 1 is the dominant eigenvalue.

Proof The elements of p; are

d

k

=2 Punt
k=1
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Since each term in the the sum is a product of nonnegative elements, the sum is nonnega-

tive. Furthermore, using (6.5)) and (6.3)),
1'py =1"Ppy=1"py = 1.

Consequently, p; is again a probability vector. That p, is also a probability vector for all
n follows by induction. This establishes conclusion 1 of the theorem.

Note that taking the transpose of the second relation in ([6.5)) gives
PT1 =1,

from which follows immediately that A\; = 1 is an eigenvalue of P”. But since, for an
arbitrary square matrix A,

det(A — M) = det(AT — \I),

the characteristic polynomials of any square matrix A and its transpose A” are identical,
and have identical roots. Hence A and AT have the same eigenvalues. In particular A\; = 1
is an eigenvalue of P.

Next, we define the absolute value of a vector or matrix to hold element-wise:

o] = (Jul, -, Jval)”

Now, taking absolute values the following inequality holds, where A is an eigenvalue of P
with associated eigenvector v:

[Allv] = [Av] = [Pv] < Plo]. (6.7)

The last relation follows from the triangle inequality, i.e. for the ¢th row,
d
|Pol; =Y Pyvjl = |Pavy + - + Pgval < [Pavi| + -+ + [Paval.
j=1

Furthermore, since the F;; are nonnegative, we can extract them from the absolute values.
Now, multiplying both sides of inequality (6.7) by 17 gives

N1 | < 1T P| = 17 vl
From which follows |A] < 1 for all eigenvalues of P. This establishes conclusion 2 of
the theorem. (Alternatively, we can apply Theorem [6.1.1] Since P > 0, there exists a

nonnegative, real eigenvalue A\; > |)\;| with associated nonnegative, real eigenvector v;.

For this pair, we have
)\1]].TU1 = ]lT(>\1U1) = ]lTPU1 = ]lTU1

from which follows A; = 1.)

Conclusion 3 is an immediate consequence of conclusions 1 and 2 and Theorem |6.1.1} [
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How can we use this model? Suppose we wish to know what the likelihood of rain is five
days after a sunny day. To determine this, we choose py = e;, which specifies that the sun
is shining with probability one on day 0. The likelihoods of the various weather states five
days later is given by ps,

Ps = P5p0 = P’ey.

The likelihood of rain is the third component of ps, i.e. pég) =elp”

pg}) = ei Poey.

Equivalently, the likelihood is given by element (3, 1) of the matrix P5.

6.3 Defective transition matrices

We can also address a question like: what is the likelihood that it rains for the first time
5 days after sunshine? To determine this, we want to consider the joint probability of all
walks of length 5 originating at vertex 1 and ending precisely at vertex 3, that do not visit
vertex three prior to the 5th step. We can achieve this by removing all edges leaving vertex
3E] The resulting graph is shown in Figure . The associated matrix is

R
P={1 1o
010
Such a matrix satisfying 3 )
P >0, 17p <17

is termed a defective transition matrix.
The chance of a first rain precisely five days after sunshine is given by
egpf) - 6:1;1’5561,

that is, the (3,1) element of P5. Other statistics are, for instance: on average, how many
days after sunshine is the first rain? This statistic is determined as follows:

Z n x (chance of first rain on day n) = Z nel Phe;.
n=1

n=1

For computing such statistics, the following identities, which can be shown to hold if all
eigenvalues of a matrix A satisfy |[A| < 1, are useful:

f:A” _ AT — A), inA” _ AT — A
n=1 n=1

'In terms of paths on graphs the transition matrix entry P;; gives the likelihood when standing at node
j of following the path to node i.
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1/2

1/6

1/3 1/2

Figure 6.4:

To use the identities, we need to establish that the eigenvalues of the defective transition
matrix P are strictly less than unity in modulus, the proof of which uses arguments similar
to those of the proof of Theorem [6.2.1



Chapter 7

Resonance

We consider a spring-mass-damper system with spring constant x > 0, damping (friction)
constant ¢ > 0 and mass m > 0. Let z(t) denote the elongation of the spring from its rest
state. Hooke’s law states that the force exerted by the spring on the mass is proportional
to the elongation and opposite in sign:

force = —rx(t).

Newton’s Second Law states that the rate of change of momentum is equal to the sum of
the applied forces. For a constant mass, this is

mi = Z (forces)

A damper is a device that applies a force proportional to velocity and opposite in sign.
The motion of the spring mass damper system is

mi = —ci — K, z(0) = zo, #(0) = yo. (7.1)

We want to investigate the case in which an external force is applied to the system. For
ease of notation later, we introduce new variables

c s K
= — VT = —
P om’ m’
and rewrite ([7.1)) with applied forcing f(¢) in the form

i+ 2pd + vix = (). (7.2)

Given a linear differential equation with external forcing, such as (7.1), we associate the
homogeneous problem defined by f(t) = 0, whose solution z;,(t) satisfies

&y 4 2p3p + 22y = 0.

