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CHAPTER 1

Introduction

The mathematical sub-discipline of differential equations and dynamical systems
is foundational in the study of applied mathematics. Differential equations
arise in a variety of contexts, some purely theoretical and some of practical
interest. As you read this textbook, you will find that the qualitative and
quantitative study of differential equations incorporates an elegant blend of linear
algebra and advanced calculus. For this reason, it is expected that the reader has
already completed courses in (i) linear algebra; (ii) multivariable calculus; and
(iii) introductory differential equations. Familiarity with the following topics is
especially desirable:
ww From basic differential equations: separable differential equations and separa-
tion of variables; and solving linear, constant-coefficient differential equations
using characteristic equations.
w From linear algebra: solving systems of m algebraic equations with n un-
knowns; matrix inversion; linear independence; and eigenvalues/eigenvectors.
1w From multivariable calculus: parametrized curves; partial derivatives and
gradients; and approximating a surface using a tangent plane.

Some of these topics will be reviewed as we encounter them later—in this

chapter, we will recall a few basic notions from an introductory course in
differential equations. Readers are encouraged to supplement this book with the
excellent textbooks of Hubbard and West [5], Meiss [7], Perko [8], Strauss [10],
and Strogatz [11].

Question: Why study differential equations?



Answer: When scientists attempt to mathematically model various natural
phenomena, they often invoke physical “laws” or biological “principles” which
govern the rates of change of certain quantities of interest. Hence, the equations
in mathematical models tend to include derivatives. For example, suppose
that a hot cup of coffee is placed in a room of constant ambient temperature «.
Newton’s Law of Cooling states that the rate of change of the coffee temperature
T(t) is proportional to the difference between the coffee’s temperature and the
room temperature. Mathematically, this can be expressed as % = k(T —a),
where k is a proportionality constant.

Solution techniques for differential equations (DEs) depend in part upon how

many independent variables and dependent variables the system has.

Example 1.0.1. One independent variable and one independent variable. In
writing the equation

@ +cos(xy) = 3

dx? ’

it is understood that y is the dependent variable and x is the independent

variable.

When a differential equation involves a single independent variable, we refer
to the equation as an ordinary differential equation (ODE).

Example 1.0.2. If there are several dependent variables and a single independent
variable, we might have equations such as

dy 2 > dz

— =Xy —xy-+z — =2z —yCosx.

dx y—x dx ¥
This is a system of two ODEs, and it is understood that x is the independent
variable.

Example 1.0.3. One dependent variable, several independent variables. Consider
the DE

ou  *u  d%u

g = @ + W
This equation involves three independent variables (x, y, and t) and one depen-
dent variable, u. This is an example of a partial differential equation (PDE). If there
are several independent variables and several dependent variables, one may have
systems of PDEs.
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Although these concepts are probably familiar to the reader, we give a more
exact definition for what we mean by obE. Suppose that x and y are independent
and dependent variables, respectively, and let y®) (x) denote the kth derivative
of y with respect to x. (If k < 3, we will use primes.)

Definition 1.0.4. Any equation of the form F(x,y,v/,y",...,y™) = 0 is called
an ordinary differential equation. If y(") is the highest derivative appearing in the
equation, we say that the opE is of order n.

Example 1.0.5.
d3y g dy d%y
<dx3> ~ (s gy = Vg
can be written as (y"”")? — yy" — (cos x)y’ = 0, so using the notation in the above

Definition, we would have F(x,y,y,y",y"") = (y""")* — yy" — (cosx)y'. This is a
third-order oDE.

Definition 1.0.6. A solution of the obE F(x,y,y,y",... ,y(”)) = 0 on an interval
I is any function y(x) which is n-times differentiable and satisfies the equation
on I.

Example 1.0.7. For any choice of constant A, the function

(x)_Aiex
Y = T Aer

is a solution of the first-order opE y' = y — y? for all real x. To see why, we use
the quotient rule to calculate

, Ae* (1 + Ae*) — (Ae¥)? Ae*
y = x)2 - x)2°
(1+ Ae¥) (1+ AeY)

By comparison, we calculate that

e Ae* (Ae¥)? Ae*
YTV T Q¥ Aer) T (I+Aer)? — (1+Aen)?

Therefore, y' = y — y?, as claimed.

The definition of a solution of an ODE is easily extended to systems of ODEs
(see below). In what follows, we will focus solely on systems of first-order ODEs.
This may seem overly restrictive, until we make the following observation.



4 INITIAL AND BOUNDARY VALUE PROBLEMS

Observation. Any nth-order oDE can be written as a system of n first-order
oDEs. The process of doing so is straightforward, as illustrated in the following
example:

Example 1.0.8. Consider the second-order oDk y” + (cos x)y’ +y? = e*. To avoid
using second derivatives, we introduce a new dependent variable z = ' so that
z' = y". Our ODE can be re-written as z’ + (cos x)z + y*> = e*. Thus, we have

obtained a system of two first-order ODEs:

%_ dz

haniUU 2 X
P P (cosx)z —y~ +e*.

A solution of the above system of ODEs on an open interval I is any vector
of differentiable functions [y(x),z(x)] which simultaneously satisfy both oDEs
when x € 1.

Example 1.0.9. Consider the system

dy dz
adr @

We claim that for any choices of constants C; and Cy,

Cicost+ Cysint
—Cysint + Cycost

is a solution of the system. To verify this, assume that y and z have this form.
Differentiation reveals that y/ = —Cy sint + Cpcost and 2/ = —Cy cost — C sint.
Thus, ¥’ = z and z’ = —y, as required.

1.1. Initial and Boundary Value Problems

In the previous example, the solution of the system of ODEs contains arbitrary
constants C; and C,. Therefore, the system has infinitely many solutions. In
practice, one often has additional information about the underlying system,
allowing us to select a particular solution of practical interest. For example,
suppose that a cup of coffee is cooling off and obeys Newton’s Law of Cooling.
In order to predict the coffee’s temperature at future times, we would need to
specify the temperature of the coffee at some reference time (usually considered
to be the “initial” time). By specifying auxiliary conditions that solutions of an
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ODE must satisfy, we may be able to single out a particular solution. There are

two usual ways of specifying auxiliary conditions.

Initial conditions. Suppose F(x,v,v,y",...,y"™) = 0 is an nth order opE
which has a solution on an open interval I containing x = x9. Recall from
your course on basic differential equations that, under reasonable assumptions,
we would expect the general solution of this ODE to contain # arbitrary constants.
One way to eliminate these constants and single out one particular solution is to
specify n initial conditions. To do so, we may specify values for

y(x0), ¥ (x0), ¥ (x0), ... y" Y (xo).

We regard x( as representing some “initial time”. An ODE together with its initial
conditions (1cs) forms an initial value problem (1ve). Usually, initial conditions
will be specified at xg = 0.

Example 1.1.1. Consider the second-order opE y”(x) + y(x) = 0. You can check
that the general solution is y(x) = C;cosx + Cysin(x), where C; and C; are
arbitrary constants. To single out a particular solution, we would need to specify
two initial conditions. For example, if we require that y(0) = 1 and y'(0) = 0, we

find that C; = 1 and C, = 0. Hence, we obtain a particular solution y(x) = cos x.

If we have a system of # first-order oDEs, we will specify one initial condition

for each independent variable. If the dependent variables are

y1(x),y2(x), - - yn(x),

we typically specify the values of

¥1(0),y2(0), ..., yx(0).

Boundary conditions. Instead of specifying requirements that y and its deriva-
tives must satisfy at one particular value of the independent variable x, we could
instead impose requirements on y and its derivatives at different x values. The
result is called a boundary value problem (BVP).

Example 1.1.2. Consider the boundary value problem iy’ 4+ y = 0 with boundary
conditions y(0) = 1 and y(7r/2) = 0. The general solution of the ODE is
y(x) = Cycosx + Cysinx. Using the first boundary condition, we find that
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C1 = 1. Since y'(x) = —Cy sinx + C; cos x, the second boundary condition tells
us that —C; = 0. Notice that the two boundary conditions produce conflicting
requirements on C;. Consequently, the BvP has no solutions.

As the previous example suggests, boundary value problems can be a tricky
matter. In the ODE portion of this text, we consider only initial value problems.

Exercises

1. Write the equation of the line that passes through the points (—1,2,3) and
(4,0,—1) in R3, three-dimensional Euclidean space.

2. Find the general solution of the differential equation

d3y
dax3

d?y

= 2+5dy 0.

+2
3. Find the general solution of the differential equation

2
ﬂ+6dy

a2 +9y = 0.

4. Solve the 1vp

y' =3y +2y=0, y(0)=1, y'(0)=1
5. Solve (if possible) the Bvr

y' =3y +2y=0, y(0)=0, y(1)=e

6. Solve the 1vp

7. Solve the differential equation

%Z(}/H)(}/H)-
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8. Solve the 1vr

dy _ g _
gy = ©/sinx y(0) = 0.

9. Find the equations of the planes tangent to the surface
z=f(x,y) =x> —2x+y? -2y +2

at the points (x,y,z) = (1,1,0) and (x,y,z) = (0,2,2).

10. Find the eigenvalues of the matrix

"N

and, for each eigenvalue, find a corresponding eigenvector.

11. Find the eigenvalues of the matrix

1 3 -1
A= 103 0
01 2

and, for each eigenvalue, find a corresponding eigenvector.

12. Write the following differential equations as systems of first-order ODEs:

y,,_Sy/+6y:0
—y" =2y =7cos(y')
y(4) _y// —|—8y’ +]/2 — ",



CHAPTER 2

Linear, Constant-Coefficient Systems

There are few classes of oDEs for which exact, analytical solutions can be
obtained by hand. However, for many systems which cannot be solved
explicitly, we may approximate the dynamics by using simpler systems of ODEs
which can be solved exactly. This often allows us to extract valuable qualitative
information about complicated dynamical systems. We now introduce tech-
niques for systematically solving linear systems of first-order ODEs with constant

coefficients.

Notation. Because we will be working with vectors of dependent variables, we
should establish (or recall) some commonly used notation. We denote the set of
real numbers by R. We let R"” denote the set of all vectors with n components,
each of which is a real number. Usually, vectors will be denoted by bold letters
such as x, y, and we will use capital letters such as A to denote n x n matrices
of real numbers. Generally, we shall not distinguish between row vectors and
column vectors, as our intentions will usually be clear from the context. For
example, if we write the product xA, then x should be treated as a row vector,
whereas if we write Ax, then x is understood to be a column vector. If we write
x(t), we mean a vector of functions, each of which depends on a variable t. In
such cases, the vector x(0) would be a constant vector in which each component
function has been evaluated at + = 0. Moreover, the vector x/(t) is the vector
consisting of the derivatives of the functions which form the components of x(t).

Systems with constant coefficients. Suppose that yi,y2,...y, are variables

which depend on a single variable t. The general form of a linear, constant-
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coefficient system of first-order ODEs is as follows:

d
% = any1(t) +anya(t) + -+ arya(t) + f1(t)
dy,
- ax1y1(t) + agya () + - - - + azuyn(t) + f2(t)
(2.1)
dy,
ar anlyl(t) + an2]/2(t) +- 4+ ann]/n(t) +fn(t)-
Here, each a;; is a constant (1 <1i,j < n), and f;(t) (i = 1,2,...n) are functions
of t only.
Example 2.0.3. Soon, we will learn how to solve the linear, constant-coefficient
system
dn =3y1 — 2y +cost
dt
dy> 2 (22)
=2 10y, — .
dr Oyz =46

The system (2.1) can be written more compactly if we introduce matrix/vector
notation. Suppressing the dependence on ¢ for notational convenience, routine
matrix multiplication will verify that

/
Y1 aip i ... Ay A1 f
/
Y ap axp ... Ay Y2 f
= . . R I o (2.3)
/
Yn anl an2  --- Oun Yn fn

is equivalent to the system (2.1). Furthermore, if we define

1 v fi
Y2 Y f2

y=|". y=1" f=1" (2.4)
Yn Y fn

and let A denote the matrix of coefficients in Equation (2.3), then the entire
system takes the form
y = Ay + f. (2.5)
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Definition 2.0.4. The system of oDEs in Equation (2.5) is called homogeneous if
the vector f is the zero vector. Otherwise, the system is inhomogeneous.

Example 2.0.5. The system

dyp _ o dya _
FR A T T

is homogeneous, whereas the system (2.2) above is inhomogeneous. Notice that

we may write (2.2) in matrix notation as

v 3 -2 e cost
/ = + 2
Y, 0 10 Y2 —tc+6

Road map of things to come. In the next subsection, we will learn how to solve

homogeneous constant-coefficient systems y’ = Ay. This will require lots of linear
algebra! Next, we will learn how to solve inhomogeneous systems of the form (2.5).
Finally, the next several chapters will be devoted to understanding how to
qualitatively analyze solutions of nonlinear systems (which generally cannot be
solved by hand). This will be accomplished by approximating nonlinear systems

with linear ones of the form (2.5).

2.1. Homogeneous Systems

In order to motivate the techniques we will use to solve homogeneous systems
y’ = Ay, we draw an analogy with a simple, first-order initial value problem.

Motivating example. Consider the oDE % = ay where g is a constant, and
suppose we have an initial condition y(0) = yo. This initial value problem is
easy to solve using techniques from your first course in differential equations.
The solution is y(t) = e"yy. Notice that the solution involves an exponential

function.

Question: Can we extend this example to homogeneous, constant-coefficient
systems of equations?

More specifically, consider the system y’ = Ay, where y = y(#) is a vector of
length n and A is an n X n constant matrix. Suppose we form an initial value
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problem by specifying a vector of initial conditions; i.e., we assume that

y1(0)

y2(0)
Yo = .

Yn (O)

is given. The resulting 1vp has the form y’ = Ay, y(0) = yo, which resembles the
form of the 1vP in the motivating example. By analogy with the above system,
can we say that the solution of our new 1vr is given by y(t) = e/y,? If so, we
would need some way of assigning meaning to the object e/ where A is a matrix.
Certainly e'4 would need to be an 1 x n matrix as well, because both y(t) and yy
are vectors in IR”. Fortunately, for square matrices such as A, there is a natural

way to assign meaning to e”.

Definition 2.1.1. Suppose A is an n X n constant matrix. The matrix exponential
e is defined in terms of the Maclaurin series expansion of the usual exponential

function. That is,

which is a sum involving powers of the matrix A.

We make several remarks about this definition:
1= For positive integers k, recall that k! is read “k factorial” and is defined
to be the product of the first k natural numbers: k(k —1)(k —2)---(3)(2)(1).
Additionally, we define 0! = 1.
w If A is a matrix, then A = I, the identity matrix. (This is analogous to the
fact that a® = 1 for scalars a.)

s If f is a scalar, then tA is matrix, so
-y LAk y t* Ak
¢ = H( ) = = [T

Example 2.1.2. Suppose A is the 2 X 2 matrix consisting entirely of zeros. Then

A% = [, and for each k > 1 we have
00
00|

AF =
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Therefore, !4 = I because the only non-zero term in the series expansion (2.6) is
the one corresponding to k = 0. Notice the parallel between the fact that e® = 1
for scalars and the fact that the exponential of the zero matrix is the identity

matrix.

As we shall soon see, every constant, square matrix A has a matrix exponential
e’t. Moreover, we will find that the solution of the initial value problem y’ =
Ay, y(0) = yo really is y(t) = e'yy, just as we would hope. Hence, our
main immediate challenge is to devise a procedure for calculating the matrix
exponential e’/ for an arbitrary square matrix A. Because e’/ is defined by its
series representation, we need a method for computing powers of A, which will
require us to review some facts from linear algebra.

2.1.1 Diagonalizable Matrices. Before we recall what it means for a matrix to be
diagonalizable, we consider a very simple class of matrices: the diagonal matrices.
A matrix is diagonal if all of the entries off of the main diagonal are 0. In other
words, 4;; = 0 whenever i # j. When writing diagonal matrices, we typically do
not write the entries which lie off the main diagonal, as it is understood that all
of these entries are 0.

Diagonal matrices. Suppose D is an n x n diagonal matrix

d
dy

dn

which we will sometimes denote by D = diag{dy,dy,...d,}. Straightforward

induction verifies that powers of D are given by

= diag{dt, &, ...d"}.



LINEAR, CONSTANT-COEFFICIENT SYSTEMS 13

According to the series representation for the matrix exponential, we have

e i
Y
&k

00 tk :
o 4k 2 —ds
tD _ k _ k!
e’ = kz—oHD = k=0

k
)
ki
L k=0 ]
The entries in this matrix are simply the Maclaurin series representations for
the functions e1!,e®! . et Therefore, we have shown that for the diagonal
matrix D,

odit

dot

ednt

Example 2.1.3. Consider the initial value problem % = 6x, % = =3y, x(0) =2,
and y(0) = 1. These ODEs are uncoupled in the sense that they are effectively
independent of one another—changes in x(t) have no impact on y(t) and vice-

versa. In matrix notation, this system takes the form

=B AIEE Ee-

Since the coefficient matrix D is diagonal, we immediately have

6t
o[ 0]
0 efSt

Multiplying the matrix exponential by the vector of initial conditions should give

the solution of the initial value problem:

x(t) | p| x(0) | | e 0 2| | 2e®
vy | T lwo | T o e 1] T e |
3t

You can verify that x(t) = 2%, y(t) = e 3! is, indeed, a solution of this 1vp.
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Obviously the diagonal matrices form a very narrow class of matrices, and
most of the systems of oDEs we wish to consider will be coupled. After the
diagonal matrices, the next easiest class of matrices to exponentiate are the
diagonalizable matrices. Before defining what this means, we recall one other

definition.

Definition 2.1.4. Two n X n matrices A and B are called similar if there exists an
invertible matrix P such that A = PBP~1.

Note that every matrix A is similar to itself (just take P = I, the identity
matrix). It is also easy to show that if A is similar to B, then B is similar to A.
Finally, if A is similar to B and B is similar to C, then A is similar to C. In other
words, similarity of matrices forms an equivalence relation, and matrices can be

partitioned into equivalence classes according to similarity.

Definition 2.1.5. A square matrix A is called diagonalizable if it is similar to a

diagonal matrix.

Above, we implied that diagonalizable matrices are “nice” because it is straight-
forward to exponentiate such matrices. To see why, suppose that A is diago-
nalizable. Then there exists a diagonal matrix D and an invertible matrix P
such that A = PDP~!. It follows that A2 = (PDP~!)(PDP~!). Since matrix
multiplication is associative (although NOT commutative), we may regroup the
terms in this product as long as we preserve their ordering:

A? = PD(P'P)DP"! = PDIDP™! = PD?*P L.
The same idea can be extended to higher powers of A:

A" = (pDP Y)Y (PDP7Y)...(PDPY) = PD(P'P)D(P'P).--(P"'P)DP},

n times

A

which simplifies to pD"p-1, Recalling the series expansion for el4 we have

e =) At = JEE‘OI;HA’('
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Replacing AF with PD¥P~1, the series becomes

n—oo

tA o kpo1
et = hmeE)HPDP .

Since each term in the (finite) sum is pre-multiplied by P and post-multiplied by
P~1, we may use associativity of matrix multiplication to write

n tk 00 tk
tA . k -1 _ k -1 _ tD p—1
et = P(yllgr.}okiok!D )P = P(E —k!D >P = Pe'"P". (2.7)

k=0

Nice consequence: Formula (2.7) suggests a convenient procedure for expo-
nentiating a diagonalizable matrix A. First, find a diagonal matrix D and an
invertible matrix P such that A = PDP~!. After decomposing A in this way, it
follows that !4 = Pe!PP~1, and e'P is easy to compute. Of course, the chal-
lenging part is finding the matrices D and P, a task that we shall undertake
shortly.

Before giving a general procedure for exponentiating diagonalizable matrices,
we address a more basic question, namely, “Which matrices are diagonalizable?”
This question, which we answer in Theorem 2.1.7 below, will require us to recall
a definition from basic linear algebra:

Definition 2.1.6. Suppose A is an n X n matrix. A scalar A is called an eigenvalue
for A if there exists a non-zero vector v such that Av = Av. Any non-zero vector

v satisfying this equality is called an eigenvector corresponding to the eigenvalue
A

Theorem 2.1.7. An n X n matrix A is diagonalizable if and only if there exists a
set of n linearly independent eigenvectors for A.

Proof. See your linear algebra textbook. One direction of the proof is fairly
straightforward: If there are n linearly independent eigenvectors, form the matrix
P by letting the columns of P be the eigenvectors. Then, show that A = PDP!,
where D is a diagonal matrix whose diagonal entries are the eigenvalues. [

It is important to note that eigenvalues need not be real numbers, and that
eigenvectors may contain complex entries. In what follows, we focus on matrices
which can be diagonalized over the real number field. That is, whenever we
write A = PDP~1 where D is diagonal, we will insist that both D and P have
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Au

Av

Figure 2.1. The vector u is an eigenvector for A because the vectors u
and Au span the same line. However, v is not an eigenvector because
the lines spanned by v and Av are different.

real entries. Later, when we study matrices with complex eigenvalues, we will
adopt a very different approach to diagonalization.

Geometrically, non-zero real eigenvalues A and their corresponding eigen-
vectors are easily understood. If A > 0 and v is a corresponding eigenvector,
then the product Av = Av effectively stretches v without altering its direction.
Likewise, if A < 0, then Av = Av stretches the vector v by a factor |A| and
reverses its orientation. Importantly, the lines in R” spanned by eigenvectors are
unaffected by multiplication by the matrix A. This is what makes eigenvectors very
special: whereas most vectors are both stretched and rotated via matrix-vector

multiplication, eigenvectors have their directions preserved.

Example 2.1.8. If

RED L -t
o

Observe that Au = 2u, which means that u is an eigenvector and A = 2 is its

then
0
Au = [2] and Av =

corresponding eigenvalue. Multiplication by A stretches u by a factor of 2 and
preserves its orientation. On the other hand, v is not an eigenvector, because Av

is not simply a scalar multiple of v (see Figure 2.1).
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Calculation of eigenvalues is typically done as follows. If we seek a non-zero
vector v satisfying a relationship Av = Av for some scalar A, then Av — Alv =0.
Equivalently, (A — AI)v = 0. Since v # 0, it must be the case that the matrix
A — Al is singular which, in turn, implies that its determinant is 0. Therefore,
the eigenvalues must satisfy the equation det(A — AI) = 0. Once we have
the eigenvalues, finding eigenvectors is straightforward, and then the proof of
Theorem 2.1.7 suggests a procedure for diagonalizing A (see below).

Definition 2.1.9. Given a square matrix A, the equation det(A — AI) = 0 is
called the characteristic equation of A. The expression det(A — AI) is a polynomial
in the variable A, and is called the characteristic polynomial of A.

How to diagonalize a (diagonalizable) matrix. We will illustrate this method

1 -1
2 4 |
Step 1: Find the eigenvalues of A by solving the characteristic equation. Since

AL — 1 -1} | A0 _ 1-A -1 ,
2 4 0 A 2 4-A

the characteristic polynomial p(A) is given by

via an example, using

A:

p(A) = det(A—AI) = (1-A)4—A)+2 = (A—-2)(A-3).
The roots of this polynomial, A = 2 and A = 3, are the eigenvalues of A.

Step 2: For each eigenvalue, find a maximal linearly independent set of eigen-
vectors. For a given eigenvalue A, if you convert the matrix (A — AI) to reduced
row-echelon form, the number of all-zero rows tells you how many linearly inde-
pendent eigenvectors you must produce. Let’s start with A = 2. Eigenvectors
satisfy the equation (A — AI)v = 0 which, in this case, means

BN
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Row-reducing this linear, homogeneous system yields

MIGRE

Remark: You should always obtain at least one row of zeros when row-reducing
A — AL After all, we knew in advance that det(A — AI) = 0. Since our reduced
matrix has one row of zeros, we have one free variable: let us choose v;. Ex-
panding the system, we have v; + v, = 0, which means v; = —v;. The set of

m= L]0

where v, is any real constant. It follows that

]

is an eigenvector corresponding to A = 2 (as is any non-zero multiple of this

solutions is therefore

vector). For A = 3, the same procedure produces another eigenvector. In this

case, we must solve (A — 3I)v = 0, which gives

SRR

Row-reducing as before,
1 01 . 0
0 w| 0]

Expanding the last equation reveals that v; + %vz = 0. Treating v, as the free

O NI—

variable, we write v; = — 30, so that

Rk

|
(s
N
| — |
o
N|—
| I
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Thus, any non-zero scalar multiple of

]

is an eigenvector corresponding to A = 3. To facilitate computation by hand, let
us choose an eigenvector with integer entries:

-1
) .
Step 3: Work with a basis of eigenvectors instead of the standard basis vectors.
To do so, we arrange the eigenvectors as columns in a matrix P. (We usually order

the eigenvectors according to which eigenvalue they correspond to, starting with
the lowest eigenvalues—feel free to choose whatever order you wish.) Specifically,

let
-1 -1
pP= ,
the first column being the eigenvector corresponding to A = 2 and the second

column being the eigenvector corresponding to A = 3. Next, form the diagonal

matrix D whose entries are the eigenvalues:

2 0
0 3|

Note that the ordering of the eigenvalues in the matrix D should correspond to

D =

the ordering of the columns in P. Next, the reader can verify that
pio| 2 1|
1 1
Moreover, straightforward matrix multiplication reveals that

A =PDp L (2.8)

The process of writing A in the form (2.8) is called diagonalization. After diagonal-
izing A, the process of calculating the matrix exponential e/ is straightforward.



20 HOMOGENEOUS SYSTEMS

Recalling that e = Pe!PP~1, we may now calculate

| -1 -1 e 0 -2 -1
e
1 2 0 e 1 1

B l 2e2t _ o3t e2t _ o3t 1

—2e? 4 2e3  —e?! 4 2e%

Now that we have substantially widened the class of matrices that we know
how to exponentiate, we formally state a theorem regarding how the matrix
exponential can be used to solve homogeneous systems of constant-coefficient
ODEs.

Theorem 2.1.10. Suppose that y’ = Ay is a system of constant coefficient ODEs
and let yo = y(0) be a vector of initial conditions. Then this initial value problem
has exactly one solution, which is given by y(t) = e!4y(0). Moreover, the
solution exists for all time ¢.

Proof. See Sections 1.3-1.4 of Perko [8]. The proof is not difficult, but is best done
by introducing the concept of a matrix norm (which we shall not work with
here). O

In the absence of a vector of initial conditions, the general solution of a constant-

tA

coefficient system y’ = Ay is y(t) = e'“u, where u is a vector of arbitrary

constants.

Example 2.1.11. Solve the initial value problem

dx

ETRER x(0) =G
d
d—]: =2x+4y y(0)=C

To do so, we write the system in matrix form

MBI

The coefficient matrix is the same matrix A used in the previous example, so we
have already computed its matrix exponential. According to Theorem 2.1.10, the
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solution is
x(t) | _ oA x(0) | _ 2e?t — 3t et — 3t C1
y(t) y(0) —De2t 4 2e3t 2t 4 DBt Cy
B (2C1 + Cz)EZt — (Cl + Cz)est
(*2C1 — Cz)GZt + (2C1 + 2C2)e3t

This represents the general solution of the system of opEs. For the specific choice
of initial conditions x(0) = 8 and y(0) = 1, the solution would be

x(t) | 17e% — 9¢%

y(t) | | =172 183 |
2.1.2 Algebraic and Geometric Multiplicities of Eigenvalues. The process of
computing matrix exponentials can be tedious, especially for matrices which are

not diagonalizable over R. In preparation for things to come, we introduce some
notions from linear algebra which may not be familiar to all readers.

Definition 2.1.12. (Algebraic multiplicity.) Suppose A* is an eigenvalue of A and,
more specifically, that the factor (A — A*) is repeated m times in the factorization
of the characteristic polynomial. We say that A* is an eigenvalue of algebraic
multiplicity m.

Example 2.1.13. If we find that A has characteristic equation A(A —3)*(A\% +1) =
0, then A = 0 has algebraic multiplicity 1 and A = 3 has algebraic multiplicity
4. There are actually complex eigenvalues A = +i, both of which have algebraic
multiplicity 1. We will deal with complex eigenvalues later.

Definition 2.1.14. (Eigenspace and geometric multiplicity.) Suppose A is an
eigenvalue of A. The eigenspace of A is the span of all eigenvectors associated
with A. The dimension of the eigenspace of A is called the geometric multiplicity
of A.

Example 2.1.15. Consider the matrices

11
A=10 1
0 0

N o o
s~}
|
o o -
o = O
N © =
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You can check that both A and B have the same characteristic polynomial, namely
p(A) = (A —1)?(A — 2). Therefore, A = 1 is an eigenvalue with algebraic multi-
plicity 2, and A = 2 is an eigenvalue with algebraic multiplicity 1. To calculate
the geometric multiplicities, we start with the matrix A and the eigenvalue A = 1.

In this case,

010
A=Al = [0 0 0],
0 01

which is row equivalent to

o O O
S = O

1
0
0

To find eigenvectors, observe that solutions of (A — AI)v = 0 must satisfy

010 01 0
00 1 n | =10
000 s 0

Expanding reveals that v; = v3 = 0, while v is a free variable. The solutions of
the above system are

01 01
(%) = 0 = 0 0 ’
03 0 0
from which we conclude that
1
0
0

is an eigenvector corresponding to A = 1. The span of this eigenvector is a one-
dimensional subspace of R?, which means the eigenspace is one-dimensional.
Equivalently, A = 1 has geometric multiplicity 1. A similar calculation shows
that, for the matrix A, the geometric multiplicity of the eigenvalue A = 2 is also
1.
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Now for the matrix B, the eigenvalue A = 1 gives rise to the matrix

0 01
B-AI = |0 0 0
0 01

This time, row reduction leads to a matrix which has two rows consisting entirely
of zeros. Eigenvectors must satisfy

00 1 o) 0
000 o | =10/,
000 s 0

which implies that v3 = 0 but that both v; and v, are free variables. Solutions of
(B — AI)v = 0 are of the form

01 01 1 0
v | = || =n|0]+n
U3 0 0 0

Therefore, we have obtained a set of two linearly independent eigenvectors

1
and 1],

which means that the eigenspace for A = 1 is two-dimensional. In other words,
for the matrix B, the geometric multiplicity of A = 1 is 2. The reader can verify
that the geometric multiplicity of A =2 is 1.

The above example gives rise to several important observations, namely
1= The sum of the algebraic multiplicities of the eigenvalues always equals #, the
dimension of the underlying space. (In the above example, n = 3.)
1= In the example, the sum of the geometric multiplicities of the eigenvalues of A
is 2, whereas for the matrix B, the sum of the geometric multiplicities is 3.
1= In order to calculate the geometric multiplicities, it was actually not necessary
to compute the eigenvectors. The geometric multiplicity of an eigenvalue A of
a matrix A is the same as the number of zero rows in the reduced row echelon
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form of the matrix (A — AI). Since det(A — AI) = 0, the matrix (A — Al) is
singular, implying that there will be at least one row of zeros in the reduced
row-echelon form. Thus, every eigenvalue has a geometric multiplicity at least 1.

The following Lemma is useful in proving Theorem 2.1.17, which gives another
criterion for determining whether a matrix M is diagonalizable.

Lemma 2.1.16. Eigenvectors corresponding to different eigenvalues are linearly

independent.

Proof. We prove this statement for a set of 2 eigenvectors; the reader can extend
the proof to the general case. Let v; and vy be eigenvectors of a matrix A
corresponding to different eigenvalues A1 and A;. Suppose indirectly that these
two eigenvectors are linearly dependent. Then there exists a constant ¢ such that
vy = cv1. Moreover, since eigenvectors are non-zero, it must be the case that ¢ # 0.
Multiplying both sides of the equation by A, we have Av, = cAv;. Equivalently,
Aty = cA1v1. Replacing vy with cvq, this implies that Aycv; = Aqcvy. But since
v1 # 0 and ¢ # 0, this would mean that Ay = A4, contradicting our assumption
that these were different eigenvalues. O

Theorem 2.1.17. Suppose M is an n x n matrix with real eigenvalues. Then M
is diagonalizable if and only if the sum of the geometric multiplicities of the
eigenvalues is equal to n. (Note: If an eigenvalue has algebraic multiplicity larger
than 1, we count its geometric multiplicity only once when forming the sum.)

Notice that, according to this Theorem, the matrix A in the previous example
is not diagonalizable, whereas the matrix B is diagonalizable because we can
produce a basis for R® consisting entirely of eigenvectors. By contrast, the
matrix A fails to be diagonalizable because it is “deficient” in the sense that its
eigenvectors can only span a 2-dimensional subspace of R3. In general, the sum
of the geometric multiplicities of the distinct eigenvalues can never exceed 1, but
this sum can certainly be less than # (c.f., the matrix A in the previous example).

One nice consequence of Lemma 2.1.16 and Theorem 2.1.17 is the following

Corollary 2.1.18. If an n X n matrix M has n distinct real eigenvalues, then M is

diagonalizable.

Example 2.1.19 (Triangular Matrices). If a square matrix M has no non-zero
entries above its main diagonal, then M is called lower triangular, and if it has no

non-zero entries below its main diagonal, then M is called upper triangular. More
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rigorously, M is lower triangular if M;; = 0 whenever i < j, and M is upper
triangular if M;; = 0 whenever i > j. Writing down the characteristic equation

for a triangular matrix is easy. For example, suppose that A is upper-triangular

of the form
a1 a2 - A1
0 axp - ay
A =
0 0 - an

Then the characteristic equation det(A — AI) = 0 is simply
(A—ap)(A—axp)---(A—aum) = 0,

which means that the eigenvalues of a triangular matrix are the entries on the main
diagonal. In light of Corollary 2.1.18, we immediately see that the triangular

matrix
1 0 O
6 8 0
-6 3 —4

is diagonalizable because its eigenvalues 1, 8, and —4 are real and distinct.

We now work through an example which connects much of the material in
this subsection.

Example 2.1.20. Solve the system

dx

(jl—tlle—i-xgj x1(0) =1
%ZJQ-FZX?, x2(0) =1
% — 313 23(0) = 1.

Solution: In matrix notation, this system takes the form

x] 1 0 1 X1
xb | =101 2 X
x5 0 0 3 X3



26 HOMOGENEOUS SYSTEMS

Letting x denote the vector of unknowns and A the coefficient matrix, the
solution of the system is x(t) = e'4x(0). To calculate the matrix exponential,
first observe that since A is triangular, we may immediately conclude that the
eigenvalues are the entries on the main diagonal. The eigenvalue A = 1 has
algebraic multiplicity 2. To find eigenvectors associated with this eigenvalue, we

row-reduce the matrix (A —AI) = A— I

0 01 0 01
A-I =100 2|—=1000
0 0 2 0 00

We immediately see that A = 1 has geometric multiplicity 2, and we expect to
find a set of two linearly independent eigenvectors for this eigenvalue. Solving
the system (A — AI)v = 0 as usual, we find that v3 = 0 while vy and v, are free.
Thus,

01 U1 1 0
| = | =n|0] +vun|l
U3 0 0 0

is the set of solutions of (A — I)v = 0, and we have obtained eigenvectors

1
and 1

The reader can show that the eigenvalue A = 3 has geometric multiplicity 1 and

gives rise to an eigenvector

[ N

By Lemma 2.1.16, we know that the three eigenvectors we have produced are
linearly independent and form a basis for our space R3. This means that A is
diagonalizable, so form the matrix P by arranging the eigenvectors as columns:

3

Il
o O
o = O
— = Nl
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Then A = PDP~!, where D is the diagonal matrix

1 00
D=|010
0 0 3
and
1o -}
Pt=1o0 -1
0 1

Notice that D has the eigenvalues on its main diagonal, arranged in the same
order that the corresponding eigenvectors were arranged in P. The matrix

exponential e’/ is given by

101 et 0 0 1 -1
efd = pe!tPp1 = | 0 1 1 0 e 0 -1
0 0 1 0 0 & 0 1

which, after some tedious matrix multiplication, simplifies to

t 1.t 1.3t
e 0 —je+3e
et = | 0 e —efted
0 0 e3t

Finally, we multiply e’4 by our vector of initial conditions to obtain the solution
of the initial value problem:

x1(t) el 0 —%et + %e?’t 1 %et + %e3t
x(t) | = | 0 e —efte¥ 1| = e
x3(t) 0 0 e3t 1 e3t

Observation. In the above example, notice that the exponential functions in-
volved in the solution contain the eigenvalues in their exponents. Since A =1
and A = 3 are the eigenvalues, the functions e’ and e appear in the solutions.

Observation. The previous Observation suggests that, if eigenvalues are positive,
then the exponential functions in the solutions would increase without bound as

t — co. Negative eigenvalues would give rise to solutions which decay to o as
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t — oco. For example, if A = —4 is an eigenvalue, we would expect the decaying
exponential function e~ to appear within the general solution.

Now that we know to expect exponential functions to serve as the “building
blocks” of our solutions, there is a much faster way of solving certain systems
y’ = Ay without exponentiating the matrix A.

Proposition 2.1.21. Suppose that y/ = Ay is a system of ODEs, where A is
an n x n matrix which is diagonalizable (i.e., we can find a set of n linearly
independent eigenvectors for A). Let A1, Ay,... A, denote the (possibly repeated)
eigenvalues, and let vy, vy, ... v, denote their corresponding eigenvectors. Then
the general solution of the system y’ = Ay is given by

y(t) = creMivy + ety + -+ ety (2.9)

Proof. Suppose that y(t) is as in Equation (2.9). We must show that y(t) satisfies
y’ = Ay. Differentiating with respect to t, we calculate

y'(t) = ciAeMbvy + corre™tyy 4o+ ey A ettty
= cle)‘lt()\lvl) + cze)‘Zt()\zvz) + -+ cne)‘”t()\nvn)

= c1eMAvy + ™t Avy + - - + et Ay,

=A (cle)‘ltw + ety 4o 4 cne)‘”tvn> = Ay(#).

Example 2.1.22. Solve the initial value problem

X

Solution: In matrix notation, the system has the form x’ = Ax, where the

-3 5
1 1|

coefficient matrix A is given by

A =

The characteristic polynomial is

det(A—AI) = (-3—A)(1—A) =5 = A24+21 -8 = (A +4)(A—-2),
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which means that the eigenvalues are A = —4 and A = 2. Because we have
distinct, real eigenvalues, Corollary 2.1.18 tells us that A is diagonalizable. The

HENN

are eigenvectors corresponding to A = 2 and A = —4, respectively. Proposi-

reader can check that

tion 2.1.21 tells us that the general solution of our system is given by

=[] )

where ¢; and ¢, are arbitrary constants. We determine the values of these

constants by using the initial conditions. Setting t = 0, the formula for the
general solution becomes

S H A N R b

This is an inhomogeneous system of two equations in two unknowns, and basic

+ ¢

linear algebra techniques will lead you to the solution ¢c; = —1/2 and ¢, = —1/2.
Finally, we see that the solution of the initial value problem is

x()) | —%eZt + %e_‘”
0] [4201)
2.1.3 Complex Eigenvalues. Unfortunately, not all matrices are diagonalizable,
and not all matrices have real eigenvalues. We will now learn how to exponentiate
matrices with complex conjugate eigenvalues. Recall that the imaginary unit i is
defined according to the rule i = —1. All complex numbers z can be written
in the form z = « + i, where « and § are real numbers. Here, « is called the

real part of z, and B is called the imaginary part of z. Finally, we remark that the
complex numbers « 4 i and « — Bi are called complex conjugates of each other.

Example 2.1.23. The matrix
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has characteristic polynomial det(A — AI) = (1—-A)(1—A)+4 = A2 —2)A+5.
The roots of this polynomial are A = 1+ 2i, and hence our eigenvalues are
complex conjugates.

We still wish to solve constant-coefficient systems of opEs for which the
coefficient matrix has complex conjugate eigenvalues. How can we exponentiate
such matrices? As a first step towards answering this question, we tackle a

M:lg _0'8], (2.10)

where B is a non-zero real number. Notice that the characteristic equation for

special case. Suppose

M is given by A% 4 B2 = 0. The roots of this equation are A = £|B|i, which are
pure imaginary numbers (i.e., the real part is zero).

Lemma 2.1.24. If M is the matrix in Equation (2.10), then

(2.11)

oM _ [cosﬁt —sinﬁt]

sinpt  cospt

Proof. The series representation for the matrix exponential
m_ e

requires us to calculate powers of M. Fortunately, since

o | B 0 )
M_[o —ﬁJ—ﬁI'

computing higher powers of M is very straightforward. We focus our attention
on the (1,1) entries of the matrices in the above summation. The upper-left entry

in the matrix ™ would be
ﬂ_ﬁJrﬁ... = i(_ )kﬁZktZk
o 20 4l & (26

This is precisely the Maclaurin series for the function cos t. A similar calculation
works for the other entries in the matrix. O
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Of course, we shall wish to exponentiate matrices with complex conjugate
eigenvalues which are not pure imaginary. In order to extend Lemma 2.1.24 to
handle more general matrices, we will need another Lemma:

Lemma 2.1.25. Suppose A and B are n x n matrices. If the matrices commute
(AB = BA) then e4+B = e4eB.

Proof. See Section 1.3 of Perko [8]. O

Warning: If matrices A and B do not commute, then we cannot conclude that

A+B = eAeP. The reader is encouraged to test this, using the matrices

1 0
and B= 01 .
00 0 0

Lemmas 2.1.24 and 2.1.25 can be combined to prove

« —p
poa |’

where « and  are real numbers. Then

e

A:

Proposition 2.1.26. Suppose

A=

e cospt  —e sin Bt ] at [ cospt —sin Bt 1
=e :

e*sinpt e cos Bt sinBt  cospt

Proof. We write A as a sum of two matrices:

0 « g 0

A=

where M is the matrix from Lemma 2.1.24. Clearly B and M commute because
B = al is simply a scalar multiple of the identity matrix. Therefore, Lemma 2.1.25

tells us that

tA _ ot(B+M) _ otB+HM _ otBotM

e

We know how to compute both of these matrix exponentials:

at ol
oB_ | © 0 _ M and oM — cos Bt sin Bt .
0 e sinft  cospt
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Therefore,

cos Bt —sin Bt
WA dBM eml B B ]

sinfBt  cos ft
as claimed. 0

Remark. In the above Proposition, you may check that the characteristic equation
for A is given by
A2 —20A + (a2 +B%) = 0,

and has roots A = a + Bi.

We now show that every 2 x 2 matrix with complex conjugate eigenvalues
« &£ Bi is similar to a matrix of the form in Proposition 2.1.26. We will exploit this

fact to learn how to exponentiate any matrix with complex eigenvalues.

Definition 2.1.27. If A is a matrix with complex conjugate eigenvalues « £ fi,

v

is called the real canonical form for A.

then the matrix

The next Theorem states that every 2 x 2 matrix with complex conjugate eigen-
values is similar to its real canonical form. Since we know how to exponentiate
matrices in real canonical form, we should be able to solve systems of constant
coefficient ODEs in cases where the coefficient matrix has complex conjugate
eigenvalues. Notice that we do not attempt to diagonalize such matrices, be-
cause we would prefer to work with matrices containing real entries (to facilitate

finding real-valued solutions of ODEs).

Theorem 2.1.28. Suppose A is a 2 x 2 matrix with eigenvalues a + i, and
suppose w is a complex eigenvector corresponding to the eigenvalue a 4 Bi.
Write the eigenvector as w = u + iv, where u and v are real vectors, and form
the matrix P = [v|u]. Then

114

A:P[“ _ﬁlpl.
B

In other words, A is similar to a real canonical form.
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Theorem 2.1.28 tells us exactly how to put a matrix in real canonical form, as

we illustrate in the following example.

Example 2.1.29. Solve the system

d d
%:xl—uxz %:3x1+x2.

Solution: As usual, we write the system in matrix form

BT

Letting A denote the coefficient matrix, the characteristic equation is A2 2\ +
37 = 0, which has roots A = 1+ 6i. According to Theorem 2.1.28, we should
find a complex eigenvector for the eigenvalue with positive imaginary part:

A = 1+ 6i. We calculate
B —6i —12
Sl 3 —6i |

When computing the reduced row-echelon form of this 2 x 2 matrix, we may

1—(1+6i) ~12

A—Al =
l 3 1—(1+6i)

immediately replace one of the rows with zeros—we know the matrix is singular
because A was an eigenvalue. This saves us a bit of time with elementary row
operations, because it is not necessary that we notice that Row 1 is —2i times

Row 2. The reduced row-echelon form is easy to calculate:

—6i —12 0 0 3 —6i 1 -2
— — — .
l3 —611 [3 —61] [0 o] [0 o]

We seek a complex eigenvector w which satisfies (A — AI)w = 0, so set

bl 1)

We find that w; — 2iw, = 0, so w1 = 2iw, and we treat w, as a free variable.

Thus,
[wll lZin] [21]
= = ZUZ .
w» wy 1
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Next, the theorem says we should write this (complex) eigenvector in terms of
its real and imaginary parts:

2i w i 0 2
= = u+tiv = .
1 1 0

Form the matrix P = [v|u] by placing the imaginary part of the eigenvector w in

+1i

the first column, and the real part of w in the second column:

[32]

This matrix is particularly easy to invert:

P‘lz%o.
01

Since our eigenvalue was A = 1+ 6i, the notation used in the statement of
Theorem 2.1.28 says that « = 1 and B = 6. The reader can verify that A = PMP~!,

where
M= 1 -6
6 1

is in real canonical form. It follows that et4 = PetMP—1 and by Proposition 2.1.26,

we have
A 2 0| ;| cosbt —sin6t % 0 ;| cos6t —2sin6bt
et = e = e .
01 sin6t  cos 6t 0 1 % sin 6t Cos 6t

Finally, since no initial conditions were specified, we obtain the general solution

by multiplying e'4 by a vector of arbitrary constants:

[ x1(t) 1 _ o [ cos6t —2sin6t ] [ 0 1 - l cqef cos 6t — 2cypet sin 6¢ 1

xo(t) 7sin6t  cos6t o cief sin6t + coef cos 6t

Observation. Complex conjugate eigenvalues give rise to oscillatory solutions.
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Example 2.1.30. Solve the system x’ = Ax where

-2 0 1
A=11 1 0 and x(0) =
4 3

A:

The upper-left corner is a 2 x 2 block, the bottom-right corneris a 1 x 1 block, and
all other entries are zero. The reader is encouraged to prove that the exponential
of a block-diagonal matrix is obtained by exponentiating each diagonal block
separately. In the present case, the only part that will require any work is the
2 x 2 block. To find the eigenvalues of A, we calculate

det(A—AI) =| 1 1-A 0

Performing a co-factor expansion using the last row, this determinant simplifies
to
3—-A =2

det(A-AI) = (4-1)| 7 " 7

= (4—A)(A*—4A +5).

Thus, A = 4 is one eigenvalue, and the other two are A = 2 +1i. You can show

that
0

0
1

is an eigenvector corresponding to A = 4. As in the previous example, we
must find a complex eigenvector for the eigenvalue with positive imaginary part
A=2+1):
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Clearly the third row is independent of the others. However, since A =2 +1iis
an eigenvalue, we know that these rows must be linearly dependent. This means
that rows 1 and 2 must form a linearly dependent set and, since there are only
two rows, must be scalar multiples of each other. Row reduction will annihilate
one of these two rows—we will replace the first row with zeros since the second
row looks more convenient to work with. The reduced row-echelon form for
(A—AID)is

1 -1-i 0
0 0 1
0 0 0
Eigenvectors w must satisfy
1 -1-i 0 wq 0
0 0 1 wy = 0 s
0 0 0 w3 0

from which we conclude that wy + (—1 —i)wy = 0 and w3 = 0. Treating w, as
the free variable, we find that w; = (1 +i)w». To find our complex eigenvector,

we write
w1 (1+1i)w, 1+i
wyo = wyo = Wy 1
w3 0 0

As before, we follow the instructions of Theorem 2.1.28 by splitting w into its
real and imaginary parts:

1+i 1
1 =W = u+tiv = 1 +1i| 0
0 0 0

Next, we form the matrix P by arranging the vectors as suggested by Theo-
rem 2.1.28. Column 1 should be the vector v, Column 2 should be u, and
Column 3 should be the eigenvector corresponding to the real eigenvalue A = 4.
In summary,

e T SR
—= O O
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It is easily checked that

-1 0
Pl=]0 1 0
0 0 1
and that A = PMP~! where
2 -1 0
M=1|1 2 0
0 0 4

Notice that M has the same block-diagonal form as the original matrix A. The
upper-left block of M contains the real canonical form of the upper-left block of
A.

Our last step is to calculate e/ and to multiply this matrix by the vector of
initial conditions. Using Proposition 2.1.26, we compute

e?cost —esint 0
et = petMp~l = p| e2sint e*cost 0 |P7},
0 0 et

where we have exponentiated the two diagonal blocks separately. After evaluat-
ing the above matrix product (which is tedious), multiply the result by the vector
of initial conditions to obtain

x1(t) 1 e? (cost — 3sint)
ot | =4 2| = | ¥ (2cost —sint)
x3(t) 3 3et

2.1.4 Repeated Eigenvalues and Non-Diagonalizable Matrices. We now turn
our attention to devising a method for exponentiating matrices that are not
diagonalizable. In order for a matrix to be diagonalizable, we need the geometric
multiplicities of the different eigenvalues to sum to 7, the dimension of the
underlying space. Sometimes, eigenvalues with high algebraic multiplicity may
have low geometric multiplicity.
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Example 2.1.31. Compute ef4, where

hN

I
o o o
o o =
o - o

Since A is upper-triangular, we immediately see that A = 0 is an eigenvalue
of algebraic multiplicity 3. To find eigenvectors, we must solve (A — AI)v =10
which, in this case, simplifies to Av = 0. The matrix A is already in reduced
row-echelon form, and the vectors v which satisfy Av = 0 are of the form
vy = v3 = 0, with v; free. Thus,

01 (%1 1
(%) = 0 = 0 0 ’
U3 0 0

and we see that the eigenspace is only one-dimensional. Since our only eigen-

value A = 0 has geometric multiplicity 1, Theorem 2.1.17 tells us that A is not

diagonalizable.
In order to compute the matrix exponential, we resort to a direct use of the
definition
o tk 12
et = kZOHA" = I+tA+EA2+”'

Fortunately, for this particular matrix, the powers are not so difficult to calculate.
You can show that

A? =

o O O
S O O

1
0
0

and that A3 is the zero matrix. It follows that the matrix A¥ = 0 if k > 3, which

means that the matrix exponential is actually a finite sum

) 1t 32
Y
etA:I+tA+EA =101 ¢t
' 00 1

This example motivates the following definition.
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Definition 2.1.32. Let k be a positive integer. An n X n matrix N is called nilpotent
of order k if N*=1 # 0 but N* = 0.

In the above example, A is nilpotent of order 3. The fact that a non-zero matrix
can be nilpotent is quite different from what the reader may be accustomed to.
Certainly the concept of nilpotency does not apply to real numbers—if « is a real
number and k > 1, it is impossible for ak = 0 unless a = 0.

The matrix exponential of a nilpotent matrix is represented by a finite sum, a

fact that we alluded to in the previous example and now state formally.

Lemma 2.1.33. If N is nilpotent of order k, then

N t2 ) tk71 -1 k—1 t] .
= [4+IN+ N2 N = Y DN
¢ R T R R (g b T ];J il

Proof. Since N is nilpotent of order k, we know that N" = 0 whenever m > k.
This means that we can “drop” every term of index k or higher in the series
representation of e'N. O

Before we present a method for exponentiating non-diagonalizable matrices,
we need one last definition from linear algebra.

Definition 2.1.34. Suppose A is an n X n matrix and that A is an eigenvalue of
algebraic multiplicity m < n. Then for each k = 1,2,...m, any non-zero solution
v of the equation (A — AI)kv = 0 is called a generalized eigenvector of A.

The following Theorem tells us how to decompose a non-diagonalizable matrix
as a sum of two types of matrices that we know how to exponentiate.

Theorem 2.1.35. (Simple Jordan Decompositions): Suppose that A is an n X
n matrix with real eigenvalues Ay, Ay, ... A,, repeated according to algebraic
multiplicity. Then there exists a family of n generalized eigenvectors vq, vy, ... vy
such that

ww The matrix P = [vq|vy| - - - |v,] is invertible.

1w A = 5+ N where N is nilpotent and S is diagonalizable. Specifically, if we
define D = diag{A1, Ay, ... A}, then S = PDP~ L.
1z S and N commute: SN = NS.

We illustrate the usefulness of this Theorem via an example.
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Example 2.1.36. Compute e where

Solution: Since A is lower-triangular, the eigenvalues are the entries on the

main diagonal. You can check that

1
1
-2

is an eigenvector for the eigenvalue A = 1. The other eigenvalue A = 2 has
algebraic multiplicity 2. To compute corresponding eigenvectors, we row-reduce
(A—Al) as
-1 0 100
A=-2=| -1 0 0|—=1]0 10
1 0 00

Hence, solutions of (A — 2I)v = 0 have the form v; = v, = 0, with v3 free. It

follows that
0

0
1

is an eigenvector for A = 2. Unfortunately, since the geometric multiplicity of
this eigenvalue is only 1, we have failed to produce a set of 3 linearly indepen-
dent eigenvectors for the matrix A, which means that A is not diagonalizable.
Theorem 2.1.35 suggests that we compute a generalized eigenvector for A = 2.
We must solve (A — 2I)?v = 0, or equivalently

1 00 ) 0
1 00 n | =10
-2 00 s 0
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Row-reduction gives

100 0 0
000 n | =101,
000 s 0

which has solution v; = 0 with both v, and v3 free. Thus, solutions of (A —
2I)v =0 are

(4] 0 0 0
(% = (%) =01 + o3| 0
03 U3 0
We recognize
0
0
1

as the eigenvector that we had already produced, which means that we can take

0
1
0

as our generalized eigenvector. Next, we form the matrix

1 0
P = 1 0
1

o = O

-2

Notice that Column 1 contains the eigenvector for the eigenvalue A = 1, Column 2
contains the eigenvector for A = 2, and Column 3 contains the generalized
eigenvector for A = 2. Inverting P, we find that

1
Pl = 2
-1

_ o O
S = O
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Let D denote the diagonal matrix D = diag{1,2,2} consisting of the eigenvalues,
arranged in an order corresponding to the order we used for the columns of P.
The matrix S in the statement of Theorem 2.1.35 is given by

1 00
S=pPDP ' =1|-12 0|,
2 0 2
from which we define
0 0 0
N=A-§ = 0 0 0
-1 1 0

The Theorem says that N should be a nilpotent matrix—indeed, the reader
can check that N2 = 0. Importantly, the Theorem also guarantees that S and N
commute, which means that e4 = /(S*N) = e!Se!N. Since § is diagonalizable and
N is nilpotent, we know how to exponentiate both of these matrices. According

to Lemma 2.1.33, since N is nilpotent of order 2, we have

1 00
eN = I+iIN = | 0 1
—t t 1
Moreover,
e 0 0
e = pe!PPpt = p| o & o |P7L
0 0 &*

Finally, since e!4 = ef%e!N, after tedious matrix multiplication we find that

et 0 0

tA t 2t

et = el —e
—2ef + (2 —t)e? te?t e

Observation. Repeated real eigenvalues can cause the matrix exponential to

contain products of polynomials with exponentials; e.g., (2 — t)e? or t’e~.
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Example 2.1.37. Solve the initial value problem

X2 x1(0)

x} 2
xh = —9x1 — 6x7 x(0) =1

Solution: If we write the system in matrix form, the coefficient matrix is

0 1
A = :
-9 —6
The characteristic equation is A% 4+ 6A +9 = 0, which factors as (A +3)2 = 0.
Thus, A = —3 is an eigenvalue of algebraic multiplicity 2. The matrix A — AI

row reduces to
31
001

which means that eigenvectors v must satisfy the equation

2012

This implies that 3v; 4+ v, = 0 and, treating v; as the free variable, we may write
v1 = —10v;. Solutions of (A — AI)v = 0 have the form

2[4

which means that our eigenspace is only one-dimensional. Theorem 2.1.35
suggests that we find a generalized eigenvector by solving (A — AI)*v = 0.
Interestingly,

(A=AI)2=0 <—  Remember this later!!!