69
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Suppose z,(t) is a particular solution to (7.2), and let x(t) = ,(t) + x(t). Then z(t) is
also a solution to (7.2)) as follows from substitution

(@p + &n) + 2p(2p + Tp) + VQ(xp +an) = f(t),
(in + 2piy + V2xy) + & + 2p3, + Vi, = f(t),
since the term in parentheses in the last line is zero, and the remaining terms are pre-

cisely the differential equation for the particular solution. Given a particular solution, the
homogeneous solution is chosen to ensure the initial conditions are satisfied.

Hence, the solution to the inhomogeneous problem is a sum of a particular solution and a
homogeneous solution. We consider each of these separately.

7.1 The homogeneous solution

As we did with the second order differential equation (2.12)) we introduce the velocity
yn(t) = @5 (t) and write the homogeneous problem as a first order system

(=10 L))

This is a problem in the form ([5.3) with matrix A given in square brackets above. Let A
and Ay and be the eigenvalues corresponding to the eigenvectors v; and vy of A. Then,
assuming A\; # Ao, the solution can be written

(xh(t)) — Mty 4 My,

yn(t)
In particular, the solution for z,(t) is

xp(t) = CheMt 4 Che?t,
for some constants C; and Cs, where A\; and \, satisfy

A 1

— o — \2 2 _
0 = det {_VQ —2p—)\] =\ +2p + 17 =p(N),

where p(A) is the characteristic polynomial.

Remark. As an aside, note that we can define a differential operator by applying p to the

derivative % as follows:

d d\’ d Py, dzy,
— )= |{— 2p— + 1? 20— 4 vz, = 0.
p{dt]m() [(dt) + pdt+u +2p—— + vy

wnlt) = dt
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The same holds for higher order linear differential equations, and allows us to immedi-
ately construct the characteristic polynomial without going to the trouble of introducing
auxiliary variables and matrix formulations:

dkz d¥x dx
w+ak,1m+-‘~+a1$+aozo

= pAN)=MN4a_ N+ ra X tag=0
= 2(t) = CreMt + Coe™' + -+ Cre,
assuming the eigenvalues are distinct.

For the homogeneous problem the roots of the characteristic polynomial are

PN =0 = Ao=—ptp?—12
We consider now what happens as we increase the damping parameter p from zero.
For p = 0, the eigenvalues are purely imaginary
A2 = Eiv,
and the homogeneous solution is
xy(t) = Cre™t + Cye™™' = Acosvt + Bsinvt

where the constant pairs C; and Cy or A and B may be determined from the initial
conditions. It is useful to note the following identity: Let v € C alternatively be written
¥ =y + iy = |y|e™® in real/imaginary and polar coordinates respectively. Then the
following are equivalent

Re (ve™") = 41 cosvt — ypsin vt = |y| cos(vt — d).
In particular, an alternative representation of the homogeneous solution is
zp(t) = Ccos(vt — 9),

where constants C' and ¢ can again be determined from the initial conditions. We call v
the frequency, 6 the phase, and C' the amplitude. This representation emphasizes the fact
that x(t) is a shifted and scaled cosine wave.

As the damping parameter p is increased from zero we have, initially, p < v. In this case,
the eigenvalues are complex conjugates \; = Ao:

Mo = —pxivv?—p

In this case, the homogeneous solution is

2 (t) = e PHCLEV VP L Chem VY P = O cos(\/12 — p2t — 0)
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for some constants C' and § to be determined from the initial conditions. The solution is
oscillatory with decaying amplitude C'exp(—pt).

Note however that |\;| = |\s| = v, i.e. the motion of the eigenvalues (as we increase p) is
constrained to a circle. As we continue to increase p, the eigenvalues move symmetrically
along the circle until they ‘collide’ for p = v at Ay = Ay = —v. If we increase p beyond this
point, we have p > v, and two real eigenvalues emerge:

Mo =—px/p?— 12

The solution is
{L‘h(t) = CleAlt + CQGMt

Both eigenvalues are negative, hence the solution decays to x;, — 0. The eigenvalues are
centered at —p, and the greatest of these, A\ = —p+ +/p? — 2, dominates the convergence
eventually:

xp(t) ~ C’le(’er\/pQ’_”Q)t, as t — oo.
Since it also holds for this eigenvalue that A\; > —v, we see that the most rapid damping
rate occurs at the collision point p = v.
These considerations lead us to define the cases:
e Undamped: p =0,
e Underdamped (oscillatory): 0 < p < v,
e Critically damped: p = v,

e Overdamped: p > v.

7.2 The particular solution

We now return to the inhomogeneous problem . We will be interested in a case with
some amount of damping, p > 0. From the results of the previous section, we see that
the homogeneous solution is eventually damped out xp(t) — 0. This implies (i) eventually
only the particular solution survives z(t) ~ x,(t) as t — oo, and (ii) since z;, satisfies the
initial conditions, these eventually become irrelevant.

Let us make a concrete choice of the forcing function, f(t) = cos ut, with forcing frequency
p. It is somewhat more convenient to extend the differential equation to complex
valued z(t) and f(t) = exp(iut). If we do this, then the real part of the solution Rez(t)
gives the correct motion (check this!).

Since the particular solution z,(t) eventually dominates, we attempt a solution of the
form

z,(t) = Re (He™),
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where the constant H is a complex number, which may depend on u. Substituting into

(7.2) yields

(—p®)He™ + 2p(ip) He™ + v* He'™ = et

Solving for H leaves
1
 plin)’
where p is the characteristic polynomial. In signal theory, an external driving term e®? is
referred to as the input signal, and the particular solution x,(t) is referred to as the output
signal or response of the system. The function H is in general complex, and can be written

as H = |H| exp(—id). Then, the particular solution may be written
z,(t) = Re [He™] = |H| cos(ut — 9)
Consequently, the response of the system to an input signal f(¢) = cos ut is a signal z,(t)
with phase shift 6 and amplitude scaling or gain
1 1

H=—> = .
] V(2 = 12)? + 4p? 2

The characteristic polynomial is present in the denominator of the gain |H|. Since the
characteristic polynomial takes value 0 at the eigenvalues A; 2 of the homogeneous part,
the gain may be very large if iu ~ A; . In this case we speak of resonance. Since iy is
purely imaginary, resonance may only occur if A\; o are near the imaginary axis. We saw
in the previous section that this is the case when the damping is small p < v. Therefore
resonance may be observed when p < v and p ~ v.

We plot the response function for the case p = 0.1 and v = 1 in Figure [7.I] We see that
the gain is a factor 5 for p = 1.

From Fourier theory, it is known that a large class of functions may be approximated as a
sum of sinusoidal functions

J
f(t) ~ Z a; cos(p;t)

If the input signal is such a composite function, then resonance may occur if any of the
frequencies p; =~ v, p L v.

7.3 Modelling spring-mass-damper systems

Springs-mass-damper systems are used to model all kinds of linear interactions in mechan-
ical systems. Classical mechanics is founded on the laws of Newton. Newton’s second law
states that the change in momentum (mass times velocity) of an object is equal to the
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0 1 2 3 4 5

Figure 7.1: Response function for spring-mass-damper system.

net force applied to it. If a spring is inserted between two masses, and these are pressed
together or pulled apart, the spring exerts an equal and opposite force on each mass that
opposes this motion. A damper opposes all motion with a force that is proportional to the
velocity.

Suppose we have a system of two masses (m; and ms) connected by three springs (spring
constants ky, k2, and k3) connecting them to each other and to the walls on either side
(see Figure , and the friction encountered by the masses as they slide over the floor is
modelled as damping (damping constants ¢; and ¢3).

mj ka m2 ks

—_— s —_—

x1(t) x2(t) x3(t)

Figure 7.2: Spring-mass-damper system with moving right wall.

Let the displacement of the masses be denoted x; and x5 with positive orientation right-
ward, and suppose the wall on the right side can move be moved with a given (external)
motion x3(t).
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Then the motion of the masses is given by

mi&; = —cq 21 + forces,

Mals = —Codo + forces,

where the forces due to the springs are yet to be determined.

Consider first the force exerted on mass m; by spring k. As the mass moves rightward,
the spring elongates from rest by an amount x;. The spring pulls back with a force ki in
the negative (leftward) direction. The force on the mass from this spring is —kjz;.

What is the force of spring k2?7 Suppose z1 = x5, that is, the masses are displaced by the
same amount. Then the middle spring is not elongated and exerts no force. On the other
hand, if the mass on the left is displaced to the right (z; > 0), and the mass on the right is
displaced to the left (z5 < 0), then the middle spring is compressed by an amount x; — 5.
It exerts a force of magnitude ko(z1 — z3) on each mass, but in opposite directions, again
opposing this motions of each. This means the force on the left mass is —ko(z1 — x2) and
the force on the right mass is ko(z1 — x2) = —ko(z2 — 7).

Applying the same reasoning to the third spring, we arrive at the equations of motion

miT, = —ci1&1 — k1o — kQ(l’l - 952)7

mgfl}g = —Cgi'g — ]CQ(IQ — 1'1) — k’g([[‘g — Ig).

Notice that in the equation of motion of each mass, the force of exerted by each spring is
always opposite to the displacement of that mass. (In other words, in the equation for z,
we see —kijx1 — koxy on the right side, and in the equation for x5 we see —ksxs — k3o on
the right side.)

Let us rewrite this system as a first order system in matrix notation. Introduce the veloc-
ities y; = 21, Y2 = &2. Then we can check that

T 0 0 1 0 T 0

T9 0 0 0 1 T 0

. - c t )

T Ky Kip —3- 0 Y1 + 0 1)

Yo Ko Ko 0 —6—22 Y2 1
where we have set f(t) = ksz3(t) to be a generic forcing function, and assigned con-
stants f f f i f f

Kn:—1+ 2, Kp=—, Ky=—, [(22:—2+ =)
my my ma mo

Further denoting the matrix in square brackets by A, and letting 2z = (21, 29,91, 92)7,
b=(0,0,0,1)7, the system becomes

i = Az 4 bf(t). (7.3)
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We can perform a similar resonance analysis for this coupled system as for the system in
the previous section. Choose the input signal f(t) = ¢!, keeping in mind that we then are
interested in the real part of z(¢). We can again see that the solution is only determined
up to a homogeneous solution z,(t) that solves

Z"h = Azh

and satisfies the boundary conditions. The eigenvalues \;, 7 =1,...,4, of A are the roots
of the (quartic) characteristic polynomial defined by the condition

det(Al — A) = 0.