(Used properly, this observation will allow for a much quicker solution to our
problem. We will see how after going through the tedious motions of Theo-
rem 2.1.35.) Consequently, if we attempt to solve (A — AI)?v = 0, then both
v; and v; are free variables (i.e., any vector will satisfy this equation). For our

generalized eigenvector, we may select any vector which is independent of the
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eigenvector we already computed. It is convenient to choose

H

as our generalized eigenvector, and form the matrix

P:_%O.
1 1

Again, notice that Column 1 contains our eigenvector and Column 2 contains

our generalized eigenvector. You can check that

1 -3 0
3 01|

Letting D = diag{—3, —3} denote the diagonal matrix with our repeated eigen-
value as its entries, we compute the matrix S in the statement of Theorem 2.1.35:

e I [ I

(Again, we make the curious observation that S is not simply diagonalizable—it’s
diagonal!). Theorem 2.1.35 tells us that

N=A-§5 = 3 1
-9 -3

should be nilpotent, and you can check that N2 = 0. We have A = S + N where
S and N commute, which means that e/4 = eNe!>. Since N is nilpotent of
order 2, Lemma 2.1.33 tells us that e'N = I + tN. Thus,

1+ 3t t e 3t 0
—9t 1-23t 0 et

(1+3t)e 3 te 3t ]

et = [[+tN]e'S =

—9te™3  (1-—3t)e ¥
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Finally, we multiply e'4 by our vector of initial conditions to get the overall

solution
x() | | (1+3t)e ™ te 3t 20 | @+7t)e™
o) | —9te™3  (1-3t)e ¥ 1| | 1=21t)e ™

Remark. As soon as we noticed that (A — AI)? = 0 we could have saved lots of
time. The whole purpose of Theorem 2.1.35 is to decompose a matrix A as a
sum of a diagonalizable matrix S and a nilpotent matrix N. So upon observing
that A — Al is nilpotent (of order 2), we could immediately define A — Al = N.
According to the notation of the Theorem, this would mean S = AI. We have
written A = S + N where S is diagonal, N is nilpotent, and SN = NS. Hence,
we could have immediately computed the matrix exponential for A without any
further effort!

The techniques we have learned so far can be combined to handle cases
we have not considered (such as repeated complex conjugate eigenvalues). In
principle, it is possible to solve any linear constant-coefficient system. We have
not attempted to state the most general possible theorems regarding solutions
of constant-coefficient systems. Instead, we will move ahead to a topic that will
help us visualize the solutions.

2.2. Phase Portraits and Planar Systems

We now introduce the concept of the phase plane, a useful way of visualizing
solutions of planar systems (two dependent variables) of opEs. We begin by
considering the system

HEHIH

Observe that the coefficient matrix A is already in real canonical form, and

cost —sint ]

sint cost

If we were interested in the solution satisfying initial conditions x1(0) = 1 and
x2(0) = 0, we would multiply e4 by the vector [1 0] to obtain x;(t) = cost
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Figure 2.2. Graphs of x1(t) = cost and xp(t) = sint.

and x(t) = sint. The most natural way to visualize these solutions is to simply
graph both x; and x, as a function of ¢ as in Figure 2.2. An alternate way to
visualize the solution is to plot x,(t) versus x1(f) as a curve parametrized by
time f. Such a plot is given in Figure 2.3, which illustrates the parametrized
curve (cost,sint) for t € [0,27]. In this case, the parametrized curve is a circle
of radius 1 because x1(t) and x,(t) satisfy the relationship

X2 4 x% = cos?(t) +sin®(t) = 1

for all t. Notice that as t increases, the curve is traversed in the counterclockwise
direction.

Other initial conditions would give rise to other parametric curves, giving a
visual representation of the “flow” of the system. A parametric plot of x(t)
versus x1(t) for various choices of initial conditions is called a phase portrait or
phase plane diagram for the system.

We now discuss three canonical examples of phase portraits for planar systems,
and then explain how these special cases can be used to sketch phase portraits
for more general planar systems. From the previous subsections, we know that
every 2 x 2 matrix A can be written in the form A = PMP~!, where M has one

of three forms:
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X

Figure 2.3. Parametric plot of x»(#) = sint versus x;(tf) = cost for
t € [0,2m].

= If A is diagonalizable, then

m=|* Y
0 p
ww If A is non-diagonalizable and has a real, repeated eigenvalue «, then
M — [ a1
0 «

w If A has complex-conjugate eigenvalues « + Bi, then

Case 1: Suppose x' = Mx where M = diag{a, }. The general solution is
x(t) = eMx(0); i.e.,

X1 (t) . e"‘t 0 Cc1 o cle"‘t
X2 (t) N 0 ePt Co N C2elﬁL ’

The exponential solutions x; = cje® and x; = coef! either grow or decay
depending upon the signs of « and . Suppose that both « and § are positive.
Then both e* and ef* will increase without bound as t — co. We can sketch
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| | B
N

Figure 2.4. Phase portraits corresponding to Case 1 in which both «
and f are positive. Left panel: 0 < & < B. Middle panel: 0 < & = .
Right panel: 0 < B < «.

the phase portrait by eliminating the parameter t. Notice that xl’g = cf e*Pt and
x} = c%e*P!. Assuming that c; # 0, taking the ratio gives

11 e
¥ oG _
B B ’
X G

B/

where c is a constant. By algebra, we have x; = cx; *, and graphing such power
functions is easy. Figure 2.4 shows the possible phase portraits in cases where
both « and f are positive. Notice that all trajectories point outward from the
origin. In particular, if 8 = « (and thus 8/« = 1), the trajectories in the phase
plane are straight lines directed outward from the origin.

If both « and B are negative, then both x; and x; will decay to zero exponen-
tially fast as t — co. As indicated in Figure 2.5, the phase portraits are similar
to the previous ones, except that all trajectories are directed inward towards the
origin.

A more interesting situation occurs when « and p have different signs. In this
case, we have exponential growth for one of our variables and exponential decay
for the other variable. The possible phase portraits are shown in Figure 2.6.

The various phase portraits in Figures 2.4—2.6 all have one thing in common:
the special solution corresponding to ¢; = c; = 0 is a constant solution in which
we stay “stuck” at the origin in the phase plane for all time f. Constant solutions

of oDEs will be of particular interest to us, and we give them a special name.

Definition 2.2.1. An equilibrium of a system of ODEs is a solution that is constant.
That is, all dependent variables are constant for all time .
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Xz Xz

o
s

Figure 2.5. Phase portraits corresponding to Case 1 in which both «
and B are negative. Left panel: B < a < 0. Middle panel: « = g < 0.

Right panel: « < g < 0.

2

N
N/

X1 X4

%N
NG

Figure 2.6. Phase portraits corresponding to Case 1 in which both « and
B have different signs. Left panel: § < 0 < a. Right panel: « <0 < .

Observation. For linear, constant-coefficient systems x' = Ax of oDEs, x = 0 is
always an equilibrium solution. In terms of the phase portrait, this means that

the origin always corresponds to an equilibrium solution.

One way of further classifying equilibria is provided by the phase portraits

discussed above. Namely,

Definition 2.2.2. In Figure 2.4, the origin is called an unstable node—all trajec-
tories point outward from the origin. In Figure 2.5, the origin is called a stable
node—all trajectories point inward to the origin. In Figure 2.6, the origin is called
a saddle.

Later, we will actually re-state this Definition in a more precise way. We remark
that saddle equilibria are different from stable /unstable nodes in that only certain,
special trajectories actually touch the equilibrium point. In Figure 2.6, these are
the trajectories which lie along the x; and x; axes. The four trajectories which
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approach the origin as t — =co are called separatrices. (Again, we will make this

definition more precise later.)

Case 2: Suppose X' = Mx where M is the non-diagonalizable matrix

v 1o

with « as a repeated, real eigenvalue. The phase portrait is more difficult to plot
without computer assistance. To solve the system of ODEs, we decompose M as
the sum of a diagonal matrix and a nilpotent matrix:

1
M=p+N= "2 |% 1]
0 « 0 0
Clearly D and N commute since D is a scalar multiple of the identity matrix,

and you can also verify that N is nilpotent of order 2. It follows that

eM = eDe!N = eD[[ 4 IN] = et 0 Lob e tet .
0 e 01 0 et

The general solution of the system is therefore x(t) = eMx(0), or

xi(t) || e e a | | et 4copte
R e B g

These solutions give a parametrization for the solution curves in the phase
portrait, which appears in Figure 2.7. If & < 0, the trajectories approach the
origin as t — oo, and if & > 0, the trajectories are oriented outward from the
origin. Notice that, unlike the case in which the origin is a saddle equilibrium,
there is only one separatrix in this case (the x;-axis). In the left panel of Figure 2.7,
the origin is a stable node, and in the right panel the origin is an unstable node.

We remark that the characteristic equation for M is (A — zx)z = 0, which is
a “critical” case in the sense that we are just on the verge of having complex
conjugate roots. Indeed, quadratic equations with negative discriminants have
complex conjugate solutions, and repeated real roots occur when the discriminant
is 0.
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X2 X2

X4 X4

Figure 2.7. Phase portraits corresponding to Case 2, in which M has a
repeated eigenvalue. Left panel: « = —1. Right panel: « = 1.

Case 3: Suppose X' = Mx where M is in real canonical form
B«

oM at l cos ft  —sin Bt ]

sin Bt cos ft

We know that

which means that the general solution of the system is

[ x1(t) ] Y [ 0 ] _ [ c1e* cos Bt — cpe* sin Bt ]

xo(t) ) c1e sin Bt + cpe™! cos Bt

Solutions involve combinations of exponential functions e* with periodic func-
tions sin Bt and cos Bt. If & < 0, the exponential factors will decay as t — oo,
while the other factors simply oscillate. If we graph some solution curves in the
phase portrait, we will see that trajectories spiral inward to the origin. Likewise,
if & > 0, trajectories will spiral outward from the origin. Finally, if « = 0, the
exponential factor is constant and the solutions are purely oscillatory. In this
case, the phase portrait consists of concentric circular trajectories.

For matrices M in real canonical form®, the orientation of the trajectories can be
determined from the sign of f: clockwise if B < 0 and counter-clockwise if § > 0.
These various possibilities are summarized in Figure 2.8. The equilibrium at the

If a matrix with complex conjugate eigenvalues is not in real canonical form, one simple way to
determine the orientation of the trajectories is to plot a few “slope field vectors” as illustrated in the
next example.
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origin is called a stable focus if trajectories spiral inward (« < 0), an unstable focus
if trajectories spiral outward (« > 0), and a center if trajectories form concentric,
closed curves (« = 0).

Remark. Above, we did not consider the possibility that the matrix M in the
equation x’ = Mx has A = 0 as an eigenvalue. In such cases, the origin is called
a degenerate equilibrium. Notice that if A = 0 is an eigenvalue, then det M = 0,
which means that M is a singular matrix. It follows that the solutions of the
equation Mx = 0 form a subspace of dimension at least 1, and any vector x in
this subspace would be an equilibrium for our system of oDEs. In the remainder
of the course, we will typically work only with systems which have isolated
equilibrium points (defined later), as opposed to systems with infinitely many
equilibrium points.

It is also worth noting that for the autonomous systems of oDEs that we have
considered, solution trajectories in the phase portrait cannot intersect each other. Can
you explain why?

Suppose a planar system of ODEs has a coefficient matrix A which is not
in one of the three canonical forms we discussed above. To sketch the phase
portrait, we need to determine which canonical form A is similar to, and this
is accomplished by finding the eigenvalues and eigenvectors. If A is any 2 x 2
matrix with non-zero eigenvalues, then the associated phase portrait is always a
“skewed” version of one of the portraits in the above figures. We illustrate this
via two examples.

Example 2.2.3. Sketch the phase portrait for X' = Ax, where
0 —4
1 0 |

Solution: The characteristic equation is A? + 4 = 0, from which we infer that

A =

the eigenvalues are complex conjugate: A = +2i. We will put A in real canonical
form by finding an eigenvector for A = 2i, the eigenvalue with positive imaginary
part. Row-reducing the matrix (A — AI) gives

Al = —2i —4 . 1 —-2i '
1 —2i 0 0
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el @ (b) el
(4 (4
J X4 X4
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i B = N
S [
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Figure 2.8. Phase portraits corresponding to Case 3, in which M has a
complex conjugate eigenvalues.

7/

/

s
\

(a) Origin is a stable focus (¢« < 0) with trajectories oriented counter-
clockwise (8 > 0).

(b) Origin is an unstable focus (¢« > 0) with trajectories oriented clock-
wise (8 < 0).

(c) Origin is a stable focus (¢ < 0) with trajectories oriented clockwise
(B < 0).

(d) Origin is an unstable focus (¢ > 0) with trajectories oriented counter-
clockwise (B > 0).

(e) Origin is a center (x = 0) with trajectories oriented counter-
clockwise (8 > 0).

(f) Origin is a center (v = 0) with trajectories oriented clockwise (8 <
0).

53
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Eigenvectors w must satisfy wq — 2iw, = 0, so we set w; = 2iw, and treat wy as

a free variable. Next, express the eigenvector as a sum of its real and imaginary

(2 2iwy 2i 0 2
= = Wy = Wy .
wy wy 1 1 0
Form the matrix
P 20 /
01

which contains the imaginary part of w in its first column and the real part of w

b1 _ 10
01|’

parts:

+1i

in its second column. Clearly

Routine calculation yields the matrix exponential

oA — pe!Mp-1 _ p C?Szt —sin 2¢ pl_ 1C0’82t —2sin2t
sin2t  cos2t 5 sin 2t cos 2t

from which it follows that the general solution of our system is
l x1 () 1 _ A l 1 ] _ [ €1 cos 2t — 2¢y sin 2t 1
x2(¢) o) %cl sin2t 4+ cpcos2t |
The parameter f can be eliminated by algebra, leading to the relationship
X2 +4x3 = 2 44c,

where the right hand side is an arbitrary non-negative constant. You should
recognize this as the equation of an ellipse. The phase portrait is sketched in
Figure 2.9, and we see that the origin is a center. One way to determine the

orientation of the trajectories is to pick a few convenient points in the phase
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il B
\\/// X4

Figure 2.9. Phase portrait showing the elliptic trajectories x% + 4x% =
constant.

plane and sketch the associated “slope field” vectors. For example, suppose we
start from the point (x,y) = (1,0) on the x-axis in the phase plane. To determine
the direction of motion from that point, we multiply the coefficient matrix A
by (1,0), obtaining (0,1). The vector (0,1), which points straight upward, is
tangent to the solution trajectory passing through (1,0). This indicates that
trajectories are oriented counter-clockwise, as shown in Figure 2.9. Notice that
our phase portrait is simply a “skewed” version of our canonical example of a
center equilibrium (which had circular trajectories).

Example 2.2.4. Sketch the phase portrait for X' = Ax, where
2 -3
1 -2 |

The characteristic equation is A> — 1 = 0, so we have real eigenvalues A = +1

A =

with different sign. We immediately conclude that the origin in our phase portrait
will be a saddle. You should show that the eigenvalues A =1 and A = —1 give

HESH!

respectively. By Proposition 2.1.21, the general solution is

1
1 = clet 3 + czeft .
X2 1 1

rise to eigenvectors
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Figure 2.10. Phase portrait showing the skewed saddle The separatrices
are the lines spanned by the eigenvectors [1,1] and [3,1].

Consequence: If we set c; = 0 and plot the trajectories

1
—t
e

in the phase plane, we find that this is a parametrization of a line of slope 1 as t
varies from —oo to co. The value of c; merely selects our “starting point” as we
traverse the line. Similarly, if we had set c; = 0, we would have obtained the
parametrization of a line of slope 1. In other words the lines spanned by the two
eigenvectors of A form the separatrices in our phase portrait. This tells us precisely
how to “skew” our canonical example of a saddle equilibrium to obtain a sketch
of the phase portrait, which is shown in Figure 2.10. Notice that the motion
along the separatrix corresponding to the negative eigenvalue is directed inward
to the origin, while the motion along the separatrix corresponding to the positive
eigenvalue is directed outward from the origin.

Before continuing our investigation of the “geometry” associated with planar,
constant-coefficient systems, we follow up our earlier remark that the origin is
always an equilibrium of the linear, homogeneous constant-coefficient system
x' = Ax. This admittedly narrow class of systems is not quite as exclusive as
it may appear. Having an equilibrium at the origin is not a severe restriction
at all, because equilibria can always be relocated via a change of variables.
For example, consider the constant-coefficient system x’ = Ax — b, where b
is a constant vector. Assuming that A is an invertible matrix (i.e., A = 0 is
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not an eigenvalue), we may solve for equilibrium solutions by setting x' = 0.
Equivalently, any vector x satisfying Ax = b is an equilibrium. Let x* = A~!b
denote the equilibrium solution. Then our original system of ODEs can be written
as X' = Ax — Ax* = A(x — x*). Making the substitution y = x — x*, we obtain a
new system y’ = Ay. The new constant-coefficient system has its equilibrium
at the origin, and we can solve it using the techniques discussed in previous
sections. We may then recover the solution of our original system by writing
X =y +x*.

The system x’ = Ax — b is actually a special case of the inhomogeneous

systems we will learn how to solve soon.

2.3. Stable, Unstable, and Center Subspaces

In the previous subsection, we used the words ‘stable’ and ‘unstable” without
giving a careful definition of what those terms mean. We know that for homo-
geneous constant-coefficient systems x’ = Ax, the stability of the equilibrium at
the origin is somehow determined by the eigenvalues of A. The eigenvectors of
A determine how the phase portrait is “skewed” from one of the three canonical
phase portraits.

We will give a rigorous definition of stability of equilibria in the next chapter;
for now, a loose definition will suffice. An equilibrium solution x* of a system of
ODEs is stable if, whenever we start from initial conditions that are appropriately
“close” to x*, the resulting solution trajectory never strays too far from x*. A
stable equilibrium is called asymptotically stable if the solution trajectory actually
approaches x* as t — oo. If an equilibrium is not stable, it is called unstable. This
means that there exist initial conditions arbitrarily “close” to x* for which the
solution trajectory is repelled from x*.

For example, if the origin is a center, then we would say the origin is a stable
equilibrium but is not asymptotically stable. Saddle equilibria are unstable,
because it is always possible to choose initial conditions arbitrarily close to the
equilibrium for which the direction of motion in the phase portrait is away from
the equilibrium as t increases. (Just choose any initial conditions not lying on the
separatrix that is oriented towards the equilibrium.)

Saddles are interesting in that there are “special” trajectories in the phase
portrait on which the direction of motion is directed toward the unstable equilib-
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rium. In our canonical example of a saddle, one separatrix was oriented toward
the origin, and the other separatrix was oriented away from the origin. The
notion that our underlying space can be decomposed into stable and unstable
“directions” is the subject of our discussion below. First, we recall a familiar

definition from linear algebra.
Definition 2.3.1. Let vq,Vy,..., vi be vectors in R". The span of these vectors is
the set of all linear combinations

€1Vl + vy + - - -+ Cp Vg,

where cq, ¢y, . .. ¢ are real numbers.

Notice that if these vectors are linearly independent, then their span forms a

k-dimensional subspace of IR".

Example 2.3.2. The span of the vectors

1 1
0 and 1
0 0

in IR? is the xy-plane.

Now consider the homogeneous system x’ = Ax of ODEs, where A isan n x n
matrix. Let A1,A;,... A, denote the eigenvalues of A, repeated according to
algebraic multiplicity. Each eigenvalue can be written in the form A; = a; +if;,
where «; and f; are real. (Of course, ; = 0 if the eigenvalue A; is real.)
Associated with each eigenvalue is a set of eigenvectors (and possibly generalized

eigenvectors).

Definition 2.3.3. The stable subspace of the system x’ = Ax is the span of all
eigenvectors and generalized eigenvectors associated with eigenvalues having
negative real part (a; < 0). The unstable subspace of the system x’ = Ax is the span
of all eigenvectors and generalized eigenvectors associated with eigenvalues
having positive real part (a; > 0). The center subspace of the system x’ = Ax is the
span of all eigenvectors and generalized eigenvectors associated with eigenvalues
having zero real part (a; = 0).
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Notation: The stable, unstable, and center subspaces are denoted by E°, E*, and
E¢, respectively.

Example 2.3.4. Consider the system

, 1 2
x = X.
5 4
Letting A denote the coefficient matrix, the characteristic equation is given by

A2_5)—6 = 0.

Factoring the characteristic equation as (A —6)(A +1) = 0, we obtain eigenvalues

A = —1and A = 6. The roots are real and have opposite sign, indicating that the
origin is a saddle. You can verify that

NEIH

are eigenvectors corresponding to A = —1 and A = 6, respectively. By the above

[$118)

definition, the stable subspace is given by

R

and the unstable subspace is given by

o[ 1]

The center subspace E° consists only of the zero vector. Notice that E° and E*
really are subspaces of R?, the underlying space. They are straight lines through
the origin and, in this example of a saddle, they correspond to the separatrices
(see Figure 2.11).

We remark that the general solution of this system is given by

xi(t) | | 1 el 3
[xzm} - l e [i]
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Figure 2.11. Phase portrait showing the stable and unstable subspaces
E® and E*.

If we start from (non-zero) initial conditions inside the stable subspace (c; # 0
and ¢, = 0), then our solution trajectory will remain in the stable subspace for
all time t, and we will approach the origin as t — co. Likewise, if we start from
initial conditions inside the unstable subspace, (c; = 0 and ¢, # 0), then our
solution trajectory remains in the unstable subspace for all time ¢ but we always

move away from the origin.

Example 2.3.5. The system

has a coefficient matrix that is already in real canonical form, and its eigenvalues
are 1+ 8i. Since both eigenvalues have positive real part, E* = R? whereas
both E°® and E° consist only of the zero vector. Likewise, the system

, 0 -8
X = X
8 0

has a coefficient matrix with eigenvalues £8i, both of which have zero real part.
In this case, E© = R? while the stable and unstable subspaces consist only of
the zero vector.

The notions of stable, unstable, and center subspaces are not restricted to
planar systems, as we illustrate in the following example.
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Example 2.3.6. Consider the system

-2 -1 0
x = 1 =2 0 |x
0 0 8

whose coefficient matrix has a convenient block-diagonal structure. The eigenval-

ues are —2 £ i and 8. The eigenvalue —2 + i gives rise to a complex eigenvector

1
1| +if 0|,
0 0
and the real eigenvalue has
0
0
1

as an eigenvector. Since —2 + i has negative real part, we conclude that the stable
subspace is
1
E° = span 11,0
0

Graphically, this is the xy-plane in R®. The unstable subspace

0
E" = span 0
1

is one-dimensional and corresponds to the z-axis in R3. The center subspace E°
consists only of the zero vector.

Several observations will help us sketch the phase portrait. Any trajectory
starting from non-zero initial conditions in E° (the xy-plane) will spiral inward
toward the origin while always remaining within E*. Any non-zero trajectory
starting in E* (the z-axis) will remain within E* for all time t and will be oriented
outward from the origin. Finally, any trajectory starting outside E® and E* will
spiral away from the xy-plane but will draw closer to the z-axis as t advances. A
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Figure 2.12. Phase portrait of a 3-D system with a two-dimensional
stable subspace E° and a one-dimensional unstable subspace E*.

sketch of the phase portrait appears in Figure 2.12. As another illustration, the

system
0 -1 0
X =11 0 0]x
0 0 8

has a coefficient matrix with eigenvalues +i and 8. The corresponding eigen-
vectors are exactly as in the previous example. The only difference is that the
xy-plane is now the center subspace because the eigenvectors that span that
plane correspond to an eigenvalue with zero real part. The z-axis is the unstable
subspace. Any trajectory starting from non-zero initial conditions in E¢ (the
xy-plane) will circle around the origin, remaining in E¢ for all time t without
being attracted or repelled by the origin. Any non-zero trajectory starting in E*
(the z-axis) will remain within E* for all time ¢ and will be oriented outward
from the origin. Finally, any trajectory starting outside E¢ and E* will spiral
away from the xy-plane but will always maintain a constant distance from the
z-axis as t advances. In other words, such trajectories are confined to “infinite
cylinders.” A sketch of this phase portrait appears in Figure 2.13.

Before moving on, we introduce some important terminology related to our
above discussion. As usual, consider the system x’ = Ax where A is an n x n
constant matrix. Given an initial condition xg = x(0), we know that the unique

A

solution of this initial value problem is given by x(t) = e/xp. In terms of

the phase portrait, once we pick the point xp, pre-multiplying by the matrix
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Eu
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Figure 2.13. Phase portrait of a 3-D system with a two-dimensional
center subspace E® and one-dimensional unstable subspace E*.

et/ and letting t increase will trace out a curve in R”. Let ¢ be the function
which associates each different initial condition with its solution trajectory:

(Pf (Xo) = etAxo.

Definition 2.3.7. The set of functions ¢; = e/

is called the flow of the system
x' = Ax of ODEs.

The reason for using the name “flow” is that ¢ describes the motion along
trajectories in the phase space starting from various choices of initial conditions

XQ-

Definition 2.3.8. If all eigenvalues of A have non-zero real part, the flow is called
a hyperbolic flow the system x' = Ax is called a hyperbolic system, and the origin is
called a hyperbolic equilibrium point.

Example 2.3.9. The system x’ = Ax where

0 1
-9 0|’

is non-hyperbolic because the eigenvalues of A are A = £3i, both of which have

A =

zero real part. The origin, a center in this case, is a non-hyperbolic equilibrium.
Note that, if an equilibrium is hyperbolic, then the dimension of its center
subspace is zero.

Our next comments concern properties of the stable, unstable, and center
subspaces associated with the system x’ = Ax. In the examples we gave, there
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are several common themes. First, the pairwise intersections of E°, E¥, and E°
consist only of the zero vector. Second, the sum of the dimensions of these
three subspaces is always equal to the dimension of the underlying space R".
Finally, if we start from an initial condition xo which lies inside one of these
three subspaces, then ¢;(xp) remains within that subspace for all real t. These
observations are now stated formally.

Recall that if S; and S; are subspaces of a vector space V, then the sum of the
subspaces is defined as

S14+S; = {x+y: xe S andye€ S,}.

The sum S; + S, is itself a subspace of V, and the concept of sums of vector spaces
is easily extended to larger finite sums. In the special case where S; 4S5, =V
and S; N S, consists only of the zero vector, we refer to the sum as a direct sum
and write S1 ® S, = V.

Theorem 2.3.10. Consider the system x' = Ax, where A is an n x n constant
matrix, and let E°, E¥, and E¢ denote the stable, unstable, and center subspaces
associated with the equilibrium at the origin. Then R" = E* ¢ E* & E°.

Theorem 2.3.11. The subspaces E°, E* and E° are invariant with respect to the flow

¢r = e4 in the following sense: If x¢ is any initial condition in E?, then etd

in E® for all t. Similar statements hold for E€ and E".

X0 is

In the phase portrait, if we start from within one of these three invariant
subspaces, our solution trajectory will never escape from that subspace.

The final theorem in this section is one of the most important qualitative results
for the constant-coefficient systems we have studied up to now. It tells us what
sort of behavior we can expect if we know the eigenvalues of the coefficient
matrix A.

Theorem 2.3.12. Consider the linear system x' = Ax, where A is an n X n

constant matrix. Then the following statements are equivalent:

& Given any xg € R", we have

lim eftxy, = 0,
t—o0

and for any non-zero xg € R”, the distance from et4xg to the origin tends to oo
ast — —oo.



LINEAR, CONSTANT-COEFFICIENT SYSTEMS 65

= All eigenvalues of A have negative real part.

1= The stable subspace E° at the origin is the entire space IR".

In other words, if all eigenvalues have negative real part, then the flow directs
us towards the origin as t — co and we are repelled from the origin as t — —oo.
The proofs of the three preceding theorems are not difficult, but are omitted.
For linear, homogeneous, constant-coefficient systems, it is easy to classify the
stability of the origin. Namely, the origin is

1w Asymptotically stable if all eigenvalues of A have negative real part.
1 Stable if none of the eigenvalues has positive real part.

1= Unstable if any of the eigenvalues has positive real part.

1 0
0 -1 1|

then the origin is unstable because one of the eigenvalues is positive. If

0 1
-1 0|’

then the origin is stable but not asymptotically stable. If

-1 0
0 -6

then the origin is asymptotically stable.

Example 2.3.13. If
A =

A =

A:

2.4. Trace and Determinant

A more compact way of classifying phase portraits of planar systems can be
stated in terms of the trace and determinant of the coefficient matrix. Recall the
following

Definition 2.4.1. The trace of a square matrix A is the sum of the entries on its

main diagonal and is denoted by trA.
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The eigenvalues of a 2 x 2 matrix A can be expressed in terms of trA and
det A. Suppose

Then the matrix

Al = a—A b
c d—A

has determinant (a — A)(d — A) — bc. Equivalently, the characteristic equation is

A —(a+d)A+ (ad —bc) = 0.

Since trA = a +d and det A = ad — bc, the characteristic equation can also be
written as
A2 — (trA)A +detA = 0. (2.12)

The roots of (2.12) are

A = trA+ /(trA)? —4det A
= 5 _

(2.13)

Note that the sum of these eigenvalues is trA. This is true of all square matrices,
not just 2 X 2 matrices (see exercises). We also know that det A is the product
of the eigenvalues. For 2 x 2 matrices, we have either two real eigenvalues or a
complex conjugate pair of eigenvalues, a £ Bi. Thus, for planar systems x’ = Ax,
we can use trA and det A to classify the origin as a saddle, unstable node, stable
node, unstable focus, stable focus or center:

Case 1: If det A < 0, we claim that the origin is a saddle. To see why, we
must show that the eigenvalues of A are real and have opposite sign. Suppose
indirectly that A has complex conjugate eigenvalues « £ fi. Then the product
of the eigenvalues (which equals det A) would be positive, contradicting our
assumption that det A < 0. It follows that the eigenvalues must be real, and they
must have opposite sign in order for det A < 0. Therefore, the origin is a saddle,
as claimed.

Case 2: Next, suppose that det A > 0 and (trA)?> —4detA > 0. From for-
mula (2.13), we know that the eigenvalues are real because the discriminant is

positive. Since det A > 0, the eigenvalues have the same sign, and it follows that
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the origin is a node. Whether the origin is stable or unstable depends upon trA
(the sum of the eigenvalues):

i If trA > 0, then both eigenvalues are positive and the node is unstable.

i If trA < O, then both eigenvalues are negative and the node is stable.

Case 3: Finally, suppose that det A > 0 and (trA)? —4det A < 0. The discrim-
inant in formula (2.13) is negative, implying that the eigenvalues are complex
conjugate. The origin is either a focus or a center depending upon the trace of A.
The sum of the eigenvalues « £ fi is 2a, or equivalently trA = 2a.

w If trA > 0, the real part of the eigenvalues is positive and the origin is an
unstable focus.

w If trA < 0, the real part of the eigenvalues is negative and the origin is a
stable focus.

i If trA = 0O, the real part of the eigenvalues is zero and the origin is a center.

The above observations are useful in classifying equilibria of planar systems.

Example 2.4.2. Consider the system x’ = Ax where

A =
-3 1

2 10]

Since det A = 28 > 0, the origin is not a saddle. Since (trA)?> —4detA =
—111 < 0, the eigenvalues are complex conjugate, and since trA = —1 < 0, the
eigenvalues have negative real part. Therefore, the origin is a stable focus.

Admittedly, for planar systems it is relatively easy to actually compute the
eigenvalues of the coefficient matrix, avoiding the need for the trace-determinant
classification. However, the above formalism can be very useful for systems in
which the coefficient matrix A contains unspecified parameters. The inequalities
appearing in Cases 1-3 can be used to determine the ranges of parameter values
for which various types of dynamical behavior will be observed. Such issues will
be explored in our chapter on bifurcations.

2.5. Inhomogeneous Systems

We now extend our earlier work to inhomogeneous linear systems of the form

x' = Ax+b(t),
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where A is an n X n constant matrix and b(t) is a vector of continuous functions.
Note that b(t) is allowed to involve the independent variable t but none of the
dependent variables. To solve such systems, we will extend the variation of
parameters method covered in introductory differential equations courses.

Variation of parameters. Let us briefly review how to solve first-order, linear,
homogeneous opEs with only one dependent variable. Specifically, consider the
oDE x'(t) = a(t)x(t) + b(t), where x(t) is scalar-valued, not vector-valued?. The
first step is to write the oDE in the form

x'(t) —a(t)x(t) = b(t). (2.14)

We cannot simply integrate both sides with respect to t, because this would lead
to an integral equation

x(t)—/a(t)x(t) dt = /b(t) dt,

which does not help us solve for x(t). Instead, the trick is to multiply Equa-
tion (2.14) by an integrating factor

e—fa(t) dt (2.15)

to obtain
e Jalbdt [x" —a(t)x] = e~ Ja®dip(p),

Equivalently,

%{effa(t)dtx(t)} = e JaWdtp(yp,

Now we are in a position to integrate both sides with respect to t, after which
we may (hopefully) solve for x(t).

Example 2.5.1. Solve the initial value problem

dx 2x
— = —— +Int x(1) =1
dt t (1)
2For this scalar oDE, the coefficient function a(t) is actually allowed to depend upon the in-
dependent variable t. Later, when we solve x’ = Ax + b(t), we must insist that A be a constant
matrix.
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Solution: In our above notation, a(t) = —2/t, from which we calculate
2
/? dt = 2Int].

(We need not include the integration constant here. After reading ahead a few
lines, make sure you can explain why.) Since our initial condition is given at
t = 1, we may drop the absolute value bars. The integrating factor is e?'"f =

elnt® — 2, Multiplying both sides of our oDE by the integrating factor gives

d
tzd—f +2tx = 2Int.

Equivalently,

% {t2x} — Int,

and integrating both sides yields
Px = /t2 Intdt.

Integrating by parts,
x = ﬁlnt— ﬁ—|—C
3 9 ’
where C is a constant of integration. The initial condition x(1) = 1 can be used
to calculate C = 10/9, which means that the solution of our initial value problem
i t t 10
x(t) = glnt— R
We can extend the variation of parameters technique to inhomogeneous sys-
tems of ODEs of the form x’ = Ax+ b(t), where A is a constant matrix. To
facilitate this process, we first state a lemma which tells us how to write our
usual initial value problem as an integral equation. Reformulating ODEs as

integral equations will help us frequently in subsequent chapters.

Lemma 2.5.2. Consider the initial value problem x’ = f(x, ) with x(0) = xo. If
f is continuous, then this initial value problem can be written as an integral

equation
t
x(t) = xo+ /O F(x(s),5) ds. (2.16)

Here, s is a “dummy variable” of integration.
y
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Proof. First, observe that if we set t = 0 in Equation (2.16), then the equation
reduces to x(0) = xp, which means the initial condition is satisfied. If we
differentiate both sides of (2.16) using the Fundamental Theorem of Calculus,
then we obtain x/(t) = f(x(t),t), and we see that the ODE is also satisfied. [

Now consider the initial value problem
x' = Ax+b(t) x(0) = xq, (2.17)

where A is an n X n constant matrix. By analogy with the one-variable problem

above, we re-write the equation as X' — Ax = b(t). If this were a one-variable

tA

problem with A constant, we would use e™** as the integrating factor. We

tA

claim that for the initial value problem (2.17), we can use the matrix e~** as an

t

integrating factor. Multiplying both sides of our oDE system by e~/ yields

matrix matrix
A~

~ N
e X —Ax} = e b(t) .
~——— ~—~
vector vector

Equivalently, 4
—tALl _ —tA
T { e Mx } e 'b(t),

and by Lemma 2.5.2 we have
t -t
e x(t) = e x|+ / e5Ab(s)ds = Ix(0) + / e~5Ab(s) ds,
= 0 0

where I is the identity matrix. Multiplying through by €4, we have established

Theorem 2.5.3. The solution of the inhomogeneous initial value problem (2.17)
is given by
ot
x(t) = ex(0) + e / e b (s) ds. (2.18)
0
When applying formula (2.18), our main challenge is to actually evaluate the

integral of the vector-valued function e b (s).

Example 2.5.4. Solve the initial value problem

x’l = —X1+ X2 +et x(0) =1

xh=—x;1—x0+2"  x(0) = 1.
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Solution: In matrix form, the system becomes

x} -1 1 X1 et 1
/ = + —t XO - .
X -1 -1 X2 2e 1
— —_——— — ——
x! A X b
The matrix A is already in real canonical form, and usinga = —1and f = —1in

Proposition 2.1.26, we find that

‘A _; | cos(—t) —sin(—t) _;| cost sint
el =e =e .
sin(—t)  cos(—t) —sint cost
Here, we have used the fact that cos(—t) = cost and sin(—t) = —sint.
Replacing t with —s and using these same trigonometric facts, we have

_ coss —sins
e = ¢ | .
sins  coss

Therefore, the integrand in formula (2.18) is

e*SAb(s) & [ coss —sins ] [ e s ] _ lcoss—Zsins ]

sins  coss 2% sins + 2coss

Integrating each component of this vector separately,

t
/te_SAb(S)dS _ /t c?ss—Zsins ds — sins+2co§s
0 0 | sins+2coss —Coss + 2sins 0

_ sint+2cost —2
N —cost+2sint+1

Putting all of this together, Equation (2.18) tells us that the solution of the initial

value problem is

l . ] = ex(0) +e'4 /tefsAb(s)ds

ot cost  sint 1
—sint cost 1

cost sint 1{ sint+ 2cost — 2

—sint cost —cost+2sint+1 |~
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Expanding these products, our overall result is

—etcost+2e tsint +2e7!

x1(t)

xo(t) = e 'sint +2e fcost —e ",

Readers interested in learning more about the types of linear systems of ODEs
for which exact solution is possible are encouraged to explore other resources
such as the references listed in the bibliography. The special classes of linear
systems we have discussed up to this point will be sufficient for our purposes in
the remainder of this text.

Exercises

1. If A is an eigenvalue of an invertible matrix A, show that 1/A is an eigenvalue
of A~1. What are the eigenvectors of A1 associated with 1/A?

2. Ann x n matrix A is called idempotent if A> = A. Show that each eigenvalue
of an idempotent matrix is either 0 or 1.

3. Show that if N is a nilpotent matrix (see Definition 2.1.32), then zero is the
only eigenvalue of N.

4. Give an example of a 3 x 3 matrix that is diagonalizable but not invertible.
Then, give an example of a 3 x 3 matrix that is invertible but not diagonaliz-
able.

5. Square matrices A and B are called simultaneously diagonalizable if they are
diagonalizable by the same invertible matrix P. Show that if A and B are
simultaneously diagonalizable, then A and B commute. That is, AB = BA.

6. The cosine of an n X n square matrix A is defined in terms of the Maclaurin

series representation of the cosine function:

(a) Suppose that D = diag{A1,Az,...A,} is a diagonal matrix. What is
cos(D)?

(b) Suppose that A is a diagonalizable matrix and A = PDP~! where D is
diagonal. Show that cos(A) = P[cos(D)]P~.
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-3 6
4 -1 |

7. Use the Maclaurin series representation of the sine function to define sin(A),

(c) Find cos(A) if

A=

where A is an n x n matrix. Use your definition to compute (a) the sine
of the 2 x 2 zero matrix, and (b) the sine of the diagonal matrix D =
diag{m/2,m/2,m/2}.

8. Consider the two matrices

A:10 and B:01.
00 0 0

(a) Show that A and B do not commute.
(b) Show that B is not diagonalizable.
(c) Show that eA+B £ eAeB,
9. For each of the following matrices A, compute ef/:

2 25/8 0 -1 2 -1
@ [2 5 ] ® | 21 © [2 0].

10. Solve the system

%23.’)(1-‘1-.%2 %:xl—kf&xz,

with x1(0) = —1 and x(0) = 4.
11. Find the general solution of the system
dxq X3

de d
W = xl + 2x2 +3X3, W — 2x2 + 8x3, W = SX3.

HINT: Do you really need to exponentiate a matrix here?

12. Find the general solution of the system

dX1 dXQ o
? _— = Sx] + x2.

= X1 — 5XZ dr
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13. Solve the initial value problem

d
% = 5x1 + 10xy, x(0)=1

dx

a7 = —x1 + 3x7, x(0) =1.

14. Solve the initial value problem

% =x1 —5x2 % = 2x1 + 3xp,

with x1(0) =1 and x,(0) = 1.
15. Find the general solution of the system x’ = Ax where A is the matrix
A= 01 .
-1 2

16. Find the general solution of the system x’ = Ax where A is the matrix

b
|
W N -
N — O
—_— O O

17. Find the general solution of the system x’ = Ax where A is the matrix

1 00
A= -1 2
1 0 2

18. Solve the initial value problem x’ = Ax where

0 1 0
A= 0 0 1
-8 12 —6

and x1(0) =1, x3(0) = 2, and x3(0) = 3.
19. For each of the following matrices A, sketch the phase portrait for the linear
system x' = Ax. In each case, indicate whether the origin is a stable node,
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unstable node, stable focus, unstable focus, saddle, or center.

N IR ]

20. For the following matrices A, carefully sketch the phase portrait for the
linear system x' = Ax. In each case, identify the stable subspace E° and the

0 —1
9 0|

Hint: Try to mimic examples that appear in the text.

unstable subspace E.

A:

1 2
A:
4 4]

21. (Trace and determinant.) Without finding the eigenvalues of the coefficient
matrices of the following systems, determine whether the origin is a stable

node, unstable node, stable focus, unstable focus, or center.

(a) x':l_lllx (b) x’:[21]x

3 2 1 2
;o -2 1 ;12 —1
o0 x = l 11 X d x = [ 5 1 X.

22. The trace of any n x n matrix A is equal to the sum of its eigenvalues; the
purpose of this exercise is to prove this statement for diagonalizable matrices A.
(a) Suppose A and B are n x n matrices. Show that tr(AB) = tr(BA).

(b) Using the result from Part (a), show that if A and B are similar, then
trA = trB.

(c) Suppose that A is diagonalizable and that A = PDP~! where D is diago-
nal. Use the result from Part (b) to explain why the trace of A is equal to
the sum of its eigenvalues.

23. Consider the constant-coefficient system x’ = Ax where
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Determine the stable, unstable and center subspaces E°, E* and E° associated

with the equilibrium at the origin.

24. Consider the system x’ = Ax, where

-3 0 0
A= 0 2 —4
0 4 2

Identify E°, E¥ and E° for this system, and provide a rough sketch of the
phase portrait.
25. Determine E°, E* and E° for the following system, and describe the flow

starting from initial conditions within each of these subspaces.

0 -3 0
X=13 0 0]x
0 0 -1

26. Each of the following systems contains an unspecified constant a. For each
system, (i) determine the eigenvalues of the coefficient matrix in terms of «;
(ii) find the critical values of « at which the qualitative nature of the phase
portrait experiences a dramatic change; and (iii) sketch the phase portrait for
different choices of a: one just below each critical value, and one just above

each critical value.

(a) x’:li le}x (b) x':[_ll i]x (c) x/:[_ll zlx

27. Solve the initial value problem

dy _ ™ _
a—(—tanx)y—i-secx, y(—)—\/i.

28. Solve the initial value problem

dv_ v, _
- x e y(1) =3.
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29. Solve the initial value problem

, -1 2 1
X = X + ,
0 1 2t

30. Solve the initial value problem

dx
a—x+2t x(0) =2
dy t _

31. Solve the initial value problem

dxl
dr
dX2
dr

= —Xx1 — 2xp + cos 2t,

= 2x1 — Xxp + sin2¢,

xl(O) =3

X2 (0) = 3.
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CHAPTER 3

Nonlinear Systems: Local Theory

We now turn our attention to nonlinear systems of oDEs, which present
a host of new challenges. Obtaining exact analytical solutions to such
systems is usually impossible, so we must settle for qualitative descriptions of
the dynamics. On the other hand, nonlinear systems can exhibit a wide variety
of behaviors that linear systems cannot. Moreover, most dynamical phenomena
in nature are inherently nonlinear.
Consider a general system of the form x' = f(x, t), where x € R" is a vector

of unknowns and

fi(xg,x2,... x5, 1)

fa(x1,x0, ... xp, t)

ft) =

fu(x1, %2, ... xp, 1)

is a vector-valued function f : R"*! — R". In what follows, we shall work
only with autonomous systems—those of the form x’ = f(x) where f : R” — R”"
does not explicitly involve the independent variable ¢. This is actually not a
severe restriction at all, because non-autonomous systems can be converted to
autonomous ones by introducing an extra dependent variable. For example, the

non-autonomous system

[ x} ] B [ cos(x1t) + x2

2 2
£ 4 X7

78
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becomes autonomous if we introduce a third dependent variable x3 = t and

corresponding oDE x4 = 1. The result is the autonomous system

/

x} cos(x1x3) + X2
/ _ 2 2
/

X3 1

whose order is one larger than the original non-autonomous system. Hence, it
will be sufficient to consider autonomous systems only.

For autonomous systems x’ = f(x), it is straightforward to determine whether
the system is linear or nonlinear.

Definition 3.0.5. Consider the system x' = f(x), where f : R” — R". The
system of ODEs is linear if the function f satisfies f(ax+y) = af(x) + f(y) for
all vectors x,y € IR"” and all scalars « € R. Otherwise, the system of ODEs is
called nonlinear.

Example 3.0.6. The right-hand side of the oDE % =x?is f(x) = x?, and

flx+y) = (x+y)? = P2y +y # C+yt = f()+fy):
Therefore, the oDE is nonlinear.

Warning: Be careful when classifying oDEs as autonomous/non-autonomous
or linear/nonlinear. These concepts are independent of one another. Here are
several one-dimensional examples to reinforce this point:

= % = x is linear and autonomous.

L3 % = x + cost is linear and non-autonomous.

= % = cos x is nonlinear and autonomous.

=3 % = t + cos x is nonlinear and non-autonomous.

There are very few analytical techniques for solving nonlinear oDEs. Separation

of variables is one such method, but it has very limited scope.

Example 3.0.7. Consider the nonlinear, autonomous ODE % = x — x? with initial

condition x(0) = 1/2. The fact that the oDE is autonomous makes separating the

variables easy:
1 dx

x—x2dt
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Integrating both sides with respect to ¢ yields

1
/x—xzdx - /dt'

and a partial fractions decomposition simplifies the left-hand side as

/ldx+/idx:/dt.
X 1—x

Hence, In|x| —In|1 — x| = t+ C where C is an integration constant. In the

vicinity of the initial condition x(0) = 1/2, we are dealing with x values for
which both x and 1 — x are positive quantities, allowing us to drop the absolute
value bars. Moreover, the initial condition tells us that C = 0. Solving for x then
gives t

e

x(t) = Tret

Notice that as + — oo, the solution satisfies x — 1 and as t — —oo, we have x — 0.
The linear systems we considered in the previous chapter cannot exhibit this
sort of behavior. In fact, the only systems x' = Ax whose non-constant solutions
remain bounded (i.e., trapped in a finite interval) for all time t are those for

which all eigenvalues of A have zero real part.

The remarks in the preceding example allude to the fact that nonlinear systems
can exhibit very different behavior from the linear ones we have considered up
to now. The next two examples help drive home this point.

Example 3.0.8. In the previous chapter, we learned that the linear system x’ =
Ax + b(t) with initial condition x(0) = x¢ has a unique solution given by the

variation of parameters formula (2.18). By contrast, the nonlinear system

% = 3x%/3 x(0) =0

has at least two solutions. Clearly one solution is the constant function x(t) = 0.
Separation of variables produces a second solution x(t) = t3, and therefore this

initial value problem does not have a unique solution.

Example 3.0.9. Consider the nonlinear system

dx _
i x(0) =1.
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By separation of variables, you can show that x(t) = (1 —¢t)~! is the solution.
Unfortunately, the solution blows up as t — 1~. Although the function x(t) =
(1 — 1?)’1 is defined for t > 1, it does not make sense to regard this as the solution
of the initial value problem for t > 1 since something went horribly wrong with
our system at t = 1. Note that solutions of the linear equations we studied in the
previous chapter cannot blow up in finite time.

Moral: For practical purposes, we need a way of determining whether a non-
linear system x’ = f(x) has a unique solution, and whether solutions are well-
behaved. In practice, if we obtain multiple solutions to an initial value problem
which is supposed to model some natural phenomenon, then which solution (if
any) is physically relevant? To address the issue of whether a nonlinear system
has a unique solution, we will typically approximate the dynamics using linear
systems.

3.1. Linear Approximations of Functions of Several Variables

One approach toward tackling nonlinear systems x’ = f(x) involves making
successive linear approximations, a process known as Picard iteration. Before
explaining that procedure, we expand upon some of the ideas covered in multi-
variable calculus. The purpose of this section is to explain how to obtain a linear
approximation of a function f : R” — R".

For functions f(x) of a single variable, the derivative provides a means for
writing down a linear approximation. Namely, the best linear approximation of

f(x) near a point x = a is given by the tangent line approximation

f(x) = f(a) + f'(a) - (x —a).

In multi-variable calculus, you learned that graphs of functions f : R> — R
of two variables are surfaces in R3. Given a point (xo, 1) € R?, the best linear

approximation of f near that point is given by the tangent plane approximation

)~ £, 30) + 55 (0.0) - (5= 30) + 5 (x0,90) - (v = ).
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Recall that if f(x,y) is a function of two variables, its gradient V f is the vector

Vi(xy) = (gj;,gi) :

Hence, an equivalent way of writing the equation for the tangent plane approxi-
mation is

f(xy) = f(x0,y0) + Vf(x0,y0) ® (x = X0,y = ¥o) -
dot product

For functions f : R” — R, linear approximation is simply an extension of the
tangent plane approximation. If (¥1,%,...%,) is some point in R”, then the

linear approximation of f near that point is given by

fxy,x,...x0) = f(X1,%2,...%n)

+ Vf(x,%,... %) (X7 — X1, X0 — Xp,... X5 — Xpy),

where

Vf(xy,xa,...%0) = (af ﬁ af).

9x1’ 9xy” " 9xp

We are now ready to explain how to obtain linear approximations for functions
f:R" — R". If f is such a function, we can write f in terms of its component
functions

f1<X1,JC2, v xn)

flxy,x0,...x) = fz(x1,x?,...xn) . (3.1)

fn(xlrx2/- . -xn)

Since each component function f; is a function from R" — IR, we know how to
write down their linear approximations near a specific point (%1, %, ...%,) € R".
Namely, the right hand side of Equation (3.1) is approximated by

fl(fl,fg,...fn) + Vfl(yl,fz,...yn) . (xl —X1,Xp —X3,...Xp — Xy
fz(fl,fg,...fn) + sz(fl,fz,...fn) ° (x1 —X1,X2 —Xp,... Xy — Xp

— —

fn(fl,fb...fn) =+ an(yl,fz,...fn) ° (X1 —X1,X3 —X2,...Xp 7?11)
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Finally, we re-write the vector (3.2) in the equivalent form

f1(f1,72,...7n) Vf1(fl,72,...fn) X1 — X1
f2(f1,f2,...fn) sz(fl,fz,...fn) Xy — X3
+ . (3:3)
fn(fl,fz,...fn) an(fhfz,...fn) Xn — Xp
vector in R” nxn matrix vector in R”

Here, it is understood that the gradients in (3.3) are written out as row vectors.
Equation (3.3) is the best linear approximation for a function f : R" — R”"
near the point (X1,%y,...%,). The matrix appearing in (3.3) will be important
throughout our study of nonlinear opEs, and it has a special name.

Definition 3.1.1. Suppose f : R" — R" is written in terms of its components as
in (3.1), and further suppose that the first partial derivatives of each component
function exist. That is, df;/dx; exists for 1 <i,j < n. Then the Jacobian of f is the
matrix

9h 9A ... oA

dx;  Jdxp dxy

gﬁ gﬁ gﬁ

X1 X2 X
Jflxrxn, ) = | 00 P2 B (3:4)

fu  Ofu . U

0xq dxp dxp

Evaluating a Jacobian matrix Jf at a point (X1,X2,...%,) € R" is perfectly
analogous to evaluating the derivative of a single-variable function f at a point
x = a. Readers who plan to take advanced calculus/analysis courses will learn
that, if all partial derivatives in a Jacobian matrix are continuous, then the
Jacobian matrix represents the derivative of a function f : R” — R".

Example 3.1.2. Consider the function f : R?> — R? defined by

X2+ y3
x cos(xy)

flxy) =

Then

Tf(xy) = dfi/ox df1/dy | 2x 3y2
o= df2/dx 3fa/dy | | cos(xy) —xysin(xy) —x2sin(xy)
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In particular,

1£(0,0) = [(1) H

3.2. Fundamental Existence and Uniqueness Theorem

The notion of Jacobian matrices will become important when we state conditions
which guarantee that a general nonlinear system x' = f(x) with x(0) = xo has a
unique solution. By Lemma 2.5.2, this initial value problem can be written as an
integral equation

x(t) = xp+ '/O.tf(x(s)) ds.