Assuming these satisfy Re \; < 0, for all j (which they do if ¢; 5 > 0), the homogeneous
solution eventually damps out: lim;_,., 25 (t) = 0.

To determine the particular solution z,(t), we try
2, (t) = He™,

where H is a constant vector that depends on the input frequency u. Inserting this solution

in (7.3) gives 4 ‘ '
ipHe™ = AHe™ + be',
Solving for H gives
H = (il — A)~'b.

If we are interested in the response of a particular variable, say x5, to this forcing, note
that we can extract this from z using x5(t) = el z(t), where e; = (0,1,0,0)7 is a canonical
unit vector. Then the response function for x, is

el H = el (ipd — A)~'b.

Again, if the damping is small, then the eigenvalues of A are near the imaginary axis.
Then if i comes close to an eigenvalue, the matrix (iul — A) ~ (Al — A) becomes nearly
singular, and its inverse is large. This can lead to large values of H and resonance.

As an example, we take my =1, mo = 2, ky = ks = 1, ks = 1.5, ¢; = ¢ = 0.1. In this
case, the eigenvalues of A are \; 5 = —0.0312 £ 0.8019 and 34 = —0.0438 £ 1.7617. The
response functions for all four components of z are shown in Figure Resonances occur
near the eigenvalues (natural frequencies).
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Figure 7.3: Response functions for coupled system.
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Higher order numerical methods

8.1 The Group of Flow Maps

Let us next consider the general autonomous initial value problem

%:f(y), yeD, f:D—=D, te[0,T], y(0)=ryo. (8.1)

Given a fixed time At, we can consider any point of phase space, g, as a starting point of
a trajectory (y(t) = y(t;yo)) which is continued up to time 7, assuming the solution exists
on the entire interval. We think of the action of solving the differential equation as defining
a map from starting points of trajectories to their endpoints. Associated to a differential
equation (8.1)) we define the flow map

D, (yo) = y(7)

where y(t) is the solution of the initial value problem

dy
E :f<y)7 y(O) = Yo, S [OaT]'

When the system is nonlinear there is usually not a simple formula for the flow map.

Nonetheless the concept is valuable.

Consider solving the ODE with initial condition y(0) = yo for a time ¢;. Denote
solution at t; by y;. Next, solve initial value problem with initial condition y(0) = v,
on the interval [0,%s]. Denote the solution at time ¢, by y,. It is clear that ys is also the
same solution you would obtain if you would solve with initial condition y(0) = yo
over the interval [0,¢; + t]. In terms of the flow map,

q)tg @) (I)h = q)t1+t2 = (I)t1 o) (I)t27 tl,tQ > 0.

78
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Thus the composition of the two maps is another map of the same family. If we can solve
the differential equations for all positive or negative time, then we can write

Qi0d_y =Dy = Py,

but @, is evaluated by solving the differential equations over a zero length interval, so is
just the identity map. Hence we see that ®_, = ®;'. The set of all such maps {®, |t € R}
is what is termed a one-parameter group with the (commutative) group operation being
composition of maps.

The flow map can also be applied to an open set B C R%, and then we view the flow map
as a function taking sets on phase space to other sets on phase space, t time units later.
In other words, each element of B is taken as the initial condition of , and is mapped
to the solution at the end of the interval of time .

dpi(B)={z€R%: 2 = dp(y);y € B}

Implicit in this usage is the assumption that the trajectories through every point of B exist
for at least ¢ units of time.

For example, in Figure a rectangular set of initial conditions in R? is mapped under
the flow map ®; of a differential equation of the form

dx @_a b

i - - 8.2
dt Y dt 7 13’ (8:2)

for At =0, 0.35, 0.9. The solutions are periodic.

05-

-05-

Figure 8.1: Evolution of a rectangular set B under the flow map of (8.2) at times t = 0,
t=0.35and t =0.9.
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8.2 Numerical Flow Maps

When we discretize an ODE, we normally replace it by a recursion which describes in an
approximate sense how the solution evolves from timestep to timestep, as with Euler’s
method

Yn+1 = Yn + Atf(yn)'

We could also think of regularly sampling the ezact solution on a succession of time intervals
of length At, according to the rule

Y(tnr1) = Pac(y(tn))

If y(;y0) represents the solution of the differential equation (8.1) with initial condition
y(0) = yo after ¢ units of time, we can write

Y(At;y0) = Pac(yo)-
Moreover,
Y(2At; yo) = Par o Par(yo),

and so on. This means that we can view the iteration of ®; as producing snapshots of
the solution at equally spaced points in time. Similarly, Euler’s method can be seen as
iteration of a map

Uae(y) =y + Atf(y)

which approximates the flow map ®A;. We refer to Wa; as the numerical flow map for
Euler’s method.

Do the mappings ¥, form a one-parameter group? The answer is no. Quite simply,

\I!Atl o \IIAtQ ;é \I]Atl-l-AtQ'
Indeed, even
Uar o Uay # Wong.

This is a fundamental difference between the exact flow map and its numerical approxi-
mation.

There are a wide variety of numerical methods available for solving the ODE or
. In some cases these are based on using the values of solutions computed at two or
more successive points in time (so-called multistep methods). For now we restrict ourselves
to generalized one-step methods which can always be associated to the recurrence relation

Yn+1 = \IjAt(yn)- (83)

The discrete approximation would satisfy

y1 = Yar(vo), Yo = Yar(y1) = War o War(vo),
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and so on. It is useful to have a notation for applying a map n times, recursively. We will
use a superscript to indicate this:

9 3
WA, = Var o Way, Uy = War o Wap 0 Wy,

ete.

For explicit methods such as Euler’s method, the numerical flow map is obvious. For
implicit methods such as the Trapezoidal rule (2.21)), it is unclear in advance whether such
a map is well-defined. It follows from the implicit function theorem that for At small
enough and appropriate f, there exists a solution to the trapezoidal rule, but it may not
be unique. Typically, there is a branch of solutions that converge to vy, as At — 0. If we
take this branch, then the flow map is well-defined.

8.3 Convergence of generalized one-step methods

In this section we consider convergence of the numerical flow map W, to the exact flow map
® A, in the approximation limit At — 0, thus establishing conditions for the convergence
of a large class of one-step methods.

Define the local error of a numerical method as the difference between the flow-map and
its discrete approximation:

le(y, At) = VUai(y) — Pac(y)-

The local error measures just how much error is introduced in a single timestep of size At.
Let us assume that, on our (invariant) domain of interest D, we can expand le in powers
of At (typically using Taylor series), and that it satisfies

ey, At)]| < AL+, (8.4)

where C'is a constant that depends on y(¢) and its derivatives, and p > 1. A method that
meets this criterion is said to be consistent.

We will further suppose that our numerical method satisfies a At-dependent Lipschitz
condition on D

1WA (1) — U ()] < (14 ALL)|Ju — v, Vu,v € D. (8.5)

The constant L is not necessarily the same as the Lipschitz constant for the vector
field.

The error can be viewed as the difference between n iterations of Wa; and n iterations of
® A, thus we define it to be

€n = Yn — y(tn)a
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SO
En+1 = Yn+1 — y(tn+1) = \Ifm(yn) - (PAt(y(tn))-

To this expression we add and subtract Wa,(y(t,)), which is the numerical solution started
from a point on the solution trajectory, then take norms to obtain

lentall = [1War(yn) = Varly(tn)) + Var(y(tn)) — Lac(y(tn))l]
< Waiyn) = YarlyE))ll + [[Wa(y(tn)) = Par(y(ta))ll-

Now we use our two assumptions (8.4) and (8.5)) to write

A\

lensall < (14 AtL)|lyn — y(ta)|| + CAEZ*
= (14 AtL)|en| + CAtP*

Applying Lemma then yields

(" = 1)+ e

where r = 1 + AtL. Finally, since 1 + AtL < AL and therefore k" < eTL , if we assume
the initial condition is exact ey = 0, we get the uniform bound

HMKN%MLM, (2.6)

which proves convergence at order p. We summarize this result in an important convergence
theorem:

Theorem 8.3.1 (Convergence of One-Step Methods) Given a differential equation
and a generalized one-step method W ay which satisfies conditions and , the

global error satisfies

_ p
max [len|| = O(AL).

This theorem is powerful. Without specifying anything about the construction of the
method, it guarantees the convergence of any one-step method that is consistent and
satisfies an At-dependent Lipschitz condition.

As an example, let us again prove convergence of Euler’s method (2.16|) for smooth vector
fields f, making use of Theorem [8.3.1l Consider a compact domain P C R? and suppose
f is smooth on D and has Lipschitz constant L on D (since f is smooth, we can take

L = maxp ||g—£||) Then, since

IWac(y) =V a2 = [ly+Atf(y) = (2 + ALf(2)) | < lly==z[[+AtL{ly—z] = A+ALL)|ly—z],

The numerical flow map is Lipschitz with L=0L.
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The exact solution satisfies
dy At*d%y At* d%y

4 At?) = At E—— At?
i dt2+@( )=y +Atf(y) + = dt2+0( )

Therefore the local error is

le(y, At) = y + Atf(y) — [y LAty +

@At< )—y—i—At

At d%y

—— ALY | = O(AF
o) = o),

and we can apply Theorem with C' = maxp || 2| to show that Euler’s method is

convergent with order p = 1.