Picard’s method of successive approximations states that, under reasonable
assumptions on f, the solution of this integral equation can be constructed
recursively by setting ug(t) = X and defining the functions

wa(t) = xo+ [ Flu(s)) ds

for each k > 0. Provided that f is reasonably well-behaved, the sequence of
functions {u(t)} converges to x(t), the solution of the initial value problem, on
some time interval t € (—a, ). We illustrate the Picard iteration procedure via
an example.

Example 3.2.1. Consider the one-dimensional system x" = ax with initial condi-
tion x(0) = xp. In this case, f(x) = ax and we know in advance that the solution
of this problem is simply x = xpe®. To start the process of Picard iteration, we
define u((t) = xg, a constant. Then

t t
u(t) = x0+/0 flup(s))ds = x0+/0 axods = xo+axot = xo(1+ at).

The next iterate is

up(t) = xo+/0tf(u1(s))d5 = xo+/0tﬂx0(1+a5)d5 = %o <1+at+ (”;)2),
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After computing a few more iterates, we are led to conjecture that

. ‘
ur(t) = x0) (a.?],
j=0

which can be proved by straightforward induction. Letting k — oo, we find that

. O, (at)l t
lim u(t) = x = xge™.
Jim k(t) o];) i 0

Here, we have recognized the infinite series as the Maclaurin series representation
of the exponential function e”. Notice that the limit of our sequence of functions
ug(t) is x(t), the solution of the initial value problem. In this example, the
solution is valid for all real ¢.

We now state a criterion under which the Picard iteration process will actually

produce the unique solution of our initial value problem.

Theorem 3.2.2. (Fundamental Existence & Uniqueness Theorem): Consider
the initial value problem x’ = f(x) and x(0) = xo, where f : R" — R". Suppose
that all partial derivatives in the Jacobian matrix ] f(x) are continuous for all x in
the vicinity of the initial condition xg. Then there exists a positive number a such
that the initial value problem has a unique solution x(t) in the interval [—a, a].

Remark. (i) This Theorem is local. It does not guarantee that a unique solution
will exist for all time t. Conditions for global existence and uniqueness will be
provided later. (ii) It is possible to state a stronger version of this theorem which
does not require that [f(x) consist of continuous functions. See Perko [8] for
details. (iii) There are several ways to prove this theorem (see [7]). The most
intuitive proof requires familiarity with the notions of uniform convergence and
the contraction mapping principle.

Example 3.2.3. Consider the initial value problem

dx1
dt
dX2
dt

= 2)(1 — 3X1X2 X1 (0) =3

= X1Xp — 4x2 XZ(O) = 8.
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In this case, f : R? — R? is given by

f(xl,xz) = lfl(x1/x2) ] _ [2X1—3x1x2 ‘| .

fa(x1,x2) x1xp — 4xp

The corresponding Jacobian matrix is

2— 3XQ —3JC1
X2 X1 — 4 ’

Jf(x1,x2) = [

Not only are the entries of this matrix continuous at the point

H

they are continuous at all points (x1,x2) € R2. Therefore, there exists & > 0 such
that this initial value problem has a unique solution on the interval [—«, a].

Example 3.2.4. Recall the initial value problem

% = 3223, x(0)=0,

for which we found two solutions: x(t) = 0 and x(t) = t3. In this one-
dimensional example, we have f(x) = 3x2/3, and the “Jacobian” of f is simply
its usual derivative. That is, Jf(x) = f'(x) = 2x~1/3. Notice that f/(x) is NOT
continuous at x = 0, which is precisely the value of x assigned by the initial con-
dition. Hence, we have not satisfied the conditions of the Fundamental Existence
and Uniqueness Theorem. If the initial condition had been x(0) = 1, then our
problem would have a unique solution. (Warning: Simply failing to satisfy the
conditions of Theorem 3.2.2 is not enough to logically conclude that the initial
value problem does not have a unique solution. It merely tells us that we cannot

immediately conclude that our problem does have a unique solution.)

3.3. Global Existence, Dependence on Initial Conditions

Before jumping into a discussion of qualitative theory of nonlinear systems, we
address two questions which follow upon the theory in the previous section.
If we slightly change our initial conditions, can this make a profound impact
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on solutions of our initial value problem? Under what circumstances can we
guarantee global existence of solutions as opposed to the local existence that
Theorem 3.2.2 ensures? We will answer these questions after recalling some basic

facts from single-variable calculus.

Lemma 3.3.1. (Extreme Value Theorem). If a function f(x) is continuous on
a closed interval [4,b], then f(x) achieves both a minimum value m and a

maximum value M on this interval.

For example, on the closed interval [0, 37t/4], the function f(x) = sin x achieves
a maximum value of 1 at x = 7/2 and a minimum value of 0 at x = 0. By contrast,
on the open interval (0,1), the function ¢(x) = x? attains neither a maximum

nor a minimum value.

Lemma 3.3.2. (Mean Value Theorem). Suppose f(x) is continuous on [a,b]
and differentiable on (a,b). Then there exists at least one point ¢ € (a,b) such
e ) ~ fla)
/
file) = T h_a

Geometrically, the mean value theorem is easy to explain. Refer to Figure 3.1,
which shows a graph of a differentiable function f(x) on an interval [a, b]. The
dashed line has slope

f(b) ~ fa)
b—a

In the figure, there happen to be two x values in the interval (a,b) at which the
slope of the tangent line (solid line segments) is exactly equal to the slope of the
dashed line. The mean value theorem guarantees that at least one such x value

will always exist.

Lemma 3.3.3. Suppose that f(x) is continuously differentiable on a closed inter-
val [a,b]. (That is, f’(x) exists and is continuous on that interval.) Then there
exists a positive number K such that |f(x) — f(y)| < K|x —y| for all x,y € [a, b].

Proof. Since f’(x) is continuous on the closed interval [a,b], Lemma 3.3.1 tells
us that f’(x) achieves both a minimum m and a maximum M somewhere on
this interval. Let K = max {|m/|, |[M|}. Suppose x,y € [a,b] and, without loss
of generality, x < y. The the mean value theorem 3.3.2 says that there exists a
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Figure 3.1. Illustration of the mean-value theorem. See text for details.

number ¢ € (x,y) such that

Taking absolute values, we find that

e NN CTIER

Therefore, |f(y) — f(x)| < K|y — x| regardless of x and y. O

Lemma 3.3.4. Suppose f is continuous on the interval [a,b]. Then

[fead < [pwia

Proof. Exercise. O

Lemma 3.3.5. (Gronwall’s Inequality). Suppose f is non-negative and continu-

ous on R, and suppose there exist positive constants C and K such that

£(t) < C+K/Otf(s)ds.

for all t € [0,a]. Then f(t) < CeX! for all t € [0,a].

Proof. Exercise. O
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Our final Lemma will reference a definition that the reader may be familiar
with.

Definition 3.3.6. If x is a vector in R", then the Euclidean norm of x is defined as

Ixllz = /22 + 23+ + 22

If x and y are two points in R", the Euclidean distance between these two points

is given by

Ix =yl = /(1 =2+ (2 =yl + -+ (xw — y)2

The Euclidean norm of a vector is a generalization of our usual notion of the
length of a vector, and Euclidean distance is a generalization of our usual notion

of distance in two or three dimensions.

Lemma 3.3.7. (Triangle Inequality). If x,y € R", then ||[x+y|2 < [|x]l2 + ||ly]l2-
In the special case n = 1, this means |x + y| < |x| + |y|.

We now use the above lemmas to prove an important theorem which tells us
how changing the initial condition may affect the solution of an initial value

problem.

Theorem 3.3.8. (Dependence on Initial Conditions). Suppose f is continu-
ously differentiable on R and consider the two initial value problems

¥ = f(x)x(0) = xo
Yo = xo+C.

Q\
Il
~
~~
s
<
—
(@]
SN—
Il

Then the solutions of these two problems separate at most exponentially fast as
t increases (at least over the time interval in which the solutions exist). More
exactly, there exists a positive constant K such that |x(t) — y(t)| < |C|eK.

Proof. Notice that x and y satisfy the same oDEg, but with different initial condi-
tions. We write both of these initial value problems as integral equations

x(t) = xo + /Otf(x(s))ds
=y + [ foe)ds = x+C+ [ fys)ds



90 GLOBAL EXISTENCE, DEPENDENCE ON INITIAL CONDITIONS

Measuring the gap between the solutions,

ly(t) — x(8)]

0+ C + /O'tf(y(s))ds _ (xo + /Otf(x<s))ds>’
= |c+ [ ) - xten as.

By Lemma 3.3.7, we have

7

() = x(0] < 11+ | [ fly(e) - £(x(s)) s

from which Lemma 3.3.4 tells us that

1t —x(0] < 101+ [ 17(6(5) — Fa()] s

Since f is continuously differentiable, Lemma 3.3.3 says that there exists a positive
constant K such that |f(y(s)) — f(x(s))| < Kl|y(s) — x(s)| which provides the

estimate

ly(t) —x(t)] < |C| +K/0t ly(s) — x(s)]| ds.

Finally, Gronwall’s Inequality (Lemma 3.3.5) gives
ly(8) = x()] < [Cle".

This means that solutions of the two initial value problems we started with can

separate at most exponentially fast. O

With Theorem 3.3.8 in mind, we give an important definition.

Definition 3.3.9. An initial value problem
¥ = f(x) x(0) = xg

is called well-posed if each of the following criteria is satisfied.
v Existence: The problem has at least one solution.
ww Uniqueness: The problem has at most one solution.

w Dependence on Initial Conditions: A slight change in initial conditions does not
profoundly impact the solution. In other words, solutions of “nearby” initial

value problems do not separate faster than exponentially.
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In practice, one always hopes to work with well-posed problems. Non-
existence of a solution has obvious negative implications, and typically raises
questions as to how best to create an “approximate” solution. Non-uniqueness of
solutions can sometimes be remedied by imposing additional requirements that
solutions must satisfy (e.g., boundary conditions or initial conditions) allowing
us to single out one particular solution of interest. Sensitive dependence on initial
conditions can be a severe problem. If the behavior of a system is extremely
sensitive to the choice of initial conditions, then the solutions may be completely
unreliable in making predictions of future behavior. Mathematical models of the
weather tend to suffer from this latter drawback, making it difficult to forecast
beyond a few days ahead.

We now turn our attention to the question of global existence of solutions
of the initial value problem x’ = f(x) and x(0) = x, where f is continuously
differentiable. The Fundamental Existence and Uniqueness Theorem 3.2.2 and
Theorem 3.3.8 guarantee that this problem is well-posed, but they only ensure
that the solution will exist locally (i.e., in some interval («, ) containing t = 0).

Lemma 3.3.10. Consider the initial value problem

X = f(x) x(0) = xp

where f is continuously differentiable on IR”. Then there is a maximal interval
J = (&, B) over which the initial value problem has a unique solution x(#). This

maximal interval of existence | is an open interval containing t = 0.
Proof. See Section 2.4 of Perko [8]. O

Remark. (i) Let us clarify what we mean by the maximal interval of existence.
Lemma 3.3.10 states that if the initial value problem has a solution y(t) on
some interval I, then I must be a subset of ], and y(t) = x(t) for all t € I. (ii)
If the maximal interval of existence if (—oo,0), then we say that the solution
exists globally. (iii) The statement of Lemma 3.3.10 need not require that f be
continuously differentiable on all of R”, only on some open set containing the
initial condition xg. Our less general formulation of 3.3.10 will facilitate the
statement and proof of the next lemma, as well as our main Theorem (see 3.3.13

below).
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Lemma 3.3.11. Suppose that the initial value problem in Lemma 3.3.10 has a
maximum interval of existence («, ) where B < co. Then given any positive
number M (no matter how large), there exists some t € («, §) such that ||x(t)||2 >
M.

Proof. See Section 2.4 of Perko [8]. O

In words, Lemma 3.3.11 tells us that if the solution of the initial value problem
fails to exist for all positive time t, then the solution curve cannot possibly
remain confined within some fixed distance M of the origin throughout the
entire interval of existence.

Lemma 3.3.12. (Strong Gronwall Inequality). Suppose g > 0 is continuous on
R and that there exist positive constants C, B, and K such that

t
g(t) <C + Bt + K/o g(s)ds

for t > 0. Then

g(t) < ceft + g (eKt . 1) .

Proof. Straightforward extension of the proof of the basic Gronwall inequal-
ity 3.3.5. O

Theorem 3.3.13. (Global Existence). Consider the initial value problem
X' = f(x) x(0) = xo,

where f : R” — R" is continuously differentiable. If there exist positive constants
K and B such that ||f(x)]2 < K||x||2 + B for all x € R"”, then the initial value
problem has a unique solution valid for all real ¢.

4

Remark. The condition || f(x)|2 < K||x||2 + B essentially means that the “size”
of the vector ||f(x)||2 grows no faster than linearly as x moves away from the
origin.

Proof. We give the proof for 0 < t < oo, arguing by contradiction. Suppose the
maximal interval of existence is («, ) where B < co. Let g(t) = ||x||2, where
x = x(t) denotes the solution of the initial value problem. Then g is continuous,
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but not necessarily differentiable. Since

t
X(t) = x0 + [ flx(s))ds
we make the estimate

x0+/f ds

< ol + | x|

<mm+/w M®_hm+/KHHﬁ3®

= olla + [ Bas + K [ x(s)ly ds = oll2 + B+ K [ g(s

By the Strong Gronwall Inequality 3.3.12, we conclude that

B
Kt D (Kt
g < fxollze + 2 (e -1).

This means that ||x(t)||, can grow at most exponentially fast. Returning to our
indirect assumption that f < co, Lemma 3.3.11 tells us that our solution x(t)
will never remain confined to a given bounded region throughout its maximal

interval of existence. In particular, suppose we choose
gk, B[ pk
M = [lxofl2eP + 2 (eP€—1)

in the statement of Lemma 3.3.11. Then the Lemma implies that

for some t € («,B). This contradicts our above inequality for g(t). Therefore,
B = oo and the solution of the initial value problem exists for all positive t.
Extending this proof to establish existence for all negative ¢ is straightforward. [

Example 3.3.14. The right hand side of the planar system

dx .
G = filuy) = sin(@+y?)

dx

o = L0y = cos(x* + )



94 EQUILIBRIA AND LINEARIZATION

consists of functions that are continuously differentiable. Since the sine and
cosine functions remain bounded between -1 and 1, we have | f(x,y)|> <
V12 +12 = /2. Therefore, f obeys an estimate of the form || f||» < K||x||» + B,
where K = 0 and B = /2. The global existence theorem 3.3.13 guarantees that
any solution of this system of oDEs will exist for all time ¢.

3.4. Equilibria and Linearization

When approximating nonlinear systems with linear ones, one typically works in
the vicinity of equilibrium solutions (for reasons that we shall soon reveal). We
begin this section with some definitions which will be used frequently throughout
the remainder of this chapter.

Definition 3.4.1. An equilibrium solution of X' = f(x) is any constant vector x*
such that f(x*) = 0.

Definition 3.4.2. Let € be a fixed, positive number and suppose x € R". The
open ball of radius € centered at x is the set of all points whose distance from x is
less than €. We will use the notation

B(x,e) = {y € R" such that ||x —y|]>» < €}.

Definition 3.4.3. An equilibrium x* of x’ = f(x) is called isolated if there exists a
positive number € such that the open ball B(x*,€) contains no equilibria other
than x*.

Example 3.4.4. Find all equilibria of the system
x] = x1 — 2x1% xh = x1x0 — 3x7.

Solution: Setting both x| = 0 and x/, = 0, we seek points which simultaneously
satisfy

0=1x1—2x1x0 = x1(1—2x7)

0=1x1x% —3x2 = x3(x1 —3).

If we set x; = 0 in the first equation, this would force x; = 0 in order for the
second equation to hold. Likewise, if we set x; = 1/2 in the first equation,
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this forces x; = 3 in the second equation. It follows that there are exactly two

solutions of this system:

MEHERHEH

These are the equilibrium solutions, and both of them are isolated.

Remark. (i) Finding equilibria of nonlinear systems is usually impossible to
do algebraically. There is no straightforward extension of the matrix algebra
techniques you learned for handling linear, constant-coefficient systems. (ii)
Whereas matrix systems Ax = b have either o, 1, or infinitely many solutions,
nonlinear systems can have any number of solutions. In the above example, there
were two equilibria (which could never happen for the linear systems discussed
in the previous chapter).

As we might expect, if we start out in equilibrium of a system x' = f(x),
then we are stuck there forever. More exactly, suppose the initial condition is
x(0) = x*, where x* is an equilibrium. Clearly the constant function x(f) = x* is
a solution of the initial value problem, because X' = 0 and f(x) = 0. Assuming
that all partial derivatives in ] f(x) are continuous in the vicinity of x*, then the
Fundamental Existence and Uniqueness Theorem 3.2.2 guarantees that the initial
value problem has a unique solution in some interval containing f = 0. Since we
have already produced the solution x(¢) = x*, this constant solution must be the
only solution.

Linearization. Our earlier remarks about linear approximation of functions
allude to how we will approximate nonlinear systems of oDEs with linear ones.
For the sake of illustration, we introduce the process of linearization for two-
variable systems

X = filx,x2),  xp = fa(xy,x2), (3.5)

and remark that the following is easily extended to n-variable systems. Suppose
that (x7,x}) is any point in R? and we wish to approximate the behavior of the
nonlinear system (3.5) near this point. Replacing the right-hand sides of the
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equations (3.5) with their tangent plane approximations at (x}, x3), we obtain

[xa ] - [fl(xi‘,x;) ] . lm(x;,x;) ] [xl_x; ]
x5 fa(x3,x3) Vfa(x}, x3) Xy — x4

vector in R2 2x2 Jacobian  vector in R?

This is nothing more than a restatement of Equation (3.3) in n = 2 dimensions.
If we use vector notation

X1 x:
X = and x* = i ,
X2 X5

then the linear approximation of the system (3.5) becomes

X & f(x) + JF () (x—x").

We give this approximation a name.

Definition 3.4.5. The system

X' = f(xX) +Jf(x) (x —x7) (3:6)

is called the linearization of the system x’ = f(x) at the point x = x*.

The linearization is a linear, constant-coefficient system which can be solved
using the techniques in the previous chapter. If x* happens to be an equilib-
rium of the system, then f(x*) = 0 and the linearization takes the particularly
convenient form

X = JFOC)(x—x").

Example 3.4.6. Consider our earlier example
x] =x1 —2x1x%,  xh = x1x2 — 3xp,

for which we found two equilibria:

e

Ni—
| —
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To obtain the linearization at the origin, we begin by computing the Jacobian

X x1—3

160 = [1—2x2 —2x 1

Evaluating the Jacobian at the first equilibrium gives

1£0,0) = H 03],

and therefore the linearization or our system at (0,0) is

4- [ 2]02)

We immediately see that the origin is a saddle for the linearized system and the
solution is x1(t) = cie! and x,(t) = cpe 3. The linearization about the other
equilibrium point is handled in a similar way. Referring to the Jacobian matrix
Jf(x) above, we calculate that

1 0 -6
2 3 0
Notice that the characteristic equation of this matrix is A2 +3 = 0, which

means the eigenvalues are A = £+/3i. This would suggest that the equilibrium
x* = (3,1/2) is a center, at least for the linearized system

-]

Solving this (barely inhomogeneous) system is straightforward.

+

Ni— O
Ni—= O

When linearizing about an equilibrium, one would hope that the linearized
system would mimic the behavior of the nonlinear system, at least in the vicinity
of the equilibrium. This is usually, but not always, the case. In the previous
example, one of the equilibria was hyperbolic (no eigenvalues of the Jacobian
had zero real part), and the other was non-hyperbolic. In the next section, we
shall formally state the Hartman-Grobman Theorem, which tells us that if we
linearize about a hyperbolic equilibrium, then the linearization exhibits the same
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qualitative behavior as the original nonlinear system. This need not be true for

non-hyperbolic equilibria.

3.5. The Hartman-Grobman Theorem
In the previous section, we introduced the notion of isolated equilibria for
systems of ODEs.

Example 3.5.1. For a linear, homogeneous, constant-coefficient system x = Ax,
equilibria x* must satisfy Ax* = 0. If A is invertible, then the only equilibrium is
the origin, x* = 0, which is clearly isolated. If A is not invertible, then solutions
of Ax* = 0 form a subspace of R” of dimension at least 1 (i.e., the nullspace of
A is non-trivial). This implies that there are infinitely many equilibria, none of
which are isolated.

In this section, we will assume that all equilibria are isolated. We also need
one more definition concerning equilibria of nonlinear systems.

Definition 3.5.2. An equilibrium x* of the system x’ = f(x) is called hyperbolic
if all eigenvalues of the Jacobian ] f(x*) have non-zero real part.

Example 3.5.3. By algebra, you can show that the system
X =x—xy y =-y+axy

has exactly two equilibria: (x,y) = (0,0) and (x,y) = (1,1). The Jacobian matrix

1-y —X
y —1+x

is

Jf(x,y)

7

from which we calculate that

1

0

Jf(0,0) = l 1

0 0 -1

and 1,1) = .
0] - [0 2]
Since the eigenvalues of Jf(0,0) are 1 and —1, the equilibrium (0, 0) is hyperbolic.
However, the eigenvalues of [f(1,1) are A = +i, both of which have zero real
part. Thus, (1,1) is a non-hyperbolic equilibrium.

We now state one of our most important theorems about the qualitative

behavior of solutions of nonlinear systems of ODEs.
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Theorem 3.5.4. (Hartman-Grobman). Suppose x* is an isolated equilibrium
of a nonlinear system x’ = f(x). Then in the vicinity of x*, the linearization
x" = Jf(x*)(x — x*) about that equilibrium has the same qualitative behavior as

the original nonlinear system.

More precisely, there exists a positive number € such that, within the open
ball B(x*,€), the phase portraits of the nonlinear system and its linearization are
topologically equivalent. In other words, there is a continuous, one-to-one corre-
spondence between phase portrait trajectories which preserves the orientation of
corresponding trajectories. We illustrate this via an example.

Example 3.5.5. Although the system

¥ = _x Y =x2+y
is nonlinear, it can be solved exactly, one equation at a time. Solving the first
equation yields

x(t) = xpe t,
where xp = x(0). Substituting this into the second equation and using the

variation of parameters formula, we find that

1 _
y(t) = yoe' + gx% (et —e 2t> :

With the assistance of a computer, we could sketch the phase portrait for the
nonlinear system by choosing various initial conditions (xg, o) and plotting the
parametrized curve (x(t),y(t)) given by the above formulas. The phase portrait
is sketched in the left panel of Figure 3.2. Let us compare the dynamics of the
nonlinear system with that of its linearization. Clearly the only equilibrium of
this system is (x,y) = (0,0). We linearize by computing the Jacobian

1o
Jf(xy) = 1
from which _ }
-1 0
0,0) =
o0 = |
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y linearized

nonlinear system

system

// "

Figure 3.2. Comparing the phase portrait of a nonlinear system (left
panel) with that of its linearization (right panel).

The eigenvalues of Jf(0,0) are —1 and 1, neither of which has zero real part.
Hence, the origin is an isolated, hyperbolic equilibrium point. Moreover, since
the eigenvalues are real and of opposite sign, the origin is a saddle. The solution

-1

is x = xpe "' and y = ype’. You may check that the stable subspace E? is the x-axis

of the linearized system

and the unstable subspace E* is the y-axis. The phase portrait for this saddle is
shown in the right panel of Figure 3.2. Comparing the two panels in Figure 3.2
serves to illustrate the Hartman-Grobman Theorem. The phase portrait for the
nonlinear system is a “warped” version of the phase portrait of its linearization.
However, if we “zoom in” very close the origin, the two phase portraits would be
indistinguishable. Notice that the unstable subspace E* for the linearization also
happens to form a separatrix for the nonlinear system. However, the nonlinear
system “bends” the stable subspace E® into a parabola—this parabolic trajectory
does not form a subspace of R%. In the next section, we explain that the nonlinear
counterparts of stable, unstable, and center subspaces are called stable, unstable,
and center manifolds.

3.6. The Stable Manifold Theorem

A manifold is a generalization of the flat objects (lines, planes, and hyperplanes)

that you learned about in linear algebra. The precise definition of a manifold
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is somewhat technical and is not required for our purposes; instead we give
some examples. A smooth curve such as a circle in the plane is an example of a
one-dimensional manifold. If we “zoom in” on any point within the circle, what
we see would be indistinguishable from a small interval on the (one-dimensional)
real line. Likewise, the surfaces in IR? you learned about in multi-variable calculus
would be examples of two-dimensional manifolds. If we suitably magnify any
tiny region on the graph of the paraboloid f(x,y) = x* + y?, then the result
would be virtually indistinguishable from a region within the “flat” space R?.
We shall deal only with differentiable manifolds (imagine a surface which does
not have any sharp corners or ridges).

Below, we shall find that near hyperbolic equilibria, we expect nonlinear
systems to have stable and unstable manifolds which have the same dimensions
and invariance properties of E° and E* for the linearized systems. First, we
review the concept of the flow.

Suppose that x' = f(x) and assume that all partial derivatives in Jf(x) are
continuous for all x € R". Given an initial condition x(0) = xp, Theorem 3.2.2
tells us that the initial value problem has a unique solution which exists in some
open interval containing t = 0. Let ¢¢(xo) denote the solution of this initial value
problem, defined on the largest time interval containing t = 0 over which the
solution exists.

Definition 3.6.1. The set of all such functions ¢;(xp) (i.e., for all possible choices
of x¢) is called the flow of the opE X’ = f(x).

Notice that for each choice of xg, the function ¢;(xo) defines a parametrized
curve in R" (parametrized by t), crossing the point x¢ at time ¢ = 0. For the
linear systems we discussed in the previous chapter, we know that the phase
portraits may contain saddles, foci, nodes, and centers. The flows for nonlinear

systems may exhibit much more interesting behavior.

Definition 3.6.2. A subset E C R" is called invariant with respect to the flow if
for each x( € E, the curve ¢¢(xg) remains inside E for all time ¢ over which the
solution actually exists.

For linear, homogeneous, constant-coefficient systems x’ = Ax, the subspaces
E® E°, and E* associated with the equilibrium at the origin are all invariant with

respect to the flow. If we start from an initial condition inside any one of these
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subspaces, our solution trajectory remains confined to that subspace for all time
t.

We now state another major theorem which, together with the Hartman-
Grobman Theorem, provides much of our basis for understanding the qualitative
behavior of solutions of nonlinear ODEs.

Theorem 3.6.3. (Stable Manifold Theorem). Suppose that X' = f(x) is a system
of opEs for which the Jacobian matrix Jf(x) consists of continuous functions.
Further suppose that this system has an isolated, hyperbolic equilibrium point at
the origin, and that the Jacobian [ f(0) has k eigenvalues with negative real part
and (n — k) eigenvalues with positive real part. Then

= There is a k-dimensional differentiable manifold W* which is (i) tangent to
the stable subspace E® of the linearized system x’ = Jf(0)x at the origin; (ii) is
invariant with respect to the flow; and (iii) for all initial conditions xo € W?, we

have
lim ¢r(xo) = 0.

ww There is an (n — k)-dimensional differentiable manifold W* which is (i) tan-
gent to the unstable subspace E* of the linearized system x’ = Jf(0)x at the
origin; (ii) is invariant with respect to the flow; and (iii) for all initial conditions
xg € WH, we have

lim i) = 0
Here, W*® and W* are called the stable and unstable manifolds, respectively.

Remark. Although the statement of this Theorem is a bit wordy, it is not difficult
to understand what is going on. Basically, it says that near a hyperbolic, isolated
equilibrium point, nonlinear systems produce objects W® and W* which are
“curvy versions” of the subspaces E° and E* for the linearized system. The
manifold W?® is tangent to the subspace E° at the equilibrium. In the previous
example, W* was a parabola which was tangent to E° (the x-axis) at the origin
(see Figure 3.2). If we start from an initial condition inside W*, we will stay
inside W? for all time ¢, and we will approach the equilibrium as t — co. Similar
statements hold for the unstable manifold.

Example 3.6.4. In the example we did in the previous section

/

X=—x, Yy =x*+y,
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we noted that this nonlinear system has an exact solution

_ 1 1, _
x(t) = xe !,  y(t)= (yo + 3x3> el — gxge 2,

The origin is the only equilibrium solution, and we already established that it
is a saddle. To determine W*, we need to determine which special choices of
initial conditions (x, yp) would cause us to approach the origin as t — 0. In the
equation for x(t), we find that

lim xpe f = 0
t—oo
regardless of our choice for xy. This imposes no restrictions on our choice of
initial conditions. Taking the same limit in the equation for y(t) is much more
interesting: in order to guarantee that
1 1
lim x5 )el —Zxde | =0
tﬁoo|:(y0+3 O) 3 0
we must insist that

1
Yo+ 3% =0,

because the exponential function e’ will increase without bound as t — co. No
other restrictions are necessary, because e 2 5 0ast — co. Therefore, we
conclude that the one-dimensional stable manifold is given by the parabola
y = —x%/3. A similar argument shows that W* is the y-axis. Notice that W* is
tangent to the stable subspace E° (the x-axis) at the equilibrium point.

Example 3.6.5. Consider the nonlinear system

X =—-x+32 yv=-y  Z=3+z
Solve this system and compute the stable and unstable manifolds for the equilib-
rium at the origin.
Solution: This is very similar to the previous example. By computing the
linearization, you should convince yourself that the origin really is a hyperbolic

equilibrium. We see immediately that y(t) = ype'. Substituting this expression
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into the first equation, we obtain a linear, inhomogeneous equation
X' +x = 3yle .
The variation of parameters technique applies. Using
e J1dt _ o
as an integrating factor, we find that
el (¥ +x) = 3yde ™,

or equivalently,

%(etx) = 3yle .

Integrating both sides,
efx = etx|t:0 + /Ot?)y%e*s ds = xo+3y3 (—e75)|g = xo+3y3(1—e).
Multiplying both sides by e,
x(t) = xpe ' + 3y3 (e*t —e*2t> .

The equation for z is solved in a similar fashion, and the general solution of the
system is

x = (xo +3y(2)) e ! — 3yfe
y = yoe™

z= (zo er%) el — y(z)e_Zt.

The stable manifold W* consists of all initial conditions (xg, Yo, zo) such that the
flow guides us to the origin as t — co. That is,

}L%‘Pt(xOr]/OrZO) = (0,0,0).

Notice that all of the exponential functions in the solution are decaying except

for the e’ term in the z(t) equation. In order to guarantee that we approach the
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Figure 3.3. Sketch of the two-dimensional stable manifold z = —y2 and
the one-dimensional unstable manifold (z-axis) from the example in the
text.

origin as t — oo, we need to coefficient of e’ to be o. This forces
Z0 +y% = 0.

If we graph z = —y? in IR?, the result is a two-dimensional manifold: a parabolic
sheet (see Figure 3.3). Similarly, solutions in the unstable manifold must approach
the origin as t — —oo. In this limit, we have e/ — 0 bute™! — o0 and e % — .
Requiring the coefficients of both e ! and e~ to be o, it must be the case that
xp = 0 and yy = 0, while zy remains free. Therefore, the unstable manifold W*
consists of all points on the z-axis.

We remark that when calculating W® and W*, it was important to express
the solution (x,y,z) of the ODEs in terms of the initial conditions (xg, yo,z0) as

opposed to introducing purely arbitrary constants Cq, Cp, and Cs.

Calculating W*® and W* by hand is usually impossible. There are methods for
obtaining successive approximations of these manifolds, but such techniques can

be very tedious.

3.7. Non-Hyperbolic Equilibria and Lyapunov Functions

The Hartman-Grobman and Stable Manifold Theorems tell us that near an

isolated, hyperbolic equilibrium point x¢, the behavior of the nonlinear system
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x" = f(x) is qualitatively similar to that of its linearization x' = Jf(xq) - (x — Xo).
What about non-hyperbolic equilibria?

Example 3.7.1. We claim that the system
¥=—y—x(+y?) Y =x—y(P+y7)

has exactly one equilibrium (the origin). To verify this, we set both x’ = 0 and
y' = 0 to obtain

y = —x(x*+y?) and x = y(x* +y°).
Combining these two equations, we have
x = —x(x®+ )2

Clearly (x4 y*) > 0 regardless of x and y, with equality only if x = y = 0. If it
were the case that x # 0, we could divide both sides of the latter equation by x
to obtain 1 = —(x? 4+ y?)? < 0, which is absurd. Therefore, it must be the case
that x = 0, from which it follows that ¥ = 0 as well.

Next, we claim that the equilibrium (0,0) is non-hyperbolic. The Jacobian
matrix associated with our system is

3212 _1-_92x
If(x,y)=[ Y ! 2y1/

1-2xy —x*—3y?

and evaluating this matrix at the equilibrium point yields

Jf(x,y) = “ _01 ]

The linearization of our original system is
x| |0 -1 x
y 1 0 Y ’

and the eigenvalues of the coefficient matrix are A = +i. Both eigenvalues have

zero real part, implying that the equilibrium is non-hyperbolic and that the
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origin is a center for the linearized system (with circular trajectories in the phase

plane). Is this an accurate representation of the behavior of the nonlinear system?

Sneaky observation: The original system is easy to analyze if we introduce a
“radial” variable u(t) = x(t)? + y(t)?. Notice that u measures the square of the
Euclidean distance from the origin for points on our solution curve (x(t),y(t)).
Taking the derivative,

% = Zx% + Zy% = 2x[-y —x(x¥* + )] + 2y[x —y(x* + y?)]
= 222+ - 22(® + ) = 22+ ) (24P = —2u?
The equation u’ = —2u? is easy to solve by separation of variables, and we find
that
u(t) = ;,
2t+C

where C is an arbitrary constant which we could solve for if given an initial
condition ug. Since u is, by definition, a non-negative quantity, we know that
ug > 0. In fact, we may assume that up > 0 because otherwise we would have
xp = Yo = 0, placing us at the equilibrium for all time t. Setting ¢t = 0 in the
equation for u(t), we find that C = u; 1> 0 because ugy > 0. Since C is positive,
the solution u(t) exists for all positive t because the denominator 2t + C is never
o. Taking the limit t — oo, we conclude that
fim 1) = 0

regardless of our choice of initial conditions. This means that all solutions trajectories
for the nonlinear system approach the equilibrium at the origin as t — oo.
Consequently, the origin is an attractor in spite of the fact that the linearized
system has a center at the origin. Figure 3.4 shows a sample trajectory in the
phase plane for the nonlinear system. The phase portrait for the linearized

system is exactly as in Figure 2.8e.

Definition 3.7.2. In the above example, the origin is called a weak sink or weak
attractor.

The reason for using the word “weak” in this definition is because trajectories
approach the origin slower than those of “normal” attractors, which approach
exponentially fast.
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N

Figure 3.4. Phase plane of a nonlinear system for which the origin is a
weak attractor (see text).

Example 3.7.3. Changing signs in the previous example, the system
Y= —ytx(P4y?) Y =xty(?+y?)

still has a non-hyperbolic equilibrium at the origin. This time, the origin is
unstable (a repeller), whereas the origin is a [stable] center for the linearized
system. Defining u(t) as before, the reader is encouraged to show that ||u(t)||2
actually blows up to co in a finite amount of time for any choice of initial
conditions (excluding the equilibrium itself). This is a major contrast with the
behavior of solutions of the linearized system, which exist and remain bounded
for all real .

Moral: The two examples above should convince you that near non-hyperbolic
equilibria, we need a completely different approach for classifying stability.
Earlier, we gave an intuitive, but somewhat vague definition of what it means for
an equilibrium to be stable. We now give a precise mathematical definition for
stability of equilibria. To make the definition slightly less technical to state, we
will assume that the flow ¢; is defined for all positive f. You may wish to consult
Definition 3.4.2 for a reminder of how the open ball B(x*, €) is defined.

Definition 3.7.4. Suppose x* is an isolated equilibrium of the obE x' = f(x) and
let xg denote an initial condition. Then x* is called

wr Jocally stable if given any number € > 0 there exists a 6 > 0 such that whenever
xg € B(x*,6), then the solution satisfies x(t) € B(x*,¢) for all t > 0.
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Figure 3.5. Illustration of local stability of an equilibrium. The inner and
outer dashed circles have radii  and €, respectively, and are centered at
an equilibrium x*.

w Jocally asymptotically stable if x* is locally stable and there exists 7 > 0 such
that

fim x0) = x

whenever xg € B(x*, 7).

v unstable if x* is not locally stable.

The notion of local stability is illustrated in Figure 3.5, and in words, this
concept is explained as follows. Suppose we are given a positive number €. Then
no matter how small € is, we can always produce another positive number 4 such
that whenever we start from an initial condition whose distance from x* is less
than J, the solution curve x(t) will always have distance less than € from x*. In
some sense, this basically means that trajectories that start reasonably close to x*
can never “escape too far” from x*. Local asymptotic stability means that if the
initial condition xq is appropriately close to x*, then the solution curve x(t) will
actually converge to x* as t — oco. For linear systems, centers are examples of
equilibria that are stable but not asymptotically stable. The Hartman-Grobman
Theorem and Stable Manifold Theorems ensure that any hyperbolic equilibrium
point of X' = f(x) is either locally asymptotically stable (if all eigenvalues of the
Jacobian matrix ] f(x*) have negative real part) or unstable (if any eigenvalue has
positive real part). An asymptotically stable equilibrium is sometimes called a

sink or attractor.
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Lyapunov Functions. Classifying non-hyperbolic equilibria x* as stable, asymp-
totically stable, or unstable can be incredibly difficult (and often impossible).
We now describe a classification technique that was originally proposed by
Russian mathematician A.M. Lyapunov in his 1892 doctoral dissertation. Con-
sider the opE x’ = f(x), where f is continuously differentiable. A solution x(t)
of this equation can be written in terms of its component functions, x(t) =
[x1(t), x2(t), ... x,(t)]. Now suppose that V : R" — R is a continuously differen-
tiable scalar-valued function. Then by the chain rule,

d d
aV(x(t)) = av(m(t),xz(t),...xn(t))
dV dx; dV dx; A% %

T dt T dr T ax, ar
oV oV BV} . [d)q dxs dx,,

axy oy Ay A dr (a dot product)

=VV(x)ex'(t) = VV(x)e f(x).

Observation. This calculation tells us how the function V changes as we move
along a solution curve x(t). In particular, if we find that
d
—V(x(t)) <0
V()
inside some set E C IR", then the function V decreases as we move along solution

curves in E in the direction of increasing t.

Lyapunov exploited this observation to provide a creative but intuitive way
for analyzing stability of equilibria x*. The idea is to define a function V on a
set E containing x*, where V is chosen in such a way that we can tell whether
the flow in E is towards or away from the equilibrium. In what follows, we have
in mind a system x’ = f(x) with an isolated equilibrium x*. We assume that
f is continuously differentiable in some open ball E = B(x*,€) of radius € > 0
centered at the equilibrium.

Theorem 3.7.5 (Lyapunov). Suppose there exists a function V : R” — R which is
(i) defined and continuously differentiable on the set E = B(x*,¢); (i) V(x*) = 0;
and (iii) V(x) > 0 if x # x*. Then the equilibrium x* is

w Stable if

aV(x(t)) = VV(x)ef(x)<0
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forall x € E.
w Asymptotically stable if

d
aV(x(t)) = VV(x)ef(x) <0

for all x € E, except possibly at x* itself.

s nstable if q
aV(x(t)) = VV(x)ef(x)>0

for all x € E, except possibly at x* itself.

Definition 3.7.6. Any function V : R" — R satisfying the conditions of Theo-

rem 3.7.5 is called a Lyapunov function.

Some geometric considerations may help convince you that Lyapunov’s Theo-
rem is intuitively plausible. Figure 3.6 illustrates the shape of a typical Lyapunov
function for a two-variable system of oDEs with an equilibrium at the origin.
In this case, the graph of the Lyapunov function V(x,y) is a surface in R3, and
is positive everywhere except at the equilibrium (where it is 0). Any solution
(x(t),y(t)) of the oDEs defines a parametrized curve in the xy-plane, and there-
fore V(x(t),y(t)) defines a curve on the surface V. If V(x(t),y(t)) decreases to
0 as t increases, then the corresponding solution trajectory in the xy-plane is
“funneled” towards the origin, and we conclude that the equilibrium must be
asymptotically stable. In general, finding a Lyapunov function is very difficult,

and there is no general procedure for doing so.

Example 3.7.7. In a previous example, we showed that the planar system
Y=—y—x(@+y?) Y =x—y(@P 4y

has exactly one equilibrium (the origin), and its linearization about the origin is

MBI

Since the eigenvalues of the coefficient matrix are A = +i, both of which have
zero real part, the origin is a non-hyperbolic equilibrium. We also proved that the
origin is actually asymptotically stable, by introducing a new variable u = x? + y?
and solving a differential equation for 1. We now give an alternative proof using
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Xy plane

Figure 3.6. Illustration of a Lyapunov function for a two-variable system
with an equilibrium at the origin. Corresponding to each solution of the
ODE in the phase plane, there is a curve on the surface V(x, y). If all such
curves on the surface V decrease to 0 as t — oo, then the corresponding
solution trajectories in the xy-plane must all approach the equilibrium
as t — oo, implying that the equilibrium is asymptotically stable.

Theorem 3.7.5. We claim that V(x,y) = x>+ y? is a Lyapunov function for the
equilibrium at the origin. Clearly V(0,0) =0, and V(x,y) > 0if (x,y) # (0,0).
Moreover, note that VV (x,y) e f(x,y) is given by

(2x,2y) o (—y —x(x* +y*),x —y(x* +y*))
= —2xy —2x%(x® + %) +2xy — 22 (¥ + ) = —2(x* +y*)%

Since VV(x,y) e f(x,y) < 0 except at (0,0), we conclude from Lyapunov’s
Theorem that the origin is asymptotically stable.

One interesting observation regarding the previous example is that the Lya-
punov function V(x,y) is defined for all points (x,y) € R?, and that the inequal-
ity VV(x,y) e f(x,y) < 0 is satisfied in the entire plane (except at the origin).
This means that starting from any initial conditions, solution trajectories always
approach the origin as t — oo. In other words, we may actually conclude that
the origin is globally asymptotically stable, not just locally stable as the Theorem
would guarantee. Among other things, this tells us that the above system of ODEs
cannot possess any periodic solutions.

For certain types of systems of oDEs, Lyapunov functions are readily available.
We now discuss one such example.
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Gradient systems. Gradient systems are very special types of systems of ODEs
which have the form

dxk oV

—_— = —=— k=1,2,...

dt axk 7 =7 4 n/
where V : R” — R is a continuously differentiable function. In other words,
the right hand sides of the oDEs in the system are obtained by taking partial
derivatives of the same underlying function V. Now suppose that X' = f(x) is

a gradient system with an isolated equilibrium x*, and observe that

d
gV (x(1) = VV(x)ef(x)

_ (Vv OV (L9V v OV
o\ oxy  9xp" T 9y, ox;” oxy” T oxy

YA
= — — ] = —IVV(¥)|3,
k21<axk) IVV()llz

which could never be positive. Consequently, if V(x) > 0 for all x € R" with
equality only if x = x*, then the function V itself would be a Lyapunov function

for the system. We could immediately conclude that the equilibrium x™* is stable.

Example 3.7.8. Consider the rather silly system x’ = —4x% and ' = —4y3, which
can be easily solved by hand using separation of variables. The only equilibrium
solution is at the origin (x,y) = (0,0). The Jacobian matrix associated with this
system is

1242
]f(x,y)=l 20 ]

0 —12y?

and evaluating this matrix at the equilibrium point yields

1£(0,0) = [8 g]

The linearization is completely useless, because every point in R? is an equilib-

=]l

Notice that A = 0 is a double eigenvalue of the matrix Jf(0,0), and the equilib-
rium is non-hyperbolic. We claim that the original nonlinear system is a gradient

rium solution of
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system. Indeed, suppose that V(x,y) is a function with the property that

oV 3 B
3y © —4x° and Ty —4y°.

Integrating the first of these equations with respect to x, we find that

V(ixy) = /4x3 dx = x* +g(y),

where g is an arbitrary function of y. Imposing the requirement that 9V /9y = 413,

we calculate

zi/ (x*+5) = 4,

which means that g’(y) = 4y°. Integrating again, we have ¢(y) = y* + C, where
C is an arbitrary constant. In order for our function V(x,y) = x* + y* + C to be
a Lyapunov function, we must insist that C = 0 so that V(0,0) = 0. Moreover,

VV(x,y)e f(x,y) = (4x°,4y°) o (—4x%,—41°) = —16(x°+1°) <0

for all (x,y) # (0,0). By Lyapunov’s Theorem, we conclude that the origin is
asymptotically stable. In fact, since the above calculations hold in the entire
plane R?, the origin is globally asymptotically stable.

Remark. Given a function f : R? — R?, any function V : R?> — R with the
property that VV = f is called a potential function for f. It is not always possible
to find a potential function for a given f. Most multi-variable calculus textbooks
state conditions under which a potential function exists.

In your homework exercises, you will consider more “exotic” Lyapunov func-

tions than the one used in the toy example above.

Exercises

1. Consider the function f : R? — R? defined by

x _ filx,y) _ xy cos(Iny)
flxy) [fz(%y) ] l arctan (x%y) ] '

Find the linear approximation for f at the point (xp,y0) = (1,1).
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2. Recall from an example that the initial value problem % =12, y(0) =1 has
solution y = (1 — x)~!. Although this solution is not well-behaved, we do get

one minor consolation prize: Show that the solution is unique.
3. Show that the initial value problem

% = arctan(xy) x(0) = xo,

d _
Y oxe 0 =y

has a unique solution regardless of the values of x¢ and yo.

4. Suppose that f(x) is continuous on some closed interval [a, b]. Show that

/ fyar < [ 10 ax

5. This exercise will guide you through a proof of Gronwall’s Inequality, which
is stated as follows. Let f(t) be a non-negative continuous function, and

suppose that there exist positive constants C and K such that

f(t)SC—i—K/Otf(s)ds

for all t € [0,a]. Then f(t) < CeKX! forall t € [0,a].

(a) Define the function F(f) = C+ K fot f(s)ds for t € [0,a]. Explain why
F(t) > f(t) and why F(t) > 0 for all t € [0,4].

(b) The Fundamental Theorem of Calculus shows that F’'(t) = Kf(t). Com-
bining this with part (a) above, show that, for all t € [0, 4],

<K

F'(t) d
F(t) - aln(P(t))/

use the result of part (b) above to show that

InE(f) < Kt + In F(0)
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for all t € [0,a]. Finally, exponentiate both sides of this inequality and
recall from part (a) that f(¢t) < F(t). Gronwall’s Inequality follows.
6. Find all equilibria of the system
dx _ 2 dy _ »
TR xX—y T x“y —4y.
Linearize the system at each hyperbolic equilibrium, and classify these equilib-
ria as stable/unstable nodes, saddles, or stable/unstable foci.

7. Find all equilibria of the system

dx

a:(xz—l)(y—l) QZ(X—Z)F/‘

dt

Linearize the system at each hyperbolic equilibrium and classify these equilib-
ria. Try to draw the phase portrait for the system. To do so, start by using the
linearized systems to sketch trajectories in the vicinity of each hyperbolic equi-
librium. Then, try to “interpolate”, by filling in other trajectories throughout
the phase plane. If you have access to computer software which can generate
the true phase portrait, feel free to see how it compares to your hand sketch.
8. Consider the system
% =—y+x(u—22-y%) % =x+y(u—x—y),
where y is a constant.
(a) Show that the origin is the only equilibrium of this system.
(b) Find the linearization of this system at the origin.
(c) Note that the value of y determines how the phase plane of the linearized
system looks. What sort of equilibrium do we have if 4 > 0? What if
u < 0? What if y = 0?
9. Sketch the phase planes for the following system and its linearization at the
origin.

¥=—y+x(x+y?) ¥ =x+y(x®+y7)

When dealing with the nonlinear system, you may want to define u(t) =
x(t)? + y(t)? and proceed as in an example in the text.
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10. Consider the system

X'=-3x v =x*+2y,

which has an isolated equilibrium at the origin. Sketch the phase portraits for
this system and its linearization at the origin. Find equations for the stable
and unstable manifolds W* and W*.

11. The origin is the only equilibrium of the system

dx
= =9 3
ar x 4 517,

dy _
a - v

Find the stable and unstable manifolds W*(0,0) and W*(0,0) and sketch the
phase plane.
12. Find all equilibria of the system
dx dy . 3
T g 2(x° +y)
For each equilibrium, find formulas for the stable and unstable manifolds.

13. This problem concerns a mass-spring system (see figure). An object of mass
m is attached to a spring. The object slides back and forth on a table, eventually
returning to its resting position due to friction.

i stretched

rest

0 0
Let x denote the displacement of the object from its equilibrium (x = 0)
position, and let v denote its velocity. We will use the following assumptions
when modeling the motion:
1w The force exerted on the object by the spring is proportional to the dis-
placement x of the object from equilibrium. The spring’s force acts in the
opposite direction of the displacement. In other words, we have assumed that
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Hooke’s Law holds: the force exerted by the spring is given by Fypring = —kx
where k > 0 is a positive constant.

1 We assume that there is a frictional force exerted on the object as well, and
this force acts in the direction opposite the velocity vector. For small velocity v,
the friction is roughly proportional to the velocity, and for large v, the friction
is proportional to the square of the velocity. That is, Faictional = — AV — Bv?,
where A and B are positive constants.

1z According to Newton’s Law, F = ma, where F is the total force acting on
the object, m is mass, and a = % is acceleration. In other words,

2
ma = Fspring + Frrictional = —kx — Av — Bo”.

For convenience, we will assume that mass has been scaled so that m = 1.
Since v = % and a = %, we get a system of two ODEs for displacement and
velocity:

dx do

—— =70 — = —kx — Av — Bv*.

dt dt
(a) Show that this system has only one equilibrium, and find it. Give a

physical interpretation of the equilibrium.

(b) Find the linearization of the system about the equilibrium.

(c) Give an intuitive physical explanation for why you would expect this
equilibrium to be stable. Then, rigorously show that the equilibrium is
asymptotically stable (and therefore hyperbolic), regardless of the choices
of the positive constants A, B, and k.

(d) Solve the linearized system. If you do this correctly, you will find that the
exact form of the solution depends upon the sign of A% — 4k.

(e) Give a physical interpretation of the differences between the solutions
you would get if A2 — 4k is positive versus those you would get if A2 — 4k
is negative. The constant k is called the spring constant and its value
determines the stiffness of the spring.

14. The Lotka-Volterra equations model the populations of two interacting
species. In what follows, x(t) denotes the population of a prey species, and

y(t) denotes the population of a predator species which depends upon the
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prey for survival. The equations of this model are:

dx dy
E—Ax—Bxy a—ny—Dy
where A, B, C, and D are all positive constants. As usual, denote the right

hand side of this system by f(x,y), which maps R?> — RR?.

(a) Note that the origin (x,y) = (0,0) is an equilibrium. Find the linearization
about this equilibrium and solve the linearized system. Classify the
equilibrium as stable/unstable and determine whether it is a saddle, node,

focus, or center.

(b) There is one other equilibrium (x*,y*) of this system. Find it and show
that it is non-hyperbolic. Do not bother to solve the linearized system.

(c) Let V(x,y) = Cx — DInx + By — Alny + E, where E is a constant. Show
that VV - f = 0.

(d) If (x*,y*) is the equilibrium you found in part (b) above, how should you
choose the constant E so that V(x*,y*) = 0?

(e) Use the second derivative test to show that V(x, y) has a local minimum at
the equilibrium you found in part (b). Conclude that V(x, y) is a Lyapunov
function for this equilibrium and, using your result from part (c), state
what you have learned about the stability of this equilibrium.

15. Consider the system

dx 1 dy
dt—4x(x—1)<x—2> E—Zy.

(a) Find all equilibria of this system.

(b) Show that V(x,y) = x?(x +1)% +1? is a Lyapunov function for this system
at the origin.

(c) Use V(x,y) to classify the stability of the origin.
16. Given that

a VT dar

dx 5 xy ﬂ_xz(x y)
32

is a gradient system, find a Lyapunov function V(x, y) such that % = —dV/ox
and % = —dV/dy. Then, use V(x,y) to prove that the origin is asymptotically
stable.
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17. Consider the nonlinear system

%* %*—as‘x
ar Y oq T ey

where 4 is a positive constant.

(a) Show that the origin is a non-hyperbolic equilibrium.

(b) Define V(x,y) = a(1 — cos x) + Jy2. Show that this is a Lyapunov function
for the system (at least in some appropriately chosen region of the xy-
plane which contains the origin).

(c) What can you conclude about the stability of the origin?

18. Consider the nonlinear system
% = —y+x(x*+y?) % =x+y(?+y7),

which looks suspiciously like an example in the text (hint, hint). Notice that

the system has a unique equilibrium (the origin), and this equilibrium is

non-hyperbolic. Find a Lyapunov function and use it to determine whether
the origin is stable or not.

19. The nullclines of a nonlinear system of oDEs provide a useful way of under-
standing the dynamics. For a planar system of the form

B fwy  L=hy,

the x-nullcline is the curve defined by f1(x,y) = 0 and the y-nullcline is the
curve defined by f,(x,y) = 0. The intersections of these nullclines are the
equilibria of the system.
Consider the system

dx dy = 5x?

&Y g T i Y

where « is a positive parameter.

(a) Find and plot the nullclines for this system with a = 2. Since the origin
is the only intersection point of the x- and y-nullclines, it is the only
equilibrium. Linearize the system at origin and classify the equilibrium.

(b) Find and plot the nullclines for this system with # = 1. How many
equilibria does the system now have?
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(c) Again assuming that « = 1, find the equilibria algebraically.
(d) What types of equilibria are these?

(e) Notice that changing « from 1 to 2 affects the number of equilibria. In fact,
there is some critical value of & (between 1 and 2) for which the system
experiences a significant qualitative change (i.e., a change in the number
of equilibria). Find this critical value of w. This critical value is called
a bifurcation point. In Chapter 5, we will explore this dependence on
parameters in more detail.



CHAPTER 4

Periodic, Heteroclinic, and Homoclinic Orbits

n this chapter, we shift our attention away from equilibria, instead seeking
more “interesting” solutions of nonlinear systems x' = f(x). Much of our
discussion involves planar systems (i.e., f : R?> — IR?), because such systems

admit particularly simple criteria for the existence of periodic solutions.

4.1. Periodic Orbits and the Poincaré-Bendixon Theorem

A non-equilibrium solution x of the system x’ = f(x) is periodic if there exists a
positive constant p such that x(t + p) = x(t) for all time ¢. The least such p is
called the period of the solution, and tells us how often the solution trajectory
“repeats itself”. In the phase portrait for the system of opEs, periodic solutions
(sometimes called periodic orbits) always appear as closed curves. On the other
hand, not every closed curve corresponds to a periodic solution, as we shall see
when we discuss homoclinic orbits.

For linear, constant-coefficient systems, we learned to associate pure imaginary
eigenvalues with periodic solutions. Determining whether a nonlinear system
has periodic solutions is less straightforward. In preparation for stating criteria
for existence of periodic solutions, we review some basic notions from calculus.

Suppose that T(t) = (91(t), 72(t)) is a parametrized curve in R?; i.e., x =
71(t) and y = 72 (t). Assume that y1(t) and 7, () are continuously differentiable.
At a given time t = t(, the tangent vector to the curve I'(t) is given by I (ty) =

(71 (to), 13 (t0))-

122
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outward

(a) (b)

Figure 4.1. (a) Illustration of a tangent vector T and normal vector n to
a curve I' at a particular time ¢t = ty. (b) For the closed curves that we
shall consider, each point on the curve has exactly one outward unit
normal vector and one inward unit normal vector.

Definition 4.1.1. Any non-zero vector n(t) in IR* which is perpendicular to the
tangent vector I”(ty) is called a normal vector to the curve at t = to. If ||n|], =1,
then n is called a unit normal vector.

Figure 4.1a illustrates the normal and tangent vectors to a parametrized curve I'.
When we deal with closed curves (Figure 4.1b), we will always presume that the
curves are sufficiently “well-behaved” (smooth) that there is a unique inward
unit normal vector and unit outward normal vectors at each point along the
curve. The following Lemma formally states an observation that was made when
we discussed phase portraits in Chapter 2.

Lemma 4.1.2. Consider a system x’ = f(x) where f is continuously differentiable.
Then solution trajectories in the phase portrait cannot intersect each other.

Proof. Exercise. Convince yourself that if two trajectories did intersect, then this

would violate the Fundamental Existence and Uniqueness Theorem 3.2.2. [

With the above Lemma in mind, we now give an instructive example that will

motivate our main result regarding existence of periodic solutions.

Example 4.1.3. The system

—y+x(1—x*—y?)
x+y(l—x2—y?)

Q\ R\
I
o=
~— ~—
&8
= <
~— ~—
[
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has exactly one equilibrium solution: (x,y) = (0,0). The linearization about the

M

The coefficient matrix is in real canonical form, and has eigenvalues A = 1 £ i.

equilibrium is given by

Since the origin is a hyperbolic equilibrium, the Hartman-Grobman Theorem
tells us that our original nonlinear system has an unstable focus at the origin.

Observation. Even though the origin is a repeller, solution trajectories cannot
escape too far from the origin as t — oo. Notice that x? + y?> measures the
square of the Euclidean distance from the origin. If x> + y? becomes too large,
an inspection of the right hand sides of our oDEs suggests that we will be pulled
back towards the origin.

To make this claim more rigorous, we will construct a curve I' which simulta-
neously encloses the origin and has the property that solution trajectories in the
phase plane always cross I' from outside to inside as t increases. Suppose that I
parameterizes a circle of radius R centered at the origin. If we agree to orient the
curve I' counterclockwise, then one natural parametrization would be

I(t) = (y1(t),72(t)) = (Rcost,Rsint).

At each time ¢, the unit outward normal vector is simply n(f) = (cost,sint), as
illustrated in Figure 4.2.

Question: If choose some point (x,y) = (Rcost,Rsint) on the curve I', does
the flow of the system of ODEs direct our motion towards the interior or exterior
of the curve?

Answer: We claim that if f(x,y) en(t) < 0, then the flow is directed inward,
and if f(x,y) en(t) > 0, then the flow is directed outward. To see why, we recall
the geometric interpretation of the dot product of two vectors:

fxy)en(t) = [|f(x,y)l2]nl2cos9,
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where 6 is the angle between the two vectors f(x,y) and n. Clearly || f(x,y)||2
and ||n||; are positive since they represent lengths of vectors. If /2 < 6 < 37/2,
then the vector f(x,y) must be oriented towards the interior of the curve T
(see Figure 4.2). For this range of angles 6, we have cosf < 0 and therefore
f(x,y) en(t) <0 as well.

In the present example, our function f(x,y) is given by

[fl(x,y) ] _

—y+x(1-2*—y?)

fa(x,y) x+y(l—-x2—y?) |’

and n = (cost,sint). Computing f en at (x,y) = (Rcost, Rsint),

flxy)en
= [~Rsint+ R(cost)(1 — R?),Rcost + R(sint)(1 — R?)] e (cost,sint),

where we have used the fact that x? + > = R?. Expanding the dot product yields

f(x,y) en = —Rsintcost + R(cos?t)(1 — R?) + Rcostsint + R(sin?t)(1 — R?)
= R(cos?t)(1 — R?) + R(sin’t)(1 — R?) = R(1— R?).

Observe that if the radius R of our circular curve I’ is larger than 1, then
f e n <0, implying that the flow is directed inward. Likewise, if R < 1, then
f e n > 0, implying that the flow is directed outward. In summary, we have
noted that

w The only equilibrium of the system is (0,0), and it is a repeller.

1= Excluding the equilibrium, all trajectories of this system are “funneled” to-
wards a circle of radius 1 centered at the origin as t increases.

= Different trajectories cannot intersect (Lemma 4.1.2).

It turns out that the only way to reconcile all three of these constraints is if the

circle of radius 1 centered at the origin corresponds to a very special type of a
solution: a periodic orbit.

In the preceding example, we constructed curves I' in the plane R? and
then determined whether the flow of the system of ODEs was directed towards
the interior or exterior of I' as t increases. The notion that trajectories may
become “trapped” on the interior of some specially chosen curve I' motivates
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Figure 4.2. The outward unit normal vector for the circle (R cos t, Rsin f)
is given by n = (cost,sint).

an important theorem. In what follows, we consider a planar system x’ = f(x)

where x = (x1,x2) and f : R*> — IR? is continuously differentiable.

Theorem 4.1.4 (Poincaré-Bendixon.). Suppose that I' is a continuously differen-
tiable closed curve in IR? and let n denote an outward unit normal vector at a
point (x1,x;) on I'. If the oDE has no equilibria on or inside I'and f en < 0 at
all points (x1,x2) on I, then there exists at least one periodic solution of the ODE
inside I'.

Remark. The Poincaré-Bendixon Theorem is valid only in two dimensions. In
three dimensions, the famous Lorenz obEs have solutions which remain confined
to a bounded set, but never approach an equilibrium or periodic orbit. In fact,
the Lorenz equations exhibit chaotic behavior.

If we can construct a curve I' for which the conditions of the Poincaré-Bendixon
Theorem are satisfied, then any solution starting from an initial condition xg

inside I' must stay trapped inside I' for all time t. As a consequence, we have

Corollary 4.1.5. If the conditions of the Poincaré-Bendixon Theorem are satisfied,
then any solution curve starting from an initial condition x¢ inside I" will exist
for all time ¢t > 0.

Proof. In our planar system x' = f(x), we always assume that f : R*> — R? is
continuously differentiable. The function g : R? — R defined by g(x) = ||x||> is
also a continuous function, and therefore the composition ¢(f(x)) = || f(x)]2 is
continuous. If () denotes the region enclosed by the continuous, closed curve I,
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then ) is a closed and bounded set. It follows that the function || f(x)||» achieves
some maximum value B in the region Q). Since ||f||2 < B in this region, we may
apply Theorem 3.3.13 (with K = 0) to infer global existence for all t > 0. O

When attempting to prove that a planar system x’ = f(x) has a periodic
solution, it can be very challenging to actually find a curve I' which satisfies
the conditions of the Poincaré-Bendixon Theorem. However, there is one piece
of good news—the theorem actually holds even if the curve I' is only piecewise
differentiable. Consequently, instead of using smooth curves like circles, it is
possible to use polygonal paths (such as squares). You may also find it helpful to
use computer software to sketch the vector field defined by the function f to see
whether it is possible to draw a closed curve I' on which all arrows of the vector
field are directed inward.

Like equilibria, periodic solutions of ODEs can be stable or unstable. A periodic
orbit p(t) is called asymptotically stable if all nearby solution trajectories approach
the periodic orbit as t — co. This definition could be made more rigorous, as
in our definition of stability of equilibria. However, we shall be content with
a more intuitive understanding of stability of periodic orbits. As an example,
consider an idealized frictionless pendulum which simply swings back and forth
without any external forcing. The amplitude of the oscillations determines which
periodic orbit the pendulum is in, and there are infinitely many possibilities.
Each orbit is stable, because if we give the pendulum a tiny push, it will settle
into a new periodic orbit with a slightly different amplitude. In other words, any
small perturbation of our original periodic orbit will shift us to a “nearby” orbit.
None of these periodic orbits is asymptotically stable, because any tiny push we
apply to the pendulum will land us on a different periodic orbit than the one we
started with (since the pendulum is frictionless).

Example 4.1.6. Consider the planar system in polar coordinates given by

% =r(l-r) and % = 1.

To envision the motion along a trajectory in the phase plane, notice that our
angular variable 0 continually increases with speed 1, while the radial variable
obeys a logistic differential equation. By itself, the equation % =r(1—r) has
two equilibria: r = 0 and r = 1. The “Jacobian” for this 1-D equation is simply
given by the derivative [f(r) =1 —2r. For r = 0, we have Jf(0) =1 > 0, which
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)
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Figure 4.3. Phase portrait for the planar system % =r(l1-r), % =1.

means that » = 0 is an unstable equilibrium. On the other hand, Jf(1) = -1 <0
means that ¥ = 1 is a stable equilibrium. The graph of r = 1 is a circle of radius
1, and in this case it corresponds to an asymptotically stable periodic orbit. Also,
r = 0 corresponds to the origin, which is an unstable equilibrium. A sketch of
the phase portrait for this system appears in Figure 4.3.

Example 4.1.7. A similar argument shows that the planar system

dr de
STl r(r—1) and i 1.

has an unstable periodic orbit corresponding to the circular trajectory r = 1.

Definition 4.1.8. A periodic orbit is called a limit cycle if there exists a point xg
that does not lie on the periodic orbit but such that the trajectory ¢:(xg) converges
to the periodic orbit either as t — oo or as t — —co.

In the above two examples, ¥ = 1 corresponds to a limit cycle solution. In
general, asymptotically stable periodic orbits and unstable periodic orbits are
examples of limit cycle solutions. On the other hand, the constant-coefficient

0 -1
1 0

does not have any limit cycle solutions although it does have infinitely many

system x’ = Ax where

A =

periodic solutions. The phase portrait for that linear system consists of a family
of concentric circles.
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Before concluding our discussion of periodic orbits, we remark that the
Poincaré-Bendixon theorem ensures that planar systems x' = f(x) (with f
continuously differentiable) can never exhibit behavior that is too “crazy”. Specif-
ically, such planar systems can never have chaotic solutions (for a proof, see
Hubbard and West [5]). We now state the definition of chaos as it appears in
Strogatz [11].

Definition 4.1.9. Chaos is aperiodic behavior in a deterministic system which

exhibits sensitive dependence on initial conditions.

There are three important phrases in the definition of chaos. By aperiodic
behavior, we mean that there are solutions which do not converge to a limit cycle
or stable equilibrium. Deterministic means that the aperiodic behavior is not a
result of “cheating” by artificially incorporating randomness into the system.
Sensitive dependence on initial conditions means that slight changes in initial
conditions can cause huge differences in how solutions behave.

Example 4.1.10. The Lorenz equations are given by

dx

E—U(y—x)

% =rx—y—xz (4.1)
dz

afxy—bz,

where o, 1, and b are constants. Clearly the origin is an equilibrium solution. It
is possible to show that if 0 < r < 1, then the origin is globally asymptotically
stable. This is accomplished by using V(x,y,z) = rx? 4+ cy? + 022 as a Lyapunov
function. Moreover, if ¥ > 1, you can show that there is a one-dimensional
unstable manifold at the origin.

For the specific choices ¢ = 10, r = 28 and b = 8/3, this system is known to
exhibit chaos. A graph of a trajectory in the phase space is shown in Figure 4.4.
Although the trajectory remains confined to a bounded set, the solution is
aperiodic and never converges to an equilibrium solution or limit cycle.

As we mentioned above, the Poincaré-Bendixon Theorem rules out chaos for
planar systems. Apart from equilibria and limit cycle solutions, there are very
few other types of interesting behavior that planar systems can exhibit. Two
exceptions are discussed in the next section.
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Figure 4.4. Chaotic solution of the Lorenz equations (4.1).

4.2. Heteroclinic and Homoclinic Orbits

Besides periodic solutions and equilibria, can there be non-constant solutions
of X' = f(x) which remain bounded? The answer is yes, as we illustrate via the

following examples.

A heteroclinic orbit. Consider the second-order oDE
u +cu' —u(u—B)(u—1) =0, (4.2)

where c and f are positive constants and 0 < < % Introducing w = u’, we
write the equation as a system of two first-order equations

u' =w
W =u(u—B)(u—1)—cw = u®— (1+B)u?+ pu — cw. 43

Note that there are three equilibria for this system. Setting #/ = 0 forces w = 0,
and then setting w’ = 0 forces u = 0, u = 8, or u = 1. The Jacobian matrix for
this system is

0 1

Jf(uww) = 3u? =21+ Bu+p —c
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At the equilibrium (u,w) = (0,0), the Jacobian is

Jf(0,0) =

which has characteristic equation A2 +cA —f = 0. Since the determinant
of Jf(0,0) is —f < 0, we immediately conclude that (0,0) is a hyperbolic
equilibrium and that there is a saddle at the origin. The eigenvalues of Jf(0,0)
are Ay = % [—C + M} , the larger of which is positive and the smaller of
which is negative. To calculate an eigenvector for the positive eigenvalue A, we
form the matrix

B —c—Ay

1)

Eigenvectors v must satisfy —A;v; + v, = 0, implying that v, = Ajv;. Itis

A=Ayl = [_M ! ]

which row-reduces to

o

convenient to treat vy as our free variable so that

MBS
]

is an eigenvector for Ay, and a similar calculation reveals that

]

is an eigenvector for the negative eigenvalue A_. The spans of these two eigen-

It follows that

vectors form the unstable and stable subspaces, and since A_ < 0 < Ay the
orientation of these vectors is as sketched in Figure 4.5. The same sorts of cal-
culations show that the equilibrium (u, w) = (1,0) is also a saddle and has a

similar orientation as the saddle at the equilibrium (Figure 4.5).
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The behavior at the equilibrium (1, w) = (B,0) is a bit different. The Jacobian
matrix is
0 1
If (;Br 0) = [ ] ’
F-p —

and we note that the determinant g — 2 is positive because 0 < 8 < 1. Hence,
this equilibrium is not a saddle like the other two. In fact, the eigenvalues

kT AP
2

both have negative real part. It follows that this equilibrium is either a stable
node or a stable focus, depending upon the relative sizes of the constants § and
c.

Interesting fact: If the constant c is chosen appropriately, we can force the stable
manifold W*(0,0) at the origin to coincide with the unstable manifold W*(1,0)
of the equilibrium (1,0). This forms a special trajectory in the phase plane which

connects the two equilibria, and there is a name for this type of solution.

Definition 4.2.1. Suppose that x* and x** are two distinct equilibria of the system
x" = f(x). A solution x(t) with the property that
*

tgrzloox(t) = x* and thﬁrglox(t) = X

*k

is called a heteroclinic orbit.

In our example above, it is actually possible to use a special trick to find
the heteroclinic orbit analytically. Indeed, consider the simpler opE given by
u'" = au(u — 1), where a > 0 is a constant. Unlike our original system, this oDE
has only two equilibria: © = 0 and u = 1. It is easy to check that 0 is stable
and 1 is unstable. We claim that for special choices of the constants a and c, the
solutions of this simpler differential equation are also solutions of the original
second-order equation (4.2). To see this, we will substitute u’ = au(u — 1) into

2

Equation (4.2). Since 1’ = a(u* — u), we calculate that

' =aQuu' —u') = a(u—1)u" = a*u(u—1)2u—1).
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E>(0,0) ES(1,0)

Figure 4.5. Two saddle equilibria for Equations (4.3).

Equation (4.2) becomes
au(u—1)2u —1) +cau(u —1) —u(u —p)(u—1) = 0
which, after factoring out u(u — 1), can be rewritten as
u(u—1) {(Za2 —Du+ (B+ca— az)} = 0.

The only way the left hand side, a function of u, could be identically equal to o
is if both
20~1 =0 and B+ca—a*> = 0.

The solution of this system of two equations is

a = \}E and ¢ = ﬁ(;—ﬁ)
Note that ¢ > 0 since 0 < B < 1. In summary, for these special choices of
¢ and 4, the solution of the equation u’ = au(u — 1) is also a solution of the
original equation (4.2). It is straightforward to solve this equation by separation
of variables. The corresponding trajectory in the uw-phase plane is a heteroclinic
orbit. As t — —oo, the trajectory connects to the equilibrium (u, w) = (1,0), and
as t — oo, the trajectory connects to the equilibrium (1, w) = (0,0). The solution

exists for all time ¢, is bounded, and is neither an equilibrium nor a periodic orbit



134 HETEROCLINIC AND HOMOCLINIC ORBITS

w u
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u1\ 0 :

Figure 4.6. A heteroclinic orbit for Equation (4.2). The left panel shows
the uw-phase plane, and the heteroclinic orbit appears in bold. The

right panel shows a graph of u versus t. Note that u — 0 as t — co and
u—last— —oo.

(see Figure 4.6). The heteroclinic orbit forms a connection of the stable manifold
W*(0,0) with the unstable manifold W*(1,0).

A homoclinic orbit. We now discuss a special type of orbit in which the stable
and unstable manifolds of the same equilibrium are connected. The example we
give is that of a double well potential. More exactly, consider the system

=y and vy =x—215 (4-4)
which has three equilibria. Linearization indicates that (x,y) = (0,0) is a
saddle equilibrium. The equilibria (1,0) and (—1,0) are non-hyperbolic, and
are centers for the linearized systems. It is actually possible to show that they
are centers for the nonlinear system as well, by defining the enerqy functional
E(x,y) = 3y*> — 3x? + 1x* and arguing that E(x, y) remains constant along phase
plane trajectories. Figure 4.7 shows a rough sketch of the phase plane for this
system. Notice that the unstable manifold W*(0,0) at the origin happens to
coincide with the stable manifold W*(0,0). This closed loop trajectory is not
a periodic orbit—a sketch of the corresponding solution x(f) also appears in
Figure 4.7. This special orbit is called a homoclinic orbit.
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Figure 4.7. Two homoclinic orbits for Equation (4.4). The left panel
shows the xy-phase plane, and the homoclinic orbits appear in bold. The
right panel shows a graph of x versus t for one of the two homoclinic
orbits. Note that x — 0 as t — *co.

Exercises

1. This series of questions concerns the famous Lorenz system

%——Uera
dr Y
dy _
a_rx—y—xz
dz
a—xy—ﬁz,

where o, r, and B are positive parameters. The Lorenz system exhibits chaos if
o =10, r = 28, and B = 8/3. Below, you will learn why chaos could never
occur if r < 1.

(a) Explain why, independent of the choice of initial conditions, the initial
value problem for the Lorenz system is guaranteed to have a unique
solution (at least locally).

(b) Show that the origin is a locally asymptotically stable equilibrium if 0 <
r<1l

(c) Show thatif r > 1, then there will be a one-dimensional unstable manifold
at the origin.

(d) The origin is actually globally asymptotically stable if r < 1, and the
remaining parts of this exercise will guide you through a proof. To start,
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define the function V(x,y,z) = 1x2 + 2 + z2. Show that

r+1\ 12 r+1)?
VVof_—2[x—< > )y] -2 1—( 5 )
where f denotes the right hand side of the Lorenz system.

(e) Show that if » < 1, then
r+1\2
1-— .
( ! ) >0

Then, explain why this implies that VV e f is strictly less than o (except at

yZ _ ZﬁZZ,

the origin) whenever r < 1.

(f) Finally, explain why V is a Lyapunov function and why you can conclude
that the origin is a global attractor if r < 1.

2. Consider the system

dx

ax _ .22
T y—x(1—x"—y9)
dy _ . .22
T —r—ya-2 ).

Show that this system has an unstable periodic solution and carefully sketch
the phase portrait.

3. Consider the system

dx__ 2
T y+x(4—x"—y°)
dy _ 2 2

7dt7x+y(9 x* —y°).

You may assume that the origin is the only equilibrium of this system. Classify
the local stability of the origin. Then, show that this system has at least one
stable, periodic solution.

4. Consider the system

dx
dt

=7 2 _
T x+y(r-—6r+8),

= —y+x(r? —6r+8)



PERIODIC, HETEROCLINIC, AND HOMOCLINIC ORBITS 137

where 2 = x2 + . Use the Poincaré-Bendixon Theorem to prove that this
system has both stable and unstable periodic orbits by following these steps:

(a) Show that the origin is the only equilibrium of this system.

(b) Using the chain rule, differentiate both sides of > = x? + y? with respect
to t. Then, assuming r # 0 (i.e., excluding the equilibrium solution), solve

for %. You should obtain an autonomous ODE for r.

(c) Using the equation for % you found in Part (b), show that % > 0 on the
circle r = 1 and that % < 0 on the circle r = 3. Use the Poincaré-Bendixon
Theorem to conclude that there is at least one stable periodic orbit within
the annulus 1 < r < 3.

(d) Using the equation for % you found in Part (b), show that % > 0 on the
circle r = 5. Combined with the fact that % < 0 on the circle r = 3, this
seems to suggest that an unstable periodic orbit exists inside the annulus
3 < r < 5. To prove this, make the substitution ¢ — —t, which “reverses”

the flow of time. Then, use the Poincaré-Bendixon Theorem to show

that the resulting system has a stable periodic orbit inside the annulus

3 < r < 5. Finally, conclude that the original system (i.e., going forward

in time) has an unstable periodic orbit inside that annulus.

5. Here is an instance of the famous FitzHugh-Nagumo nerve membrane model:

dx
E——x(x—l)(x—i-l)—y
dy 1

ar = oY

(a) Show that this system has exactly one equilibrium and that it is unstable.
(b) Consider the rectangular path I' with corners (\@,2\/@), (—\/3,2\@),
(_\@, —2\/3), and (\/5, —2\/3) as illustrated in Figure 4.8. By showing
that the flow is directed inward on this path, use the Poincaré-Bendixon
Theorem to conclude that these equations have at least one periodic
solution. Hint: You will need to parametrize each edge of the rectangle

separately, and there are many possible parameterizations.

6. Consider the second-order nonlinear oDE

5
"+ —=u' +u(l—u)=0.

V6
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Figure 4.8. Rectangular path to use in exercise involving FitzHugh-
Nagumo model.

(a) Write the ODE as a system of two first-order ODEs by setting v = u’. Show
that the resulting system has two equilibria, and that one equilibrium is a
stable node while the other is a saddle.

(b) Verify that
1

[1 +(V2- 1)ef/¢5]2

is a solution of the oDE and that it corresponds to a heteroclinic orbit.

u(t) =

Plot u(t) versus t and sketch the corresponding trajectory in the uv-phase
plane.
. In this exercise, you will find a homoclinic orbit for a particular ope. Consider

the second-order, nonlinear equation
" 2 _
v’ +30v°—0v=0

where ¢ is a constant. This ODE could be written as a system in the usual
way, by letting w = v’. We claim that there is a non-zero solution v(#) which
has the property that v,v/,v"” — 0 as t — +oo. This solution, if plotted in the
vw-phase plane, would correspond to a homoclinic orbit.

(a) Multiply both sides of the above oDE by v’ and show that the resulting

equation is equivalent to
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(b) Now integrate both sides of the equation in Part (a), and let § denote the
integration constant. Explain why we may assume that g = 0.

(c) By algebraically solving for v/, show that

dov

I = +ovvVo —2v.

Then, taking the minus sign for later convenience, use separation of
variables to show that

P / _dv
B oo —20
(d) Recall the following definitions of hyperbolic trigonometric functions:
: 1 . -z 1 . -z
sinh(z) = E(e —e7%) cosh(z) = E(e +e77%)
_ sinh(z) 1
tanh(z) = cosh(z) sech(z) = cosh(z)

In the integral you wrote down in Part (c), make the (hyperbolic) trigono-

metric substitution

v= %sechz(Q) dv = —gsech?(0) tanh() do
and note that
S
Vo —2v = Tsech (0) tanh(6).

Do the resulting integral to show that

2
t=—=0+C
o

N

where C is an integration constant.

(e) Use algebra to show that

_ ech? [V (4 -
o(t) = 2sech [ 7 (t C)} .
Then, plot the function v(t) versus t for the special case c =1 and C =0
to get a sense of what the homoclinic solution would look like. Finally, set
w = v’ and sketch the homoclinic trajectory in the vw-phase plane.



CHAPTER 5

Bifurcations

In practice, we often deal with opEs which contain parameters (unspecified
constants) whose values can profoundly influence the dynamical behavior of
the system. For example, suppose we model population changes for a species.
The birth and death rates of the species would be examples of parameters whose
values would substantially impact that behavior of solutions of the underlying
differential equation.

Example 5.0.2. Consider the ODE % = ux, where y is a parameter. The solution

of this equation is x(t) = xpet!, where xy = x(0). Notice that if 4 > 0, the
solutions exhibit exponential growth, whereas if # < 0 we observe exponential
decay. If y = 0, solutions are constant. The critical value y = 0 marks the
“boundary” between two very different types of dynamical behavior.

Definition 5.0.3. Consider a system of ODEs of the form x'(t) = f(x;u),
where y is a parameter. A bifurcation is any major qualitative change in the

dynamical behavior of the system in response to varying the parameter y.

In the previous example, we would say that a bifurcation occurs at u =0,
because the equilibrium x = 0 changes from stable (# < 0) to unstable

(u>0).

5.1. Three Basic Bifurcations

There are many ways that the qualitative behavior of a system can be drastically
altered in response to changes in parameters. Equilibria and/or periodic solu-
tions can be created or destroyed, or they can change their stability. In what
follows, we will survey several common types of bifurcations. For simplicity, we

140
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will deal primarily with obEs with only one dependent variable. An excellent

reference for this material is provided by Strogatz [11].

Saddle-node bifurcations. First, we discuss one common mechanism for the
birth or destruction of an equilibrium solution. The canonical example to keep

in mind is given by the oDE

dx
a + 22 (5.1)

Suppose u < 0. The equilibria satisfy x> + y = 0, which implies that x = +,/=p
are the two equilibria of the system. To determine whether they are stable,
we compute that the “Jacobian” of f(x) = x? + u is simply f'(x) = 2x. By
calculating f'(\/=p) = 2,/—p > 0, we find that /= is an unstable equilibrium.
Similarly, since f'(—/—p) = —2,/—pu < 0, it follows that —,/— is a stable
equilibrium. Next, suppose that u = 0. There is only one equilibrium, namely
x = 0. Although it is non-hyperbolic, it is easy to check (via separation of
variables) that this equilibrium is unstable. Finally, suppose u > 0. Then
x2 +u > 0 for all x, implying that there are no equilibria. In summary, as p
increases from negative to positive, two equilibria (one stable and one unstable)
merge and annihilate each other, leaving no equilibria if > 0. Clearly y = 0Ois a
bifurcation point, and this type of bifurcation is called a saddle-node bifurcation. A
minor adjustment of Equation (5.1) reveals that saddle-node bifurcations can also
create new equilibria as the parameter y increases. The equation x’' = —p + x?

experiences a saddle-node bifurcation at y = 0, creating two equilibria for u > 0.

Bifurcation diagrams. One very common and useful way to visualize bifurca-
tions of a system x’ = f(x; u) is to sketch a graph of the equilibrium values of x
as a function of the bifurcation parameter y. As an illustration, the bifurcation di-
agram for Equation (5.1) appears in Figure 5.1. By convention, unstable equilibria
are plotted as dashed curves and stable equilibria are plotted as solid curves. In
Figure 5.1, the dashed curve corresponds to the unstable equilibrium x = /—pu
and the solid curve corresponds to the stable equilibrium x = —,/—p. The
bifurcation diagram allows us to visualize the qualitative behavior of solutions
for various choices of initial conditions and the parameter u. For example, if
we start at the initial condition x( in Figure 5.1, the unstable equilibrium will

repel us and x will decrease towards the stable equilibrium (as indicated by an
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Xo no
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I M
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Figure 5.1. Saddle-node bifurcation in Equation (5.1). For u < 0, there
are two equilibria: x = £,/—p. The larger of these is unstable (dashed
curve) and the smaller is stable (solid curve). For y > 0, there are no
equilibria.

arrow in the Figure). The bifurcation diagram for x’ = —yu + x? can be obtained

by reflecting the parabola in Figure 5.1 across the vertical axis.

Transcritical bifurcations. The saddle-node bifurcation is a very common way
for equilibria to be created or destroyed as a parameter y is varied. We now
describe a mechanism by which two equilibria can exchange their stability. The
canonical example of a transcritical bifurcation is given by the equation

dx
— = ux— x2. (5.2)

dt
Setting % = 0, we find that there are two equilibria: x = 0 and x = u. Note
that the former is an equilibrium independent of the choice of i. To check the
stability of these equilibria, we compute that the “Jacobian” of f(x) = px — x?
is simply f'(x) = u — 2x. Since f'(0) = u, we conclude that x = 0 is stable if
# < 0 and unstable if y > 0. Similarly, since f'(1) = —p, we conclude that x = u
is stable if # > 0 and unstable if # < 0. In this case, = 0 is the bifurcation
point, and the two equilibria exchange their stability there. The corresponding
bifurcation diagram appears as Figure 5.2, and the arrows in the figure indicate
how x would change starting from various choices of x(0) and u. For example, if

# > 0 and we choose any initial condition xy € (0, ), then x(t) — p as t — oo.
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Figure 5.2. Transcritical bifurcation in Equation (5.2). For u < 0, there
are two equilibria: x = 0 is stable (solid) and x = p is unstable (dashed).
A bifurcation occurs at p = 0, and the two equilibria exchange stability.
Arrows indicate how x(t) will change as t increases, starting from
various choices of y and initial conditions x(0).

Example 5.1.1. Equation (5.2) is similar to a well-known logistic model for
population growth

¥ = px(M - x), (53)
where x represents population of a species, M is the maximum population that
the environment can sustain, and the parameter y measures the birth rate minus
the death rate. If u # 0, the equation has exactly two equilibria: x = 0 (extinction)
and x = M (proliferation), neither of which depend on yu. If 4 < 0, the death
rate exceeds the birth rate and x = 0 is a stable equilibrium while x = M is
unstable. If # > 0, then x = M is stable and x = 0 is unstable, and we expect
the population to approach the environment’s carrying capacity as t — co. The
transcritical bifurcation at 4 = 0 marks the “threshold” between the species’
extinction and proliferation. Figure 5.3 shows the bifurcation diagram for (5.3)

(compare to Figure 5.2).

Pitchfork bifurcations. One type of bifurcation that is common in physical
problems involving some sort of symmetry is the pitchfork bifurcation. As an
example, suppose that we balance a weight on top of a vertical beam (Figure 5.4).
If the weight is small, the system is in a stable equilibrium. If the weight increases
beyond a certain point, the equilibrium loses its stability. Any slight deflection of
the beam from a perfectly vertical position will cause the beam to buckle. If we
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extinction |0

Figure 5.3. Transcritical bifurcation in Equation (5.3). For u # 0, there
are two equilibria: x = 0 and x = M. The bifurcation at y = 0 causes
the two equilibria to exchange stability. Arrows indicate how x(t) will
change as t increases, starting from various choices of y and initial
conditions x(0).

regard this system as “two-dimensional”, then the beam will either buckle left or
right. Another example is provided by a bead on a rotating hoop (Figure 5.5).
For slow rotation speeds, the bead rests at the bottom of the hoop. However, this
equilibrium loses its stability if the rotation speed is increased beyond a certain
critical value. In these first of these examples, the bifurcation parameter p would
be the weight of the object being supported by the beam. In the latter example,
the bifurcation parameter y is the speed of rotation of the hoop.

The canonical example of a pitchfork bifurcation is provided by the equation

dx
5= e (5.4)

The right hand side of this equation can be factored as f(x;u) = x(u — x?).
If 4 < 0, then the quadratic factor has no real roots and therefore x = 0 is the
only equilibrium. On the other hand, if y > 0, then further factorization reveals
that f(x;u) = x(\/# — x)(\/# + x). Thus, for positive y there are 3 equilibria:
x = 0and x = +,/j. Using the same sort of stability analysis we used in our
discussions of saddle-node and transcritical bifurcations, you should convince
yourself that x = 0 is stable if y < 0 and unstable if y > 0. Both x = +,/u
are stable equilibria for 4 > 0. The bifurcation diagram in Figure 5.6 should

convince you that the name pitchfork bifurcation is indeed appropriate. As we
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weight

beam

Figure 5.4. A weight being supported by a vertical beam.

Figure 5.5. A bead on a rotating hoop. The vertical lines indicate the
axis of rotation. For slow rotation speeds (left panel), the bead rests in
a stable equilibrium at the bottom of the hoop. If the rotation speed
is increased, this equilibrium loses stability and the bead settles into a
new stable position (right panel).

see in the Figure, as y increases from negative to positive, an equilibrium loses
stability at the same instant that two new equilibria are born.

Subcritical versus supercritical bifurcations. One further way of classifying
bifurcations is according to whether an equilibrium gains or loses stability
as the parameter p is increased. The pitchfork bifurcation in Equation (5.4)
above is considered to be a supercritical bifurcation. An example of a subcritical
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Figure 5.6. Pitchfork bifurcation in Equation (5.4). For u < 0, there is
only one equilibrium (x = 0) and it is stable. For p > 0, there are three
equilibria: x = 0 is unstable and x = +,/j are stable. Arrows indicate
qualitative behavior of solutions starting from various initial conditions
and choices of the parameter .

pitchfork bifurcation would be given by the equation x” = ux + x3. The reader
is encouraged to sketch a bifurcation diagram for this equation. You should
find that x = 0 is a stable equilibrium for y < 0 and is unstable if > 0. For
u < 0, there are two other equilibria x = 4,/—u, both of which are unstable. In
what follows, we will rarely distinguish between subcritical and supercritical
bifurcations.

Example 5.1.2. Let y be a real parameter. Sketch the bifurcation diagram for the

ODE q
axr _ _5__H
dt = fulx) =5 1+x2

Solution: Equilibria would satisfy the equation

(5-5)

H
SR a—
14 x2

which can be manipulated to reveal that x> = /5 — 1. There are no equilibria
for y < 5, but if ¢ > 5 then there are two equilibria:

T
— 4t
: 5
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X
unstable
no e
equilibria
5& H
stable

Figure 5.7. Bifurcation diagram for Equation (5.5). A saddle-node
bifurcation occurs at y = 5.

We can already conclude that this is an example of a saddle-node bifurcation. It
remains to determine which equilibria are stable. Taking the derivative of f,(x),

we have )
/ _ Hx
W) = Gy

It follows that

f/RTFT) = 2”{}4%3’2_1

which is positive. It follows that for u > 5, the larger of the two equilibria is
unstable. The other fixed point is stable. The bifurcation diagram appears in
Figure 5.7.

Example 5.1.3 (Courtesy of S. Lazaryan). Let u be a real parameter. Sketch a
bifurcation diagram for the opE

= A = 2w (¢ ). 56)

Solution: Equilibria must satisfy the equation

x(x% — p) (e"2 - y) =0,

and certainly x = 0 is an equilibrium regardless of the value of u. If > 0, then
the factor x> — y has two real roots, x = +,/i. In order for e — y = 0 to have
real solutions, we would need yu > 1. If 4 > 1, algebra reveals that x = +/Inu
are also equilibria. In total, there are five equilibria if y > 1.
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To test the stability of these equilibria, we must compute the “Jacobian” of
fu(x), taking the derivative with respect to x. Expanding f,(x) as

fulx) = B’ — pxe™ — uxd + piix,
we use the chain and product rules to calculate
filx) = 322 + 2x%e* — pe® — 2ux?e™ — 3ux? + k.

For the equilibrium x = 0, we have f;(0) = —u + #? = u(p — 1). This quantity
is negative if 0 < u < 1 and positive otherwise. We conclude that x = 0 is a
stable equilibrium if 0 < ¢ < 1 and is unstable otherwise.

Next, assume y > 0 and consider the pair of equilibria x = +,/p. Notice that
x?> = p and x* = p? for both of these equilibria. Using the above formula for
fu(x) we have

fu(£VH) = Buel +2p%el — pelt — 2pPel — 3p* 4 i
= 2pel —2p% = 2 (et —p).

Since e# > p, we conclude that f; (£./##) > 0 for all positive y. This implies that
the two equilibria x = 4, /i are unstable for p > 0.

Finally, assume p > 1 and consider the pair of equilibria x = £4/In u. In this
case, we have x> = In u and e = p. Our formula for f}(x) yields

fu(£y/Inp) = Sulnp 4+ 2u(Inp)? — p® — 2 Inp — BpInp + p?
= 2ulnp (Inp —p).

Examining the factors individually, note that (Iny — ) < 0 and Inp > 0 for
p > 1. It follows that f;(4+/Iny) < 0 for all u > 1, implying that these two
equilibria are stable. A bifurcation diagram summarizing the stability of the
equilibria appears in Figure 5.8.

5.2. Dependence of Solutions on Parameters

In a previous chapter, we discussed how changes in initial conditions can affect
how solutions behave. We even derived an estimate for how fast solution
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Figure 5.8. Bifurcation diagram for Equation (5.6). A pitchfork bifur-
cation occurs at y = 0, creating two unstable equilibria x = +,/p and
changing x = 0 into a stable equilibrium. Another pitchfork bifurca-
tion occurs at y = 1, de-stabilizing x = 0 and creating two new stable

equilibria, x = +4/Inu.

trajectories can separate if we start from two different “nearby” initial conditions.
We now perform the same sort of calculation to determine how changes in a
parameter y can affect the behavior of solutions.

Consider the two differential equations

X' =flop) and ¥ = f(y;A), (5:7)

and assume that both have the same initial condition: x(0) = a2 = y(0). In other
words, we are considering two copies of the same initial value problem, but
with two different parameter choices, # and A. Assume that the function f is
continuously differentiable with respect to both arguments. From a lemma that
we proved when analyzing dependence of solutions on initial conditions, there
exist positive constants K; and K, such that

[flom) = fu M) <Kifp=Al and  [f(xA) = f(y;A)] < Ka|x — .

Let K = max{Kj, K> }. Then we can use the triangle inequality to estimate the
difference between the right hand sides of the oDEs in Equation (5.7):

If(ou) = f M) = 1fou) = FlsA) + f(oA) = f(y;A)|
<|flou) = fo M)+ 1f(6A) = f(y;A)]
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<Kip = A+ Klx —y| < K(|p—=Al+|x—y]).

We are now in a position to measure the gap between the solutions of the two
different initial value problems. Writing them as integral equations,

x(t) = a—i—/otf(x(s);y)ds and y(t) = a—l—/ fly

Using our above inequality, we now make the estimate

i)~ x(0] = | [ swisnnds - [ s
t

< [1F:0) = flx@im] s < /OtK<|u—A|+\x—y|>ds

0

:K/Ot|y—)x|ds + K/Ot|y(s)—x(s)|ds.

In the last line, the first integrand is simply a constant. If we introduce the
abbreviation B = K|y — A| and actually evaluate the integral, our overall estimate
has been written as

t
y(t) — x()| < Bt + K/o 1y(s) — x(s)| ds.

This is set up perfectly for the Strong Gronwall Inequality 3.3.12, and we conclude
that

ly(t) — x(t)] < g(e“—l) = |u—Al (er-1).

Consequence: Suppose the function f is well-behaved in the sense that there

exists a global constant K such that

lf(u) = fy )] < K(Jp—Al+[x —yl) (5.8)

for all real x, y, 4, and A. Then the solutions of the two initial value problems
(corresponding to different choices of the parameter) can separate at most ex-
ponentially fast. This ensures that, at least for well-behaved problems of this
sort, any bifurcations caused by changing the parameter values cannot cause a
“catastrophic” change in solution behavior. For example, if solutions do not blow
up to oo in finite time when we use the parameter y, then they cannot blow up
in finite time if we switch our parameter value from yu to A.
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Warning: If we have a system x’ = f(x; i) for which f does not obey inequal-
ity (5.8) globally, then catastrophes can happen. For example, recall our canonical
example of a saddle-node bifurcation: % = p+x2. Suppose u < 0 and that
the initial condition x( satisfies the inequality —/—pu < x9 < \/—p. Then the
solution x(t) will converge to the stable equilibrium —,/—pu as t — co. Now
suppose we use the same initial condition, but change the parameter y to some
positive number. Then the solution of the initial value problem will blow up
to co in finite time! The problem is that for the function f(x; 1) = u + x?, there
is no global constant K for which inequality (5.8) will hold. More exactly, it is

impossible to find one special, positive number K for which the inequality
|x* —y*| < Klx —y|

forall x, y in R.

5.3. Andronov-Hopf Bifurcations

Up to now, we have considered bifurcations in systems with a single dependent
variable. Of course, this is very restrictive because there is precisely one real
“eigenvalue” associated with such systems. Higher-dimensional systems can
experience other types of bifurcations that our one-dimensional systems could
not. For example, what are the possible ways that a stable equilibrium of a planar
system could lose its stability as we vary a parameter u? If both eigenvalues
are real and one of them changes from negative to positive, the equilibrium
would change from a sink (stable node) to a saddle. We could also have two
real eigenvalues simultaneously change from negative to positive, converting the
sink to a source (unstable node). However, there is a new possibility—we could
have a pair of complex conjugate eigenvalues change from negative real part to
positive real part, causing a transition from a stable focus to an unstable focus.
We now provide an example of this sort of bifurcation.

Example 5.3.1. Consider the planar system

dx dy

ax _ W =2y
g — v ad &= (-x)y-x (5.9)

where p is a parameter. It is easily checked that, independent of y, the origin
(x,y) = (0,0) is the only equilibrium. The Jacobian matrix associated with this
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y y
fan \\ . () .
&= )
-2<u<0 O<u<2

Figure 5.9. Example of an Andronov-Hopf bifurcation in Equation (5.9).
The origin is a stable focus (left panel) if —2 < u < 0 and is an unstable
focus (right panel) if 0 < p < 2.

system is
0 1

from which it follows that

I7(0,0) = [_01 H

The characteristic equation is A> — A +1 = 0, and the eigenvalues are

pt/pr—4
AL = BV TR

2

Assuming that —2 < u < 2, these eigenvalues are a complex conjugate pair
with real part /2. Notice that the real part is negative if y < 0 and positive of
i > 0, which means that the equilibrium (0,0) changes from a stable focus to
an unstable focus if y increases from negative to positive. Figure 5.9 shows how
trajectories in the phase plane reverse their orientation as we pass through the
bifurcation value p = 0. This sort of bifurcation has a name.

Definition 5.3.2. When an equilibrium changes its stability because a pair of
complex conjugate eigenvalues experiences a change in the sign of their real part,

we say that an Andronov-Hopf bifurcation has occurred.
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Figure 5.10. For p = 0.3, Equations (5.9) have a limit cycle solution
(bold curve).

In the above example, the Andronov-Hopf bifurcation at y = 0 causes a
dramatic change in the dynamical behavior of the system. If -2 < u < 0,
the origin is a stable focus and, because the equilibrium is hyperbolic, the
linearization gives a good indicator of how solutions of the nonlinear system
behave. It is possible (although difficult) to prove that the origin is actually a
global attractor by drawing appropriately chosen closed contours I', finding the
outward normal vectors n to I', and proving the f e n < 0 everywhere on I'. At
the bifurcation point u = 0, the origin is a weakly stable equilibrium. Indeed,
the distance from the origin cannot increase as we move along trajectories in the
direction of increasing ¢:

d

a[xz(t)erz(t)] = 2xx' +2yy = —2x%2 <.

Finally, we established that for 0 < p < 2, the origin is an unstable equilibrium.
However, more can be said. By creative use of the Poincaré-Bendixon Theorem,
one may construct carefully chosen contours to find that a stable limit cycle
exists for 0 < p < 2. The birth of periodic solutions (limit cycles) as we pass the
bifurcation value p = 0 is no accident. In fact, when Andronov-Hopf bifurcations
occur, we shall find that periodic solutions are born when an equilibrium loses
its stability in response to changes in p.
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Example 5.3.3. Consider the system

¥ =y +x(p -2 —y?)

(5.10)
vV =x+yp—x*—y),

where y is a real parameter. We claim that, regardless of y, the origin is the only
equilibrium for this system. To see why, set both x’ = 0 and ¥’ = 0 to get the
two algebraic equations

y=x(p—x*—y*) and x=—y(p—x>—y).

Substituting the second equation into the first, we find that
y=—y(p—x =y

If the non-negative quantity (u — x> — y?)? is strictly positive, then the only way
the equation can be satisfied is if y = 0. This, in turn, implies that x = 0 as well.
On the other hand, if 4 — x2 — y? = 0, then the system (5.10) reduces to x’ = —y
and iy’ = x. Again, the only possible equilibrium is x = y = 0.

The linearization of (5.10) about the origin is

MBI

and the eigenvalues of the coefficient matrix are y &=i. As u changes sign
from negative to positive, the origin loses its stability via an Andronov-Hopf
bifurcation.

How does this bifurcation affect the dynamical behavior of the system? To ad-
dress this question, we remark that Equations (5.10) take a very convenient form
if we convert to polar coordinates. Letting R? = x*> + y? and 0 = arctan(y/x),
we derive differential equations for R and 6 as follows. First,

d o

_d o
ER —a(x+3/)
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implies that 2RR" = 2xx’" + 2yy’, where primes indicate differentiation with
respect to t. Substituting the right hand sides of equations (5.10) for x” and v/,

2RR" = 2x[—y +x(j = x* = )] + 2y[x + y(p — 2% — )]
=2 (=2 = y?) + 27 (p = * — )
=2(*+y?)(p—x* —y?) = 2R*(u— R?).
Avoiding the equilibrium solution (R = 0), we have obtained R’ = R(u — R?),

a differential equation that describes the distance R from the origin. For the

angular variable 6, we calculate

o d vy xy —yx 1 oxy' —yx
dt  dt arctan( ) Iz 1+ (y/x)2  x2+4+y2
_xfety(p = — )] —yl-y +x(p -2 — )]
X2 +y?
_ 24y
=2y

In summary, converting our original system (5.10) to polar coordinates gives

dR
dt

de

= R(p—R?) and T 1.
These two equations are un-coupled and can be handled separately. Since 6’ =1,
the angular variable increases with constant speed, and we move counterclock-
wise as we follow trajectories in the xy-phase plane. The radial variable R
measures distance from the origin. You can verify thatif 4 < 0, then R =01is a
stable equilibrium (corresponding to the origin) for the equation R’ = R(u — R?).
There are no other equilibria for the case y < 0. On the other hand, if > 0,
then there are two equilibria: R = 0 and R = ,/ji. (Note that we exclude the
equilibrium R = —, /i because R is a non-negative quantity.) It is easily checked
that R = 0 is unstable for y > 0, whereas R = ,/ji is stable. In the phase
plane, R = /ji is a circle of radius ,/}, and it corresponds to a stable limit cycle:
x = ,/fcost and y = ,/usint. Sketches of the phase plane for y < 0and p > 0
appear in Figure 5.11.

The important thing to notice here is that the Andronov-Hopf bifurcation
at u = 0 created a family of periodic (limit cycle) solutions. The amplitude
of these limit cycles is set by /. If we sketch a bifurcation diagram for the
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Figure 5.11. Phase portraits for the system (5.10) for < 0 (left panel)
and pu > 0 (right panel). For y < 0, the origin is a stable focus. For
u > 0, there is a limit cycle solution (indicated in bold) corresponding
to a circle radius /.

R

Figure 5.12. Bifurcation diagram for R’ = R(y — R?). This is a “half-
pitchfork” because, since the radial variable R represents distance from
the origin, we must exclude the possibility of negative R.

one-dimensional problem R’ = R(u — R?), we obtain a “half-pitchfork”—the
lower prong of the pitchfork is missing because we excluded negative values

of R. Figure 5.12 shows this bifurcation diagram.

Plotting a bifurcation diagram for the Andronov-Hopf bifurcation in the above
example is more complicated than creating a bifurcation diagram for a one-
parameter system with a single dependent variable. This idea is to give a
graphical rendering of the long-term behavior of solutions as a function of the
parameter u. To do so, we must create a three-dimensional plot illustrating how
the value of u affects the behavior of x and y as t — co. The bifurcation diagram
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stable unls.tatlale
equilibrium e}U”Ibrlum
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X
stable
limit cycle

Figure 5.13. Bifurcation diagram for the system (5.10). For u < 0, the
origin is a stable equilibrium. For each y > 0, the origin is an unstable
equilibrium but there is a stable limit cycle with amplitude /7.

appears in Figure 5.13. Notice that the family of limit cycle solutions forms a
surface (a paraboloid, to be specific).

Like other types of bifurcations, Andronov-Hopf bifurcations can be either
supercritical or subcritical. The above is an example of the supercritical case,
in which stable limit cycles are spawned as y increases beyond a critical value.
It is also possible to have subcritical Andronov-Hopf bifurcations in which a
stable equilibrium loses stability as y increases, and a family of unstable limit
cycle solutions is destroyed in the process. Qualitatively, all Andronov-Hopf
bifurcations exhibit the sort of behavior exhibited by Equations (5.10). Let 8 # 0
and consider the following linear, constant-coefficient system with a pair of
complex conjugate eigenvalues y £ fi:

HMEEIHE

Now let us introduce nonlinearity be adding functions with “quadratic and

px — By
Bx + ny

higher-order” terms to the right hand sides of these two equations; i.e.,

x' = px — By + p(x,y)

(5.11)
y' = Bx +uy +q(x,y).
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Here, we assume that the functions p(x,y) and q(x,y) are analytic functions
of two variables. That is, p(x,y) and g(x,y) can be represented in terms of

convergent power series expansions

pxy) =) ai]-xiyj = (ayx® +apxy +apy?) q(x,y) = Y bl-]-xiyf = (byox® + byyxy -
i+j>2 i+j>2

+ (a30x3 + u21x2y + alzxy2 + Llo?,y?’) + e + (b30X3 + b21x2y + blzxy2 + bg

Notice that we have only included quadratic and higher-order terms, and the
subscripts used on the coefficients correspond to the exponents on x and y.
Roughly speaking, p and g are nothing more than generalizations of polynomials
in two variables. By design, the system (5.11) has exactly one equilibrium (the
origin), and the linearization about the origin is given by

MEIIHE

If p = 0, then the origin is a center for the linearized system.
In preparation for stating a criterion for the occurrence of an Andronov-Hopf

bifurcation in (5.11), we will need the following definition.

Definition 5.3.4. For the system (5.11), the Lyapunov number is defined as

3n 2
o= 26 3(azo + boz) + (@12 + b21) — B(ﬂzobzo — agbo)

a b
+ —L(agy +azp) — —X(boa + bao) | -

P P
For an explanation of where this mysterious quantity comes from, see Section
3.4 of the text of Perko [8]. Specifically, read the discussion of Poincaré maps (a
test for the stability of periodic solutions).
The Lyapunov number provides a quick way of testing whether the sys-
tem (5.11) actually experiences an Andronov-Hopf bifurcation at u = 0.

Theorem 5.3.5. (Hopf Bifurcation Theorem). If o # 0, then the system (5.11)
experiences an Andronov-Hopf bifurcation at 4 = 0. If ¢ < 0, a unique, stable limit
cycle bifurcates from the origin as y increases from negative to positive. For small,

positive y, the amplitude of the limit cycle solution is approximately proportional
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to \/p. Similarly, if ¢ > 0, then a unique unstable limit cycle bifurcates from the

origin as y decreases from positive to negative.

Example 5.3.6. In our previous example, we found that the system (5.10)

Y= —y+x(p—2* -y
v =x+y(p—x>—y?)

suffers an Andronov-Hopf bifurcation at # = 0. In our above notation, =1,
p(x,y) = —x3 —xy? and q(x,y) = —x?y — y°. Notice that there are no “quadratic”
terms—i.e., terms in which the exponents of x and y sum to 2. This implies that

a»g, a11, a2, b, b1, and by, are all o. For the “cubic” terms, we have

azx = —1, app = —1, a1 = 0, ap = 0,
and

byg = 0, bip =0, byy = -1, bz = —1.

The Lyapunov number is

- = 37”[3(—1—1)+(—1—1)} — _12n<0,

and it follows that a supercritical Andronov-Hopf bifurcation occurs at u = 0.

It is possible to state a stronger version of the Hopf Bifurcation Theorem which
allows us to estimate the period and amplitude of the limit cycles that are born via
an Andronov-Hopf bifurcation. Suppose that a system x = f(x; 1) experiences
an Andronov-Hopf bifurcation at some critical parameter value y = p.. Let
Au) = wa(p)+iw(p) denote the eigenvalues of a complex conjugate pair of
eigenvalues whose real parts change sign at 4 = .. At the bifurcation point,
w(pe) # 0 and a(p.) = 0. Moreover, the eigenvalues satisfy a transversality
condition &' (p.) # 0, which basically just states that the eigenvalues really are
moving from negative to positive real part (or vice-versa) as u passes .. Let us
consider the supercritical case in which a/(c) > 0, so that the real parts of the
pair of eigenvalues are changing from negative to positive. The Hopf Bifurcation
Theorem states that for u slightly larger than p, there exists a family of stable
limit cycle solutions whose amplitudes are roughly proportional to /i — .
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Moreover, if y — i, is reasonably small, the period of the limit cycle solutions is
approximately 27t/ w(p.). For details, refer to the text of Hassard et al. [4].