In the proof of the Theorem , the relation indicates that the magnitude of the
global error bound will be reduced in proportion to At”. For example, when using Euler’s
method in practice, we typically observe that halving the stepsize reduces the error by
a factor of two. We say for this reason that Euler’'s method is 1st order accurate. The
error incurred in each time step is O(At*™), and in fact this bound holds for any fixed
number of time steps. The loss of one order of At occurs because the number of time steps
needed to cover a fixed interval of length T" increases as At — 0 at a rate proportional to

1/At.

Note the proof suggests that—although in the limit At — 0, T" fixed, the error can be
made as small as possible—in the limit 7" — oo, At fixed, the global error may grow at an
exponential rate.

8.4 Local accuracy of higher-order methods

We will now investigate the accuracy of the methods introduced above in terms of their
approximation of the numerical solution over one timestep.

To do so, we need to work with higher order derivatives of the function f(y) : R — R
We will denote by f’ the Jacobian matrix D f, which can be seen as an linear operator
f:RY = RY

The second derivative -
1 — ( a f(l) )
Oy 9y k)

is a bilinear operator. We denote its contraction with two vectors a € R? and b € R4

by
@k,

This contraction is symmetric by the equ1valence of mixed partial derivatives, so the order
of the arguments a and b is irrelevant. The third derivative is similarly trilinear and
symmetric in all three arguments, denoted f”'(-,-, ).
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In general, we cannot have an exact expression for le(y; At), but we can approximate this
by computing its Taylor series in powers of At. For the continuous dynamics (i.e. the
exact solution of (8.1))) we have the Taylor series expansion

1 1
y(t + At) = y(t) + Aty'(t) + 5A752y”(75) + gAt3y”’(t) + O(AY).

The derivatives can be related directly to the solution itself by using the differential equa-
tion

y(t) = fly®)
") = fy®)y'e)
") = @) @),y @)+ )y ()

Then we can recursively use the differential equation again to obtain
y = f
y" f'f,
y" o= f{(LH+ 1S

where we have dropped the arguments of the various expressions. In all cases, y and its
derivatives are assumed to be evaluated at t and f and its derivatives at y.

Alternatively, we can write

At? At?
auly) = y+ AL+ S f'f + S (1) + 1]+ O (8.7)
The same procedure can be carried out for the Runge-Kutta method itself. For example,
for Euler’s method, we have

Uai(y) =y + Atf(y)

(that is it!). This means that the discrete and continuous series match to O(At?) and the
local error expansion can be written

2
le(y, At) = Ath’f + O(AP).

again, we have dropped the argument y of f for notational compactness.

For the trapezoidal rule (2.21)), and other implicit schemes, the derivatives need to be
computed by implicit differentiation. For simplicity, with y fixed, write z = 2z(At) =
Uai(y). Then z(At) must satisfy the implicit relation

At

2=yt 5 (F) + ()
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Observe that z(0) = y. Next we differentiate the expression for z,

, dz 1

YA 2

(F) + F)) + 5 ()7, (59

(Note that z does not satisfy the differential equation, so we cannot replace 2z’ here by
f(2)!) For At =0, the last term of (8.8) vanishes and we have

Differentiate (8.8) once more with respect to At to obtain

At

- (")) + f1(2)2"), (8.9)

1 1
= S f () S )+ S

for At = 0, the last term of drops out and we have

2"(0) = f'(2(0))2'(0) = f'(y) f(y).

Using these expressions, we may write the first few terms of the Taylor series in At of
Wat(y):

2 2
Uai(y) = z(At) = 2(0) + Atz'(0) + Ath”(O) +...=y+Atf+ Ath'f +...  (8.10)

Comparing this with the expansion for the exact solution (8.7) we see that the first few
terms are identical. Thus the local error vanishes to at least O(At?). To get the next term
in the local error expansion, we differentiate (8.9)):

Y= P L U PR + ) +
7t (f/”(z)(zl,zl, Z/) _"_ 2f”(Z)(Z’,Z”) ‘I"f”(Z)(Z,,Z”) +f,(z)Z”/)7

which evaluates to
2"(0) = 3/2) (f"(f. /) + f' 1),

which means that the expansions (8.10) and (8.7) do not match in the term of 3rd order:
for trapezoidal rule, we have

le(y, M) = —5 (F(F, )+ 1''1) AF + O(AF),



Chapter 9

Multistep methods

In this section we introduce one of the two main classes of numerical integrators for dy-
namical systems: the linear multistep methods. The section contains an overview of the
analytical issues relevant to these methods. The other great class of numerical integra-
tors are Runge-Kutta methods. These generalize the one-step methods, of which we have
already seen some examples.

Assuming the solution has been computed for some number of time steps, the main idea
of multistep methods is to use the previous k step values to approximate the solution at
the next step. A linear k-step method is defined as

k k
Z ity = At Z Bif (Yn+j)- (9.1)
7=0

j=0

For a linear k-step method, we require that oy # 0 and either ag # 0 or 5y # 0. Further-
more, the coefficients in are not uniquely defined, since multiplication of both sides
by a constant defines the same method. Usually the coefficients are normalized such that
either o, = 1, or Zj B; = 1.