As an illustration, suppose that the Jacobian matrix associated with a system
of oDEs has eigenvalues (y —3) £2pui. Then a(y) = p—3 and w(p) = 2u.
Aty = p, = 3, we have «(3) = 0 and w(3) = 6 # 0. The transversality
condition &’(3) = 1 # 0 is also satisfied, and we conclude that an Andronov-
Hopf bifurcation has occurred at u = 3. The bifurcation would be supercritical
because a’(3) > 0. This means that for i values slightly larger than 3, there
exists a family of stable periodic solutions. The periods of these limit cycles are
approximately 27t/w(3) = /3, and their amplitudes are roughly proportional
to /i — 3. The bifurcation diagram for such a system would look essentially
identical to the one in Figure 5.13, except that the vertex of the paraboloid-like
surface would be shifted from y = 0to u = 3.

Here, we will not attempt to provide a comprehensive list of the various
types of bifurcations that can occur. Clearly, there are many ways that the
qualitative behavior of a phase portrait could be suddenly and dramatically
altered as a parameter y is varied. Systems with more than one parameter offer
an even greater degree of flexibility. Students interested in learning more about
bifurcation theory are encouraged to take an advanced course in differential
equations and dynamical systems.

Exercises

1. For each of the following ODEs, y denotes a real parameter. In each case,
identify the equilibria of the oDE and determine which ones are stable and
unstable. Then, produce a bifurcation diagram.

dx

@ g = (r-Dx+2
(b) % = u—2+3x?
(c) % = -2
(d) % = ux+9x°
© &= ax-e.

dt
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2. For each of the following ODEs, i denotes a real parameter. In each case, find

all bifurcation points and, if possible, classify them as one of the types we

discussed in this Chapter. Then, produce a bifurcation diagram.

dx

@ 5 = (+p@E—px)
(b) % = p—x* 4t

© S o= -

@ = ).

3. Sketch the bifurcation diagram for the equation

d
= D) = P -,

where y is a real parameter. If you do this correctly, you will discover two

different bifurcation points: one transcritical, and one pitchfork.

4. Let y be a real parameter.

(a)

(b)

(©

Find all bifurcation points for the equation x’ = x?> — yux — 242, and draw
a bifurcation diagram.

Suppose we modify the oDk in Part (a), multiplying the right-hand side
by x to obtain the equation x' = x(x? — ux — 2u?). Sketch the new
bifurcation diagram and compare it to the bifurcation diagram from Part
(@)

Although the system in Part (b) has no bifurcation points, its “bifurcation
diagram” still conveys useful information. In fact, the diagram completely
characterizes how the system behaves depending upon the parameter u
and the initial condition xg. If # # 0, note that there are two stable equi-
libria. For u # 0, find the basin of attraction of each stable equilibrium. The
basin of attraction for an equilibrium x* is the set of all initial conditions
xo for which x(t) — x* as t — oo.

Remark. (i) Notice that the basins of attraction of the stable fixed points are

“separated” by an unstable fixed point. In this respect, unstable equilibria can

be very important, as they help dictate which stable state (if any) our system

will converge to as t — oo. (ii) Suppose that f is continuously differentiable
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and that the first-order obE x” = f(x; i) has multiple stable equilibria. Then
there is always an unstable equilibrium between each pair of stable equilibria.
Any solid curves in the bifurcation diagram must be separated by a dashed

curve somewhere in between.

5. A “quad-furcation”: When we discussed saddle-node bifurcations, we gave
an example of an oDE that has two equilibria for # < 0 and no equilibria for
u > 0. Create an example of an oDE with a single parameter y which has no
equilibria for y < 0 but four equilibria for y > 0. Identify which equilibria are
stable/unstable.

6. A “five-pronged pitchfork”: When we discussed pitchfork bifurcations, we
gave an example of an ODE that has one equilibrium for y < 0 and three
equilibria for ¢ > 0. Create an example of an oDE with a single parameter
# which has one equilibrium for p < 0 but five equilibria for x > 0. Identify
which equilibria are stable/unstable.

7. Consider the system

dx__ 2 0
G 8y +x(p—x~ —y°)
dy _ 2.2

g —oxty(u—x ¥,

where y is a parameter.
(a) Show that, regardless of y, the origin is the only equilibrium.
(b) Show that a Hopf bifurcation occurs when p = 0.

(c) Give a qualitative description of the periodic solutions which are created
by this bifurcation. Estimate their period, assuming that y is small. For
small 1, what can you say about the amplitude of the periodic solutions?
Are these solutions stable or unstable?

8. Subcritical Hopf Bifurcations. Subcritical Hopf bifurcations can be dangerous
in engineering applications because when an equilibrium loses stability as a
parameter y varies, solutions can suddenly jump to a far distant stable limit
cycle. Consider, for example, the planar system in polar coordinates

5 o _

ﬂ_ rr—r —

dt

where y is a bifurcation parameter.
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(a) Note that r = 0 is an equilibrium. Determine the range of u values for

which this equilibrium is stable/unstable.

(b) If we write the r equation as ¥’ = r(p + 12 — r*), we see that other equilibria
must satisfy y = r* — r2. Carefully sketch this curve in the ur-plane. Hint:
You may find it easier to first sketch i versus r, and then flip your axes to
create a plot of r versus p.

(c) Show that the r equation has two positive equilibria if —i < p < 0 but
only one positive equilibrium if y > 0.

(d) Without attempting to find formulas for the positive equilibria, show that
if y > 0 then the positive equilibrium is stable.

(e) For —% < p < 0, show that the smaller of the two positive equilibria is
unstable.

(f) Discussion (No work required on your part!) Here is why this sort of
bifurcation can be devastating. Suppose u < —1/4 and our system is in
equilibrium r = 0. Now start gradually increasing p. When we pass p =
—1/4, two limit cycles are born, corresponding to the two different positive
r values which satisfy the equation y = r* — 2. The limit cycle with larger
amplitude (larger r) is stable, and the other one is unstable. Meanwhile,
our equilibrium r = 0 is still stable. However, when we reach y = 0, the
unstable limit cycle is destroyed via a subcritical Hopf bifurcation, but the
larger amplitude stable limit cycle still exists. As soon as the unstable limit
cycle is destroyed (at 1 = 0), the equilibrium » = 0 also loses its stability.
Consequently, once p > 0, any small amount of “noise” would throw us
off the equilibrium and our solution would (rather dramatically) leap to
a large-amplitude periodic solution. Physically, you can imagine a very
well-behaved system which suddenly begins to oscillate violently as a
parameter is increased. Subcritical Hopf bifurcations have been observed
in mathematical models of aeroelastic flutter (vibrations in airplane wings),
and a host of other physical/biological scenarios.

This system also provides a nice example of bistability and hysteresis, which
can be explained as follows. Again, suppose u < —1/4 and we are at the
stable equilibrium. As we increase p past o, our equilibrium suddenly re-
pels nearby trajectories and suddenly forces us toward the large-amplitude
stable, periodic solution. Now suppose we start to decrease y again. This
time, we have a nice, stable limit cycle until we reach y = —1/4, when we
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suddenly transition back to a stable equilibrium. Notice that the sudden
transitions between two different stable states occurred at two different p
values. This phenomenon is known as hysteresis, and the fact that there
are two different stable states for —1/4 < u < 0 is known as bistability.

9. Self-oscillations in glycolysis: For particular parameter choices, a reduced
form of the famous Selkov model takes the form

dx
dt

dy _ 1
a ~FT VY

ey a2
10Y Yy

(a) Show that

_ 10u

is an equilibrium.
(b) Show that this equilibrium is a stable node if u = 0.

(c) Show that this equilibrium is an unstable focus if y = %

(d) Show that this equilibrium is a stable focus if y = 1.

(e) Since the eigenvalues of the Jacobian matrix depend continuously on y, the

above observations suggest that at least two Andronov-Hopf bifurcations

have occurred: one between y = 0 and y = \/g and one between y = %
and u = 1. Find the y values at which the Andronov-Hopf bifurcations
occur. Remark: The first bifurcation creates a family of stable, periodic
solutions. The periodic solutions disappear after the second bifurcation,
when the stable focus is born.

10. The purpose of this exercise is to create a bifurcation diagram for the system

dx

E:yx(l—x)—xy
dy _
at Y

where y > —1 is a real parameter.

(@) The origin is an equilibrium independent of the choice of y. Find the
other equilibrium of the system.

(b) By linearizing the system at the origin, determine the ranges of u for
which the origin is stable/unstable.
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(©

(d)

(e)

Let (x1,y1) denote the equilibrium you found in Part (a). Compute the
Jacobian matrix Jf(x;,y1) and use its determinant to find the range of u
for which the equilibrium is a saddle.

When the determinant of Jf(x1,y;) is positive, the origin is either a focus
or a node. However, for the purposes of creating a bifurcation diagram,
we need only determine whether the equilibrium is stable or unstable,
and this is easily accomplished by inspecting the trace and determinant of
Jf(x1,y1). Show that the trace is negative for all # > —1, and conclude
that if the determinant is positive, then (x1,y1) is a stable node.

Since the x and y coordinates of the equilibria (0,0) and (x1,y1) happen to
be equal, we need not create a three-dimensional bifurcation diagram by
plotting u versus both x and y. Because no information is lost if we neglect
the y variable, sketch a bifurcation diagram of y versus x. What are the
bifurcation values of u? Can you classify which type(s) of bifurcations

occur?



CHAPTER 6

Introduction to Delay Differential Equations

n this Chapter, we turn our attention to delay differential equations (DDEs), a
major departure from the ordinary differential equations that were considered

up to now. A basic reference for this material is the text of Bellman and Cooke [2].
To understand why DDEs are of mathematical interest, let us examine the simplest
population growth model, which was originally proposed by Malthus. The major
underlying assumption of the Malthus model is that the rate of change of
population is proportional to the population itself. Mathematically, let P(t)
denote the population at time ¢. Then the population growth model is given by

dp

a:kp,

where k is a positive constant. The solution of this opE is P(t) = P(0)e!, which
predicts exponential population growth as t increases. However, due to the time
lag between conception and birth, it may be more realistic to assume that the
instantaneous rate of change of population growth is actually dependent upon
the population at some fixed amount of time T in the past. This would suggest
that we adjust the above model to read

Dy = kp(t—1) 6.1)
dt B ' '
Observe that the rate of change of P at time ¢ is affected by the value of P at time
t—1.

166
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Definition 6.0.7. Suppose x and ¢ are dependent and independent variables,

respectively, and let T be a positive constant. Any equation of the form
F(x(t),x'(t),x(t — 1), x'(t—7),t) =0

is called a first-order DDE with a single, constant delay. If the equation does not
incorporate x'(t — 7), the DDE is called retarded. If the equation does incorporate
x'(t — 1), the DDE is called neutral.

In the above definition, “first-order” refers to the fact that first derivatives are
the highest-order derivatives that appear in the equation. The words “single,
constant delay” refer to the fact the equation only makes reference to the present

time, ¢, and one fixed time in the past, t — 7.

Example 6.0.8. The equation

dx 2

T —(x—=3)+x(t—2)
is a retarded first-order DDE with a single constant delay 7 = 2. On the right
hand side, it is understood that x?> means x(t)? and that (x — 3) means x(t) — 3.

The equation
X(t) = 22— (x—=3) +x(t—2) +x(t—4)

is a retarded, first-order bDE with two constant delays: 71 = 2 and 7, = 4. The
equation x'(t) = x(t/2) is a DDE with a variable time delay. Note that the rate of
change of x when t = 1 is influenced by the value of x at time f = 1/2, whereas
the rate of change of x when t = 6 is influenced by the value of x at time t = 3.
Finally, the equation

xX'(t—8)+x(t—8)+x(t)+t=0

is a neutral ppE with a single constant delay T = 8.

This Chapter will focus exclusively on retarded, first-order DDEs with a single,

constant time delay T.
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6.1. Initial Value Problems

If we wish to solve a DDE such as x(t) = x(t — 1), how would we specify initial
data? Note that the solution at time  — 1 influences the rate of change at time f.
So, for example, in order to know the rate of change of x for t € [0, 1], we would
need to know the value of x(t) for t € [—1,0]. That is, before we can generate
the solution of this DDE on the interval 0 < ¢ < 1, we must require that initial
data be provided as a function on the entire interval —1 < x < 0. More generally,
in order to solve a retarded DDE with constant time delay T, we must specify an
initial function ¢(t) on the interval [—7,0].

Method of Steps. We illustrate one method for solving a DDE via an example.
Consider the system

=
~
—~
~~
~—
I

x(t—1), ift >0
x(t)=¢t) =1, if-1<t<0.

Here, we have specified the “initial function” ¢(¢) in a closed interval of width 1
since our time delay is T = 1. To solve the DDE, note that by the Fundamental
Theorem of Calculus we have

x(t) = x(0)+/0tx’(s)ds.

In this case, x'(s) = x(s — 1), and if 0 < s < 1, then we have —1 < (s — 1) < 0.
So for 0 <'s <1, it follows that x(s — 1) = ¢(s — 1) = 1, and the above equation
reduces to ;

x(t):x(O)—O—/Olds:l—i-t, (0<t<1).

Now that we have obtained the solution x(t) =1+t on the interval 0 < t < 1,
we repeat the procedure to solve for x(f) on the next interval, 1 < t < 2. For
t € [1,2], we calculate

x(t) = x(1) + /1tx’(s) ds = x(1) + /;x(s—l)ds.



INTRODUCTION TO DELAY DIFFERENTIAL EQUATIONS 169

Making a substitution to replace (s — 1) with s, the latter integral becomes

t—1 (t_l)z
x(t):x(1)+/ 14s5ds = 2+ (t—1)+
0
Therefore,
x(t) = ﬁ+§ fl1<t<?2
T2 02 - =7

Continuing in this fashion, you can calculate that for 2 <t <3,

t t(s—1)2
x(t) = x(2) + /2 x(s—1)ds = x(2) +/2 ( 21) —i-gds, etc....

This technique of extending the solution one interval at a time is called the
method of steps. In this particular example, we can write the solution for t > 0 by
introducing the notation |¢| to denote the largest integer which is smaller than
or equal to t. By induction, one may argue that the solution of our DDE is given
by
x(f) = MZH [t~ (Z'— D"
n=0 :

fort > 0.

6.2. Solving Constant-Coefficient Delay Differential Equations

Recall the variation of parameters formula (2.18), which says that the first-order,
linear opE X' = Ax + b(t) has solution

t
x(t) = exg + etA/ e *4b(s) ds.
0

This formula is easily adapted to yield the solution of the general first-order,
constant-coefficient retarded DDE

x'(t) = ax(t) +bx(t—7)+ f(t) ift>0,

. (6.2)
x(t) = ¢(t) ift € [—1,0].
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Here a and b are constants, T > 0 is the time delay, and f(f) is a continuous
function. For 0 < t < 7, the solution to (6.2) is given by

x(t) = e™x(0) + e /Ot e [bx(s —7) + f(s)] ds

= eg0) +e" [ "5 [bp(s — 1) + £(s)] ds.
Notice that this formula allows us to express x(t) in terms of the known functions
¢ and f, at least on the interval [0, 7]. The method of steps can then be used to
extend the solution to the interval [, 27] and so on.

We make two remarks regarding solutions of DDEs. First, notice that solutions
need not be differentiable at the endpoints of consecutive intervals. In our
introductory example of the method of steps, we had x(t) =1 for -1 <t <0,
but x(t) =1+t for 0 < t < 1. Although the solution is continuous at t = 0, it is
not differentiable there. Second, notice that the very construction of the above
solution implies that constant-coefficient DDEs have a unigue solution.

Provided that the functions ¢ and f are continuous, we know that the sys-
tem (6.2) has a unique solution for all t > 0, and the method of steps can be
used to construct that solution. Under what conditions on ¢ will the solution be
continuously differentiable for all time ¢ > 0? First, suppose that ¢ is differentiable

n [—7,0]. Since x(t) = ¢(t) on that interval, we also have x/(t) = ¢'(t). If we
want the solution to be differentiable at ¢t = 0, then we must insist that left hand
and right hand derivatives of x(¢) match at t = 0. Let us introduce the notation

x(07) = lim x(t) and x(07) = lim x(¢).

t—0— t—0+

Note that x'(07) = ¢/(07) since x'(t) = ¢'(t) when t < 0. On the interval [0, 7],
the DDE tells us that

X() = ax(t) + bx(t—7) + (1) = ax(t) + bg(t — ) + (1
Taking the right hand limit, we find that

x'(07) = ax(07) +bp(—7T) + £(0T).
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But since f is continuous, it follows that f(07) = £(0), and moreover x(0) = ¢(0).
Equating the left and right hand derivatives at t = 0, we obtain the condition

¢'(0) = ag(0) + bp(—7) + £(0). (6.3)

Theorem 6.2.1. The solution of (6.2) is continuously differentiable for all ¢+ > 0 if
and only if ¢ is differentiable at t = 0 and condition (6.3) is satisfied.

The condition (6.3) actually leads to some remarks about the “smoothness” of
solutions of DDEs. For retarded DDEs with constant delays, any initial disconti-
nuities are smoothed out as we advance forward in time. Neutral DDEs do not
have this luxury—if the solution is discontinuous at t = 0, then the solution will
also be discontinuous at the endpoint of each interval [nt, (n + 1)7] for each
positive integer n. The method of steps can still be applied to neutral bpEs, but
using a computer to numerically approximate solutions of such DDEs can be very
challenging.

Linear, constant-coefficient DDEs can also be solved using Laplace transform
methods. For details, see Bellman and Cooke [2].

6.3. Characteristic Equations

Recall from your introductory course in oDEs that for constant-coefficient prob-
lems such as x” 4 6x" + 8x = 0, we expect exponential solutions of the form
x = eM, where A is a constant. Substituting this exponential function into the

ODE leads to the equation
A2eM L pret +8eM = eM(AZ+ 60 +8) = 0.

Since the exponential factor could never be o, it must be the case that A2 + 6\ +
8 = 0. This is called the characteristic equation for this oDE and, in this case, its
roots are A = —2 and A = —4. Consequently, e~ and e~ are solutions of the
ODE, as is any linear combination Cie 2 4 Cre™#.

Now consider the homogeneous, constant-coefficient DDE given by x'(t) =
ax(t) + bx(t — T), where a and b are constants and T is a positive, constant time
delay. As above, let us seek exponential solutions x = e. Then substitution
yields

AeM = geM 4 petT) = geM 4 peMe T,
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Dividing by e, we obtain the characteristic equation
A—a—be T = 0.

Bad news: This is a transcendental equation for A, and it is impossible to alge-

braically solve for A in terms of the constants 4, b, and 7.

More bad news: Excluding the silly case b = 0 (in which the ppE would actually
have been an oDE), the characteristic equation has infinitely many complex-valued
solutions.

Slightly better news: If we could find all of the roots of the characteristic
equation, then we could write the general solution of the DDE as an infinite sum
of various exponential functions, provided that we can show that such series
converge.

Relative to constant-coefficient oDEs, working with characteristic equations for
DDEs is much more challenging. However, doing so can still be quite illuminating
when we try to get a feel for the qualitative behavior of solutions. The remainder
of this Chapter is dedicated to illustrating this via an example.

6.4. The Hutchinson-Wright Equation

In this section, we perform a qualitative analysis of the dynamical behavior of a
nonlinear bpE. The following calculations appear in the text of Hassard et al. [4]
One of the most common models for population growth of a single species is

dP P
G rP(l—K>,

where r and K are positive constants representing the population growth rate

given by the logistic equation

and maximum sustainable population, respectively. This ODE can be solved
analytically via separation of variables. Qualitatively, it is easy to see that
the opE has two equilibria: P = 0 (corresponding to extinction) and P = K
(corresponding to the maximum population that the environment can sustain).
The first of these equilibria is unstable, and the second is stable.
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Now suppose that we incorporate a time delay into this equation, accounting
for the lag between conception and birth. Hutchinson modified the logistic

equation as
dP

P(t—1)
— = 7P 1—-————=" .
= o (1=, 6.9
where T > 0 is a positive, constant time delay. This equation is now known
as the Hutchinson-Wright equation. It is a nonlinear bDE and cannot be solved
analytically.

Equilibria: We begin our qualitative analysis of (6.4) by noting that there are
still only two equilibria, P = 0 and P = K.

Stability: It is unclear how (or whether) we could extend our usual “eigenvalues
of the Jacobian” test for stability from ODEs to DDEs like (6.4). The whole idea of
stability analysis is to analyze how a system in equilibrium would respond to a
small perturbation. First consider the equilibrium P = 0, and suppose that we
seek a solution that is “close” to equilibrium: P(t) = 0 + ey(t) where € is a small,
positive number. We linearize the Hutchinson-Wright equation by substituting
that expression into the DDE:

e% = rey(t) [1 - L(tK_ T)] .

Dividing by € and expanding the right-hand side, we obtain the DDE

Y= ()~ Tyttt —).

Since € is small by assumption, the linearization of the DDE is obtained by
neglecting the latter term. The result is an ODE, namely % = ry, which is the
linearization of the Hutchinson-Wright equation at the equilibrium P = 0. This
ODE is easily solved, and we immediately see that the origin is an unstable
equilibrium since r is a positive constant.

The linearization at the other equilibrium P = K is a bit more difficult. As
before, we wish to examine a small perturbation from the equilibrium. Let
P(t) = K+ ey(t), where € is small and positive. Substituting that expression into
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equation (6.4),

%(KJrey(t)) = r[K+ey(t)] :1_ I@reyK(t—’f)]
By algebra, -
e% = —r[K+ey(t)] GF/(tK_T)]

Expanding the right-hand side and dividing by € reveals that

dy r

3 = 1) —epy(t = )y(t).

Since € is assumed to be small, we may obtain the linearized system by neglecting
the rightmost term:

y'(t) = —ry(t—1).

This first-order constant-coefficient DDE is the linearization of (6.4) at the equi-
librium P = K, and can actually be solved via the method of steps. As we shall
see, it turns out that P = K is a stable equilibrium if 7 < 7t/2 and is unstable if

rT > 7t/2. This raises the following

Observation. Recall that P = K was always a stable equilibrium for the logistic
ODE that we discussed at the beginning of this section. The inclusion of a time
delay T in the model has a de-stabilizing effect on the system, because P = K
becomes an unstable equilibrium if T is appropriately large.

Question: What exactly happens when rt = 71/2 that causes the equilibrium
P = K to suddenly lose stability? It must be some sort of bifurcation, but what
type?

To answer this question and further analyze the stability of P = K, it will be
convenient to re-scale the variables in the Hutchinson-Wright equation. First,
we will re-scale the time variable in such a way that the time delay is equal
to 1: let s = t/T be our new time variable. Next, we will introduce another
re-scaling which both (i) eliminates the need for the parameter K and (ii) moves

the equilibrium from P = K to P = 0; namely,
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With our new independent variable s and dependent variable x, the DDE (6.4)
becomes d

$3(s) = —(rDx(s = DL+ 2(s)].
Finally, based upon the earlier claim that a bifurcation occurs when rt = /2,
it is convenient to “re-center” the bifurcation so that it will occur at 0. To
accomplish this, introduce a new parameter y = r7 — 71/2 so that the DDE takes
the form

K(s) = = (n+3) x(s =1 +x(s)) (6.5)

Note that x = 0 is an equilibrium of this system, and it corresponds to the
equilibrium P = K of the original pDDE (prior to re-scaling).

To see that a bifurcation really does occur when y = 0, causing the equilibrium
x = 0 to lose stability, examine the linearization of (6.5) at that equilibrium:

x(s) = — (,u—i- g) x(s—1).

The characteristic equation is obtained by substituting x = e*:

AN — _ (V‘f' g) M=) — (y—i— g) oM
Dividing by e, the characteristic equation is
™ oA
/\+(y+§)e — 0. 6.6)

This is a transcendental equation, and has infinitely many complex-valued roots.
To test whether any Andronov-Hopf bifurcations occur as the parameter y is
varied, we wish to determine conditions under which the characteristic equation
has pure imaginary roots A = +iw, where w > 0 is real. After all, we know that
Andronov-Hopf bifurcations occur when a complex conjugate pair of eigenvalues
switches from negative to positive real part, or vice-versa. Substituting A = iw
into the characteristic equation reveals that

iw + (;4 + g) (cosw —isinw) = 0, (6.7)

where we have used Euler’s identity to write e = cosw —isinw. Equa-

tion (6.7) can only be satisfied if both the real and imaginary parts of the
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expressions on the left-hand side are both equal to o. Therefore,
m . B
(]/t—l-E) cosw = 0 and a)—(y+§) sinw = 0.

Since we originally claimed that a bifurcation occurs when p = 0, focus attention
on that particular parameter choice. The two equations become

7T T .
Ecosw =0 and wzismw.

Substituting the second of these into the first,

m o
5 €os {E smw} =0
This requires sinw = =1, and we already assumed that w > 0. The only

possible choices for w are odd positive integer multiples of 7t/2. That is

w:(Zn—i—l)g

n=0,12,....

In particular, we have found that for y = 0, the characteristic equation has pure
imaginary roots +7i. Note that due to the periodicity of the sine and cosine
functions, we have

n/2)i _ L(5m/2)i _ L(9m/2)i _

el el el

and
=/ JBr/2)i _ G(77/2)i

Hence, we need only direct our attention towards the specific roots & 7.

The fact that the characteristic equation has pure imaginary roots when u = 0
suggests that an Andronov-Hopf bifurcation may occur at that critical parameter
value. According to the remarks about the Hopf Bifurcation Theorem at the
end of the preceding Chapter, it remains only to verify that the transversality
condition holds at y = 0; i.e., that the signs of the real parts of a pair of complex
conjugate eigenvalue really does change from negative to positive (or vice-versa)
when u passes through o. Indeed, we will show that the real part of 3—2 is

dA

non-zero when y = 0. To compute dys We use implicit differentiation of the
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characteristic equation (6.6)

s

2e_)‘ —i—]/te_)‘ =0

A+

Differentiating both sides with respect to y,

dr o /m dAY A dA 4
c1;¢+(2>(dy>e + e +,u< dy)e = 0.

Algebraically solving for % reveals that

dA —e A

du 1= (F+pe

Recall that when p = 0, we know that there is a pair of pure imaginary eigenvalue
A= :I:%i. Substituting these values into the last equation,

dA - e~ (7/2)i
Bluo T T @
By Euler’s identity, e~ ("/21 = cos(—m/2) +isin(—m/2) = —i. Thus,
da i
dpf,—g 1+ 7

Multiplying and dividing the denominator of this last expression by its conjugate
yields
dA
du

_ 5
p0 1+ g

The real part of g—;‘ is

N

@ > 0.
Consequently, as u increases from negative to positive, the real parts of our
pair of eigenvalues A is also changing from negative to positive. A supercritical
Andronov-Hopf bifurcation occurs, and creates stable, periodic solutions for u > 0.
According to our remarks at the end of the preceding chapter, for p slightly
larger than o, the amplitude of these periodic solutions should be (roughly)
proportional to /ji. The period of the oscillations is estimated by dividing 27
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by the imaginary part of the eigenvalues at the bifurcation point 4 = 0. In this
case, the period would be approximately 27t/(mt/2) = 4. For our re-scaled
Hutchinson-Wright equation, there are known approximations of the periodic
solutions that are created when y > 0. Specifically, if u is small and positive,

then
40 T
1(s) = | 5z vicos (33)

is an approximate solution, and the error in this approximation is roughly
proportional to y.

Observation. The Hutchinson-Wright equation predicts that the equilibrium
population P = K will lose stability if the growth rate r and/or the time delay
T are too large, resulting in oscillations in population. The fact that a first-order
DDE can produce oscillations is noteworthy, because first-order autonomous ODEs
cannot have [non-constant] periodic solutions.

To see why, consider the autonomous, first-order equation % = f(y) and
suppose that there is a periodic solution with period 7. Then y(t + 7) = y(t) for
all time t. Multiply both sides of the oDE by % to get

(j{)z = f(y)%-

Now integrate over one period:

BT (dy 2 G dy ., v+
JT(E) @ = [Trwra = [ ) ay

The rightmost integral is zero because y(t) = y(t + 7). On the other hand, the
leftmost integral would have to be positive unless y were a constant function. It
follows that first-order autonomous oDEs cannot have periodic solutions. In this
respect (and many others), DDEs can exhibit far richer dynamical behavior than
ODEs.

Exercises

1. Check that y(f) = sint (t > 0) is a solution of the initial value problem

s

vt =y (- 5) (t=0),
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y(t) = ¢(t) =sint (£ <0).

2. Let [t] denote the largest integer which is less than or equal to . Use induction
to show that the solution of the initial value problem

y()=Ay(t=B)  (t=0),
yt)=9t)=C  (t<0)
is given by
L5 +1 — (n—1)BI"
y(t) =C r;) A" [t ( o 1)B]

for t > 0. Here, A, B, and C are constants.

3. Show that the characteristic equation for the ppE x/(t) = x(t — 1) has exactly
one real root.



CHAPTER 7

Introduction to Difference Equations

This Chapter concerns the dynamical behavior of systems in which time
can be treated as a discrete quantity as opposed to a continuous one. For
example, some mathematical models of the onset of cardiac arrhythmias are
discrete, due to the discrete nature of the heartbeat. A more standard example
involves population models for species without overlap between successive
generations. If P, denotes the population of the nth generation, is there a
functional relationship P,;1 = f(P,) which would allow us to predict the
population of the next generation? Below, we will learn techniques for analytical
and qualitative analysis of such systems. Good references for this material
include the texts of Elaydi [3] and Strogatz [11].

7.1. Basic Notions

For the discrete systems that we shall consider, time ¢ is no longer a continuous
variable as in the case of oDEs. Instead, we will typically use a non-negative
integer n to index our discrete time variable. If x is a dependent variable, we will

use subscripts x, instead of writing x(n) to represent the value of x at time n.

Example 7.1.1. An example of a discrete system is given by x,,.1 = x2. If we start
with an initial condition xp € R, then we may recursively determine the values
of all values in the sequence {x,}5_,. If xo = 1/2, then x; = 1/4, x, = 1/16,
and so on.

Definition 7.1.2. A system of the form x,, = f(x,_1,X,_2,...X,_x) is an example
of a kth-order difference equation. Such systems are sometimes called k-dimensional

mappings.

180
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The solution of a kth order difference equation is simply the sequence {x,}.
Notice that a kth-order difference equation recursively generates its iterates, and
xy is affected by x,,_1,x,—2,...x,_. In particular, k initial conditions would be

required in order to start the iterative process of solving the equation.

Example 7.1.3. The famous Fibonacci sequence is generated recursively by the
second-order difference equation x,,11 = x;, + x;,_1, with initial conditions xy =1
and x; = 1. The next iterate is generated by summing the previous two iterates.
Thus x; through x7 are given by 2, 3, 5, 8, 13, and 21.

Example 7.1.4. Well-posedness is generally not a major issue for difference
equations, because a kth-order difference equation with k initial conditions will
always generate a unique sequence of iterates, provided that f is well-behaved.
However, if there are restrictions on the domain of f, some difficulties can arise.
Consider the first-order equation x,,1 = In(x,) with initial condition xy = e.
Then x1 =1, xp =0, and x,, is undefined for n > 3.

Closed formulas. Above we listed the first few iterates in the solution of x,, 1 =
x2 with the initial condition xo = 1/2. Based upon the pattern exhibited by these

iterates, we are led to conjecture that

1

x?’l = 2211r

which can, indeed, be proved by straightforward induction on n. This formula
for x;, is ideal in that it provides an exact formula for all of the iterates in the
solution of the initial value problem. Such formulas are called closed formulas
for the solution of the difference equation. Producing a closed formula for
the solution of a difference equation is usually too much to hope for, but for
constant-coefficient systems, closed formulas are readily available.

7.2. Linear, Constant-Coefficient Difference Equations

Recall from your course in basic differential equations that, for constant-coefficient
ODEs, we typically seek exponential solutions of the form e, where A is a con-
stant that must be solved for. Substituting exponential functions into a linear,
homogeneous, constant-coefficient oDE yields a polynomial equation involving

A: the so-called characteristic equation. By finding the roots of the characteristic
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polynomial, one may then build the general solution of the oDE by taking linear
combinations of exponential functions. The same idea can be used to solve
constant-coefficient difference equations such as the Fibonacci equation above.
The only difference is that instead of seeking exponential solutions, one seeks
power function solutions of the form x, = A". The “characteristic equation
approach” to solving difference equations is developed in the exercises at the
end of this chapter. Now, we shall introduce a more elegant method which
recycles all of the techniques we learned when solving constant-coefficient sys-
tems of oDEs. First, we remark that kth-order difference equations, like kth order
ODEs, can always be written as systems of k first-order equations. The idea is
to introduce new variables to represent any iterate other than the immediately
preceding iterate. Let us clarify this vague remark via an example: consider the
second-order difference equation x,,11 = f(xn, x,_1). If we replace x,,_1 with a
new variable y;, then note that y,;1 = x,. Thus, the second-order equation we
started with may be written as a system

Xpp1 = f(Xn,yn) and yui1 = X

The vector (x;,41,Yn+1) of iterates at the (n + 1)st time step is expressed in terms
of the vector (xy,yn) of iterates at the nth time step—a system of two first-order
equations. Similarly, the third-order equation

Xn4+1 = f(xn/ Xn—1, xn—Z)

can be written as a system by introducing y, = x,_1 and z, = x,_». It follows
that y,,11 = x4 and z,.1 = x,_1 = y». Thus, our third-order equation can be
written as a system of three first-order difference equations:

Xpn+1 = f(xn/]/nlzn)
Yn+1 = Xn

Zp+1 = Yn-

In this Section, we will learn to solve kth-order, homogeneous, constant-coefficient
difference equations; i.e., equations of the form

Xp41 = A0Xn + A1 X1+ + A 1Xy k11
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where ag, a1, ... ax_1 are constants and are independent of n. Some brief remarks
about the special cases k = 1 and k = 2 will illuminate the solution process.
If k = 1, then our constant-coefficient difference equation can be written as
Xp4+1 = axy, where a is a constant. Obtaining a closed formula for the solution
is easy, because each iterate is a constant multiple of the previous iterate. The
solution is x,;, = a"xy. Now suppose that k = 2. Based upon our above remarks,
any second-order constant-coefficient difference equation can be written as a
system

Xp+1 = A11%n + 412Yn Yn+1 = A21Xn + A22Yn-

As with systems of ODEs, it is convenient to introduce matrix/vector notation.

Letting
ap1 4
A — un M2
| 421 4a22
our system becomes
Xn+1 — A Xn
Yn+1 | Yn

Notice that each vector of iterates is updated by multiplying the previous vector
of iterates by the coefficient matrix A. Thus,

Xn X0
Yn Yo ’

which means that the closed form solution of such a system is obtained by first

Xn—1

Yn—1

= A = A2

Yn—2

xn—zl o

computing powers A" of the coefficient matrix, and then multiplying by the
vector of initial conditions.

Observation. If we can find the appropriate canonical form for A, it is easy to
compute powers of A. For example,

w If A is diagonalizable, then we may write A = PDP~! where P is an invertible
matrix and D is diagonal. In this case, A" = PD"P~L.

ww If A is not diagonalizable but has real eigenvalues, then we may write A =
S + N where S is diagonalizable, N is nilpotent, and SN = NS. If we then
write S = PDP~! where D is diagonal, then powers of S can be computed from
Sk = PD*P~1. Since S and N commute, then we may use the binomial theorem
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to calculate
(1Y ok k = (n kp—1 k
A" = (S+N)" = SENTTE = PD*P~*N"7X,
sy = 3 () - (5)

The fact that N is nilpotent implies that many of the terms in this sum will likely
vanish, because large powers of N will always be o. In principle, this sum could
be computed to obtain a closed formula for the solution, although doing so
would be tedious.

ww If A has complex conjugate eigenvalues, then finding the real canonical form

for A would facilitate computing large powers of A.
We now illustrate these ideas via examples.

Example 7.2.1. Solve the system

Xnt1 - A where Yo 3 .
Yn+1 2 4 Yn Yo -1

Solution: Let A denote the coefficient matrix. The characteristic equation is

A2 —51+6 = 0and, by factoring, we find that the eigenvalues are A = 2 and
A = 3. You should check that

] [

are eigenvectors for A = 2 and A = 3, respectively. Hence, we may write
A = PDP~! where

-1 1 2 -2 -1
P = , D = 0 , p1 = .
1 -2 0 3 -1 -1
The powers of A are given by

AYI _ Pan_l _ [ on 0 ‘|P_1 _ [ 2n+1_3n on _ 3n ‘|

0 3" —omtl 4 o(3m) 2" 4 2(3")
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Multiplying by the vector of initial conditions, the solution of the initial value

problem is given by
Xn
Yn

Notice that the solution involves powers of the eigenvalues. By contrast, we know

Al’l

—1 —3(2"*1) +2(3"F1) 42" — 2(3")
5(2") —2(3") ]

3 ‘| - [ 3<2n+1)_3n+1_2n+3n

(=5)(2") +4(3")

that solutions of systems of ODEs involve exponential functions with eigenvalues
appearing in the exponents.

Example 7.2.2. Solve the Fibonacci equation x,, 1 = x; + x,_1 with xg = x; = 1.

Solution: First, we write the equation as a system by introducing vy, = x,,_1.
The initial condition for y would be yy = x_1, which requires us to generate the
iterate that precedes x, taking one step “backwards in time”. From Fibonacci’s
equation, it must be the case that x_; + xo = x1, from which we conclude that

x_1 = 0. The system now reads

R HERHEH!

As before, we let A denote the coefficient matrix. The characteristic equation is

given by A2 — A — 1 = 0, which has roots

1++5
TR

Ay =
To find an eigenvector for the positive eigenvalue A, note that

A—al = [1—A+ 1 ]

1 —As

has reduced row-echelon form
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Eigenvectors v must satisfy v; = A, vy, so if we treat v, as a free variable we see

that
As
1

is an eigenvector for A. Recycling the same computations, it follows that

A
1

is an eigenvector for A_. As usual, we write A = PDP~! where
P — Ap Al , D — Ay 0 ,
1 1 0 A

p1_ 1 1 —A
A=A | -1 oAy |

Multiplying A" by the vector of initial conditions,

and

lx" — A xO]:pan—llll

Yn Yo 0
[ I W I I U 1 —A_][1
\/5[1 1 [0 A”H—l /\+Ho]
1[)\?1_/\%1]
N

Notice that the second row of the solution vector is identical to the first row, with
(n+ 1) replaced by n. This is not at all surprising if we recall that the variable y,
was introduced to substitute for x,,_;. Only the first component of the solution
vector is important for our purposes, as it provides a closed formula for x;,, the

solution of the Fibonacci equation:

B 1 1+\/§ n+1 1_\@ n+1
= 2 T2
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You may find it mildly surprising that the closed formula involves powers of the
irrational numbers Ay and A_ even though the Fibonacci sequence consists only

of positive integer values.

Example 7.2.3. Solve the initial value problem

Xp41 _ 2 1 Xn and X0 _ 2 .
Yn+1 0 2 Yn Yo 1

Solution: The coefficient matrix A has a repeated real eigenvalue A = 2. By

itself, this is not enough to conclude that A is non-diagonalizable. However, if
you try to compute eigenvectors for A, you will find that the eigenvalue only
has geometric multiplicity 1. Hence, A is not diagonalizable, and we must
write A = S + N where S is diagonalizable and N is nilpotent. This could be
accomplished by finding a generalized eigenvector for A = 2; however, in this
case we may exploit the relatively simple form of A in order to write A = 2] + N
where [ is the identity matrix and

01
N =
0 0
is nilpotent of order 2. Clearly 2] and N commute since [ is the identity matrix.
Now, using the binomial theorem, we may compute powers of A:

n n
no_ Nk = T\ sn—kpgk
A" = (2I+N)" 2()21 N Z(k)z N¥.

k=0

Since N is nilpotent of order 2, we know that N? (and all higher powers of N)
will be the zero matrix. Thus, only the first two terms of this summation survive.
The relevant binomial coefficients are (;) = 1 and (}) = n, and the summation
simplifies to A" = 2"N° + 12"~ 1N, In other words,

a2 n2"-1
o2 |7

Finally, multiplying by the vector of initial conditions yields the closed formula

Xn _ 2n+1 + nzn—l
yn | 2" ‘
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Example 7.2.4. Solve the initial value problem

Xp+1 = 3xn — 18y, xo=1

Yn1 = 2%n — Y vo=1

Solution: The characteristic equation associated with the coefficient matrix
3 18
2 -9

is A2+ 6A +9 = 0, and we see that A = —3 is a repeated, real eigenvalue.

A:

Eigenvectors v satisfy (A — AI)v = 0. The reduced row-echelon form of

A—Al = A+3] = [6 _18]

2 -6
is ~
1 -3
0 0 |
It follows that }
3
vV =
1 -
is an eigenvector, and the eigenspace for A = —3 is only one-dimensional. We

conclude that A is non-diagonalizable, which suggests that we seek generalized
eigenvectors by solving (A — AI)?>w = 0. However, because (A + 31)? = 0, the

-1
N—A+3I—[6 8‘|

matrix

2 —6

is nilpotent of order 2. This observation provides a useful decomposition for the
matrix A, namely A = —3I 4 N. Since the matrix —3I clearly commutes with N,
we are allowed to use the binomial theorem to calculate powers of A:

A" = (31N = Y (") (31 kNE,
(=31+N) k_zo(k)< )
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Since N is nilpotent of order 2, only the first two terms in this sum survive:
Al = (’S) (=30)"N° + (’11) (=30)""IN.

Here, the binomial coefficients are ({j) = 1 and (}) = 7, and the matrix N is

simply the identity matrix. Therefore,

. [ (=3)" +6n(-3)""1  —18n(-3)""! ]
AT = ,
2n(—3)"! (=3)" —6n(—3)"!

and the solution to the initial value problem is

Yn

xo | | (=3)"+6n(=3)"1 —18n(—3)""1 1
yo] ‘[ 2n(-3)"1 <—3>"—6n<—3>"1H 1
(=3)" —12n(-3)"1
(=3)" —4n(-3)"*

If the coefficient matrix associated with a constant-coefficient system of dif-
ference equations has complex conjugate eigenvalues, writing the closed-form
solution can be messy. For example, consider the initial value problem

Xp+1 = —Yn xo=1
Ynt+1l = Xn yo=1.
The coefficient matrix
A = 0 -1
1 0

is in real canonical form. If this had been a system of 0DEs, we would expect
periodic solutions involving sint and cos t. In some sense, the behavior of this
discrete system is similar, as we can see by computing the first few iterates:

HEERHEE
HEEEH RN
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Evidently, this pattern will repeat, and the iterates will cycle through the
four different vectors shown here. Writing a closed formula for the solution is
straightforward, but doing so is a bit awkward because there are four cases to
consider.

In general, if the coefficient matrix A has a pair of complex conjugate eigenval-
ues « £ fi, it is useful to transform A into real canonical form:

A=rp|" _ﬁlpl,

B«

where P is a suitably-chosen invertible matrix. Letting M denote the real canoni-
cal form for A, powers of A can be computed using A" = PM"P~!. To calculate
powers of M, it is helpful to split M as

M:[“ _'B]:al—i-B,

Skt

Certainly al commutes with B, which allows us to use the binomial theorem

where

when computing M" = (al + B)". Moreover, since B> = —B2I, we may calculate
that B3 = —p?Band B* = B*I. Since B* is a constant multiple of the identity
matrix, we might expect the same sorts of cyclic oscillations that we saw in the
example above.

Finally, we remark that solving inhomogeneous constant-coefficient difference
equations is straightforward, but we shall not discuss the techniques here. Indeed,
for the inhomogeneous equation

Xp1 = A1 Xn + ApXy_1 + - - + apXy_g 11 +8(n),

it is possible to state an analogue of the variation of parameters formula (2.18)
for obEs. Due to the discrete nature of difference equations, the solution contains

a summation involving g(n), as opposed to the integral in (2.18).
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7.3. First-Order Nonlinear Equations and Stability

It is almost never possible to present a closed formula for the solution of a
nonlinear difference equation. As with nonlinear oDEs, we typically settle for
a qualitative understanding of how solutions behave. Our development of
the qualitative analysis of nonlinear difference equations perfectly parallels the
methodology we introduced for nonlinear obes. We will begin by analyzing
constant solutions, which are analogous to equilibria for opEs. Afterwards,
we will study more exotic dynamical behavior, including periodic solutions,
bifurcations, and chaos. We restrict our initial discussion to first-order nonlinear
difference equations, later generalizing our results to higher-order systems. The
material in this section is based heavily on Chapter 10 of Strogatz [11].

Example 7.3.1. The behavior of the iterates of the nonlinear equation x,, .1 = x2
depends greatly upon our choice of initial condition xy. For example, if xy = 2,
then x, — oo as n — oo. On the other hand, if xyp = 1/2, then the sequence of
iterates x, converges rapidly to o. Notice also that if xy = 1, then x, = 1 for
all n > 0. This constant solution of the difference equation is analogous to an
equilibrium for an oDE, and such solutions have a special name.

Definition 7.3.2. A fixed point of the first-order difference equation x,, 11 = f(x,)

is any number x* such that x* = f(x*).

Notice that, by definition, if we start out by using a fixed point as our initial
condition, then we will remain stuck at that fixed point for all future iterates.

Example 7.3.3. To find all fixed points x of the difference equation x,.1 =
2x, — 2x2, we should solve the equation x = 2x — 2x2. By algebra, we have
2x(x —1/2) = 0, a quadratic equation with two roots: x = 0 and x = 1/2. These
are the two fixed points of this nonlinear difference equation.

As with equilibria of ODEs, fixed points of difference equations can be stable
or unstable. Roughly speaking, a fixed point x* is locally asymptotically stable if
whenever we start from an initial condition x¢ that is appropriately “close” to x*,
the sequence {x,} of iterates converges to x* as n — co. Fixed points can also be
repellers—i.e., the gap between x* and x,, may grow as 7 increases, no matter

how close the initial condition xg is to x*.
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Example 7.3.4. Fixed points of the mapping x,,1 = x2 satisfy the equation
x = x2. This quadratic equation has two solutions, x = 0 and x = 1. The fixed
point x = 0 is locally asymptotically stable, because if we start from any initial
condition x( that is “close” to o, then the sequence of iterates will converge to o.
Specifically, if xo € (—1,1), then x, — 0 as n — oo. In contrast, the fixed point
x = 1 is unstable, because if we start from any initial condition other than xy = 1,
the iterates will be repelled from 1.

We now devise a test to determine whether a fixed point of a difference
equation is locally stable or not. As with differential equations, the stability test
involves the use of Jacobian matrices. However, the conditions that eigenvalues
must satisfy will be different—stability will depend upon more than just the real
part of the eigenvalues.

First, consider the first-order difference equation x, 1 = f(x,), and assume
that the function f : R — R is continuously differentiable. Suppose that x* is an
isolated fixed point of our equation. To determine whether x* is an attractor or
repeller, we need to investigate how the iterates of the mapping would behave
if we start from an initial condition that is “near” x*. Suppose that our initial
condition is xg = x* 4 €p, where |€g| is a very small number. We will estimate
the gap €; between the value of x; (the first iterate) and the fixed point x* in
order to see whether x; is closer to the fixed point than xy was. More exactly,
suppose x; = x* + €1. We also know that x; = f(x¢) and, since xp = x* + €9, we
may use the tangent line approximation at x* to estimate

v = f(x"+e) ~ f(x7)+eof (x7).
Recalling that x; = x* + €1, we equate our two expressions for x; to obtain
x*+e & f(x) +eof (xF).
The fact that x* is a fixed point implies that f(x*) = x*, and therefore
x*+e1 ~xt +eof (xF).

Subtracting x* from both sides and taking absolute values, we find that

~ If1(x7)].

€1
€0
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Interpreting this approximation in words will give rise to our first stability
criterion. Recall that €y and €1 measure the gaps xp — x* and x1 — x*, respectively.
Thus, the left hand side of the above approximation measures the ratio of these
gaps. If the fixed point is an attractor, we would need this ratio to be smaller
than 1 in magnitude, implying that the gaps between iterates and the fixed point
x* will shrink as we generate more iterates. Conversely, if the ratio exceeds 1
in magnitude, then the gaps between the iterates x, and the fixed point x* will

grow as 7 increases. Thus, we have provided a heuristic proof of

Theorem 7.3.5. Suppose x* is an isolated fixed point of the first-order difference
equation x,, 11 = f(x,), where f is continuously differentiable. Then x* is locally
asymptotically stable (attracting) if |f'(x*)| < 1 and is unstable (repelling) if
|f(x*)] > 1. If |f'(x*)| =1, this test is inconclusive.

Warning: Although unstable fixed points are locally repelling, we must exercise
caution when drawing conclusions about long-term behavior of iterates (particu-
larly if f is not as smooth as required by the conditions of Theorem 7.3.5). If f is
merely piecewise continuous, it is possible for x,,.1 = f(x,) to have an unstable
fixed point which is globally attracting (see exercises).

Example 7.3.6. Consider the difference equation x, 1 = cos(x,). We claim that
this equation has exactly one fixed point. Fixed points satisfy the transcendental
equation x = cos x, which is impossible to solve algebraically. Equivalently, fixed
points are roots of the function g(x) = x — cos x. Notice that g(x) is a continuous
function and that g(0) = —1 whereas g(7/2) = 7/2. Since g is continuous and
its values change from negative to positive between x = 0 and x = /2, the
intermediate value theorem from calculus guarantees that g has at least one root
in the interval (0,7t/2). Next, we must show that ¢ has exactly one real root.
To see why, observe that ¢’(x) = 1+ sinx is non-negative because sinx > —1.
Thus, the function g(x) is non-decreasing (it is actually a one-to-one function). It
follows that the equation g(x) = 0 can have at most one root. Letting x* denote
this root, we conclude that x* is the only fixed point of this difference equation.

Again, it is impossible to find the value of x* algebraically. However, the above
remarks indicate that 0 < x* < 71/2, and this is actually enough information for
us to use Theorem 7.3.5 to test the local stability of x*. Our difference equation
has the form x,, 11 = f(x,) where f(x) = cosx. According to the Theorem, we
should check the magnitude of f/(x*). In this case, f'(x) = — sinx, from which
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we calculate
[f'(x)] = | = sin(x¥)].

Since 0 < x* < 7/2, we have | —sinx*| < 1. Therefore, Theorem 7.3.5 guarantees
that our fixed point x* is locally asymptotically stable. In this example, we never
needed to know the exact value of x* in order to test its stability.

Remarkably, the fixed point x* of this difference equation is actually globally
asymptotically stable. That is, for any choice of initial condition x, the sequence
of iterates of this mapping will converge to the fixed point! You should test this
out by picking any number you like and then using a calculator or computer to
repeatedly take the cosine of the number you chose. Make sure your calculator is
measuring angles in radians, not degrees. You will find that the value of the fixed

point is x* = 0.739085..., which is the only solution of the equation x = cos x.

Example 7.3.7. Recall that the difference equation x,.; = x2 has two fixed
points, 0 and 1. In this case, f(x) = x%, so f'(x) = 2x. Since f'(0) =0 < 1, we
see that o is a locally asymptotically stable fixed point, and since f'(1) =2 > 1,

we conclude that 1 is an unstable fixed point.

Example 7.3.8. By algebra, you can check that the only fixed points of x,,11 =
3x,(1 — x,) are 0 and 2/3. Here, f(x) = 3x —3x%, so f'(x) = 3 — 6x. Since
|f'(0)] =3 > 1, we see that o is an unstable fixed point. On the other hand, since
|f'(2/3)] =1, we cannot use Theorem 7.3.5 to draw any conclusions regarding
the stability of that fixed point.

Definition 7.3.9. A fixed point x* of the equation x, 1 = f(x,) is called hyper-
bolic if | f'(x*)| # 1. Otherwise, the fixed point is called non-hyperbolic.

Our local stability Theorem 7.3.5 can only be used to classify stability of
hyperbolic fixed points. In order to determine whether a non-hyperbolic fixed
point is stable, we need a finer approach. After all, the derivation of Theorem 7.3.5
was based upon linear approximation of the function f in the vicinity of a fixed
point x*. If f has a continuous third derivative, then we can obtain the following

theorems regarding stability of non-hyperbolic equilibria:

Theorem 7.3.10. Suppose that x* is an isolated non-hyperbolic equilibrium point
of x,11 = f(x,) and, more specifically, that f'(x*) = 1. Then x* is unstable if
F"(x*) # 0. If f(x*) = 0and f”(x*) > 0 then, again, x* is unstable. Finally, if
f"(x*) =0and f"(x*) <0, then x* is locally asymptotically stable.
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In order to state the corresponding theorem for the case f'(x*) = —1, it is

helpful to introduce the notion of the Schwarzian derivative.

Definition 7.3.11. The Schwarzian derivative of a function f is defined as

5f(x)

_ ") 3 {f”(ﬂr
frix) 20Lf ()]

Theorem 7.3.12. Suppose that x* is an isolated non-hyperbolic equilibrium point

of x, 41 = f(x,) and that f'(x*) = —1. Then x* is unstable if Sf(x*) > 0 and is

locally asymptotically stable if Sf(x*) < 0.

Example 7.3.13. In our previous example, we found that x* = 2/3 is a non-
hyperbolic fixed point of the difference equation x, ;1 = 3x,(1 — x,). Since
f(x) = 3x — 3x%, we compute that the first three derivatives of f are

fl(x)=3-6x, f'(x)=-6 and f"(x)=0.

Since f'(x*) = —1, we may use Theorem 7.3.12. The expression for the
Schwarzian derivative reduces to Sf(x*) = —f"'(x*) — 3 f”(x*)2, and we find
that Sf(x*) = —54 < 0. Theorem 7.3.12 tells us that the non-hyperbolic fixed
point x* = 2/3 is locally asymptotically stable.

In the preceding example, we were still able to classify the stability of the fixed
point even though Theorem 7.3.5 was inconclusive. Usually, Theorems 7.3.5,
7.3.10 and 7.3.12 are enough to classify stability of fixed points, although there
are cases in which all three theorems are inconclusive.