When using in a computer code, at time step n + k — 1 it is assumed that the values
Yn+j, J =0,...,k—1 are already computed, so Y, is the only unknown in the formula. If
B is nonzero the method is implicit, otherwise it is explicit. Since the initial value problem
only specifies yo = y(to), it is necessary to first generate data y;, j = 1,...,k — 1
before the formula (9.1f) can be applied. This is done, for example, by using forward Euler
or another one-step method in the first £ — 1 steps.

9.1 Some multistep methods

Some examples of linear multistep methods are:

86
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e The #-method generalizes all linear one-step methods

Ynt1 — Yn = A1 = 0) f(yn) + AtOf (Yns1)- (9.2)

Here we have ag = —1, oy = 1, By = 1 — 0 and ; = 0. Important methods are
forward Euler (# = 0), backward Euler (# = 1) and trapezoidal rule (§ = 1/2). For
any 6 > 0, this method is implicit.

e Leapfrog is an explicit two-step method (k = 2) given by ag = —1, a3 =0, ag = 1
and f; = 2:
Yn+2 — Yn = 2Atf<yn+1> (93)

e The class of Adams methods have a = 1, a1 = —1 and o; = 0 for j < k — 1.
Adams-Bashforth methods are explicit, additionally satisfying 8 = 0. Examples of
1, 2 and 3-step methods are (using notation f, = f(y,)):

Yn+1 — Yn = Atfn (94)
3 1
Yn+2 — Yn4+1 = At Efn—i-l - §fn (95)
23 4 5
Yn+3 — Yni2 = At <Efn+2 - gfn-i-l + Efn> (9'6)

Adams-Moulton methods are implicit, with £ # 0.

e The Backward differentiation formulae (BDF) are a class of linear multistep methods
satisfying 5, = 0, j < k and generalizing backward Euler. The two-step method
(BDF-2) is

4 1

2
Ynt2 — gyn+1 + gyn = Atgf(?/nw)- (9.7)

9.2 Order of accuracy and convergence

Associated with the linear multistep method (9.1)) are the polynomials
k k
PO =D o) =D B¢ (98)
=0 =0

These are important for understanding the dynamics of multistep methods, and will be
used later.

The residual of a linear multistep method at time ¢,, ., may be defined in a number of ways.
We obtain it by substituting the exact solution y(t) of (8.1)) at times y(t,+;), 7 =0,...,k

into (9.1)), i.e.
k k
=Y oy(tnry) — ALY By (). (9.9)
j=0 j=0
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(This is actually the residual accumulated in the (n + k& — 1)th step, but for notational
convenience we will denote it r,,.) A linear multistep method has maximal order of accuracy
p if r, = O(AtP™Y) for all sufficiently smooth f.

Write the Taylor series expansions of y(t,+;) and y/'(t,+;) as

nﬂ Z ]At (i) ’ n+J Z ' z—|—1 n),

=0

where in this section y(¢) means the ith derivative of y(¢). Substituting these into
and manipulating,

Equivalent conditions for a linear multistep method to have order of accuracy p are:

e The coefficients a; and j; satisfy (where 0° = 1)
k
Zozjzo and Zozjj’:iZﬁjj’_l for i=1,...,p. (9.10)

e The polynomials p(¢) and o(() satisfy

p(e?) — zo(e?) = O(F ). (9.11)

e The polynomials p(¢) and o(() satisfy

p(2) »
logz o(z) = O((z = 1)"). (9.12)

The first of these follows from the considerations above. For proofs of the second and third
forms, see Hairer, Ngrsett and Wanner (1993).

Examples. The method (9.3]) has order 2. The methods (9.5 and have orders 2 and
3, respectively. The method (9.7) has order 2.
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9.3 The root condition, a counter-example

Earlier we saw that for Euler’s method, convergence follows from the fact that the residual
is O(At?), leading to a global error of O(At) on a fixed interval. For linear multistep
methods, first order accuracy alone is insufficient to ensure convergence. We will not prove
convergence for this class of methods, but will simply state the convergence theorem and
show where it can go wrong.

The method (9.1)) is said to satisfy the root condition, if all roots ¢ of

lie on the unit disc (|¢] < 1), and any root of modulus one (|¢| = 1) has multiplicity one.
Note that p(¢) is the characteristic polynomial of the recursion defined by the left side
of and corresponds to the multistep method applied to 3/ = 0. The root condition
is necessary to ensure that the origin is stable when integrating the trivial differential
equation.

Furthermore, a linear multistep method is incomplete without a starting procedure to
generate the first k — 1 iterates y1,...,yr_1.

Theorem 9.3.1 Suppose a linear multistep method 15 equipped with a starting pro-
cedure satisfying imay—oy; = y(to + jAL) for j =1,...,k—1. Then the method converges
to the exact solution of on a fized interval as At — 0 if and only if it has order of

accuracy p > 1 and satisfies the root condition.
The proof of this theorem will not be handled in these notes. See, e.g., the monograph of
Hairer, Ngrsett, & Wanner (1993).

To illustrate the necessity of the root condition, consider the method

8

o sz = st = o = 8 (51 One) + 3 0n) + 3000 (0.13)

Substituting p(¢) = ¢* + (> = ¢ — 1 and o(¢) = $¢* + 2¢ + 2 into (9.11)) gives

p(e") = 20(e") = 354+ O(H),

so the method is third order accurate. Now applying the method to the easiest of all initial
value problems
y =0, y0)=1 t=>0

yields the linear difference equation

Yn+3 + Yn+2 — Ynt+1 — Yn = 0. (914)
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If the roots (3, (2 and (3 of the characteristic polynomial p(¢) = 0 were distinct, the exact
solution of such a recursion would be

Un = 1G]+ 2G5 + 3G

If any root (; had modulus greater than 1, then the recursion would satisfy |y,,| — oo unless
the corresponding constant ¢; were identically 0. For the current case, p(¢) = ((—1)(¢+1)?,
and there is a double root at —1. For a double root (3 = (5, the solution of the recursion

(9.14) becomes

Yn = 1(] + 26y + c3ndy
One still has |y,,| — oo (but with linear growth), unless ¢3 = 0.

The constants ¢y, cs and c3 are determined by the initial conditions necessary to start the
multistep method. Suppose we take yq = y; = y» = 1, consistent with the exact solution.
Then this yields

61:]_, 6226320,
and the solution is ¥, = 1, for all n. The method is exact.

Suppose, however, that the initial conditions are perturbed slightly. We take yo = 1 + ¢,
y1 = y2 = 1. Then we find

3 1 1
01:1—{—18, 02218, 03:—58,
and the solution is unbounded. The numerical solution sequence is unstable to pertur-
bations in the initial conditions. As a consequence, any errors incurred will destabilize
the solution. The method works only for the trivial differential equation, y" = 0, and
then only if the starting procedure is exact. It fails to converge for all other differential
equations.

As an example we compute the solution of ¥’ = —y, y(0) = 1, ¢t € [0, 1.5] using (99.13]) for
At =1/10, 1/100 and 1/1000. The instability gets worse as At decreases.

Theorem 9.3.2 The maximum order of a k-step method satisfying the root condition is
p = k for explicit methods and, for implicit methods, p = k + 1 for odd k and p = k + 2
for even k.

9.4 Stability

An important criterion for distinguishing between different methods is their ability to
preserve the stability of a stable equilibrium. To test this, we check under what conditions
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Figure 9.1: Solution of ¢y = —y, y(0) = 1 with (9.13)) for various At.

the numerical solution converges to zero when we apply (9.1)) to the scalar complex linear
test problem 3’ = Ay, A € C:

k k
D s = MAY B
=0 =0
Letting z = At we write
> (@ = 28))ynsj = 0.

J=0

For any z this is a linear difference equation with characteristic polynomial

> oy —28;)¢ =0=p(¢) — z0(0).

Jj=0

The stability region S of a linear multistep method is the set of all points z € C such that
all roots ¢ of the polynomial equation p(¢) — zo(¢) = 0 lie on the unit disc |(| < 1, and
those with modulus one are simple.

On the boundary of the stability region S, precisely one root has modulus one, say ¢ = e?.

Therefore an explicit representation for the boundary of S is easily derived:
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Figure shows plots of the stability regions for the Adams-Bashforth methods of orders
p=1, 2 and 3.

Adams-Bashforth Stability Regions, p=1,2,3
1.5 T T T

0.5

-0.5

-15
-2.5 -2 -15 -1 -0.5 0 0.5

Figure 9.2: Stability regions of the Adams-Bashforth methods of orders p = 1 (blue), 2
(green) and 3 (red).

A linear multistep method is called A-stable (or unconditionally stable) if the stability
domain S contains the entire left half-plane

{z€eC:Rez<0}CS.
Theorem 9.4.1 An A-stable linear multistep method has order p < 2.
This restriction on the maximum order of a linear multistep method was an important
result in numerical analysis, proved by G. Dahlquist.

For stiff problems in which the stiff components have eigenvalues near the real axis, A-
stability is too strong a requirement. Instead a weaker concept is introduced:

The linear multistep method (9.1)) is A(«)-stable, for a € (0,7/2), if the stability domain
contains a wedge in the left half-plane:

{ze C:|arg(z) — 7| <a} CS.

The important point is that for A\ lying within the wedge of stability, the method is un-
conditionally stable (norm-nonincreasing for any At).
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Figure [9.3] shows plots of the stability regions for the backward differentiation formulae
(BDF) of orders p = 1,...,6. The first and second order methods are A-stable. The rest
are A(a)-stable with a (approximately):

Order, p Q@
3 86.03°
4 73.35°
) 51.84°
6 17.84°
BFD Stability Regions p=1,...,6 Close-up

20

15

10

-10

-15

-20 -3
-10 0 10 20 30 3 -2 -1 0o 1 2 3
Figure 9.3: Stability regions of the BDF methods of orders p = 1,...,6. For BDF-1 § is

everything outside the white region; for BDF-2 it is everything outside the white and blue
regions; etc.
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