7.4. Systems of Nonlinear Equations and Stability

Fixed points for higher-order difference equations can be analyzed via techniques
that are very similar to the ones we developed when considering equilibria of
nonlinear systems of oDEs. To motivate our definition for fixed points of higher-

order equations, let us study a specific second-order equation

Xn+1 = [3+xn _xn—l]xn(l _xn)-
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As usual, we write this as a system of two first-order equations by introducing a
new variable y, = x,,_1. The resulting system is

X1 = B+xn —yn|xn(l—x,) and y,11 = X

A fixed point of such a system should correspond to a constant solution of the
difference equation. In this example, a fixed point would be any constant vector
(x*,y*) such that whenever (x,,y,) = (x*,y*), we have (x,11,¥,+1) = (x*,y)
as well. More generally,

Definition 7.4.1. Suppose f : R” — R™ and that x,,+1 = f(X,) is a system of m
first-order difference equations. A fixed point of the system is any vector x* € R"
such that x* = f(x*).

In the above example, we may solve for the fixed points by setting x,,1 =
xp = x* and ¥,411 = yn = y*. The equation y,41 = x, tells us that x* = y*, and
substituting this into the equation for x,1 yields x* = 3x*(1 — x*). Solving
this quadratic equation yields x* = 0 and x* = 2/3 as the two solutions.
Consequently, the system has two fixed points, (x*,y*) = (0,0) and (x*,y*) =
(2/3,2/3).

Example 7.4.2. Consider the nonlinear system
Xpt1 = 2Xn — XpYp  and  Yni1 = XnYn.
Fixed points (x, y) must simultaneously satisfy
x=2x—xy and y=xy.

By algebra, these two equations are x(1 —y) =0and y(x —1) =0. If x =0 in
the first of these, then the second would force y = 0 as well. Similarly, if y = 1 in
the first equation, then this would force x = 1 in the second equation. We have
obtained precisely two equilibria, (x,y) = (0,0) and (x,y) = (1,1).

Stability. If x* is a fixed point of a system x,,+1 = f(x,) of m first-order differ-
ence equations, we need a way of testing the stability of x*. We mimic exactly
what we did when linearizing systems of ODEs at an equilibrium point. Recall
that the linear approximation of a function f : R” — R" at a point x* € R" is
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given by
fO) = fFOX) +Tf () (x = xF).

Using this approximation in the above difference equation,

Xn1 2 f(XF) +F(X7) e =x7) = X"+ F(x7) xn = x7),

where we have used the fact that f(x*) = x* since x* is a fixed point. To measure
the gap between iterates of the difference equation and the fixed point, define
yn = Xu — X*. Then in the vicinity of x*, the vectors y, approximately satisfy

Yn+1 = ]f(X*)yﬂ'

a linear, constant-coefficient system. The exact solution of this linearized system
is given by
yn = [Jf()]"yo,

where the vector yy is a measure of our initial gap xp — x*. In order to ensure
that x* is locally asymptotically stable, we need a criterion which guarantees
that the gap y, = x, —x* will approach 0 as we let n — oo. By inspecting the
solution of the linearized system, we must insist that the entries of the powers
of the Jacobian matrix Jf(x*) converge to 0 as n — oo. If this Jacobian matrix is
diagonalizable, we could write ] f(x*) = PDP~! where D is a diagonal matrix
containing the eigenvalues, and P is a constant, invertible matrix. The fact that
powers of D contain powers of the eigenvalues suggests a stability criterion: each
eigenvalue should have “size” smaller than 1 so that their powers will converge
to 0 as n — oo. For real numbers, the absolute value function gives us a notion
of “size”. We now generalize the concept of absolute value to include complex
numbers.

Definition 7.4.3. If z = x + iy is a complex number, then the modulus of z is
defined as |z| = /x2 + 2.

Notice that if z is real (i.e., y = 0), then |z| = v/x2 = |x| and the modulus of z
is given by the usual absolute value function.

Now that we have a notion of “size” for complex numbers, all of our above

remarks constitute a heuristic proof of the following stability theorem.
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Theorem 7.4.4. Let f : R" — R and suppose that all entries in the Jacobian
matrix ] f(x) are continuous. An isolated fixed point x* of a system x,, 11 = f(xx)
of m first-order difference equations is

w Jocally asymptotically stable if ALL eigenvalues of Jf(x*) have modulus less
than 1;

v ynstable if ANY eigenvalue of | f(x*) has modulus greater than 1.

Remark. This stability criterion is different (although similar in spirit) from the
one we developed when analyzing equilibria of oDEs. An equilibrium x* of
a system of ODEs is stable if all eigenvalues of Jf(x*) have negative real part.
By contrast, a fixed point x* for a system of difference equations is stable if all
eigenvalues of Jf(x*) have modulus less than 1.

Example 7.4.5. Find all fixed points of the system

Xp41 = 3Xn — Xuln

Yn+1 = _2]/71 + XnYn

and determine whether they are locally stable or unstable.
Solution: Fixed points (x,y) of this system satisfy

x=3x—xy and y= —2y-+xy.

Equivalently, x(2 —y) = 0 and y(x —3) = 0. If x = 0 in the first of these
equations, then we are forced to set y = 0 in order to satisfy the second equation.
Likewise, if y = 2 in the first equation, then we must have x = 3 in the second
equation. Thus, there are two fixed points, (0,0) and (3,2). For this system, the
function f : R? — R? is defined by

3x —xy
—2y + xy

7

flxy) = l

and its Jacobian matrix is

| 3-y —x
Jf(xy) = l y x_zl-
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At the fixed point (0, 0), the Jacobian matrix Jf(0,0) is a diagonal matrix, namely
diag{3, —2}, and the eigenvalues are the diagonal entries. The eigenvalues
are real, so their moduli are simply their absolute values. Since there is an
eigenvalue with modulus larger than 1 (in fact both have modulus larger than 1),
Theorem 7.4.4 tells us that (0,0) is an unstable equilibrium.

At the other fixed point (3,2), the Jacobian matrix is

Fxy) = [; ﬂ,

and the associated characteristic equation is A> — 2A +7 = 0. From the quadratic
formula, the eigenvalues are A+ = 1%+ V6i. These two eigenvalues have

M| = 12+ (V6)2 = V7 > 1.

Again, we conclude that the fixed point is unstable because there are eigenvalues

modulus

with modulus exceeding 1.

For 2 x 2 matrices, there is actually a quick way to determine whether all
eigenvalues have modulus less than 1 without actually computing the eigenval-
ues. The following Lemma can be used to test the stability of fixed points for
systems of two first-order difference equations.

Lemma 7.4.6. Suppose that A is a 2 X 2 matrix. Then the eigenvalues of A have

modulus less than 1 if and only if
trA+detA > —1, trA—detA < 1, and detA < 1.

The proof of Lemma 7.4.6 is relatively straightforward after you recall how to
express the eigenvalues of A in terms of the trace and determinant. This Lemma
is a special case of the Jury Stability Test, which provides an iterative procedure
by which one may determine whether all eigenvalues of an n X n matrix have
modulus less than 1.

Example 7.4.7. The matrix

o

IS
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has trace 0 and determinant —3/4. All three criteria of Lemma 7.4.6 are satisfied,

which means that the eigenvalues of A have modulus less than 1.

Lemma 7.4.6 tends to be especially useful for systems of difference equations
which contain unspecified parameters, because it can provide inequalities that
the parameters must satisfy so that equilibria will be stable. Such systems are
the subject of the following section.

7.5. Period-Doubling Bifurcations

In a previous chapter, we discussed how the dynamical behavior of systems
of ODEs can exhibit sudden, dramatic changes as a parameter y is varied. The
same can be said for systems of difference equations involving a parameter.
Undoubtedly the most famous example of this sort is the discrete logistic equation,
a first-order difference equation involving a single parameter u. This difference
equation is given by

Xnp1 = Hxn(l—xn), (7.1)

where y is a real number. From now on, we will insist that 0 < y < 4, because
this restriction on u endows Equation (7.1) with a convenient property. Namely,
if the initial condition xj is in the interval [0, 1], then all subsequent iterates
will remain in the interval [0,1]. To see why, simply inspect the graph of the
function f(x) = px(1 —x). If u > 0, then the graph of f(x) is a parabola with
roots at x = 0 and x = 1. The maximum value of f occurs at x = 1/2, and the
value of f(x) at its maximum is y/4. Thus, if 0 < y < 4and 0 < x < 1, then
0<f(x) <1

Fixed points. The discrete logistic equation has two fixed points. To find them,
we set X1 = X, = x in Equation (7.1), obtaining x = px(1 — x). One solution
is x = 0, which is a fixed point independent of the value of . The other fixed
point is x = 1 — 1/u which does, of course, change as the parameter y changes.
Theorem 7.3.5 can be used to determine whether these two fixed points are
locally stable. The right-hand side of the logistic equation is defined by the
function f(x) = px(1 — x) = px — ux?. Taking the derivative f'(x) = u — 2ux,
we compute that [f/(0)| = |u|. According to the theorem, we need |u| < 1 in
order to ensure the stability of the fixed point x = 0. Since we have already
assumed that 0 < p < 4, we conclude that x = 0 is locally asymptotically stable if
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0 < u < 1and is unstable if 1 < u < 4. For the other fixed point x =1 -1/,
we calculate that f'(1—1/u) = 2— u. Again, Theorem 7.3.5 will guarantee
that the fixed point is stable provided that |2 — u| < 1. Equivalently, we have
shown that x =1 — 1/u is locally asymptotically stable if 1 < y < 3, and is unstable
if either p <1 or u > 3.

For u > 3, something very interesting happens. Bothx =0and x =1—-1/pu
are unstable fixed points, and they act as repellers. However, we have already
shown that whenever we start from an initial condition xy € [0,1], then all
subsequent iterates x, are trapped inside the interval [0, 1]. How is the logistic
equation (7.1) able to resolve the fact that the iterates x, are trapped inside an
interval that contains two repelling fixed points? Apparently, if we start from
any initial condition other than one of the two fixed points, then the system can

never® “

settle down” to equilibrium.

Suppose we choose y = 3.1 and pick any initial condition (other than one of
the two fixed points) and use a computer to generate a list of the first few iterates.
It turns out that the iterates converge to an alternating pattern—i.e., the sequence
of iterates with even index x,,, converges to one number, whereas the sequence
of odd-indexed iterates x;,,1 converges to a different number. The bifurcation
that occurs when y = 3 gives rise to alternation, and the solutions that we obtain
are analogous to periodic solutions for obEs. For one-dimensional difference
equations, when a fixed point x* loses stability because f'(x*) decreases past
—1, we say that a period-doubling bifurcation has occurred. The discrete logistic
equation (7.1) experiences a period-doubling bifurcation when yu = 3. For the
specific choice p = 3.1, the iterates eventually alternate between approximately
0.558014 and 0.764567, assuming that our initial condition xy does not coincide
with one of the two unstable fixed points. This raises a natural question: “What
are these numbers?”

The answer to this question is actually very sensible after we interpret what
it would mean for every second iterate of the difference equation to be the
same. Mathematically, it means that x,,» = x, for each n. Moreover, since
Xp+2 = f(xp41) = f(f(xn)), we are led to explore the second iterate mapping

Ypya = f(f(xn)) = plpxn(1 = x)][1 = pn (1 = x)]. (7:2)

'Read the warning that appears after Theorem 7.3.5.
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Apparently, the two mystery numbers listed above are fixed points of the
second iterate mapping, but not of the original logistic equation (7.1). From
Equation (7.2), fixed points x of the second iterate mapping must satisfy the
algebraic equation

x = plpx(1—x)][1 - px(1—x)],

a fourth-degree equation for x. Solving this equation appears daunting until we
observe that any fixed point of the original equation (7.1) is definitely a fixed
point of the second iterate mapping (7.2) as well. Therefore, we already know
that x = 0 and x =1 —1/p are solutions of the above fourth-degree equation.
After tedious factorization, we find that the other two roots of this equation are

v = D EVE=3)(p+1) (
+ 2 , 7-3)

which are real numbers provided that > 3. Both of these are fixed points
of the second iterate mapping but not of the logistic equation itself. We have
noted that for y slightly larger than 3, the iterates of the logistic equation settle
into an alternating pattern, sometimes known as a period-2 solution or a 2-cycle.
Moreover, formula (7.3) tells us the two numbers that the iterates will alternate
between. Interestingly, the 2-cycle is locally asymptotically stable: if we start from
any initial condition that is “near” either x; or x_, the iterates of the logistic
equation will always converge to the 2-cycle solution. Testing the stability of
a periodic solutions (cycles) of a difference equation is actually much more
straightforward than testing stability of periodic solutions for opEs. We know
that if x* is a fixed point of a first-order difference equation x,+1 = f(x,), then
x* is locally asymptotically stable if | f'(x*)| < 1. We can apply the same criterion
to the second iterate mapping (7.2): Consider the fixed point x_ of the equation
Xp+2 = f(f(xn)). If we define g(x) = f(f(x)), then the stability criterion would
require that |g'(x_)| < 1. By the chain rule, ¢’(x_) = f'(f(x-))f'(x_). Finally,
since the iterates in the 2-cycle alternate between x_ and x,, we know that
f(x—) = x4. It follows that the 2-cycle of the discrete logistic equation is locally
asymptotically stable if

' (x)f () < 1.

After tedious algebra, this stability condition reveals that the 2-cycle solution is
locally asymptotically stable if 3 < u < 1+ /6. As p increases beyond 1+ /6,
the two fixed points x+ of the second iterate mapping (see Equations (7.2)
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and (7.3) above) lose their stability via another period-doubling bifurcation. The
2-cycle defined by x still exists for u > 1+ /6, but it is unstable. The period-
doubling bifurcation at 4 = 1+ /6 creates a stable 4-cycle. More exactly, as
soon as the fixed points of the second iterate mapping lose their stability, the
fourth iterate mapping x4 = f(f(f(f(x4)))) gains four stable fixed points. For
u values slightly larger than 1+ /6, iterates of the discrete logistic mapping
will repeatedly cycle through these four values. Notice that since the function
f(x) = pux(1 — x) is quadratic, then composing it with itself four times results in
an 8th-degree polynomial equation. Solving for the fixed points of the fourth-
iterate mapping is possible, but is certainly not easy.

Further increasing y, the cascade of period-doubling bifurcations occurs with
increasing frequency. In fact, M.J. Feigenbaum was able to prove that the
lengths of intervals between successive period-doubling bifurcations decrease to
o geometrically in the following sense: If i, is the value of i at which a period-2"
cycle first occurs, then

lim £ 1=l — 4 669201609102990. ..

=00 Upt1 — Un
Since the intervals between successive bifurcations decrease approximately geo-
metrically by this factor, it follows that there should be some critical value of u
at which the period of the cycle becomes infinite. Indeed this is the case, and it
occurs when y is approximately 3.569946. At that critical y, the behavior of the
iterates of the discrete logistic mapping becomes chaotic (see next section).

Bifurcation diagram. The cascade of period-doubling bifurcations in the logistic
mapping is easiest to visualize via a bifurcation diagram. The idea is to plot the
long-term stable response of equation (7.1) versus the parameter p. The bifurcation
diagram appears in Figure 7.1, and we now summarize how to interpret the
diagram. For 0 < u < 1, we know that 0 is a stable fixed point of the logistic
equation, and there are no other stable fixed points. For 1 < u < 3, the points
in the bifurcation diagram follow the curve x = 1 -1/, since 1 —1/pu is a
stable fixed point for that range of y values. At u = 3, the curve branches into
two curves which persist until 4 = 1+ /6. Given any u € (3,1+ v/6), the
long-term behavior of the iterates is alternation between the two branches, which
correspond to the values of x defined in (7.3). For y slightly larger than 1+ /6,
there are four “branches” in the bifurcation diagram. If we select y from this
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Figure 7.1. Bifurcation diagram for the discrete logistic equation (7.1).

“period-4 window”, the iterates of the discrete logistic equation will (eventually)
cycle repeatedly through the four different values indicated by the branches. For
most choices of u > 3.569946, the branches in the bifurcation diagram become a
blur. Apparently, the discrete logistic equation exhibits erratic behavior in that
parameter regime (see next section). It is interesting to note that there is actually
a period-3 cycle in the vicinity of # = 3.83, which can be seen if you look closely
at the figure.

7.6. Chaos

For most values of u > 3.57, the iterates of the discrete logistic equation (7.1)
form an aperiodic sequence. The fact that this simple equation can produce
such erratic behavior without relying upon artificial “randomness” is rather
remarkable. In fact, the discrete logistic equation is, in some sense, the simplest
equation which exhibits chaotic dynamics. Let us recall the definition of chaos,
which was stated in a previous chapter. A well-written, concise definition of
chaos is provided in the text of Strogatz [11]; we repeat the definition exactly as it

appears in his text:

Definition 7.6.1. “Chaos is aperiodic long-term behavior in a deterministic system
that exhibits sensitive dependence on initial conditions.”
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There are three key phrases that appear in this definition. By aperiodic long-term
behavior, we typically mean that the system has solutions that remain bounded
but never converge to a fixed point or periodic orbit. By deterministic, we mean
that the system is not allowed to incorporate any randomness in its parameters
and/or inputs. The system must be able to produce erratic, aperiodic behavior on
its own—artificially including randomness would be cheating. Finally, sensitive
dependence on initial conditions means that if we start from two different initial
conditions that are “nearby”, then the corresponding solutions trajectories will
separate exponentially fast (at least in the short term).

Testing whether a sequence of numbers is periodic can be quite challeng-
ing, because recognizing repeating patterns is difficult when the period of the
oscillations is large. Fortunately, there are standard techniques for testing for pe-
riodicity within a sequence {x,} of real numbers. The discrete Fourier transform
and, more specifically, the fast Fourier transform (Ffr) are examples of such
techniques. The FFT is an extremely useful way of determining the dominant
frequencies of oscillations that may be hidden within sequences of numbers. We
shall not cover the FFT in this text; the interested reader is encouraged to refer to
any text on Fourier analysis, such as [1]. Instead, we focus on the problem of
quantifying sensitive dependence on initial conditions.

Lyapunov exponents. We now devise a test for sensitive dependence on
initial conditions for first-order difference equations. Consider the equation
Xu+1 = f(xn), where f is continuously differentiable, and let x( denote an initial
condition. In order to measure the discrepancy between two nearby solution
trajectories, suppose we use the same difference equation y,11 = f(yn) with
a different initial condition yy = x¢ + €9, where |€y| is small and positive. If
€0 = Yo — Xo represents the initial gap between our two solutions, we need
to estimate the gap €, = y, — x, after n iterations. Note that x, = f(")(xp),
where f(") denotes the nth iterate mapping—i.e., f(") represents the function
f composed with itself n times, not the nth derivative of f. Similarly, y, =
£ (yo) = f) (xq + €), which implies that

en = " (x0 + €0) — 1 (xo).
Dividing by the initial gap €j, we obtain the approximation

en _ f(”)(x0+€0) —f(n)(xo) ~ [f(n)]/<x0>' (7.4)

€0 €0
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(The last approximation would be an equality if we let 9 — 0.) The derivative

of the function f(") at x is actually relatively straightforward to compute:

Lemma 7.6.2. Assume that x,,11 = f(x,), where f is continuously differentiable
and let f(") denote the composition of f with itself 1 times. Then

n—1
F) (x0) = TTf (x:)-
k=0

The product notation IT is similar to the summation notation X, except that

terms are multiplied rather than summed.

Proof. Tt is instructive to start with the case n = 2, in which case ) (x) =
f(f(x)). Taking the derivative via the chain rule, we have

L) = FUEF ).

If we set x = x(, note that f(xg) = x1. Therefore, our expression becomes

[PV (x0) = f'(x1)f' (x0)-
The remainder of the proof is a straightforward induction on 7. O

With this Lemma in mind, Equation (7.4) can be rewritten as

n—1
= ~ [/ (x). (7.5)
k=0
Since we wish to determine whether solutions of our nearby initial value prob-
lems separate exponentially fast, suppose that |e,| ~ |eg|e™ for some constant
A. If the gap €, = yn — x obeys such a relationship, then taking absolute values
in Equation (7.5) yields

e)m ~

n—1
17 ()
k=0

Taking logarithms, we exploit the fact that the logarithm of a product is the sum

of the individual logarithms:

A~ Ln RN N
~1 - L .

n—1
|BREED
k=0
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This calculation motivates the following definition:

Definition 7.6.3. If the limit

A= lim —Zln|f

n—oo 1

exists, it is called the Lyapunov exponent for the solution with initial condition xj.

There are two key things to notice about the definition of the Lyapunov
exponent A. First, our definition of A was based upon an assumed relationship
between the separation €, = y, — x, and the initial separation e)—namely,
len| = |eo|e™. If we calculate that the Lyapunov exponent A is positive for some
initial condition xy, this suggests that if we switch to a different initial condition
near xg, the new solution trajectory will separate exponentially fast from the
original one. In other words,

A positive Lyapunov exponent A is an indicator of chaos.

Second, notice that A depends upon the choice of the initial condition xg.

Estimating a Lyapunov exponent by hand is typically not possible, so one
typically uses a computer to estimate the value of the infinite sum. However,
there are some special cases worth mentioning. Suppose that x* is a stable,
hyperbolic fixed point of the difference equation x,1 = f(x,), in which case
we know that |f'(x*)| < 1. If we start with the initial condition xy = x*, then
xy = x* for all n > 0 as well. Finally, since |f'(x*)| < 1, then In|f’(x*)| < 0 and
therefore

A= i Tl )] = fim )] = ) ) < 0
It is not surprising that we get a negative Lyapunov exponent if we start at a
stable fixed point as our initial condition—a constant solution that attracts nearby
solution trajectories is certainly not chaotic.

For the discrete logistic equation (7.1), it is interesting to see how the Lyapunov
exponent changes as we increase the parameter y, starting from a random initial
condition xy € (0,1). We would expect the Lyapunov exponent to satisfy A < 0
for u < 3.5699, prior to the onset of chaos. Indeed, this is the case as illustrated
in Figure 7.2. Notice that the value of A is actually equal to o at each u value
at which a period-doubling bifurcation occurs, such as = 3 and y = 1+ /6.
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Figure 7.2. Lyapunov exponents for the discrete logistic equation (7.1).

The first instance of a positive Lyapunov exponent occurs at ¢ = 3.5699..., an
indication of chaos. In the vicinity of u = 3.83, the value of A actually becomes
negative again. For u values in that region, the logistic equation exhibits stable,
period-3 behavior.

Deterministic chaos is a truly fascinating phenomenon, and readers interested
in a continued development of chaos theory are encouraged to read Chapter 10
of Strogatz [11]. Despite the allure of chaos, it can be quite devastating when
a system begins to behave chaotically. For example, the spatial and temporal
patterns of the electrical waves in fibrillating heart ventricles (an often-fatal
arrhythmia) are chaotic. We conclude this Chapter with a discussion of a
feedback control algorithm for preventing the occurrence of chaos.

7.7. How to Control Chaos

The subject of chaos control was popularized in the 1990s by the work of Ott,
Grebogi and Yorke. In this section, we introduce a rather intuitive chaos control
algorithm known as time-delay autosynchronization (Tbas), which was introduced
via the theory and experiments of Socolar et al. [9].

The assumption underlying TpAs control is that by making small adjustments
to a parameter during each iteration, we can convert an unstable fixed point into
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an attractor. Now suppose that we have a system that behaves chaotically, such
as the discrete logistic equation for u appropriately chosen. In the midst of the
chaotic iterates, there may be unstable fixed points. In a physical system, we
would never actually see these fixed points—for example, suppose that you try
to balance a broomstick on the palm of your hand, keeping your hand perfectly
still. If you could position the broomstick perfectly, it would stay in the vertical
position (analogous to an unstable equilibrium). Applying TpAs control would
be analogous to making tiny movements of your hand in such a way that the
broom remains in the vertical position.

For a more specific description of Tpbas, consider the discrete logistic equation
Xp11 = pxn(1— x,) where y is chosen from the interval 3 < u < 1+ /6. For
that range of u values, we know that the long-term behavior of the system
will be a period-2 cycle, with the iterates alternating between two numbers
x+. Somewhere between these two iterates lies the unstable fixed point x* =
1 —1/u. The TDAS algorithm makes tiny adjustments to the system parameter y
during each iteration, in such a way that the period-2 cycle is terminated and x*
becomes an attractor. Specifically, suppose that we modify p, replacing it with
1+ v(xn — x,_1), where 7 is a positive number. The modified logistic equation

1S

Xp1 = [p+ (%0 — x21)]xn (1 — x0). (7.6)

Notice that we have adjusted the value of y by an amount proportional to
the gap between the previous two iterates. If x, > x* > x,,_;, we know that
for the original logistic equation, x,; would be smaller than x* because the
iterates will alternate large-small-large-small. The modified logistic equation (7.6)
effectively adjusts p by (x, — x,_1), which would be positive if x, > x,_1.
Hence, the modified logistic equation would compute a larger value for x,11
than the original logistic equation would have. Similarly, if x, < x* < x,,_1, then
the original logistic equation (7.1) would generate a value of x,,; which is larger
than x*. The modified logistic equation (7.6) would adjust u by y(x;, — x,_1),
which is negative in this case. Thus, the value of x,,. 1 generated by (7.6) should
be smaller (and presumably closer to the fixed point x*) than the value of x,, 1
generated by (7.1).

This strategy is analogous to “robbing from the rich and giving to the poor”.
If the iterates are alternating large-small and x,, 1 is expected to be large, then



210 HOW TO CONTROL CHAOS

we will rob from it by effectively reducing y. Likewise, if x, 41 is expected to be

small, then we will give to it by effectively raising p.

Definition 7.7.1. The above technique of modifying a system parameter y by an
amount proportional to the previous two iterates is called time-delay autosynchro-
nization (TDAS).

Stability analysis. Above we suggested that the TDAS algorithm can sometimes
successfully convert an unstable fixed point into a stable one. Let us investigate
how this takes place for the discrete logistic equation. With Tpas control, we

found that the logistic equation becomes

Xpn+1 = [‘M + 'Y(xn - xn—l)]xn(l - xn)'

Observe that the introduction of the term 7 (x, — x,,_1) has absolutely no effect
on the values of the fixed points. Indeed, if x* is one of the two fixed points of
the original logistic equation, then x* will still be a fixed point of the modified
equation because y(x* — x*) = 0. Equation (7.6) is a second-order difference
equation, so we write it as a system in the usual way by letting v,,11 = x, and
Yn = Xp—1:

Xnp1 = fi(xy) = [p+7v(xn —yu)lxn (1 —xn)

Yn1 = 2(x,y) = X
Since x* = 0 and x* = 1 — 1/u were the fixed points of the original logistic
equation, it follows that (x,y) = (0,0) and (x,y) = (1 —1/u,1 —1/u) are the
fixed points of (7.7). We are particularly interested in the stability of the latter

(7.7)

fixed point, which corresponds to the more interesting fixed point of the original
logistic mapping (7.1).
The Jacobian matrix associated with the right hand side of (7.7) is

po=2pux +2yx —qy = 3yx% 4+ 29xy  —yx + x

Jf(x,y) = [ 1 0

Evaluating the Jacobian at the fixed point (1 —1/u,1—1/u) yields

JF=1/p1=1/p) = { 2‘”+71(i—iz) 7(;320—%) ] |
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We are now in a position to use the Jury stability test (Lemma (7.4.6)) to determine
whether there exists a range of y values which would make our fixed point stable.
Letting A denote our Jacobian matrix, the trace and determinant are given by

1 1 1 1
tr(A) = 2—pu+vy (—) and det(A) = 7(—).
weow weoow
According to Lemma (7.4.6), there are three conditions that must be satisfied to
ensure stability. First, we need tr(A) — det(A) < 1, which imposes the constraint
u > 1. This actually is not restrictive at all, because there is no need to attempt
TDAS for y < 1. Next, we need det(A) < 1. By algebra, this leads to an inequality

that 7 must satisfy, namely
12
p-1
The right hand side of this inequality is forced to be positive because of the other
constraint that # > 1. Finally, we require that tr(A) + det(A) > —1, which by

algebra imposes the constraint

7 <

2
w(p—3)
> .
2(n—1)
This lower bound on <y only becomes interesting when y > 3, because our fixed
point is certainly stable for 1 < u < 3.
In order to determine whether the TpAs scheme may successfully stabilize
(1—-1/u,1—1/pu) when p > 3, we must determine whether it is possible to

simultaneously satisfy both of the above inequalities for v; i.e.,

2 2
w(p—3) H
—_— < < .
20—1) VS u—1

Figure 7.3 shows that it is, indeed, possible to satisfy these inequalities even in

the regime of y values where chaos occurs. The figure shows a plot of the two
curves defined by the above inequality on <. Notice that the lower boundary is 0
when y = 3, which makes sense because our fixed point was already stable when
u < 3. As yu increases, the lower boundary of the “control domain” increases,
indicated that larger v would be necessary to control the response. In fact, as u
approaches 4.0, the figure suggests that we must choose <y considerably larger
than 2 in order to successfully stabilize our fixed point. The range of -y for which
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control is predicted to succeed becomes narrower as y increases. However, even
in the regime where chaos exists (i > 3.57), there are substantial ranges of v for
which control may be successful. The figure indicates that if u = 3.65, which
is well within the chaos zone, then using y = 3.0 should be enough for TDAS
to terminate the chaos. However, below we will point out a flaw in this line of
reasoning.

Figure 7.4 illustrates the use of TDAs control to terminate the period-2 response
in the discrete logistic equation with p = 3.2. The first 20 iterates were computed
by iterating equation (7.1) (no control), resulting in the alternating pattern. The
next 20 iterates were computed from Equation (7.6), using v = 1.5, to simulate
the effect of TDAS control. After a very brief transient, the iterates converge to
the fixed point 1 —1/u =1 —1/3.2. In the absence of control, this fixed point

had been unstable.

Bad news: Although Figure 7.3 suggests that TpAs should succeed for a wide
range of v, unfortunately the figure gives a far too optimistic prediction of the
control domain. There are two notable reasons why this is the case. First, the
TDAS method adjusts the parameter y based only upon the two most recent iterates
of the underlying difference equation. In the chaos regime (y > 3.5699), the
iterates of the equation behave so erratically that we should really incorporate
more “history” when deciding how p should be adjusted. Second, Figure 7.3
was generated based upon a local stability analysis. Again, the erratic dynamical
behavior for y > 3.5699 can land us in trouble if we blindly apply the TpAs
technique. If -y is reasonably large, it is certainly possible for y(x, — x,,—1) to be
so large that the computed value of x,1 lands outside of the interval [0,1]. This
causes the iterates to behave very badly for the discrete logistic mapping.

Good news: There is an improved version of TbAs known as extended TDAS, or
ETDAS, which is better-suited for chaos control (see Socolar et al. [9]). Whereas
TDAs modifies p by an amount proportional to two preceding iterates, ETDAS

incorporates many previous iterates.

More good news: In the example of the discrete logistic mapping, we have the
luxury of knowing the exact value of the unstable fixed point. Amazingly, neither
TDAS nor ETDAS control methods require us to actually know the location of the

unstable fixed point(s) in advance. Simply put, these methods can find unstable



INTRODUCTION TO DIFFERENCE EQUATIONS 213

6.0
4.5
v 3.0 [ control succeeds
15 control
fails
0 l l l
3.0 3.25 3.5 3.75 4.0

Figure 7.3. Predicted domain in which TpAs control succeeds for the
discrete logistic equation (7.1).

1

control off | control on

Figure 7.4. Illustration of TpAs control in the discrete logistic mapping
using # = 3.2 and v = 1.5. The first 20 iterates show the stable period-2
response of the logistic equation (7.1). To simulate the onset of TDAS
control, the next 20 iterates are computed using Equation (7.6), which
includes control.

fixed points by reversing their stability, eliminating any periodic and/or chaotic

behavior in the process.

Exercises

1. Find a closed formula for the solution of x,,.1 = 2x, + 3x,-1, xo =1, x; = 0.
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2. Find a closed formula for the solution of x,, 11 = —4x, —4x,,_1,x0 =1, x1 = 2.

3. Find a closed formula for the solution of x,11 = —4x,-1, xg = 1, x; = 2.
Notice that this is a second-order difference equation. The coefficient of x,
happens to be o.

An alternate approach for solving constant-coefficient equations: In your
first course on ODEs, you probably studied linear, homogeneous constant-
coefficient problems such as y” + 5y — 6y = 0. If you seek exponential
solutions of the form y = e, you obtain a characteristic equation A2 + 5\ —
6 = 0, which has distinct, real roots A = —6 and A = 1. This implies that
y = e % and y = e* are solutions of the oDE and, since they are linearly
independent, the general solution is y = Cie~%* 4 Cye*. On the other hand,
when the characteristic equation has a real root A with multiplicity k, then we
expect solutions of the form e, tet, ... tF=TeM.

In Problems 4 and 5, you will apply the same approach to solve linear,

homogeneous, constant-coefficient difference equations.

4. Consider the initial value problem
Xpy1 = —2xn +8x,1, Xg =5, X = —2.

(a) Suppose we seek solutions of the form x, = A", excluding the unin-
teresting case A = 0. Show that A must satisfy a characteristic equation
A2 4210 —8=0.

(b) Note that the roots of this characteristic equation are real and distinct. By
drawing an analogy with the above oDE example, write down the general
solution of this difference equation.

(c) Finally, use the initial conditions to find the closed formula for x,. Ver-
ify that your solution satisfies the difference equation and both initial

conditions.

5. Consider the initial value problem
Xpt1 = 6xy —9x;,_1, Xg =2, x1 =3.

(a) Suppose we seek solutions of the form x, = A", excluding the unin-
teresting case A = 0. Show that A must satisfy a characteristic equation
A2 —6A+9=0.
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(b) Note that A = 3 is a repeated real root of the characteristic equation. By
analogy with oDpEs, we not only expect solutions of the form x, = A", but
also solutions of the form x,, = nA". Use this intuition to write down the
general solution of the difference equation.

(c) Finally, use the initial conditions to find the closed formula for x,. Ver-
ify that your solution satisfies the difference equation and both initial
conditions.

6. Find all fixed points of x,,1 = xJ and classify their stability.
7. Consider the difference equation x,, 11 = f(x,) where f is the piecewise linear
function

—3x if x <100

flx) = .
0 if x > 100.

(a) Show that x* = 0 is an unstable fixed point.
(b) Despite the instability, show that x* = 0 is globally attracting! That is,
regardless of the choice of initial condition xy, we have x, — x* as n — occ.
Hint: In fact, the iterates x,, converge to x* after finitely many iterations.
8. Sometimes, even the Schwarzian derivative test for stability (Theorem 7.3.12)
can fail to help us. Consider the difference equation

Xn+1 = P
n

(a) Find all fixed points of this equation, and show that they are non-
hyperbolic.

(b) Show that Theorem 7.3.12 is inconclusive.

(c) Suppose we choose any non-zero initial condition xy, excluding the fixed
points. Show that the solution of the difference equation will always
alternate between two distinct values.

(d) Explain why Part (c) allows us to conclude that the fixed points are stable,
but not asymptotically stable.

9. Computing square roots by hand. Suppose k is a positive real number and

consider the difference equation

x2 —k

2x,

Xn+1 = Xn —
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(a) Show that x* = V/k is a fixed point and is locally asymptotically stable.

(b) The result of Part (a) implies that if we start with any initial condition
xo that is reasonably close to vk, then the sequence of iterates x,, will
converge rapidly to vk. Try this with k = 2, using an initial guess of
xp = 1. Compute x1, x2, and x3. If you do this correctly, you will find that
x3 approximates v/2 accurate to within 2.2 x 107°.

10. Find all fixed points of the system

Xp+1 = 3Xn — XuYn

Yn+1 = —2Yn + XnYn

and classify the local stability of each fixed point.

11. Consider the difference equation

X1 = p(xn —1)(2 = xn),

where i is a positive parameter.

(a) Show that there are two fixed points if 4 < 3 — /8, zero fixed points if
3—8< U <3+\/§,andtwofixedpointsify >3+ +/8.

(b) Show that if u = 6, then the smaller fixed point is unstable and the larger
fixed point is locally asymptotically stable.

(c) Show that if u = 7, then both fixed points are unstable. A period-doubling
bifurcation occurs between y = 6 and y = 7. If x* denotes the larger of
the two fixed points, then f'(x*) decreases below —1 for some y between
6 and 7.

12. In this exercise, you will apply the TpAs control algorithm to terminate a
period-2 cycle in the discrete logistic equation.

(a) Using Equation (7.1) with 4 = 3.2 and initial condition xy = 0.5, compute
X1,%X2,. .. X20.

(b) To simulate TDAS control, now we will suddenly switch from Equation (7.1)
to Equation (7.6). Let v = 1.0. Using the value for xpy that you computed
in Part (a) as an initial condition, generate the first 20 iterates of Equa-
tion (7.6). Describe what happens.

(c) Repeat Part (b) with ¢ = 0.3. Does TDAs successfully stop the alternation?
Explain. (You may wish to refer to Figure 7.3.)



INTRODUCTION TO DIFFERENCE EQUATIONS 217

13. In this exercise, you will apply the Tpas control algorithm to terminate a
period-4 cycle in the discrete logistic equation.

(a) Using Equation (7.1) with 4 = 3.5 and initial condition xy = 0.5, compute
X1,%X2,.--X20-

(b) To simulate TDAS control, now we will suddenly switch from Equation (7.1)
to Equation (7.6). Let v = 2.0. Using the value for xy( that you computed
in Part (a) as an initial condition, generate the first 20 iterates of Equa-
tion (7.6). Describe what happens.



CHAPTER 8

Introduction to Partial Differential Equations

Many of the natural phenomena that we wish to mathematically model
involve several independent variables. For example, the outdoor tem-
perature T depends not only upon time, but also upon spatial location. If x and
y denote latitude and longitude and t denotes time, then the function T(x, y, t)
describes how temperature varies in space and time. Weather reports usually
render this function by using animations in which the variable t increases. In-
stead of plotting T(x,y, f) as a surface in three dimensions for each fixed t, the
maps are usually color-coded, with red corresponding to high temperature and
blue corresponding to low temperature.

Mathematical models of phenomena incorporating several independent vari-
ables frequently lead to equations involving partial derivatives. Usually, the
independent variables correspond to time and position. Before defining what
we mean by a partial differential equation®, let us establish notation. If u is
a quantity that depends upon a single spatial variable (e.g., latitude) as well
as time, we will usually write u = u(x, t). Here x denotes the spatial variable
and t denotes time. When three spatial dimensions are involved, we will write
u =u(x,y,z,t). Instead of using the Leibniz notation for partial derivatives, we

use subscripts as follows:

u = I
YT ox Y
R R N2 A
T o2 Y2 ”’”_(”")f_at(ax) ~ otox’

*All of our subsequent presentation is based heavily on the text of Strauss [10].

218
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Unless otherwise stated, we will always assume that our functions u are suf-
ficiently smooth to ensure that mixed partial derivatives are equal. That is,
Uyt = Uy and Uyt = Uyt = Utry, and so on.

Roughly speaking, a partial differential equation is any equation involving
partial derivatives of some function u. With the above notational conventions in
mind, we state a more precise definition.

Definition 8.0.2. Suppose u = u(x,t) is a function of two variables. An equation
of the form
F(x/ tl U, Uy, Ut, Uxx, Uxt, Utt, - . ) =0

is called a partial differential equation (PDE).

In this definition, it is understood that the function F has only finitely many
arguments. The definition is easily extended to allow for more than two in-
dependent variables. The order of a PDE is the order of the highest derivative
present in the equation. For example, the equation u; + u, = 0 is a first-order
pDE, and the equation uyy — (1y)® = 0 is a third-order pDE. The most general
form of a first-order PDE with three independent variables t, x, and y would be

F(t,x,y,u,us, iy, uy) = 0. Here are some well-known examples of PDEs.

The transport or advection equation: Let u = u(x,t). Then the equation u; +
cuy = 0 where c is a constant is called the simple advection equation. It can be
used to model the transport of a pollutant being carried (but not diffusing) in a
long, straight river with velocity c.

The heat or diffusion equation: Let u = u(x,t). Then the equation u; = Kuyy
where x > 0 is a constant is called the simple diffusion equation. It can be used to

model the transfer of heat in a long, thin wire or diffusion of a dye in water.

The wave equation: Let u = u(x,t). Then the equation uy — iy, = 0 where ¢
is a constant is called the wave equation. It can be used to model the displacement
of a plucked guitar string.

Burgers’ equation: Let u = u(x,t). Then the equation u; + uu, = 0 is called
Burgers’ equation. It arises in the study of shock waves.
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Laplace’s equation: Let u = u(x,y,z). Then the equation uyy + 11y, + 1z, = 0 is
called Laplace’s equation. It models steady-state heat distribution.

Korteweg-de Vries equation: Let u = u(x,t). Then the third-order equation
Ut + Uxxy — 6uUy = 0 is called the Korteweg-de Vries equation. It arises in the

context of modeling shallow-water surface waves.

Definition 8.0.3. A solution of the PDE
F(x/ t/ u/ uX/ ut/ uxx/ uxt/ utt/ . ) = 0

is any function u(x, t) that satisfies the equation.

This definition, which is easily extended to allow for more than two indepen-
dent variables, tacitly assumes the existence of partial derivatives of u. When we
use the word solution, we refer to what more advanced textbooks would call a
classical solution. It is possible to introduce the notion of weak solutions of a PDE,

which does not require that the partial derivatives of u exist for all x and .

Example 8.0.4. Consider the first-order constant-coefficient PDE auy + Bu, = 0.
We claim that u(x,y) = cos(Bx — ay) is a solution of this PpE. Taking the
first-order partial derivatives,

% cos(Bx —ay) = —Bsin(fx —ay) and aay cos(Bx —ay) = asin(Bx —ay).
Therefore,
auy + puy = —afsin(Bx —ay) + afsin(fx —ay) = 0,

which proves the claim. You can also show that the function u(x,y) = (Bx — ay)3
is a solution of the same PDE. This may seem surprising, since the cosine function

and the cubic function are very different.

Example 8.0.5. For (x,y) # (0,0), the function u(x,y) = In(x? + y?) is a solution
of the two-dimensional Laplace equation uyy + uy, = 0. To see why, start by

taking the first-order partial derivatives

2x 2y

Uy = —— and u, = ——.
x x2+y2 y x2+y2
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Using the quotient rule, the relevant second-order partial derivatives are

e 2(x2+y2) — (2x)(2x)  —2x2 422
o (22 +y?)? (2422
o 2P ) (2y) 2 -2y

/N (x2+2)? T (227

Adding these expressions, we see that uyy + uy, = 0 as claimed.

In subsequent chapters, we will develop analytical techniques for determining
all solutions of certain first and second-order PDEs. First, we introduce several
notions that can be used to classify PDEs (e.g., linearity and homogeneity). By
simply classifying a PDE, we can often determine whether (i) it is reasonable to
expect to solve the PDE by hand, and (ii) if so, which solution techniques are
most likely to succeed.

8.1. Basic Classification of Partial Differential Equations

In oDEs, we learn that linear equations are amenable to analytical techniques,
whereas nonlinear ones are usually intractable. The same principle holds for
PDEs, and therefore it is useful to determine whether a PDE is linear or nonlinear.
A brief review of some notions from linear algebra will assist in our definition of

linearity.

Linearity. When we think of functions, we usually have in mind a rule that
assigns numbers to numbers—for example, f : R — IR. An operator is essentially
a special type of function that acts on a function to produce another function. One
example of an operator is the differentiation operator T = %. If we feed T a
function of the variable x, it returns another function. For example, T(x3) = 3x2,
and T(e¥) = e*. The (implied) domain of T is the set of all differentiable

functions of x.

Definition 8.1.1. An operator L is called linear if L(au + pv) = aL(u) + BL(v)
for all functions u, v and all real scalars «, 8. Equivalently, L is a linear operator
if both L(# +v) = L(u) 4+ L(v) and L(cu) = cL(u) for all functions 1 and v and
scalars c.
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Example 8.1.2. Consider the set S of all functions f : R — RR that are differen-
tiable on the entire real line. The differential operator L = % is a linear operator
on the set S. To see this, suppose u(x) and v(x) are in S and let & and  be any
real constants. Then

L(au+ pv) = %(au+ﬁv) = w%u+ﬁ%v = aL(u)+ BL(v).

Example 8.1.3. Consider the set S of all continuous functions on the closed
interval x € [a,b]. For functions f(x) € S, define the integral operator

@) = [fha @<x<b).

For example, if f(x) = cos(x), then I(f(x)) = sinx — sina, and we see that I
transforms functions of x into new functions of x. We claim that I is a linear
operator. Indeed, suppose that 1 and v are functions in the set S, and let c; and

c3 be any real numbers. Then

I(c1u + cy0) = /ax(clu(t)—l-czv(t))dt = o /ﬂxu(t) dt + ¢ /axv(t) dt

= c11(u) + c21(v).

Example 8.1.4. Let S be the set of all continuous functions from R into IR. The
operator @ defined by the rule ®(u) = u? is a nonlinear operator. To see
why, suppose u and v are functions from the set S. Notice that ®(u +v) =
(u+0v)? = u?+2uv +v?, whereas ®(u) + ®(v) = u?+ 0% In general, it is not

the case that ®(u +v) = ®(u)+ P(v), and therefore P is a nonlinear operator.

Example 8.1.5. New linear operators can be formed by taking combinations of
other linear operators. For example, consider the set S of all functions u(x, t)
that are differentiable with respect to both x and ¢. The operator

d 0
_ 2 x
L= (t ox ¢ at)

is linear. Given a function u(x, t), the operator L acts on u according to the rule

L(u) = (tzaax +exaat)u = P o' —.



INTRODUCTION TO PARTIAL DIFFERENTIAL EQUATIONS 223
Now suppose that u and v are functions from the set S. Then

Llu+v) = <t2i+ex> (u+v0) = 29 (u—l—v)+e 2(u—i—v)

ot
Ju 0v %
_ 2 Y% b x e _
=1 (8x+8x) ( a)

Comparing the latter expression to

) 0 0 )
L(u)+ L(v) = ( py +e" at>u+ (tza —i—exat)v

t28u+ 8u+ Bv+ ov
ox ot ox ot’

we see that L(u +v) = L(u) 4+ L(v). It is also straightforward to show that if
u € S and ¢ is any constant, then L(cu) = cL(u). Therefore, the operator L is

linear.

The latter example motivates our definition of linearity for PDEs. In what fol-
lows, we restrict ourselves to functions u = u(x, t) of two independent variables,
although these concepts are readily extended to more general cases. Moreover,
we assume that L is a linear partial differential operator—a linear operator which
incorporates partial derivatives with respect to at least one of the independent
variables.

Definition 8.1.6. A PDE is called linear if it can be written in the form L(u) =
f(x,t), where L is a linear operator of the sort described in the preceding
paragraph. The function f(x,f) can be any function of the two independent
variables.

Example 8.1.7. Let « be a positive constant. The heat equation

ou ou

o~ “ox?

is a linear PDE. Writing the equation in the form %—”t‘ — kL axl = 0 suggests that we

] 02
L= (at 8x2>
and the function f(x, t) = 0. The PDE takes the form L(u) = f(x,t), and you can
show that L is a linear operator. It follows that the heat equation is linear.

define the operator



224 BASIC CLASSIFICATION OF PARTIAL DIFFERENTIAL EQUATIONS

Example 8.1.8. The PDE

\/mg% + 3sin(xt) 8827124 —8In(1+x*>+t*) =0
is linear. If we define the operator
L = (W) > + (3sinxt) L
dx? ot?
and the function f(x,t) = 8In(1+ x* + t*), then the PDE takes the form
L(u) = f(x,t). To demonstrate that L is a linear operator, use computations

similar to those in the preceding example.

Example 8.1.9. Burgers’ equation u; + uu, = 0 is a nonlinear PDE. If we define

the operator N according to the rule

0 0
N(u) = <at+uax>u = U+ Uly,

then Burgers’ equation takes the form N(u) = 0. To see that the operator N is
nonlinear, suppose that # and v are functions. Then

N(u+v) <aat+(u+v)aax> (u+v) = %(u—f—v)—f—(u—l—v)%(u—kv)

ou v ouw Ov du %
of ot Mox TMax TYx " Yax

Comparing the latter expression with

d ] d d ou Ju Jvu Jdu
N(u) +N(v) = (8t+u8x> u+ (at—i-vax> v = o hus st e tue
in general it is not the case that N(u +v) = N(u) + N(v). Therefore the PDE is
nonlinear.

Homogeneity. One further way of classifying linear PDEs is provided by the
following definition. As before, we assume that u = u(x, t) is a function of two

independent variables and that L is a linear partial differential operator.

Definition 8.1.10. A linear PDE L(u) = f(x, t) is called homogeneous if f(x,t) = 0.
Otherwise, the PDE is called inhomogeneous.
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Example 8.1.11. The equation
o
ot ox?
is inhomogeneous. In order to write this PDE in the form L(u) = f(x,t), we
2
L (9 _9
ot 9x?

and f(x,t) = 8. Since f # 0, the PDE is inhomogeneous.

would define

As in ODEs, the combination of linearity and homogeneity is very advantageous,

because it allows us to construct new solutions by the “superposition principle”.

Theorem 8.1.12 (Superposition Principle). Suppose L(u) = 0 is a linear, homo-
geneous PDE with particular solutions w1, uy, ... u#,. Then any linear combination
ClU1 + CoUp + + -+ + Cyliy

is also a solution, for any choice of constants cy,cy,...cy.

Proof. Since u1,uy,...u, are solutions of the PDE, it follows that L(u;) = 0 for
eachk=1,2,...n. Now let u = cju; + coup + - - - 4 cyuy. Then by linearity of L,

Lu) = L <i ckuk> = iL(ckuk) = ickL(uk) = 0.
k=1 k=1 k=1

Therefore, u is also a solution of the PDE. O

Example 8.1.13. In a previous example, we noted that uq(x,y) = cos(Bx — ay)
and uy(x,y) = (Bx — ay)? are solutions of the PDE auy + puy = 0, where « and
are constants. Since the PDE is both linear and homogeneous, the Superposition
Principle (Theorem 8.1.12) ensures that

3u; —5upy = 3cos(Bx —ay) —5(Bx — ay)®
is also a solution of the PDE.

Second-order constant-coefficient partial differential equations. Three of the
most important examples of PDEs that we will analyze in subsequent chapters are
the heat equation u; — 1y, = 0, the wave equation uy — uyy = 0, and the Laplace
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equation uyy + uy = 0. In some sense, every second-order constant-coefficient
rDE will behave like one of these three special equations. (This can be shown via
appropriate changes of variables; for an explicit example, see Strauss [10].) Since
the heat, wave, and Laplace equations have very different solutions, classifying
second-order PDEs as either “heat-like”, “wave-like”, or “Laplace-like” can be
very illuminating.

Consider the general, second-order, homogeneous, constant-coefficient PDE

Aty + Buyt + Cuy + Duy + Euy + Fu =0, (8.1)

where A, B, C, D, E, and F are constants.

Definition 8.1.14. Equation (8.1) is called

w Elliptic if B> —4AC < 0,

w Hyperbolic if B> — 4AC > 0,

v Pgrabolic if B2 —4AC = 0 and A, B, and C are not all zero.

Example 8.1.15. Consider the wave equation uyy — uy = 0. Using the notation
of Definition 8.1.14, we have A =1,C = —1,and B= D = E = F = 0. Since
B2 —4AC = 4 > 0, we see that the wave equation is hyperbolic. For the heat
equation u; — uyy = 0, we have A = —1 and B = C = 0, from which it follows
that B> — 4AC = 0. Thus, the heat equation is parabolic. Finally, the Laplace
equation uyyx + 1y = 0 satisfies A = C = 1 and B = 0, implying that this equation
is elliptic.

To reinforce this terminology, it is useful to note the parallels between these
PDEs and corresponding algebraic equations. For example, we can associate the
wave equation uyy — uy = 0 with the algebraic equation x> — 2 = 0, the graph
of which is a hyperbola in the xt-plane. Similarly, the heat equation u; — 1y, =0
can be associated with the algebraic equation t — x> = 0, the graph of which
is a parabola in the xt-plane. Generally, solutions of parabolic PDEs tend to
behave similarly to those of the heat equation. Linear, hyperbolic PDEs tend to be
“wave-like”, and elliptic PDEs are “Laplace-like” in terms of the behavior of their

solutions.
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8.2. Solutions of Partial Differential Equations

Finding all solutions of a PDE is considerably more challenging than solving and
algebraic or ordinary differential equation. Solutions of algebraic equations such
as x2 — 6x + 5 = 0 are numbers: x = 1 and x = 5. Solutions of ODEs are functions

of the independent variable. For example, the general solution of the equation

is y(x) = Cre* + C2e%, where C; and C; are arbitrary constants. We know that
the general solution of a linear m-order opE will contain m arbitrary constants.

What do general solutions of PDEs look like?

Example 8.2.1. Find all functions u(x, t) satisfying the PDE u, = 0. Solution: We
are given the x derivative of 1, and we need only integrate with respect to x in
order to solve for 1. Our temptation may be to write u(x,t) = constant, but this
is incorrect—after all, there is a second independent variable, t. Thus, instead
of including an arbitrary integration constant when we integrate with respect to
x, we must include an arbitrary function of t. The general solution of this PDE is
u(x,t) = f(t), where f(t) is any arbitrary function of t.

Example 8.2.2. Solve the PDE uy; = 3. Solution: This second-order PDE can also
be solved by integration: since (uy); = 3, we integrate with respect to t, treating
x as constant. Doing so reveals that uy = 3t + f(x), where f(x) is an arbitrary
function of x. Next, we integrate with respect to x, treating t as a constant.
We find that u(x, t) = 3xt + F(x) + g(t), where F(x) = [ f(x) dx represents an
antiderivative of f and g(t) is an arbitrary function of t. Since f(x) was arbitrary,
so is F(x). It follows that any function of the form u(x,t) = 3xt + F(x) + g(t)
will satisfy our original PDE, and there are no other solutions.

Observation. Whereas general solutions of ODEs contain arbitrary constants, the
general solutions of PDEs contain arbitrary functions of the independent variables.
This feature of PDEs opens the door to having tons of solutions, and later we will
devote considerable effort toward singling out particular (physically relevant)
solutions. Doing so will require us to invoke physical intuition regarding the
correct number (and types) of initial and boundary conditions to impose.
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Example 8.2.3. Solve the linear second-order PDE uy 4+ u; = 0 by finding all
functions u(x,t) that satisfy it. Solution: If we were not told that there is a
second independent variable x, we would have no way of distinguishing this PDE
from an opE. Ignoring the variable x for the moment, consider the analogous
opE u”(t) + u'(t) = 0. Using techniques from your first course in ODEs, you
could solve the associated characteristic equation and find the general solution
u(t) = C1 + Cre™!, where C; and C;, are arbitrary constants. Returning to our
original PDE, we obtain the general solution by replacing the constants C; and
C, by arbitrary functions of x: that is, u(x,t) = f(x) + e 'g(x) is the general
solution of the original PDE.

Another way to attack this problem is to note that we could have integrated
once with respect to t to reduce the PDE from second-order to first-order:

/utt+utdt = 0.

Integration yields u; +u — f(x) = 0, where the minus sign in front of the arbitrary
function f(x) is merely included for convenience. The resulting inhomogeneous
first-order equation u; + 1 = f(x) can be solved by the variation of parameters
technique (see Theorem 2.18). Multiplying both sides of this first-order equation
by the integrating factor e, we have e’ (u; + u) = e f(x). Equivalently,

%(etu) = e'f(x).

Integration with respect to ¢ yields
elu = /etf(x) dt = e'f(x)+g(x),

where ¢(x) is an arbitrary function of x. Finally, multiplying both sides by e ~*
yields the general solution of the original PDE, u(x,t) = f(x) + e 'g(x).

8.3. Initial Conditions and Boundary Conditions

In our study of ODEs, we learned that it is important to single out specific
solutions that are of particular physical relevance. For opEs, we typically specify
initial conditions (or sometimes boundary conditions) in such a way that we may
solve for any arbitrary constants that appear in the general solution. The general
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solutions of PDEs contain arbitrary functions of the independent variables, making
it more difficult to single out particular solutions. For example, suppose that
a pollutant? is carried by water moving with constant speed c¢ through a long,
“one-dimensional” pipe. Letting u(x, t) represent the concentration of pollutant
at position x and time ¢, the advection equation u; + cuy = 0 can be used to
model the spatiotemporal dynamics of u. Since we would expect the general
solution of this first-order PDE to contain at least one arbitrary function of the
variables x and t, we should impose at least one auxiliary condition on u(x,t) in

order to select a particular solution.

Initial Conditions. Perhaps the most intuitive way to prescribe an auxiliary
condition is to impose an initial condition—i.e., give a formula for u(x,t) at
some fixed time t = t;. In our above example of a transported pollutant, the
initial condition should describe the concentration of pollutant at all spatial
locations at time ty. Mathematically, such an initial condition would have the
form u(x, tg) = ¢(x), where ¢ is a function only of the spatial variable x.

Example 8.3.1. Soon, we will know how to show that the general solution of
the advection equation u; 4 8u, = 0 on the domain —co < x < ¢ is given by
u(x,t) = f(x — 8t), where f is any differentiable function of a single variable. To
verify that any such function satisfies the advection equation, we calculate the first
partial derivatives of u(x,t) = f(x — 8t) using the chain rule: u; = —8f’(x — 8t)
and uy = f'(x — 8t). Hence, u; + 8uy = 0, as claimed. Now suppose we impose
an initial condition at time ¢ = 0 by requiring that u(x,0) = x? + cos x. Setting
t = 0 in our general solution u(x,t) = f(x — 8t) implies that u(x,0) = f(x),
from which it follows (by the initial condition) that f(x) = x? + cos x. Finally,
we see that the only function satisfying both the PDE and the initial condition is

u(x,t) = f(x—8t) = (x —8t)%+cos(x — 8t).

In the above example, observe that only one auxiliary condition was needed
in order to isolate a particular solution. It is also worth noting that (i) the PDE
was first-order in both space and time and (ii) the spatial domain —oco < x < o0
consisted of all real numbers. As we shall see, imposing initial and boundary

2Assume that the pollutant is simply carried by the current and does not diffuse into the water.
In other words, think of small, plastic beads as opposed to a chemical dye.
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conditions requires more care (and physical intuition) when dealing with higher-
order PDEs and/or PDEs in which the spatial domain is finite.

Example 8.3.2. Consider the wave equation 1 — 41y, = 0 on the domain —co <
x < co. Later, we will learn how to show that the general solution of this PDE
is given by u(x,t) = f(x +2t) + g(x — 2t), where f and g are arbitrary [twice
differentiable] functions of a single variable. Suppose that we impose two initial
conditions: u(x,0) = cos(x) and u¢(x,0) = sin(x). From the general solution of
the PDE, we use the chain rule to calculate

up(x, t) = 2f" (x +2t) — 2¢’(x — 2¢).

Setting t = 0 in our expressions for u(x, t) and u¢(x, t) allows us to use our initial
conditions:

u(x,0) = f(x) +g(x) = cosx
ue(x,0) = 2f'(x) —2¢'(x) = sinx.

Taking the derivative of the equation f(x) + g(x) = cosx yields f'(x) + ¢'(x) =
—sinx which, combined with the other equation 2f'(x) —2¢'(x) = sinx al-
lows us to algebraically solve for f/(x) and ¢’(x). Specifically, we find that
f'(x) = —1sinx and g’'(x) = —3 sinx. Integrating with respect to x, we have
f(x) = Y cosx+ C; and g(x) = 2 cosx + C, where C; and C; are constants of
integration. However, we may drop these integration constants because (i) they
must sum to zero in order for the first initial condition to be satisfied and (ii) the
overall solution involves a sum of f and g. It follows that the only solution of

the wave equation satisfying both initial conditions is
1 3
u(x, t) = 1 cos(x +2t) + 1 cos(x — 2t).

When we discuss the physical interpretation of the wave equation on the domain
—o0 < x < oo, we will see that prescribing two initial conditions u(x,0) and
ut(x,0) is analogous to stating an initial position and velocity.

When the spatial domain is infinite and no boundary conditions are assigned,
a PDE together with its initial conditions is sometimes referred to as the Cauchy
problem, which is basically another way of saying “initial value problem”. In the
preceding two examples, the first shows a solution of the Cauchy problem for
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the advection equation, and the second shows a solution of the Cauchy problem

for the wave equation.

Boundary Conditions. In contrast with the preceding two examples, for practi-
cal purposes we are usually interested in solving PDEs over finite spatial domains.
Depending upon what sorts of phenomena our PDEs are meant to model, we may
have special information about the physical state of our system at the boundaries
of the spatial domain. When imposing a boundary condition, we must describe
the physical state of our system at a specific spatial location as time ¢ varies.
Contrast this with how initial conditions are prescribed. Boundary conditions
“freeze” the spatial variable x and describe the physical state of the system at that
location as ¢t varies. Initial conditions “freeze” the time variable t and describe
the physical state of the system at all spatial locations x.

To give an intuitive illustration of how boundary conditions arise, let us
consider the heat equation u; — uyy = 0 in one spatial dimension. This PDE
models how heat diffuses in a long, thin insulated3 wire. Letting L denote the
length of the wire, we may assume that our spatial domain is given by the
interval 0 < x < L. The boundary of our spatial domain consists of two points:
x = 0 and x = L. One way to impose boundary conditions at would be to simply
give formulas for u at these two points—i.e., specify u(0,t) and u(L,t) for all
time t > 0. A boundary condition which specifies the exact value of u at the
boundary is called a Dirichlet condition. For example, if we dip the x = L end of
the wire in a bath of boiling water of constant temperature 100 degrees Celsius,
this imposes the Dirichlet boundary condition u(L, t) = 100 for all > 0. If the
other end of the wire is placed in contact with a block of ice of temperature o
degrees Celsius, that would impose another Dirichlet condition #(0,¢) = 0 for all
t > 0. Dirichlet boundary conditions can also allow us to vary the temperature
at the boundary. For example, u(L, t) = 80 + 20 cos(t) would simulate the effects
of varying the temperature between 60 and 100 degrees at the x = L end of the
wire.

Another way to impose a boundary condition is to describe the temperature
gradient at the boundary of the spatial domain. Suppose that we insulate the
x = 0 end of the wire so that no heat can escape (or enter) the wire at the
point. Then there can be no spatial gradient of heat at x = 0, implying that

3The wire’s insulation prevents heat from diffusing outward from the wire so that it is only
conducted longitudinally within the wire.
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ux(0,t) = 0 for all + > 0. The boundary condition u, (0, t) = 0 is an example of a
Neumann condition. In general, a Neumann condition is a boundary condition
that describes the outward normal derivative of u along the boundary. If our
spatial domain is given by an interval 0 < x < L in one dimension, Neumann
conditions specify uy (0, t) and uy(L, t) for all time t. For example, the Neumann
condition uy(L,t) = t would indicate that the spatial temperature gradient at
x = L increases linearly in time, with higher temperature outside the wire
(x > L) than inside the wire x < L. Assuming that heat flows in the direction
opposite the heat gradient (i.e., from regions of higher temperature towards
regions of lower temperature), the steepening gradient would cause heat to flow
from right to left (into the wire) at the boundary x = L.

In more than one spatial dimension, the boundary of our domain is typically
a curve, surface, or hypersurface. For example, Figure 8.1 shows a domain ()
in two space dimensions. The boundary of (), sometimes denoted as 9(), is a
closed curve. If x and y are the spatial variables, then a Dirichlet condition would
give a formula for the value of u(x,y, t) for all points (x,y) € 0Q for all time ¢.
A Neumann condition would be used to describe the net outward flow across
the boundary 0} for all time ¢. More specifically, let Vu = (uy, uy) denote the
gradient of u with respect to its spatial variables, and let n denote an outward
unit normal vector on d() (see figure). Neumann boundary conditions would
provide a formula for Vu e n for all points (x,y) € dQ. Assuming that Vu is not
the zero vector, we know that Vu points in the direction in which u increases
most rapidly. The dot product Vu e n indicates whether the gradient vector Vu
points outward from Q) (if Vu e n > 0), inward (if Vu e n < 0), or tangent to the
boundary (if Vi e n = 0). In the case of the heat/diffusion equation, heat diffuses
from regions of high temperature towards regions of lower temperature, flowing
in the direction opposite the heat gradient. If u(x,y,t) denotes temperature at
position (x,y) € Q) at time t and we find that Vu e n > 0 at all points on 0Q),
then heat would flow inward into our domain (). If we insulate the boundary to
prevent heat flow across d(2, then we impose the Neumann condition Vi en = 0
at all points on 9Q).

Well-posed problems. Knowing how to prescribe initial and boundary condi-
tions in such a way that we single out precisely one physically relevant solution
of our PDEs is very important. Ideally, we always hope to work with well-posed

problems—those with exactly one solution and for which small changes in initial
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n

n n

Figure 8.1. A spatial domain () in two dimensions. Several outward
unit normal vectors n are shown.

and boundary conditions do not elicit major changes in the behavior of the
solution. As we learn more about the physical interpretation of certain PDEs, we
will learn how to impose initial and boundary conditions in such a way that our
problems are well-posed.

8.4. Visualizing Solutions of Partial Differential Equations

Visualizing the behavior of solutions for systems of ordinary differential equa-

tions is rather straightforward. If ¢ is the independent variable and

x1(t), x2(t), ... xn(t)

are the dependent variables, then one way to graphically render the solution is
to plot each dependent variable versus t. Now suppose that u(x, t) represents a
solution of a PDE with exactly two independent variables, x and ¢. At first glance,
you may be tempted to plot u as a function of both x and ¢, but this would
require a three-dimensional plot in which u is plotted as a surface. Although this
is certainly a valid way of presenting the solution, it is often more convenient
to provide two-dimensional plots that illustrate u versus x at several different
times 1, ty,...t,. This effectively provides us with frames of an “animation”,
illustrating the spatial distribution of 1 as we advance forward in time.

Example 8.4.1. Consider the PDE u; 4 1, = 0 on the spatial domain —co < x < oo,

and with the initial condition u(x,0) = e~. In the next Chapter, you will learn
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ux,t)

u(x,t)

Figure 8.2. Left panel: A surface plot of u(x,t) = e~ (=1 versus both

x and t. Right panel: A plot of u(x,t*) versus x at four different choices
of t*, namely o, 3, 6, and 9. Note that the initial spatial distribution of
u at t = 0 is transported from left to right with constant speed 1.0 as ¢
increases.

to show that the solution of this initial value problem is given by
u(x,t) = e~ (xt)?,

Two ways of rendering this solution are illustrated in Figure 8.2. The left panel
shows a plot of the function u(x, t) as a surface in three dimensions. The right
panel gives four frames of an “animation”, showing that our initial distribution
of u is transported from left to right with constant speed as ¢ increases. The
four traces of u versus x suggest that the speed is 1.0 spatial units per unit
time. To further convince ourselves that the propagation speed is 1.0, we can
use an analytical approach to track the movement of the peaks. Setting u =1

in our formula for u(x, t) yields 1 = e~(x~’

, and taking logarithms reveals that
(x —t)2 = 0. To calculate the propagation velocity %, differentiate the latter

expression (implicitly) with respect to ¢, and use algebra to show that % =1

Exercises

1. Let S denote the set of functions of two variables (x and y) whose partial
derivatives of all orders exist. Which of the following operators T are linear
on the set S? Show computations to support your answers.
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(@ T(u) = wuyuy (d) T(u) = [arctan(x)]uxxx
(b) T(u) = Yux + Xuy (e) T(u) = /Uxx + Uyy
() T(u) =1 () T(u) = ux+uy +x.

2. Determine whether or not each of the following PDEs is linear or nonlinear.

Show computations to support your answers.

uy +uuy =0
utt—uxx+u3=0

Ut + Uxxxx = COS(Xf).

3. For each of the following equations, state the order and whether it is linear
or nonlinear. If an equation is linear, state whether it is homogeneous or

inhomogeneous.

(@) ur —4uxy —In(1+22) =0 (€) utr+uxx+57=0

(b) uy — tiyy +xu =10 (f) u4uwy +vV1i+u2=0
(C) up + Uxyy — 6UU, =0 (g) ux+e Yu,+2=0
(d) ujzc—uﬁ:O (h) uyu, —1=0

4. Let x > 0 be a constant. Show that u(x, t) = A + Bx +2xCt + Cx? is a solution
of the PDE u; = xuy, for any choice of constants A, B, and C.

5. Suppose that f and g are arbitrary differentiable functions of a single variable,
and that c is a constant. Show that u(x,t) = f(x + ct) + g(x — ct) is a solution

of the PDE 1y — c2utyy = 0.
6. Show that u(x,y) = cos(x? + y°) is a solution of the PDE 1y, + 6xy?u = 0.
7. Solve the PDE u,; = 6xt2.

8. Find a constant solution of the initial value problem % = 3y%/3, y(0) = 0.
Then, use separation of variables to find a non-constant solution. Conclude

that this problem is not well-posed since it violates uniqueness.

9. Is the boundary value problem

dy _ _1
e Tv=0 v =1 y2)=

a well-posed problem? If so, find the solution. If not, explain why not.



CHAPTER 9

Linear, First-Order Partial Differential Equations

In this chapter, we will discuss the first of several special classes of PDEs that
can be solve via analytical techniques. In particular, we will investigate linear,

first-order PDEs

ou ou

a(x, )= +b0(x, )5+ f(x tu = g(x 1), (9-1)

where u = u(x, t) is our dependent variable, and the functions a, b, f, and g are
given. Our goal is to develop a systematic method for determining all functions
u that satisfy the PDE. A little geometric intuition will help use devise a rather
useful technique for solving such equations, and for that reason we will review a
few notions from multivariate calculus.

Suppose that f(x,y) is a differentiable function of two variables, and let

v = (v1,v3) denote a unit vector in R?.

Definition 9.0.2. The directional derivative of f in the direction of the vector v is
given by
[ Gt o,y + oal) = f(x,y)
h—0 h

7

provided that this limit exists.

It is straightforward to prove (see your multivariate calculus text) that this

limit is equal to the dot product

Vi(x,y)ev,

thereby providing us with an equivalent (and computationally convenient) def-
inition of the directional derivative. The directional derivative measures the

236
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instantaneous rate of change of f in the direction of the vector v. If we choose
the unit vector v = (1,0), which points in the direction of the positive x-axis,
then the directional derivative is simply

Vixy)ev = (?;,%[)-(1,0) = %,

the partial derivative of f with respect to x. Similarly, the directional derivative in
the direction of v = (0,1) is given by df /dy. We now use the notion of directional

derivatives to give a quick, clean solution of a special case of Equation (9.1).
A linear, homogeneous, constant-coefficient equation. Consider the PDE
aur + Buy =0, (9-2)

where & and  are non-zero constants. Our goal is to determine all functions
u(x, t) that satisfy this equation. Observe that since the gradient of u is given by
Vu = (uy,u;), the PDE (9.2) is equivalent to the equation

Vu(x,t)e(B,a)=0.

In other words, the solutions of the PDE are precisely those functions u(x, t) whose
directional derivative in the direction of the vector (B, «) is 0. Geometrically, this
implies that u(x, t) must remain constant as we move along any line parallel to
the vector (B,«). These lines have slope «/p in the xt plane, and the general
equation for such lines is t = (a/B)x + constant. Equivalently, u(x,t) must
remain constant along any line of the form ax — Bt = C, where C is an arbitrary
constant. Since u remains constant along each such line, u depends only on
the value of the constant C. In other words, u depends only upon the quantity
ax — Bt, but otherwise has no restrictions at all. It follows that the general

solution of Equation (9.2) is

u(x,t) = flax — pt), 93)

where f is any (differentiable) function of a single variable.
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Definition 9.0.3. In the above example, the “geometric” technique used to solve
the PDE is called the method of characteristics. The lines ax — Bt = constant in the

above example are called characteristic curves associated with the PDE.

By differentiation, it is easy to verify that any function of the form (9.3) certainly
satisfies the PDE (9.2). The method of characteristics demonstrated that there are
no other solutions of the PDE. Later, we will give more examples illustrating the

use of the method of characteristics.

Example 9.0.4. To check that u(x,t) = cos(ax — Bt) is a solution of the PDE (9.2),
we compute the partial derivatives u; = Bsin(ax — pt) and uy = —a sin(ax — Bt).
From here it is evident that au; + Bu, = 0, as required.

_1
14227
and sketch u versus x for several choices of time t. Solution: This PDE is a special

Example 9.0.5. Solve the PDE 2u; + u, = 0 with initial condition u(x,0) =

case of Equation (9.2), so we may quote (9.3) to see that the general solution is
u(x,t) = f(2x —t), where f is an arbitrary differentiable function of a single
variable. To use the initial condition, we set t = 0 to find that

2x) = —.
f(2x) 1+ x2
Dividing x by 2 in the preceding equation leads us to

1
f(x) = m

Combining the general solution u(x,t) = f(2x — t) with our formula for f, the

overall solution of the initial value problem is

1 1

u(x, t) = 1+(%)2 B 1+ (x—14)

5.

To visualize the solution, it is useful to plot u(x,t) versus x for several choices
of time f. Figure 9.1 shows a plot of u versus x at t = 0 (the initial condition)
as well as t = 10 and t = 20. Visual inspection suggests a constant propagation
speed of 0.5 units, and straightforward calculus reveals that this is, indeed, the

case.

The preceding example gives insight into the dynamics of the constant-
coefficient PDE (9.2). Namely, the initial (+ = 0) spatial distribution of u is



LINEAR, FIRST-ORDER PARTIAL DIFFERENTIAL EQUATIONS 239

t=0 t=10 t=20

u(x,t)

Figure 9.1. A plot of u(x, t) versus x for t =0, t = 10, and t = 20. The
three frames of this “animation” suggest that the initial distribution of
u is transported from left to right with speed 0.5 units.

transported with constant speed while retaining the same spatial profile. We now
give an illustration of how this PDE arises naturally in the context of modeling

transport.

9.1. Derivation and Solution of the Transport Equation

Assuming « # 0, we may divide Equation (9.2) by « to obtain
ur +cuy =0, (9.4)

where ¢ = B/« is a constant. We will refer to this PDE as the fransport equation or

the advection equation.

Derivation. A physical interpretation of the transport equation can be given as
follows. Suppose that a fluid moves with constant speed c in a long, thin pipe.
Assume that a pollutant is suspended in the water, and is simply carried by the
fluid without diffusing. Moreover, we assume that the pipe can be treated as
one-dimensional and that there is no drag/friction between the fluid and the
walls of the pipe. If x represents our position along the length of the pipe, we
will let u(x, t) denote the concentration (mass per unit length) of pollutant at
position x and time t. The mass m of pollutant in an interval [0, x] at time ¢ is
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obtained by integrating concentration with respect to the length variable:

X
m:/o u(s, ) ds.

If we advance At units forward in time, the mass that was in the interval [0, x]
at time t has moved cAt units down the pipe. In other words, that same mass
would be in the interval [cAt, x + cAt] at time t + At, implying that

x—+cAt
m:/ u(s,t + At) ds.
cAt

Equating our two expressions for mass,

x x+cAt
/ u(s, t)ds = / u(s, t 4+ At) ds.
0 cAt

Differentiating with respect to x and using the Fundamental Theorem of Calculus,
we find that
u(x,t) = u(x+cAt,t + At)

for all choices of At. Equivalently, u(x + cAt,t + At) — u(x,t) = 0 and, dividing

by At, we have
u(x + cAt, t + At) —u(x, t)
At

= 0.

Letting At — 0,
. u(x+cAtt+ At) —u(x,t)
lim

= 0.
At—0 At

Referring to Definition 9.0.2, the preceding equation asserts that the directional
derivative in the direction of the vector (c,1) is zero. Equivalently, (c,1) e
Vu(x,t) = 0, which is identical to Equation (9.4).

The general solution of the transport equation is readily obtained from Equa-
tion (9.3), namely u(x,t) = g(x — ct) where g is an arbitrary differentiable
function. The Cauchy problem (i.e., initial value problem on an infinite spatial
domain) for the transport equation is given by

Uy +cuy =0, (—o < x <ooandt>0)
u(x,0) = f(x), (—o < x <ooandt=0).
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Setting t = 0 in the general solution u(x, t) = g(x — ct) reveals that f(x) = g(x).
Therefore, the solution of the Cauchy problem for the transport equation is
u(x,t) = f(x —ct). Note that at t = 0, the spatial concentration profile of the
pollutant is described by the graph of f(x). At t =1, we have u(x,t) = f(x —¢),
implying that the initial distribution of pollutant has been translated horizontally
by c units. If ¢ > 0, the movement is from left-to-right, and if ¢ < 0 then the
movement is from right-to-left.

The transport equation can be generalized to higher-dimensional spatial do-
mains. Let x = (xq,x2,...x,) € R" and suppose that b = (by,by,...b,) is a
constant vector in R”. The transport equation is given by

ur+beVu = 0,

where the gradient of u = u(x;t) is taken with respect to the spatial variables

only. That is,

Jou ou ou
Mt+b1aixl+bzaixz++bnﬁ = 0.

The general solution of this PDE is given by
u(x;t) = u(xy,xp,...x5,t) = g(x—1tb) = g(x1 —thy,x2 —thy, ..., xn — tby),

where ¢ : R" — R is an arbitrary differentiable function. It follows that the
solution of the Cauchy problem

ur+beVu =0, (x e R"and t > 0)
u(x,0) = f(x), (x e R"and t = 0),

is given by u(x;t) = f(x—bt) forall t > 0 and all x € R".

9.2. Method of Characteristics: More Examples

When using the method of characteristics, we exploit the fact that solutions of our
first-order linear PDEs must remain constant along certain curves in the xt-plane.
In the case of the transport equation (c, 1) @ Vu(x,t) = 0, the characteristic curves
are straight lines parallel to the vector (¢,1). The lines have slope 1/c¢ in the

xt-plane (see Figure 9.2) and solutions u(x, t) must remain constant along these
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c (x—ct, 0) X

Figure 9.2. Characteristic curves for the transport equation u; + cuy =0
are lines parallel to the vector (c,1), shown in bold. Starting from any
point (x, t), following the characteristic curve backwards in time to = 0
lets us express u(x,t) in terms of the initial condition.

lines. Now suppose t > 0 and let (x,t) be any point in the xt-plane. Then to
determine u(x, t), we need only trace backwards in time along a characteristic
line until we reach t = 0. Indeed, since u(x, t) must remain constant as we follow
lines of slope 1/¢, it must be the case that u(x,t) = u(x — ct,0). If we are given
an initial condition u(x,0) = f(x), this implies that u(x,t) = f(x — ct), which
we recognize as the solution of the Cauchy problem (i.e., initial value problem)
for the transport equation. We now use the method of characteristics to solve a
linear, homogeneous, first-order PDE with variable coefficients.

A partial differential equation with a variable coefficient. Consider the PDE
us + xuy = 0, which is equivalent to Vu(x, t) ® (x,1) = 0. The latter expression
says that the directional derivative of u vanishes in the direction of the vector
(x,1). Notice that as x varies, so does the orientation of the vector (x,1), and
sketching this vector field (direction field) helps us visualize the characteristic
curves. More exactly, the characteristic curves are the curves in the xt-plane
that have (x,1) as their tangent vectors. Since these vectors have slope 1/x, the

characteristic curves satisfy the ordinary differential equation

dt 1
dx x



LINEAR, FIRST-ORDER PARTIAL DIFFERENTIAL EQUATIONS 243

Assuming x # 0, we may use separation of variables to solve this ODE:

[rae = Lax,
x

which implies that t = In |x| 4+ C, where C is a constant. The family of character-
istic curves in the xt-plane is shown in Figure (9.3). Since a solution u(x,t) of
the PDE must remain constant as we move along a characteristic curve, the value
of u(x,t) is completely determined by the value of the constant C = t — In |x| if
x # 0. Therefore, any function of the form u(x,t) = ¢(t —In|x|) is a solution
of the PDE u; + xuy = 0 whenever x # 0. To determine what happens when
x = 0, notice that the vector (0,1) is always tangent to the characteristic curve
when x = 0. This implies that the vertical axis x = 0 in the xt-plane is also a
characteristic curve which, in turn, implies that the value of u(0, f) can never
change as t varies.

We make several important observations concerning this example:

1w The characteristic curves completely fill the xt-plane without intersecting
each other.

5= Each characteristic curve intersects the horizontal axis t = 0. Therefore, if we
are provided with an initial condition u(x,0) = f(x), then we can determine the
value of u(x,t) by following the characteristic curve through (x, t) until we reach
t=0.

w Every characteristic curve (excluding x = 0) is the graph of an invertible
function.

The latter two observations can be used to give a clean solution of the Cauchy
problem for this PDE. Suppose that (x,t) is any point in the xf-plane and, for
convenience, assume x > 0. The point (x,t) lies on some characteristic curve,
t = Inx + C where C is a constant. Following this curve to t = 0, we find that
0 = Inx + C, which implies that x = e C when t = 0. Therefore, since u(x,t)
remains constant as we follow a characteristic curve, it must be the case that
u(x,t) = u(e=¢,0). Finally, since C = t — In x, we have shown that

u(x,t) =u (eln"*t,0> = u(xe!,0) = f(xe ).

The case x < 0 is handled similarly. Finally, if x = 0 we have u(x,0) = f(0),

implying that ¥ must remain constant when x = 0 (which we already knew).
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\ &

Figure 9.3. The family of characteristic curves for the equation u; +
xuy = 0 consists of logarithmic functions f = In |x| + C and the vertical

axis x = 0.

We have shown that the solution of the initial value problem u; + xu, = 0 with
u(x,0) = f(x) is given by u(x,t) = f(xe™").

A graphical interpretation of this solution can be given as follows. As f
increases from o, the exponential function e~/ decays from 1 to o. This has
the effect of dilating the initial distribution of u, stretching it horizontally as
t increases. For example, when t = In2, the solution is given by u(x,In2) =
f(x/2). The graph of f(x/2) has the same qualitative appearance as the initial
condition f(x), but stretched horizontally outward (from x = 0) by a factor of 2.

Example 9.2.1. Solve the PDE
2uy +3x2y2uy =0 (—o0 <y <o)

with the auxiliary condition u(0,y) = e Y. Solution: Writing the PDE in the form
Vu(x,y) e (2,3x2y?) = 0, we see that the characteristic curves must satisfy the

ODE d 3
ay 9 2.9
ax 27 Y

Separation of variables leads us to

1 3,
/?dy_z./x‘ix’
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and performing the integration reveals that

where C is a constant. By algebra, the characteristic curves are given by

x = ¢ —E—ZC.
y

Since u(x,y) must remain constant along characteristic curves, the value of
1

v 323, Therefore, the general

u(x,y) depends only upon the value of C = —
solution of the PDE is

where f is an arbitrary differentiable function. Setting x = 0 allows us to use the
auxiliary condition u(0,y) = e ¥:

()=

Making the substitution z = —% provides the explicit formula

Finally, combining this formula for f with the general solution of the PDE yields

u(x,y) = exp (— 1)
7 $+%x3 7

where we have written exp(z) instead of e* for notational convenience.

the overall solution

The preceding example merits a few general remarks summarizing the method
of characteristics. For a(x, t)u; + b(x,t)uy = 0, a linear, homogeneous, first-
order PDE, the associated characteristic equation is given by

dt _ a(xt) dx _ b(xt)
dx  b(xt) dt  a(xt)

Ideally, this oDE can be solved by hand, although this is certainly not the case if
the coefficient functions a(x,t) and b(x, t) are too complicated. The solutions of
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the opE form the family of characteristic curves. Assuming that the characteristic
curves do not intersect one another (as in the above examples), the solution
u(x,t) is completely determined by which characteristic curve the pair (x, t) lies
on. In such cases, it is desirable that all characteristic curves exist for all + > 0.
That way, determining the solution u(x,f) when t > 0 is a simple matter of
following the characteristic curve through (x, t) backwards in time until we reach
t = 0, thereby allowing us to invoke any initial conditions. Unfortunately, there
are many simple-looking first-order PDEs giving rise to characteristic curves that
are far from ideal.

Example 9.2.2. The first-order nonlinear PDE u; + uu, = 0 is known as Burg-
ers’” Equation. Equivalently, Vu(x,t) e (u(x,t),1) = 0, which leads us to the

characteristic equation
dx

dt

Without knowing the solutions u(x, t) of the PDE, it would appear that solving

= u(x,t).

this ODE is impossible. However, we actually can learn quite a bit about the
characteristic curves. Suppose that (x(f),t) is a parametrization of a characteristic
curve. To see that u remains constant along this curve, we first use the chain rule

to calculate
d Judx du

However, we know that % = u(x,t) according to the above characteristic ODE.

Therefore,
d
—u(x(t),t) = uuy = 0,
Sl 1) = w oty
which means that u(x(t), t) is constant. Since # must remain constant along each

characteristic curve, the ODE % = u(x,t) reduces to % = constant. In other

words, we have shown that the characteristic curves are actually straight lines.
The slope of the characteristic curve through the point (x, t) is equal to the value
of u(x,t).

To explore the consequences of these observations, suppose that we impose
the initial condition

1 ifx<—1
u(x,0)=¢(x) = ¢ —x if —1<x<0 (95)
0 if 0 <ux.



LINEAR, FIRST-ORDER PARTIAL DIFFERENTIAL EQUATIONS 247

-1 0 1

Figure 9.4. The family of characteristic curves for the equation u; +
uuy = 0 for the initial condition (9.5).

To sketch the characteristic curves in the xt-plane, it helps to rewrite the charac-

teristic ODE as
dt 1

dx — u(x,t)’

with % undefined if u(x,t) = 0. According to our initial condition, the char-
acteristic curves have slope % =1 for x < —1, slope —1/x for -1 < x < 0,
and undefined slope for x > 0. A sketch of the characteristic curves appears in
Figure 9.4. Notice that the lines intersect one another at t = 1, a feature of this
PDE that has some rather interesting implications. The slopes of the characteristic
lines determine the velocity at which our initial distribution of u(x, t) will prop-
agate. For the initial condition (9.5), the propagation velocity is 0 when x > 0
but is positive when x < 0. Three snapshots of the solution u(x, t) are shown in
Figure 9.5. The wave moves from left to right, and the regions where u is highest
have the fastest propagation speed. At time t = 1, the spatial profile of u(x, t)
develops a discontinuous jump at x = 0. Examining how the characteristic lines
cross each other helps explain the formation of this shock wave. The shock forms
when the fast moving parts of the wave encounter the “stationary” region x > 0.
Describing what happens after the shock is formed is a subject more suitable for

an advanced PDE course.
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u(x,t) u(x,1) u(xt)

1:0 t=05 1=1

-1 0 -1 0 -1 0

Figure 9.5. Solution of u; 4+ uuy = 0 with initial condition (9.5) at times
t = 0 (the initial condition), f = 1/2 and t = 1. A shock has formed at
t=1.

Exercises
. Solve the Cauchy problem
2u; +5u, =0
u(x,0) = 1

and sketch u(x, t) versus x whent =0, =5 and ¢ = 10.

. Use the substitution v = u,, to find the general solution of 2u;, + uy, = 0.

. Solve the PDE (e + e *)u; + 2u, = 0, and sketch a few of the characteristic
curves.

. Let g be a function of one variable and let G denote an antiderivative of
8. Use the method of characteristics to show that the general solution of
g(x)ur +uy = 0is given by u(x,t) = f(t — G(x)), where f is an arbitrary
differentiable function.

. Let g and & be a functions of one variable and let G and H denote antideriva-
tives of g and h, respectively. Use the method of characteristics to show that the
general solution of g(x)u; + h(t)uy = 0 is given by u(x,t) = f(H(t) — G(x)),
where f is an arbitrary differentiable function.

. Solve the PDE u; + 2tx%u, = 0 with initial condition u(x,0) = sin x.

. Solve the initial value problem

(14 ) up +uy =0 (—00 < x < 00),

u(x,0) = e
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Then, sketch three different characteristic curves. Finally, plot u(x,t) versus x
for three different choices of .

8. These questions concern the initial value problem for the inhomogeneous
transport equation on the whole real line:

ur + cuy = g(x,t) (—o0 < x < 00),

u(x,0) = f(x).
It is possible to show that the solution of this initial value problem is
t
u(x,t) = f(x —ct) +/0 g(x+c(s—t),s) ds. (9.6)

Note that the inhomogeneity g(x, f) gives rise to an integral which was not
present when we solved the homogeneous transport equation.

(a) Using Equation (9.6), show that the solution of the initial value problem

Ur + Uy = xcost, (—o0 < x < 00)
1
0)=—7>=
u(x,0) T2
is given by
u(x t)—*—i—xsint—i—cost—l
14 (x—1)2 '

(b) Now, using direct substitution, check that u(x, t) really does satisfy the
initial value problem in Part (a).



CHAPTER 10

The Heat and Wave Equations on an Unbounded Domain

Aﬁrst glance, the heat equation u; — xuyy = 0 and the wave equation
U — CCllyy =0 appear very similar. Since ¥ and cZ are always assumed
to be positive constants, the only apparent distinction is between the u; in the
heat equation and the u4 in the wave equation. As we shall see, this makes
a profound difference in the behavior of the solutions of these two equations.
We begin this Chapter with a derivation of these two PDEs from basic physical
principles. Then, we will solve both PDEs on the unbounded one-dimensional

spatial domain —oco < x < co.

10.1. Derivation of the Heat and Wave Equations

The heat equation arises in the context of modeling diffusive processes. For
example, suppose heat is distributed within a long, thin wire that can be treated
as one-dimensional. Further suppose that the wire is insulated so that heat is only
transferred within the wire (as opposed to radially outward). If T(x, ) denotes

the temperature at position x and time ¢, then T satisfies the heat equation.

The Heat Equation. For the purposes of deriving the heat equation, we actually
have in mind another phenomenon that is modeled by the same rpE. Namely,
suppose that a dye (such as food coloring) diffuses in a motionless liquid that
is confined to a long, thin “one-dimensional” pipe. Letting u(x,t) denote the
concentration of dye at position x and time ¢, our goal is to derive an equation
that captures the dynamics of u. Generally, dye diffuses from regions of higher
concentration to regions of lower concentration, and the relevant physical law

that governs diffusion is

250



THE HEAT AND WAVE EQUATIONS ON AN UNBOUNDED DOMAIN 251

Fick’s Law of Diffusion. The rate of motion of dye is proportional to the con-

centration gradient.

Fick’s Law will let us track how the total mass of dye in a given region of pipe,
say [xp, x1], changes over time. Mass is obtained by integrating concentration;
i.e., the mass of dye in the region [x(, x1] at time ¢ is given by

M(t) = AX1u(x,t)dx.

0

Differentiating with respect to t yields

dM 1
W — /);0 Mt(x,t) dx.

Since ‘L—A{I measures the rate of change of mass, it is equal to the difference

between the rate of flow of dye into the interval [x(, x1] and the rate of flow
of dye out of the interval [xo, x1]. By Fick’s Law, the rate of flow of the dye is
proportional to the (spatial) concentration gradient u,. Letting x > 0 denote
the proportionality constant, the rate of inward flow at the left endpoint x is
given by —xuy(xg,t). To explain why the negative sign is included, suppose
ux(xo,t) > 0. Then the concentration is higher for x > xg than for x < x(, which
implies that the flow at xop would be from right-to-left (see Figure 10.1). By
contrast, if uy(xp,t) < 0, then the concentration is higher for x < xj than for
x > xp, thereby resulting in a flow from left-to-right at xy. Similar reasoning
shows that the rate of inward flow at the right endpoint x; is given by xu(xq, ).

Therefore,
dM

E = Kux(xl,t) —Kux(x()/ t),

and equating this to our original expression for %—A{I yields

X1
/ ur(x, t) dx = xuy(xq,t) — kuy(xp, t).
Xo

Taking the derivative of both sides with respect to x1, we see that

up(x1,t) = Kuyye(x1,1).
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u,>0 —

Figure 10.1. Equation (10.1) describes diffusive processes in which
diffusion is proportional to the concentration gradient u,. In this figure,
uy > 0 at the left endpoint xg, and diffusion should cause a net outward
flow (from right to left) at x¢. Similarly, u, < 0 at the right endpoint x;.
The flow should be from left to right at x1, i.e., from higher concentration
towards lower concentration. Note that the direction of motion has the
“opposite sign” of the gradient .

Since x; was arbitrary, we have derived the heat equation or diffusion equation

Ut = Klyy. (10.1)

The Wave Equation. We now use physical principles to derive the wave equation
Uy — gy = 0. Whereas the heat equation was derived from Fick’s Law, the
wave equation can be derived from Newton’s second law of motion, F = ma.

Suppose that we pluck a flexible, elastic guitar string of uniform density. Our
goal is to completely describe the displacement u(x,t) from the equilibrium
position of the string (see Figure 10.2). We will make several assumptions con-
cerning the dynamics of the vibrating string. First, we assume that all vibrations
are transverse (i.e., up-and-down in Figure 10.2) as opposed to longitudinal (i.e.,
side-to-side in the figure). Second, we assume that the vibrations are “small” in
the sense that both u(x, t) and u,(x, t) have low magnitudes. Finally, we assume
that the string has constant density p and that air resistance is negligible.

Let T(x, t) denote the tension (force) vector at position x and time t. Tension
T(x,t) is directed tangent to the string, and therefore has the same direction as the
vector (1,1y(x,t)) (see Figure 10.2). We will examine the force and acceleration
on a region [xg,x1] of the guitar string. The idea is to write Newton’s Law
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F = ma in terms of its transverse and longitudinal components where, in this
case, the force vector F is tension. Mathematically,

T(x/t) = Tlong(xrt)+Ttrans(x/t)-

Since T(x,t) is parallel to the vector (1,uy(x,t)), we can derive relationships
between the lengths of transverse and longitudinal components of the vectors by
using a “similar triangles” argument (see Figure 10.3). Letting ||T|| denote the
length of the tension vector, we see that

”Tlong” _ 1

Tl V1+u3

from which it follows that the magnitude of the longitudinal force is given by

IT|

T = b
|| long” m

Similarly,
||Ttrans|| . Uy

[T V1t+u2

from which it follows that the magnitude of the transverse force is given by

[T 14

| Terans|| = \/ﬁ

By assumption, the longitudinal acceleration of the region [xg,x1] is o, and

(10.2)

therefore
X1

ITCx 8l

= 0. (10.3)
V1+uZ %

Since u(x, t) represents transverse displacement, the transverse acceleration is
us(x,t), the second derivative of u with respect to t. If we partition the interval
[x0,x1] into small segments of width Ax, then the mass of each segment is
pAx. Letting x]’f denote the right endpoint of the j/ segment, the transverse
acceleration of the j segment is approximately utt(x]’f, t). Transverse force on
the j'" segment is given by Newton’s law

- *
Firans = Matrans =~ Putt(x]' ’ t)Ax~
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Summing over all segments yields a Riemann sum for the transverse force exerted

on the whole interval [x, x1], namely
Firans ~ Zputt (x;'k/ t)Ax'
]
As Ax — 0, this Riemann sum converges to an integral

x1
Firans = / pus(x, t) dx.
X0

Since the transverse force is due to tension, this expression for transverse force

must match our earlier expression (10.2):

X1

IT(x, t)[ux

V14 u2

Since we have assumed that the transverse vibrations are small, we know that

X1
= / pu(x, t) dx. (10.4)
X

0

|lux| ~ 0. Thus, we may approximate /1 + u2 ~ 1 with a high degree of accuracy.
This simplification reduces the longitudinal equation (10.3) to

It ol _
\/I X0
which means that || T(x1,t)|| = || T(xp,t)||. In other words, tension has approxi-

mately constant magnitude along the entire vibrating string, and so T is actually
independent of x. It is also reasonable to assume that the tension is independent
of time f, and from now on we will let T denote the (constant) tension force.
With these simplifications, the equation (10.4) for transverse force reduces to

X1

Tu,

X1
:/ pus(x, t) dx.
X

X0 0

Differentiating with respect to x; and applying the Fundamental Theorem of
Calculus, we are left with Tuyy = puy. Introducing the constant c = /T /p, we
have derived the wave equation

Upr — gy = 0. (10.5)
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T(x,t)

-

Figure 10.2. The displacement u(x, t) of a guitar string (solid curve)
from its resting position (dashed line) at a fixed time . The tension
vector T(x, t) is tangent to the curve.

> [

1+ uj

T iong |

Figure 10.3. Longitudinal and transverse components of the tension
vector T. The hypotenuse of the larger triangle has length ||T||, the
magnitude of the tension vector.

10.2. Cauchy Problem for the Wave Equation

In this section we will solve the wave equation (10.5) on the unbounded domain
—o0 < x < oo. Before imposing initial conditions, we will derive the general

solution of the equation.

General solution. Starting from the wave equation

2L, R
(atz‘caxz)“ =0

the idea is to factor the operator as

d 0 d 9
(at—cax) <8t+cax) u = 0. (10.6)
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Note that separately, the operators

9_ 9 a4 (24.2
ot ‘ox) ™ ot " “ox

remind us of the transport equation. Since we know that the general solution of

i—kci u =20
ot ox)

is given by u(x,t) = g(x — ct) where g is an arbitrary differentiable function, we

the transport equation

claim that the general solution of the wave equation (10.6) is given by
u(x,t) = f(x+ct) + g(x —ct), (10.7)

where f and g are arbitrary differentiable functions. To prove this claim, we write

the second-order PDE (10.6) as a system of two first-order PDEs by introducing

(G+5)
W = | =—+Cc— | U = U+ cuy.

the new variable

ot ox

The resulting system is
wr—cwy =0 and  up+ cu, = w.

The solution of the homogeneous equation for w is w(x,t) = h(x + ct), where h
is an arbitrary differentiable function. Substituting this formula for w into the
other equation yields

up + cuy = h(x +ct).

How should we go about solving this inhomogeneous PDE? As with ODEs, one
option is to produce one particular solution of the inhomogeneous equation
and add it to the general solution of the associated homogeneous PDE. The
homogeneous problem u; + cu, = 0 has general solution u(x,t) = g(x —ct),
where g is an arbitrary differentiable function. To produce a particular solution of
the inhomogeneous equation, it is natural to guess that if H is an antiderivative
for h, then H(x + ct) will satisfy the PDE. This is almost the case—suppose that
u(x,t) = H(x + ct). Then

ur = cH'(x+ct) =ch(x +ct) and wuy= H'(x+ct) =h(x+ct).
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Therefore, uy + cuy = 2ch(x + ct), and we see that our guess was merely off by a
factor of 2c. This is easily remedied by re-scaling our guess; specifically, define

£&) = 5 HE) = o [HE)de

a scalar multiple of the antiderivative of h. It is straightforward to check that
u(x,t) = f(x+ct) actually is a particular solution of uy + cuy = h(x + ct).
Adding this particular solution to the general solution of the homogeneous
equation u; + cu, = 0 establishes that (10.7) really is the general solution of the
wave equation.

Notice that the general solution of the wave equation contains two arbitrary
functions, which is no coincidence since the wave equation is second-order in the
variable t. If ¢ > 0, then the function f(x + ct) corresponds to a wave moving
right-to-left with speed ¢, and the function g(x — ct) corresponds to a wave
moving left-to-right with speed c. Whereas the transport equation u; + cuy =0
gives rise to one family of characteristic curves (x — ¢t = constant), the wave
equation gives rise to two families of characteristic curves: x & ct = constant. In
other words, the wave equation transmits waves in both directions, whereas the

transport equation can only transmit a wave in one direction.

The Cauchy Problem. Recall that a Cauchy problem for a PDE is essentially an
initial value problem on an unbounded domain (i.e., boundary conditions are not
needed). Since the wave equation models the displacement of a vibrating guitar
string from its resting position, intuitively we expect that two initial conditions
will be needed: initial displacement and initial velocity. Indeed, the Cauchy
problem for the wave equation is given by

Ut — Pty = 0 (—o0 < x < 00),
u(x,0) = ¢(x) (—o0 < x < 00), (10.8)
u(x,0) = (x) (—o0 < x < 00),

where ¢(x) and (x) represent the initial displacement and velocity of the string,
respectively. Since we know the general solution of the wave equation is given by

u(x,t) = f(x+ct) + g(x —ct),
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we must incorporate the initial conditions to solve for f and g in terms of ¢ and
. Setting t = 0 yields

u(x,0) = ¢(x) = f(x) + g (x).
To use the initial condition for velocity, differentiate with respect to t to obtain
up(x, t) = cf (x +ct) —cg'(x — ct),
and then set t = 0:
i(x,0) = P(x) = cf (x) — cg(x).

Integrating ¢ = ¢f’ — cg’ over the interval [0, x],

v = [T - ds = fx) - ) - £(0) +500)

cJo

Combined with our earlier equation ¢ = f + g, we obtain the system

f(x) +8(x) = ¢(x) (10.9)
£lx) — 3(0) = £0) ~(0) + ¢ [ 9()ds. (10.10)
Adding (10.9) and (10.10) and solving for f(x), we have
f) = 360 + o [weas + T80 o
and subtracting (10.10) from (10.9) yields
g(x) = % (x) — %/Oxllf(s) ds — M (10.12)

Substituting the expressions (10.11) and (10.12) into the general solution (10.7)
of the wave equation,

x+ct
u(x,t) = f(x+ct) + g(x —ct) = 24) (x+ct) /

1 1 pxct (10.13)
+30—ct) = 5 [ yls) s
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(Notice that all of the stray constants in (10.11) and (10.12) have now dropped
out.) Combining the two integrals in (10.13), we have shown that

1 x—+ct
[p(x +ct) + p(x —ct)] + 7/ ¥(s) ds (10.14)

2c. x—ct

N —

u(x,t) =

is the solution of the Cauchy problem for the wave equation. We will refer to it
as D’Alembert’s formula in honor of the mathematician who first discovered it.

By the very construction of D’Alembert’s formula (10.14), it is evident that it
represents the unique solution of the Cauchy problem for the wave equation, and
that small changes in ¢ and ¥ do not cause major changes in the behavior of
solutions. In this sense, the Cauchy problem for the wave equation is well-posed—
there is precisely one solution and it is not hyper-sensitive to small changes in
the initial conditions.

Inspection of D’Alembert’s formula (10.14) provides some insight regarding
how solutions of the wave equation should behave. If the initial velocity is zero,
then the integral term vanishes and we are left with u(x,t) = 3[¢(x +ct) +¢(x —
ct)]. Effectively, this says that our initial displacement ¢ will be “split” into two
waves traveling in opposite directions with speed |c| and with half the amplitude

of the initial wave profile. The next example reinforces this observation.

Example 10.2.1. Solve the Cauchy problem

U — Uyy =0 (—o0 < x < 00),
u(x,0) = p(x) (~o0 < x < c0),
ur(x,0) =0 (—o0 < x < ),

where the initial displacement ¢(x) is given by ¢(x) = 1if —1 < x < 1 and
¢(x) = 0 otherwise.

Solution: Although it may seem odd that the initial displacement is discon-
tinuous, nothing prevents us from quoting D’Alembert’s formula. In this case,
the wave speed is ¢ = 1 and the initial velocity is ¢y = 0. According to (10.14), the
solution of this initial value problem is u(x,t) = 3 [¢(x +t) + ¢(x — t)], where ¢
is the given initial displacement. By definition of ¢, we have

Tif —1<x+t<1
p(x+1t) =

0 otherwise
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and
1if —1<x—-t<1
Pplx—t) = .
0 otherwise.
It is instructive to sketch the domains —1 < x+t<land —1 < x—t < 1in the
xt plane (see Figure 10.4). The Figure shows the regions in which ¢(x +1) =1,
¢(x —t) =1, both are 1, or both are 0.

Example 10.2.2. Solve the Cauchy problem

Uy — Uy =0 (=00 < x < 00),
u(x,0) = e (—o0 < x < 00),
ui(x,0) = xe (—o0 < x < 00).

Solution: In this case, the speed is ¢ = 3. Quoting D’Alembert’s formula, the
solution is given by

+3t
u(x,t) = E [e*(XHt)z +e*(x*3t)2} + 1 se™ ds.
2 6 Jx—3t
A substitution v = —s2, —%dv = sds facilitates the integration:
1 2 (x+3t)?
u(x,t) = = [e_(x+3t) 1 (x=3? / —fe do.
( ) 2 6 x 3t

Evaluating the integral, the overall solution is given by

u(x,t) = % [e*(x+3f)2 _i_e*(X*Bt)z} _ % [ef(x+3t)2 _e—(x—?)t)z}

I O TN

—(x—3t)?
12 12 '

Notice that in this example, the non-zero initial velocity breaks the “symmetry”
of the two waves that propagate outward. In some sense, we see that % of our
initial displacement profile travels to the right with speed 3, while only % travels
to the left with speed 3. This may seem a bit surprising considering that both the
initial displacement and velocity have even and odd symmetries, respectively.
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Both|zero
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Figure 10.4. Wave propagation with a discontinuous initial displace-
ment ¢(x) (see example in text). Upper figure: Regions in which either
p(x+1t) =1, ¢(x —t) = 1, both are 1, or both are 0. The dashed
horizontal lines, included for reference, correspond to t = 0.5, 1 and 2.
Lower figure: Four frames of an “animation” of the solution. The initial
condition u(x,0) is discontinuous, with jumps occurring at x = £1. At
time t = 1/2, we see that the initial displacement is beginning to split
into two waves of half amplitude propagating outward. At t =1, the
two waves have almost separated from each other, and by t = 2 we
have two completely separate waves. The two waves are identical to the
initial displacement but have half the amplitude.
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u(x,0)

Figure 10.5. Initial velocity u;(x,0) = — cos x (indicated by arrows) acts
opposite the initial displacement u(x,0) = cos x.

Example 10.2.3. Solve the Cauchy problem

Upt — Cllyy = 0 (—o0 < x < 0),
u(x,0) = cos x (—o0 < x < 00),
u;(x,0) = — cos x (—o0 < x < 00).

Solution: Before quoting D’Alembert’s formula, examine the initial conditions
carefully. The initial velocity acts completely “opposite” the initial displacement
as illustrated in Figure 10.5. Intuitively, this would seem to suggest that the
solution of the Cauchy problem will be a standing wave: the wave will oscillate
up and down, with motion perpendicular to the x-axis. Moreover, the string
should remain stationary at all the points where u(x,0) = 0. By D’Alembert’s

formula (10.14), the solution of the Cauchy problem is

1 1 x+ct
u(x,t) = = [cos(x + ct) + cos(x — ct)] — —/ cos(s) ds
2 2¢ St (10.15)

- % [cos(x + ct) + cos(x — ct)] — % fsin(x + cf) — sin(x — ct)]

Although this is the correct solution of our Cauchy problem, visualizing how
the solution behaves is not easy unless we write it in a simpler form. The
double-angle identities from trigonometry

sin(a 4+ B) = sinacos p + cosasinp

cos(a+ B) = cosacosp — sinasinp
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combined with the symmetry properties sin(—a) = —sina and cos(—a) =
cos(a) will greatly simplify (10.15). The first term in (10.15) is
1

5 lcos(x +ct) + cos(x — ct)]

—_

= [cos(x) cos(ct) — sin(x) sin(ct) + cos(x) cos(—ct) — sin(x) sin(—ct)]

NI—= DN

= [cos(x) cos(ct) — sin(x) sin(ct) + cos(x) cos(ct) + sin(x) sin(ct)]

= cos(x) cos(ct).
In the same way, we can simplify the other term in (10.15):
1 .. . 1 .
~% [sin(x + ct) —sin(x —ct)] = - cos(x) sin(ct).
Combining our two simplifications, our overall solution is now written as
1 . 1.
u(x,t) = cos(x)cos(ct) — - cos(x)sin(ct) = cos(x) |cos(ct) — - sin(ct)| .

With u(x, t) expressed in this form, solutions are much easier to visualize. Notice
that the cos(x) factor corresponds to the initial displacement and depends only on
x. The time-dependent factor cos(ct) — % sin(ct) experiences periodic oscillations
as t varies and, in doing so, modifies the amplitude of the displacement. If we
use a computer to create an animation of u versus x as t increases, we would see
a standing wave. At points where cos(x) = 0, the string would appear to remain
stationary, whereas at all other points the string would continually oscillate up

and down.

Domains of Dependence and Influence. D’Alembert’s solution of the wave
equation uy — c?uyy = 0 shows that the initial displacement profile ¢(x) ef-
fectively splits into two waves traveling in opposite directions with speed c.
Certainly the initial velocity i(x) may influence the propagating waves, but
no part of the waves can travel with speed faster than c. There are two important
consequences of this remark. First, suppose that we select a point xy from within
our spatial domain —co < x < co. The characteristic curves through the point
(x0,0) are the lines x = x( =% ct, as illustrated in the upper panel of Figure 10.6.

The initial conditions ¢(x), P(xg) at the point xy cannot influence the behavior
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domain of
influence

(x,1)

domain of
dependence

_./

(x—ct,0) (x+;t,0)

Figure 10.6. Upper panel: The domain of influence for xy. The initial
condition at xy cannot affect how u(x,t) behaves outside the shaded
region because waves cannot travel faster than speed c. Lower panel:
The domain of dependence for u(x,t). If + > 0, the value of u(x,t)
can only depend upon the initial conditions within the closed interval
[x — ct, x + ct].

of the solution outside the shaded region in the xt-plane, because the waves
cannot travel faster than speed c. For that reason, the shaded region is called the
domain of influence of xj. Likewise, if we select a point (x, f), it is natural to ask
for the range of x-values for which the initial conditions could have any impact
on the value of u(x, t). The lower panel of Figure 10.6 illustrates the domain of
dependence for u(x, t)—i.e., the region in the xt-plane which could influence the
value of u(x,t). In particular, because waves can travel no faster than speed c,
the value of u(x,t) can only depend upon the behavior of the initial conditions

within the interval [x — ct, x + ct] as shown in the Figure.
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10.3. Cauchy Problem for the Heat Equation

We now turn our attention to the Cauchy problem for the heat equation:

Up — KUyy = 0 (—o0 < x < 00) (10.16)

u(x,0) = ¢(x) (—o0 < x < 00), (10.17)

where x > 0 is a constant. In contrast with the Cauchy problem for the wave
equation, we have specified only one initial condition. Recalling the physical
intuition that guided our derivation of the heat equation, this is not surprising.
Indeed, we need only know the initial heat (or concentration) profile of u versus
x, and then Fick’s Law will govern how the distribution of heat (or concentration)
will evolve over time.

Perhaps the most elegant way to attack the Cauchy problem for the heat
equation is by means of Fourier transforms. However, we do not presume that
the reader is acquainted with certain techniques from complex analysis that are
useful in understanding how the transform procedure works. Instead, we will
follow the text of Strauss [10], exploiting certain invariance properties of the heat
equation in order to construct the solution of (10.16) and (10.17). The idea is to
solve that system for a very special choice of the initial condition ¢(x). Then, we
will use the solution of that special problem to construct the general solution
of the Cauchy problem. There are five properties of the heat equation and its
solutions that we will invoke:

Property 1: Translation invariance. If u(x,t) is a solution of (10.16), then for
any fixed number xy, the function u(x — x, t) is also a solution. Indeed, direct
differentiation yields u;(x — xo, ) = Kuxx(x — x0, t).

Property 2: Derivatives of solutions. If u(x,t) satisfies the heat equation (10.16)
then the partial derivatives of u also satisfy the heat equation. For example, to
see that u; is also a solution, let v = u;. Then

Uy = (”t)t = (K”xx)t = (Kut)xx = KOUxx.

Thus, v = u; is also a solution.
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Property 3: Linearity. Since the heat equation is linear, any finite linear combi-

nation of solutions of the heat equation (10.16) is also a solution.

Property 4: Integrals and Convolutions. Suppose S(x,t) is a solution of the
heat equation (10.16). Then by translation invariance (Property 1), sois S(x —y, t)
for any fixed choice of y. If g is any other function, we define the convolution of S
with g as
(Sx9)(xt) = [ Stx—y,)gy)dy,

provided that this improper integral converges. We claim that, regardless of g,
the convolution (S x g)(x, t) is also a solution of the heat equation. To check this,
we need to show that (S*g)r — x(Sxg)xx = 0. Taking the derivatives of the

convolution,

(S*g)f - K(S*g)xx
2 0

= %/_Zs(x—y,t)g(y) dy — Kaa?/ S(x —y,t)g(y) dy

—00
geel

- /_ 0; St(x —y,t)g(y) dy — / N kSxx(x =y, t)g(y) dy

:/j:o[st(x—yrt)—stx(x—y,t>]g(y) dy = 0,

as claimed.

Remark. In the above chain of calculations, we are only justified in moving the
derivatives under the integral sign provided that all of the functions involved
are reasonably well-behaved. Certainly, all of the integrals need to converge.
For precise conditions under which interchanging derivatives and integrals is

justified, consult a textbook on mathematical analysis.

Property 5: Dilation. Suppose a > 0 is a constant. If u(x,t) is a solution of the
heat equation, then the dilated function v(x, t) = u(+/a x, at) is also a solution. To
prove this, we calculate

] 0

gv(x,t) = gu(\/ﬁx,at) = aui(\/ax,at)

%v(x,t) = %u(\/ﬁx,at) = Vauy(vVax,at)
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and
82

ﬁv(x, t) = auy(Vax,at).

It follows that

vr(x,t) — kvxx(x, ) = aur(Vax, at) —xauy(v/ax, at)

= a[u(Vax,at) —xuw(vVax,at)] =0,

which establishes that v is also a solution of the heat equation.

We now use these five Properties of the heat equation to build the general
solution of the Cauchy problem (10.16)—(10.17). Following Strauss [10], we first
solve the heat equation with a special initial condition:

Qt —xkQxx =0 (—o0 < x < 00), (10.18)

Qx,0) = ¢(x) = {1 %f ¥=0 (—00 < x < 00). (10.19)
0 if x <0

This seemingly strange initial condition ¢(x) is very convenient because it is
dilation invariant: for any constant a > 0, the graph of ¢(ax) is identical to that
of ¢(x). Moreover, we also know (Property 5 above) that any solution Q(x, t)
of the heat equation is unaffected by the dilation x — +/ax and t — at. These
observations have a nice implication: notice that the quantity x/+/# is unaffected
by these dilations because

x Vvax o x
Vi Vet T OVE

Consequently, solutions Q(x,t) of (10.18)-(10.19) depend only on the quantity
x/+/t. Therefore, we will seek solutions of the form

x
x,t) = , 10.20
Qlxt) =g ( \/@) (10.20)
where the constant 4x included for later convenience. (The following computa-
tions could be carried out without including the 4x, but some equations would
look a bit messy.)
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Now that we are seeking special solutions of the form (10.20) and g is a
function of one variable p = x/+/4xt, we can reduce the heat equation to an
ordinary differential equation. Substituting Q(x,t) = g(p) into (10.18), the chain
rule yields

dg o )
Q=28 =Ly,

dp ot ad

By calculus and algebra,

dp

x 1 x p

0
ot g\/41c1f B _27\/41(1‘ T2t

and, combining this with the previous equation, we have

L
Q= —5,p8 (p).

Similarly, taking derivatives with respect to x reveals that

_dgop _ 1
and dQ, o 1 1 1
_ xop _ 7 _ ey
0 = 55 = [0 Vi = 2

Combining these new expressions for Q; and Qxy with the heat equation (10.18),

we find that ,

R, L7, _

P8 (p) = 458 (p) =0
for all t > 0. By algebra, this is equivalent to the second-order variable-coefficient
ODE

§"(p) + 2pg'(p) = 0.

For emphasis, notice that we have effectively reduced the heat equation to a
second-order ODE by seeking solutions of a special type (10.20).

To solve the opE g”(p) +2pg’(p) = 0, we first use algebra to write the equation
as
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The sneaky observation that

&) _ Ay

= —In

g'(p) dp

makes it easier to solve this oDE. Indeed, integrating both sides of

d p _
ap el = —2p
with respect to p reveals that
/ _ 2
In[g'(p)] = —p"+C,

where C is a constant of integration. Exponentiating both sides, we have

2 2 2
g'(p) = e77C = eV = Ge ¥,

C

where C; = e" is a constant. Integrating both sides,

p
g(p) = C2+/0 Cie™" dr,

269

where C, = ¢(0) is another constant (see Equation (2.16)). Thus far, we have

shown that the solution of the special problem (10.18)—(10.19) has the form

/x/@

Qx,t) = C e dr + G,
0

(10.21)

Note that this formula only makes sense for t > 0. As soon as we figure out

the values of the constants C; and C,, we will have solved the initial value

problem (10.18)—(10.19). Determining the values of these constants will require a

technical lemma.

Lemma 10.3.1.

) [e9) 0
/ e X dx = vV and / e X dx = / e dy = @
) 0

oo 2
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Proof. Let I denote the value of the integral over the domain (—oo, c0). Then

. (/O:Oe_xzdx> (/Ze_yzdy) / / ~(%+9) dx dy.

Converting to polar coordinates,

27T oo 5
2 = / / re” " drdo.
o Jo

The substitution ¢ = r? simplifies the interior integral:

21t poo ] —p dw do 27 1 dG
g —e — —
/0 /0 2 4 0

Therefore, I = /7, as claimed. The second statement in the Lemma follows from
the fact that the integrand has even symmetry. O

With Lemma 10.3.1 in mind, we return to formula (10.21). If x > 0, then taking
the limit + — 07 yields

1= lim Q(x,t) = G /Oo e dr + G,
=0t 0
The leftmost equality is a consequence of our initial condition and the fact that we
are temporarily assuming x > 0. Using Lemma 10.3.1, this statement simplifies
to
1 = ?Cl + Co.

Now suppose that x < 0, the region in which the initial condition is identically o.
Taking the limit + — 0" as before, we have

oo 0
0= lim Q(x,f) = Cl/ e P dr + C, = —Cl/ e’ dr + Cs.
0

t—0+ —o0

Recognizing the integral from the Lemma, this equation reduces to

0 = —?Cl + Cs.
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Now that we have a system of two equations for C; and C,, namely

1= ?cl +C and 0 = —?Cl e
routine algebra tells us that C; = 1//m and C; = 1/2. Finally, we have shown
that the solution of the special Cauchy problem (10.18)-(10.19) is given by

1 1 px/Vixt
Qx,t) = 3 + ﬁ/o e " dr. (10.22)

Unfortunately, this integral cannot be simplified, because the function e~ does
not have an antiderivative that is expressible in terms of elementary functions.

Now that we have solved the Cauchy problem for the heat equation with a
special choice of initial conditions (10.19), we can combine our findings with the
five Properties to solve the general Cauchy problem (10.16)—(10.17).

All of our above work shows that the function Q(x,t) given by (10.22) is a
solution of the heat equation u; — xuy, = 0. By Property 2 (see above) of solutions
of the heat equation, we know that the derivative

37Q _ 1 efx2 /4xt
ox 47t

S(x,t) =

is also a solution of the heat equation. By Property 1 (translation invariance),
it follows that S(x — y, t) is also a solution for each fixed y. By Property 4, the
convolution of S(x, t) with the initial condition ¢(x) is also a solution. That is,

[eo)

(Sx@)xt) = [ SE—u09w)dy

is also a solution of the heat equation. In fact, we shall soon see that this is the
unique solution of the Cauchy problem for the heat equation. For emphasis, the
solution of (10.16)—(10.17) is given by

1
VAt

Notice that (10.23) only represents the solution for t > 0. Checking that this

wnt) = (Sx )t = = [ e g ay. oy

formula obeys the initial condition u(x,0) = ¢(x) requires us to prove that
lim;_,o+ u(x,t) = ¢(x), a rather technical and tedious calculation.
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Solving the Cauchy problem for the heat equation required substantial effort
and, unfortunately, the form of the solution (10.23) is not as “illuminating” as
what we might have hoped for. There are very few choices of initial conditions
¢ for which it is possible to explicitly evaluate the integral in (10.23) by hand.
Certainly performing the integration with respect to the dummy variable y
should return a function of both x and ¢, but understanding the behavior of
solutions requires some thought (see below).

We make several additional remarks about the solution (10.23) before inter-
preting that formula. First, observe that (10.23) makes no sense if t < 0. (Keep
in mind that the diffusion constant ¥ was assumed to be positive.) Next, we
mention that S(x,t) has a special name:

Definition 10.3.2. The function

S(x,t) = #e_"z/‘m (t>0) (10.24)

VATt

is called the (one-dimensional) heat kernel.

The heat kernel was defined as S(x,t) = Qx(x,t), where Q was the solution
of the Cauchy problem with a special initial condition: a piecewise constant
function with a single jump discontinuity at x = 0. Then, we claimed that the
solution of the general Cauchy problem for the heat equation is obtained by
taking the convolution of the heat kernel S(x, t) with the initial condition ¢(x).
Understanding why this mysterious process successfully solved the Cauchy
problem is a topic that is more suitable for an advanced (more theoretical) course
in PDEs.

Now let us give a qualitative description of the behavior of the solution (10.23)
by analyzing the effects of the two factors that appear in the heat kernel (10.24).
For t > 0, the graph of the Gaussian function

.2
e x* /4xt

is a “bell curve”. As t increases, the graph is dilated (stretched outward). The
other factor in the heat kernel, namely
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modulates the amplitude of the Gaussian curves. The amplitude blows up to oo
ast — 0" and approaches 0 as t — oo. Combining the effects of the two factors
in the heat kernel, we see that S(x, t) is “tall and thin” for small positive ¢ and
“short and broad” for large positive ¢. This is illustrated graphically in Figure 10.7.
Note that if y is a fixed number, then the graph of S(x — y, t) is nothing more
than a horizontally shifted version of what appears in Figure 10.7 (the peaks
would be at x = y instead of at x = 0). As a final remark about the heat kernel,

we mention that

/00 S(x,t)dx =1

J —00

for all t > 0 (see Exercises), from which it follows that for any fixed y,

/oo S(x—y,t)dx =1

—00

as well.

With our new understanding of the behavior of the heat kernel S(x, t), we
are in a position to interpret the solution of the Cauchy problem given by
formula (10.23). In the convolution

u(ot) = (S*p)en) = [ Sx—y09(y) dy,

the S(x — y, t) factor essentially gives a “weighted average” of the function ¢,
exaggerating the points near y = x. As t increases, S(x — y, t) becomes shorter
and broader, but still has its peak at y = x. The convolution (S * ¢)(x, t) has the
effect of “diffusing” ¢ outward at each point in the spatial domain.

Example 10.3.3. The only initial condition for which we have explicitly calculated
the solution of the Cauchy problem for the heat equation is given by (10.19).
Using the Heaviside (unit step) function as the initial condition, we found that
the solution is given by

1 1/ Vaxt 2y
Q(x,t) = 5 + ﬁA e r.

Although the integrand does not have an elementary antiderivative, we could
use a computer to estimate the values of this integral for various choices of x and
t. More systematically, we could pick a specific ¢t > 0 and then have a computer
approximate the integral for various choices of x. Results of such a procedure are



274 CAUCHY PROBLEM FOR THE HEAT EQUATION

Figure 10.7. Plot of the heat kernel S(x,t) versus x at three specific
times t = 0.1, t = 1.0, and t = 5.0. The diffusion coefficient was chosen
to be x = 1. Notice that as t increases, the graph of S(x, t) versus x
becomes shorter and broader.

shown in Figure 10.8, which shows plots of the initial condition Q(x,0) as well
as the functions Q(x,1) and Q(x,2) versus x. Notice that jump discontinuity that
appeared in the initial condition is smoothed out. Moreover, the spatial profile of
Q(x,t) is stretched / diffused outward as f increases, as described in the paragraph
preceding this example. In fact, despite the fact that the initial condition was
discontinuous, the function Q(x, t) is smooth (differentiable infinitely many times)
for all t > 0. No matter how “ugly” the initial condition is, solutions of the heat
equation become instantly smooth. This is one of that many features of the heat
equation that distinguishes it from the wave equation.

Propagation speed. Another feature (or liability) of the diffusion/heat equation
is that “information” propagates with infinite speed. To illustrate what we mean
by this, consider the Cauchy problem

Ur — Kiyy =0

1 if-1<x<1
u(x,0) = ¢(x) =

0 otherwise
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Q(x,1)

Figure 10.8. Plot of Q(x, t) versus x at three specific times t =0, t =1,
and t = 2.

on the usual domain —0 < x < oo and ¢ > 0. Quoting formula (10.23), the

solution is given by

(x—y) /4thy

u(x,t) = e (/A () dy =

\/W \/W
Inspecting this integral, it is evident that for all real x, the value of u(x,t) is
positive when t > 0 because the exponential function in the integrand is always
positive. Of course, if |x| is huge, then the value of u(x, t) is barely positive. The
important thing to notice here is that although the initial condition is non-zero
only in the region x € [—1, 1], this initial “disturbance” has an immediate (albeit
small) effect on the entire real line. The infinite propagation speed associated
with the heat equation is not physically realistic, but the effect is small enough
that this PDE is still a useful model of diffusive processes.

The preceding examples highlight some of the important distinctions between
solutions of the wave and heat equations. The Cauchy problem for the heat
equation is not well-posed for t < 0, whereas D’Alembert’s solution of the
wave equation makes sense for all real ¢. If we use discontinuous initial data
for the wave equation, the discontinuities are preserved as t increases. By
contrast, discontinuities are instantly smoothed by the heat equation—solutions
are infinitely differentiable for all ¢ > 0. Finally, the issue of finite versus infinite
propagation speed provides yet another fundamental distinction between waves

and diffusions.
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10.4. Well-Posedness and the Heat Equation

In the previous section, we found a solution (10.23) of the Cauchy problem for
the heat equation. In order for the Cauchy problem to be well-posed, existence of
a solution is not enough. We also need to know that (i) the solution is unique and
(ii) small changes in the initial condition ¢(x) should not cause major changes
in how the solution behaves. We will use two different methods to prove that
initial/boundary value problems for the heat equation are well-posed. The first
method, known as the energy method, is more versatile because it can be used
to prove well-posedness of the Cauchy, Dirichlet, and Neumann problems for
the heat equation as well as other PDEs. The second method exploits a special
property of the heat equation known as the Maximum Principle, which offers
additional insight into the heat equation’s dynamics.

Energy Method. Consider the Cauchy problem

U — Kiyy =0

u(x,0) = ¢(x)

on the usual domain —oo < x < oo and ¢ > 0. In an above example, we argued
that the solution of this problem is smooth (infinitely differentiable) for ¢t > 0.
We now prove that there is a unigue smooth solution provided that ¢(x) — 0 as
x — *oo. The assumption that ¢ vanishes as we approach +oo is actually not
very restrictive at all.

To prove uniqueness, suppose that u(x, t) and v(x, t) are solutions of the above
Cauchy problem. We must show that u = v or, equivalently, that w = u — v is

zero. Since both u; = xuyy and v; = xvyy, by linearity it follows that

wy = (U—0) = Up— 0 = Klhyy — KUxy = K(U —V)xy = KWxy.
Therefore, w is also a solution of the heat equation. As for the initial conditions,
since both u(x,0) = ¢(x) and v(x,0) = ¢(x), we have w(x,0) = u(x,0) —

v(x,0) = 0. In summary, w satisfies the Cauchy problem

wy = kwyy and w(x,0) = 0.
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Intuitively, it seems apparent that w(x,t) = 0 for all real x and ¢t > 0. To prove
this rigorously, we begin by multiplying both sides of w; = xwy, by w to get

WW; = KWWxy.

Next, we make the sneaky observation that the left-hand side can be re-written
as follows:

%(wz)t = KWWyy.

Integrating both sides over the entire spatial domain yields

/_o;% (wz)t dx = K/_o;wwxxdx

and, re-writing the left-hand side,

Zdt/ w?dx = K./_mwwxxdx.

Integrating the right-hand side by parts,

_ Y L
Zdt/ wdx—K[ wwxioo /_oowxdx].

Because of our assumption that ¢(x) — 0 as x — oo, we know that w — 0 as

x — Zoo. Therefore, the boundary term that appeared when integrating by parts

2dt/ wdx:—K/ wdx

The important thing to notice here is that the integrand on the right-hand side is

is actually zero:

non-negative: w> > 0. Thus, we have an inequality
d /® ,
— dx < 0.
3i | o <0

In words, this means that the area under the graph of w? (a non-negative function)

cannot increase over time. Hence,

/ w?(x,t) dx §/ w?
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for all t > 0. However, we know (from the initial condition) that w?(x,0) = 0,
which implies that

/ wz(x,t)dx <0

for all t > 0. On the other hand, the integral could never be negative because
w2(x, ) > 0 for all x and ¢. We have shown that

[e9)
/ w?(x,t)dx = 0,
—o0
which could only be true if w? = 0 throughout the entire domain —co < x < 0.
Consequently, w = 0 so that u = v, and we see that the Cauchy problem has a
unique solution as claimed.

We can use almost identical computations to prove that the solution is not
greatly affected by small changes in the initial condition ¢. To see this, let us
consider two Cauchy problems

up—kiyy = 0 u(x,0) = ¢1(x)
and

U —KUyx = 0 v(x,0) = ¢a(x).

Both u and v satisfy the heat equation but with different initial conditions. To
measure the impact of altering the initial conditions, we will compare the gap
between u(x, t) and v(x,t) with the gap between the initial conditions ¢; and ¢.
Letting w = u — v as before, w satisfies the heat equation. However, this time the
initial condition on w is non-zero, namely

w(x,0) = u(x,0) —v(x,0) = ¢1(x) = Pa(x).

Retracing the same steps we performed above, we know that

/Oo w?(x,t)dx < /m w?(x,0) dx.

—00 —00

Equivalently,
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for all time ¢+ > 0. The integral on the right hand side provides a measure of
the “gap” between ¢; and ¢,. Anytime the graphs ¢; and ¢, deviate from each
other, a positive contribution is made to the integral. Likewise, the integral on
the left-hand side of the inequality gives us a measure of the “gap” between
u(x,t) and v(x,t) at time t. The inequality assures us that the separation between
u and v can never increase over time. We conclude that small changes in the
initial conditions cannot cause major differences between how solutions behave,
and hence we have shown that the Cauchy problem for the heat equation is
well-posed. We remark that there are other (more natural) ways to measure the
separation between two functions, rather than integrating the square of their
difference. The above measure of “separation” between ¢ (x) and ¢, (x) is the
square of the L? distance between those functions, a concept that we will explore

in greater depth in subsequent chapters.

Dirichlet Problem. The energy method also works to establish well-posedness
of the Dirichlet problem for the heat equation:

Ut = Klxx,
u(x,0) = p(x),
u(0,1) = (1),
u(L,t) = h(t),

0<x<L)
0<x<L)
t>0)
t>0).

(
(
(
(
Existence of a solution will be established in a later chapter, once we develop the
separation of variables technique for PDEs. Assuming that this Dirichlet problem
has a solution, we can show that it is unique and is not sensitive to small changes
in the initial condition or boundary conditions. Proceeding as above, suppose
that u and v are solutions of the Dirichlet problem. Defining w = u — v, we see
that w satisfies the simpler problem

Wi = KWy, (0<x<L)
w(x,0) =0, (0<x<L)
w(0,t) =0, (t>0)
w(L,t) =0, (t>0).
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The only difference in the procedure we used for the Cauchy problem is that we

integrate the equation

1(&]2) = KWww
7 ¢ - xx

over the finite spatial domain [0, L]:

L1/, L
/0 E(w )tdx = K/O WWwyy dx.

Integrating the right-hand side by parts,

L
%%/0 w?dx = K[ WWy

L L )
— w; dx| .
0 /0 * ]

This time, the boundary term (wwy) vanishes because the boundary conditions
tell us that w = 0 at both x = 0 and x = L. The remainder of the calculation
is precisely the same as before, and we conclude that the Dirichlet problem for
the heat equation has a unique solution. Notice that unlike the proof of well-
posedness for the Cauchy problem, we did not require any special assumptions
regarding the initial or boundary conditions. Proving that the solution of the
Dirichlet problem is not sensitive to small changes in the initial (or boundary)
conditions is essentially identical to the corresponding proof for the Cauchy
problem. Again, the only difference is that all integrals are evaluated over
the finite interval [0,L] as opposed to the infinite domain (—co,0). These
calculations, as well as the proof of well-posedness for the Neumann problem,
are left as exercises.

The Maximum Principle. We now use a special property of the heat equation
to provide a much quicker proof that the Dirichlet problem is well-posed. In the
process, we will gain even more intuition regarding how solutions of the heat
equation can behave.

Theorem 10.4.1 (Maximum Principle). Suppose that u(x,t) satisfies the heat
equation on the interval 0 < x < L and for t > 0. Then the maximum value of
u(x, t) occurs either initially (i.e., when t = 0) or on the boundary (i.e., x = 0 or
x =1L).

The intuitive explanation of the Maximum Principle as follows. If the maxi-

mum temperature within a one-dimensional wire occurred somewhere in the
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middle of the wire, then it would have to cool off unless heat were supplied at
the boundary.

The idea behind the proof of the Maximum Principle involves some notions
from first-semester calculus. Suppose indirectly that # has a maximum at
some point (x, t) in the interior of the domain. Then we would expect the first
derivatives u; and uy to be zero at that point. Moreover, the second derivative
uyx should be at most zero. (After all, if uy,(x,t) > 0, then a plot of u versus
x would reveal a local minimum, not a maximum.) It cannot be the case that
uyy < 0, because this would imply that 0 = u; = xuy, < 0, a contradiction. We
have ruled out the possibility that u could have a maximum at a point (x, t) on
the interior of the domain if uy, < 0. The proof that no interior maximum could
occur with uyy = 0 requires more care, and the details appear in Strauss [10].

The same intuition that motivated the Maximum Principle gives rise to a
similar result:

Theorem 10.4.2 (Minimum Principle.). Suppose that u(x,t) satisfies the heat
equation on the interval 0 < x < L and for t > 0. Then the minimum value of
u(x, t) occurs either initially (i.e., when t = 0) or on the boundary (i.e., x = 0 or
x =1L).

Proof. If u(x,t) satisfies u; = xuyy then so does —u, since the heat equation is
linear and homogeneous. Applying the maximum principle to —u, we conclude
that the maximum value of —u must occur either initially (# = 0) or at one of the
boundaries (x = 0 or x = L). Certainly u attains its minimum value wherever

—u attains its maximum value. O

The Maximum and Minimum Principles can be used to provide a quick proof
that the Dirichlet problem

Ur = Kllyy, 0<x<L)
u(x,0) = ¢(x),
u(0,t) = g(t),
u(L,t) = h(t),

0<x<L)
t>0)
t>0)

(
(
(
(
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has a unique solution. As before, suppose that # and v are both solutions and

define w = u — v. Then w satisfies the simpler Dirichlet problem

Wt = KWxx,
w(x,0) =0,
w(0,t) =0,
w(L,t) =0,

0<x<L)
0<x<L)
t>0)
t>0).

(
(
(
(

Notice that w is exactly o initially and at both boundaries. By the Maximum and

Minimum principles, the maximum and minimum values of w are both o. This

means that w(x,t) = 0 for all (x,t), implying that u = v.

Testing for stability with respect to changes in the initial (or boundary) condi-

tions is also straightforward using the Maximum /Minimum Principles. Suppose

that u and v represent solutions to the Dirichlet problems

and

u(x,0) = ¢1(x),
u(0,t) = g(t),
u(L,t) = h(t),

Ut = KOxx,
o(x,0) = ¢2(x),
0(0,t) = g(t),
o(L,t) = h(t),

(0<x<L)
(0<x<L)
(t>0)
(t>0).

The only difference between the two Dirichlet problems is in the initial condition.

Defining w = u — v as usual, we see that w satisfies a new Dirichlet problem:

Wt = KWxx,

w(x,0) = ¢1(x) = Pa(x),

w(0,t) =0,
w(L,t) =0,
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We now apply the Maximum/Minimum Principles to w. Since w = 0 on the

boundaries, we have

max _[w(x,f)] < max [¢1(x) - ¢2(x)].

0<x<L, 0<t 0<x<L
Equivalently,
u(x,t)—o(x,t) < xX) — x)|.
og;i??f(ogt'( ) —o(x, )] o?fg’i"l’l() $2(x)|

This estimate shows that the Dirichlet problem is stable to small changes in
the initial condition. Specifically, it tells us that the maximum gap between
the solutions u# and v of the two problems is at most as large as the maximum
separation between the two different initial conditions. Hence, if we start from
two different initial conditions ¢ (x) and ¢, (x) that are “close”, then the solutions
u(x,t) and v(x,t) will remain “close” for all time t. The same argument reveals
that the Dirichlet problem is not sensitive to small changes in the boundary
conditions at x = 0 and x = L.

We have now provided two different proofs that the Dirichlet problem for
the heat equation is well-posed: one using the energy method, and one using
the maximum principle. The proofs introduced two very different notions of
“separation”, or distance, between two functions ¢;(x) and ¢,(x). When we
proved stability via the energy method, we used the integral

L
|| 1#1) = ga(x)? dx
to measure the distance between the two functions. By contrast, the Maximum
Principle used a different measure of distance, namely

max [¢1(x) = ¢2(x)|-

0<x<L

Both of these are perfectly reasonable ways of measuring the “distance” between
two functions, and our choice of which metric to use often depends upon the
context. Later, during our study of Fourier series, we will explore these different
notions of distance in greater detail.
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10.5. Inhomogeneous Equations and Duhamel’s Principle

Suppose that L is a linear differential operator, and consider the linear, inho-
mogeneous differential equation L(u) = f. In your introductory course on
differential equations, you learned that the general solution of L(u) = f has the
form u = uy, + uy,, where uy, is the general solution of the homogeneous problem
L(u) = 0and uy is a particular solution of the inhomogeneous equation L(u) = f.
In this section, we will solve the Cauchy problems for the inhomogeneous heat,
wave, and transport equations by using Duhamel’s Principle, a generalization
of the variation of parameters technique from ordinary differential equations.
For this reason, we motivate Duhamel’s Principle by performing an alternate
derivation of the variation of parameters formula (2.18).
Consider the ordinary differential equation

du
5 = Au+ f(1) (10.25)
u(O) = Up,

where A is a constant and f is continuously differentiable (i.e., f has a continuous
derivative). By linearity, we can split this initial value problem into two simpler

problems, writing u = v + w where

do = Av
dt (10.26)
v(0) = uy,
and 4
w
— = Aw + f(¢
dt 0+ ) (10.27)
w(0) = 0.

The solution of the homogeneous problem for v is v(t) = e!41y. When we solve

the inhomogeneous problem (10.27), we will invoke a technical Lemma:

Lemma 10.5.1. Suppose that f(x,t) and of /ot are continuous and that B(t) is
differentiable. Then

(t) (t)
S penax = poseo.n + [ Lwnax
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Proof. Use the chain rule and the fundamental theorem of calculus. O

Notice that Lemma 10.5.1 is not merely a re-statement of the fundamental
theorem of calculus, because the variable t appears both in the integrand and in
the upper limit of integration.

For our purposes, a special case of Lemma 10.5.1 in which B(¢) = t will be
especially useful:

Corollary 10.5.2. Suppose that f(x,t;s) and df /9t are continuous functions of
the variables x and t as well as the parameter s. Then

dt/f s)ds = f(x,0;9) —i—/ 5 ,t—s;s)ds.

We will use Corollary 10.5.2 to show that the solution of (10.27) can be con-
structed by integrating the solution of a homogeneous initial value problem,
namely

W aw
dt (10.28)
W(0;s) = f(s),
where s is a parameter. Notice that the inhomogeneous term in (10.27) has been
transferred to the initial condition in (10.28).

Duhamel’s Principle: We claim that if W(¢;s) is a solution of (10.28), then

w(t) = /OtW(t—s;s) ds (10.29)

is a solution of (10.27). To see why, suppose that w(t) is defined as in (10.29).
Then by Corollary (10.5.2),

Z%/tw(t—s;s)ds = W(0;t) + /OtWt(t—s;s)ds
= f(t) +A/ (t—s;s) = F(t) + Aw(t),

as claimed.
Since the solution of (10.28) is given by W(t;s) = e'/ f(s), the above claim tells
us that

w(t) = /OtW(t—s;s) ds = /Ote(t*S)Af(s)ds
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is a solution of (10.27). Finally, the general solution of our original problem (10.25)
is given by

wo:vw+wm::&wm+£4Fwﬂg¢, (10.30)

which we recognize as the familiar variation of parameters formula.
The same idea can be used to solve inhomogeneous PDEs, which we now
demonstrate via three examples.

Inhomogeneous heat equation. Recall that the Cauchy problem for the [homo-
geneous] heat equation models heat transfer within a long, thin wire. The wire
is insulated to prevent heat from radiating outward, and the diffusion of heat
is not influenced by any sources/sinks of heat. Now consider the more general
diffusion problem in which we are allowed to supply/remove heat from the wire,
and let f(x, t) describe the heat injected at position x and time ¢ > 0. (We will
assume that f is a continuously differentiable function.) Mathematically, we can

model this scenario with the Cauchy problem

U = Kuxxy + f(x,1)

(10.31)
u(x,0) = ¢(x)

where, as usual, ¢(x) denotes the initial temperature distribution within the
wire.

We will solve the inhomogeneous Cauchy problem (10.31) via the same pro-
cedure used to solve the oDE (10.25). First, write u = v 4+ w where v and w are
solutions of the simpler problems

Ut = KOyxx

0(x,0) = 9(x) (1032

and

Wy = KWyy + f(x,1)
(10.33)
w(x,0) = 0.

Because v satisfies the homogeneous Cauchy problem for the heat equation, we

immediately conclude that
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o(x,t) = (S*9)(xt) = [ S(x—v.0)p(y)dy
1
V4rxt

where S denotes the heat kernel (10.24). To solve (10.33), we mimic the preceding

/_"; e YA gy dy,

example.

Duhamel’s Principle: We claim that if W(x, £;s) is a solution of the homogeneous

problem
Wi = kWyy
(10.34)
W(x,0;s) = f(x,s),
where s is treated as a parameter, then
t
w(x, t) = / W(x,t—s;s)ds (10.35)
0

is a solution of (10.33). To prove the claim, suppose that w(x, t) is given by (10.35).
By computing the relevant partial derivatives of w(x, t), we must show that w
satisfies the inhomogeneous heat equation. According to Corollary 10.5.2,

t t
we(x,t) = W(x,0;t) + / Wi(x,t —s;s)ds = f(x,t) + / Wi(x,t —s;s)ds,
0 0
and by direct differentiation,
t
Wy (x, 1) = / Wix(x, t —s;5s) ds.
0
Therefore,
ot
Wy — KWxyx = f(x, 1) + /o Wi(x,t —s;8) — kWyx(x,t —s;5) ds
t
— F(x 1) + /O Wy — kWa] (5, £ —5;5) ds = f(x,1),

as claimed.

Now since the solution of the homogeneous problem (10.34) is given by

Wixtis) = (Sxf)(wtis) = [ Sx-ynfs)dy,
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it follows from Duhamel’s Principle that

w(x, t) = /OtW(x,t—s,'s)ds = /Ot/j:oS(x—y,t—s)f(y,s)dyds

is a solution of (10.33). Finally, recalling that u = v + w, we conclude that the
solution of the Cauchy problem (10.31) for the inhomogeneous heat equation is
given by

ue )= [~ se-ppmdy + [ [T s-yt-9fs) dyds Go36)

—00

for t > 0. From the definition of the heat kernel S(x,t), formula (10.36) is
equivalent to

1
vV Akt

u(x,t) = /,o; e TV Aty (y) dy

t poo 1 5
b et e ) aya
0 J—oo /47K (t — 5) fly.s)dy
The solution (10.36) is rather unwieldy, as there are very few choices of initial
heat profiles ¢(x) and heat source terms f(x,t) for which these integrals can be
evaluated explicitly. Hence, one typically uses computer software packages to
numerically approximate solutions of inhomogeneous rpEs such as this one.

Inhomogeneous wave equation. In the preceding examples, we used Duhamel’s
Principle to solve inhomogeneous equations whose homogeneous counterparts
had already been solved. In effect, Duhamel’s Principle tells us that the cumula-
tive effect of a source term f(t) or f(x,t) is measured by taking an appropriate
integral involving (i) a solution of the underlying homogeneous problem and (ii)
the function f itself. We apply the same concept to solve the Cauchy problem
for the inhomogeneous wave equation:

U = iy + f(x,t)
u(x,0) = ¢(x) (10.37)
u(x,0) = ¢(x).

Here, ¢(x) and y(x) represent the initial displacement and velocity (respectively)
of a vibrating string, and f(x, t) describes an external force being applied to
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the string. We will assume that f(x,t) is a continuously differentiable function.

Splitting (10.37) into two simpler problems, we write u = v + w where

Ot = szxx
0(x,0) = p(x) (10.38)
v¢(x,0) = P(x).
and
Wit = ey + f(X,1)
w(x,0)=0 (10.39)
wi(x,0) = 0.

Because v satisfies the homogeneous Cauchy problem for the wave equation, we
quote D’Alembert’s formula to obtain

NI~

o(et) = g lpGren +pt—cn] + 5 [ (s ds

—ct

To solve (10.39), we proceed as before.

Duhamel’s Principle: We claim that if W(x, £;s) is a solution of the homogeneous

problem
Wi = Czwxx

W(x,0;s) =0 (10.40)
Wi(x,0;s) = f(x,s),

where s is treated as a parameter, then

w(x,t) = /Ot W(x,t—s;s)ds (10.41)

is a solution of (10.39). To prove the claim, suppose that w(x, t) is given by (10.41).
By computing the relevant partial derivatives of w(x, t), we must show that w

satisfies the inhomogeneous wave equation. According to Corollary 10.5.2,

ot ot
wi(x,t) = W(x,0;t) + /0 Wi(x,t —s;s)ds = /0 Wi(x,t —s;s)ds
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and, differentiating with respect to t a second time,

t t
wi(x,t) = Wi(x,0;f) + /0 Wit (x,t —s;s)ds = f(x,t) +/O Wy (x,t —s;s) ds.

Derivatives with respect to x can be computed directly:

Wy (X, 1) / Wi (X s;s) ds.
Therefore,
Wi — Cwey = f(x, 1) + /Ot Wit(x,t —5;8) — > Wix (x,t —5;5) ds
= f(x,t) + /Ot[th — Wy (x,t —s;8)ds = f(x,1t),

as claimed.
From D’Alembert’s formula, the solution of the homogeneous problem (10.40)

is given by
1 x+ct
W(x,tis) = o / . fls)dy,

from which it follows that

ot x+c(t—s)
w(x, t) = / W(x, t—s;s)ds = 2C// s)dy ds
Jo

is a solution of (10.39). Finally, recalling that u = v + w, we conclude that the
solution of the Cauchy problem (10.37) for the inhomogeneous wave equation is
given by

u(x, t) = = [p(x+ct) + p(x —ct)] + 2% /xxﬂt P(s) ds

—ct

1 gt px+c(t—s)
Yaely foey frs)dnes

The iterated integral appearing in (10.42) is not nearly as problematic as the one

I\)\H

(10.42)

that appeared in the solution of the inhomogeneous heat equation (see exercises).
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Inhomogeneous transport equation. In a previous chapter, we showed that the
solution of the Cauchy problem

ur+cuy =0

u(x,0) = f(x) o)

for the simple transport equation is given by u(x,t) = f(x — ct). Recall that
u(x,t) can be interpreted as the concentration of a pollutant being carried in a
river whose current has constant velocity c. The pollutant does not diffuse (it
is merely suspended in the water) and the total mass of pollutant is conserved.
The inhomogeneous transport equation

ur + cuy = g(x,t)

(10.44)
u(x,0) = f(x), 44

allows for the possibility that we may add/remove pollutant from the stream, as
modeled by the source term g(x,t). Solving (10.44) follows the same procedure
that we used to solve the inhomogeneous heat and wave equations. As an

exercise, use Duhamel’s Principle to show that the solution of (10.44) is given by

u(x,t) = f(x —ct) + /Otg(x—c(t—s),s)ds. (10.45)

Exercises

1. Solve the PDE uy — Suy — 361y, = 0. To do so, factor the operator on u as

d 0 d 0
and mimic what we did when solving the wave equation.

2. Solve the PDE uy — (a + B)uxt + aBuyy = 0, where a and B are non-zero
constants. (Hint: See previous exercise.)

3. Let ¢ # 0 be a constant. Solve the Cauchy problem

Upp — czuxx =0

u(x,0) =e™*
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ut(x,0) = cosx.
4. Solve the Cauchy problem

Ut — 9Z/lxx =0
u(x,0) = arctan(x)

us(x,0) = 2xIn(1 4 x?).

5. A function f(x) is called even if it satisfies f(—x) = f(x) for all real x. For
example, cos(x) is even because cos(—x) = cos(x) for all x. Show that if the
initial conditions ¢(x) and ¥(x) for the wave equation are both even, then
the solution u(x, t) is even (in the x variable) for all time ¢. That is, show that
u(—x,t) = u(x,t).

6. Suppose that u(x,t) satisfies the wave equation uy = c?uyy. Let a be any
non-zero constant and define the dilated function v(x, t) = u(ax,at). Show

that v also satisfies the wave equation.

7. Solve the Cauchy problem

Upr — Cllyy = 0 (—o0 < x < 00),
u(x,0) =sinx,

u(x,0) = —sinx.

Express the solution as a product of two functions, one of which depends
on x and one of which depends on t. To do so, you may find the following
trigonometric identities useful:

sin(a 4+ B) = sinacos B+ cosasinB,  cos(a+ B) = cosacos B —sinasin f.
8. Consider the Cauchy problem

Up = Kllyy (—o0 < x < 0),

u(x,0) = ¢(x),

where ¢(x) is an even function. Show that the solution u will remain even in
x for all t > 0. In other words, show that u(—x,t) = u(x,t) for all t > 0.
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9. The function u(x,t) = 10 — x + 4t + 2x? is a solution of the heat equation
U; = Uyy. Find the locations of its maximum and minimum values on the
domain0 < x<2and 0 <t <8.

10. Show that u(x, t) = e Pt gatisfies the heat equation u; = kuyy if and only if

2x+4t §g a solution

—2x+4t

B = xa?. In the special case « = —2 and x = 1, note that e~

of uy = uyy. Find the maximum and minimum values of e over the

domain 0 < x <2 and 0 < t < 3. Do the Maximum/Minimum Principles
hold?

11. Unlike the heat equation, the wave equation uy = uy, does not obey a
Maximum Principle. Consider, for example, the function u(x,t) = sin(x +
t) + cos(x — t) on the domain 0 < x < T and 0 < t < F. Show that u(x,t)
satisfies the wave equation and find the maximum value of u(x, f) over the
given domain. Then, explain why you can conclude that the wave equation

does not obey the Maximum Principle.

12. Suppose that u(x,t) and v(x,t) are solutions of the heat equation on the
domain 0 < x < L and t > 0. Suppose that # < v both initially (t = 0) and at
both boundaries (x = 0 and x = L). Use the Maximum /Minimum Principle
to prove that u(x,t) < v(x,t) for all (x,t). Hint: Let w = v — u.

13. According to Lemma 10.3.1, we know that

/ e’ dr = VR
By making the substitution r = x/+/4«t, show that

/°° S(x,t)dx = 1 (t>0),

—00

where S(x,t) denotes the heat kernel.

14. Consider the Dirichlet problem

Up = Klyy (0<x<Landt>0)
u(x,0) = ¢(x) (0<x<L)

u(0,t) = g(t)
u(L,t) = h(t).
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Show that the solution u(x,t) is not sensitive to small changes in the right
boundary condition h(t).

15. Let r > 0 be a constant. The reaction-diffusion equation

Up — Klyy +1u =0 (—o0 < x < 0),

u(x,0) = ¢(x),

can be solved by making a substitution that converts it to the heat equation.
(a) Let v(x,t) = e"u(x,t). Show that v satisfies the heat equation v; = xvyy,
and obeys the same initial condition as u. (b) After quoting (10.23) to write
down a formula for v(x, t), find the solution u(x, t) of the original reaction-
diffusion problem.

16. Let ¢ > 0 be a constant. The advection-diffusion equation

U+ Cly = Klyy (—oo < x < ),

u(x,0) = ¢(x)

models concentration of a pollutant that diffuses while being transported with
constant speed c. In the absence of diffusion (i.e., ¥ = 0), the PDE reduces to
the simple transport equation which was solved in a previous chapter. From
our understanding of the transport equation, the reaction-diffusion equation
should simplify if we switch to a moving coordinate system. (a) Make the
substitution v(x,t) = u(x + ct,t) and show that v satisfies the heat equation.
(b) Set up and solve a Cauchy problem for v(x,t). (c) Use your formula from
Part (b) to write down the solution of the advection-diffusion equation.

17. Consider the Neumann problem for the heat equation:

Up = Klyy (0<x<L)
u(x,0) = ¢(x) (0<x<L)
ux(0,1) = g(t)
ux(L, t) = h(t).

The purpose of this problem is to show that, assuming a solution exists, it
must be unique. (i) Explain why we cannot use the Maximum /Minimum
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Principle to prove uniqueness as we did for the Dirichlet problem. (ii) Use the
energy method to prove that the solution really is unique.
18. The purpose of this exercise is to use the energy method to prove that if the

Dirichlet problem

Upt = CCllyy (0<x<L)
u(x,0) = ¢(x) (0<x<L)

ui(x,0) = ¢(x) (0<x<L)
u(0,t) = g(t)
u(L,t) = h(t)

for the wave equation has a solution, then the solution must be unique.

(a) Suppose that # and v are solutions of this Dirichlet problem. Show that
w = u — v satisfies the wave equation with w = w; = 0 initially and w = 0
on the boundaries.

(b) Define the energy function
Lk o 29
E(t) = 5/0 wi + c“wy dx.

Assuming that you are justified in differentiating under the integral sign,
show that

L L L
E'(t) = /0 wiwy + Cwywy dx = /0 wywy dx + cz/o WyWyt dx.

(c) Integrate wywy; by parts and show that
L
E'(t) = / wy {wtt—czwxx} dx = 0.
0

(d) Use the result from Part (c) to explain why E(t) = 0 for all t. Then,
explain why it follows that w(x,t) = 0 for 0 < x < L and all ¢. Finally,
conclude that u(x,t) = v(x,t), which means that the solution of the

Dirichlet problem is unique.
19. Use Duhamel’s Principle to derive formula (10.45), the solution of the inho-

mogeneous transport equation (10.44).
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20. Solve the Cauchy problem

ur + 8u, = xsint
1

M(X,O) - 1_._7}(2

21. Solve the Cauchy problem

Uy = czuxx + xt?
a2
u(x,0) =e*

u;(x,0) = 0.

How does the source term xt? affect the behavior of the solution? That is,
how does your solution compare with that of the associated homogeneous
problem?

22. Solve the Cauchy problem

uy = 4uyx + €
u(x,0) =0
ui(x,0) =0

and sketch the solution u(x,1) versus x. Note: If the source term e* were
absent, the solution would be u(x,t) = 0. Physically, this would correspond
to a stationary string in its equilibrium position. What effect does the source
term have on the displacement of the string?



CHAPTER 11

Initial-Boundary Value Problems

The infinite spatial domains considered in the previous chapter give insight
regarding the behavior of waves and diffusions. However, since such
domains are not physically realistic, we need to develop new techniques for
solving PDEs on bounded domains. As a first step towards solving the heat and
wave equations over finite spatial domains (such as the interval 0 < x < L in
one space dimension), we will solve these equations on “semi-infinite” domains

whose boundaries consist of one point.

11.1. Heat and Wave Equations on a Half-Line

Heat Equation: Dirichlet Problem. We begin by solving the homogeneous
Dirichlet problem for the heat equation on the interval 0 < x < oo; that is,

Up = Klyy (0 < x < 00) (11.1)
u(x,0) = ¢(x) (0 < x < o0) (11.2)
u(0,t) =0 (t >0). (11.3)

The homogeneous boundary condition is quite important for the solution tech-
nique that follows. In the context of heat transfer within a “one-dimensional”
wire, this Dirichlet boundary condition is analogous to immersing the x = 0 end
of the wire in a bath of ice water with temperature zero degrees Celsius.

We will solve the homogeneous Dirichlet problem (11.1)-(11.3) using a reflection
method, temporarily extending our spatial domain to the entire real line and
solving a Cauchy problem instead. By quoting the formula for the solution

297
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¢ (x) ®odd (X)

AN A
Y

Figure 11.1. [llustration of the odd extension of a function ¢(x).

of the Cauchy problem in the preceding chapter, we will obtain the solution
of (11.1)—(11.3) by restricting ourselves to the original spatial domain.

First, recall that a function f(x) of a single variable is called odd if it has the
property that f(—x) = —f(x) for all real x. Examples of odd functions include
sin(x) and x3. If f is an odd function, notice that f(0) = f(—0) = —f(0), which
implies that f(0) = 0. Now, referring to the initial condition (11.2) above, we
define the odd extension of ¢(x) as

¢(x) ifx>0
Podd(¥) = { —¢(—x) ifx <0
0 if x =0.

By construction, ¢oqq is an odd function and is defined for all real x (see Fig-
ure 11.1). Now consider the Cauchy problem

UVt = KUy (—o0 < x < 00)

0(x,0) = Podd(x) (-0 <x <o0).

From the previous chapter, we know that the solution is given by the convolution
of the heat kernel S(x, f) with the initial condition:

o)

o5, t) = (Sxgoaa)(6t) = [ S(r—v,goaalv) dy.

—0o0

We claim that the restriction of v(x,t) to the domain x > 0 is the solution of
the Dirichlet problem (11.1)—(11.3). To see why, we need to verify that all three

conditions of our Dirichlet problem are satisfied. Certainly v(x, t) satisfies the
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same PDE as u(x, t) on the domain x > 0. The initial conditions also match on
that domain, because v(x,0) = ¢(x) = u(x,0) whenever x > 0. Checking the
boundary condition requires a bit more care. As an exercise, you should verify
that since the initial condition for v(x, f) is odd, then the solution v(x, t) will
remain odd for all + > 0. That is, v(—x,t) = —ov(x, t) for all + > 0. By our earlier
remarks on odd functions, this implies that v(0,¢) = 0 for all t > 0. It follows
that v automatically obeys the homogeneous Dirichlet boundary condition that
we imposed on u. Since u(x,t) and v(x, t) satisfy the heat equation with the same
initial and boundary conditions on the domain x > 0 and ¢ > 0, we conclude (by
uniqueness) that u(x,t) = v(x, t) on that domain.

Now that we have proved that the restriction of v(x, f) to the domain x > 0
is the solution of the Dirichlet problem (11.1)—(11.3), we can give an explicit
formula. The piecewise definition of ¢oqq suggests that we split the region of
integration as

oot) = [ Sy oaaty) dy + [ S0y uaaly)

Using the definition of ¢yq4,

0

oxt) = [TS—vewdy — [ Sx-un9(-v)dy,

and substituting w = —y in the second integral yields

v(x,t) = /OOOS(x—y,t)gb(y)dy + LjS(x%—w,t)cp(w)dw.

Reversing the limits of integration in the second integral, we have

geel

v(x,t) = /OOOS(x—y,t)gb(y) dy — ./0 S(x+w,t)p(w) dw.

Since w is simply a dummy variable of integration, we may revert to using y

instead. Combining the two integrals,

o(vt) = [I8(x=u,0) = SCr+y,Dlp) dy.
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Finally, writing out the heat kernel S explicitly, we have shown that the solution
of the Dirichlet problem (11.1)—(11.3) is given by

\/4% /(;OO [e—(x—y)2/4xt B e_(Hy)Z/“ﬂ ¢(y) dy (11.4)

for t > 0. Note that the integral is taken over the entire spatial domain.

u(x,t) =

In deriving (11.4), it was very important that the boundary condition at
x = 0 was homogeneous. Otherwise, the solution v(x, t) of the auxiliary Cauchy
problem would not have automatically satisfied the boundary condition (11.3)
for u(x, t). Fortunately, given a more general Dirichlet condition u(0,t) = g(t),
it is still possible to use the odd reflection technique. The idea is to make a
special substitution w(x,t) = u(x,t) — g(t) that converts the inhomogeneous
boundary condition into a homogeneous one. It turns out that w then satisfies an
inhomogeneous heat equation which can be solved via yet another substitution

(see exercises).

Example 11.1.1. To understand the effect of the homogeneous Dirichlet boundary
condition, let us compare the solution (10.23) of the Cauchy problem for the heat
equation with formula (11.4) for a special choice of initial condition. Namely, if
we use the constant heat distribution ¢(x) = 1, then the solution of the Cauchy

problem would be

u(ot) = (S*@)xh) = [ s-yndy,

where S denotes the heat kernel. From a past exercise, we know that the integral
of the heat kernel over the entire real line is precisely 1 for all t > 0. Therefore,
the solution of the Cauchy problem with this initial condition is u(x,¢t) = 1
for all real x and t > 0. This makes perfect sense, because we would expect a
perfectly uniform initial heat distribution to remain uniform for all time ¢.

Now suppose we restrict ourselves to a half-line and impose a homogeneous
Dirichlet condition at x = 0:

Up = Kllyy (0 < x < o)
u(x,0) =1 (0 < x < )
u(0,t) =0 (t>0).
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X t=2.0
3
t=05
t=0.0
0
0 « 5

Figure 11.2. Solution of (11.1)—(11.3) with constant initial heat distribu-
tion ¢(x) = 1.

By formula (11.4), the solution is

u(x, t) = /OOOS(x—y,t) — S(x+y,t)dy. (11.5)

Unlike the solution of the Cauchy problem, this integral is not identically equal
tol forall x > 0 and t > 0. In fact, the integral (11.5) cannot be evaluated
explicitly (although it can be written in terms of the standard error function). A
graph of the function u(x, t) from (11.5) is shown in Figure 11.2. The “cooling”
effect of the boundary condition is felt over a progressively wider region near
the boundary.

Heat Equation, Neumann Problem. The homogeneous Neumann problem for
the heat equation on a half-line is given by

Up = Klyy (0 < x < o0) (11.6)
u(x,0) = ¢(x) (0 < x < o0) (11.7)
uy(0,£) =0 (t>0). (11.8)

The boundary condition (11.8) states that the spatial gradient of u is o at x = 0.
Hence, there is no heat flux across the boundary, which is analogous to insulating
the x = 0 end of the wire to prevent “leakage” of heat. Physically, this is very

different from the homogeneous Dirichlet condition that we considered earlier.
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q) (X) q) even (X)
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|

Figure 11.3. [llustration of the even extension of a function ¢(x).

Solving (11.6)—(11.8) is accomplished by a similar reflection method as the one
we developed for the Dirichlet problem. However, using an odd extension of
¢(x) will not necessarily preserve the boundary condition at x = 0. Instead, we
will introduce the even extension of ¢(x), which is defined as

Peven(X) = {¢<x) ?f x>0
$(—x) ifx<O.

This concept is illustrated in Figure 11.3. Notice that if ¢(x) has a right-hand
derivative of 0 at x = 0, then the even extension is differentiable at x = 0
and satisfies ¢ Lyen(0) = 0. To solve our Neumann problem, follow a similar
procedure as before: (1) Solve the Cauchy problem using ¢even as the initial
condition. (2) Argue that the solution of the Cauchy problem must remain even
for all t > 0 since the initial condition was even. (3) Show that restricting the
solution of the Cauchy problem to the domain x > 0 yields the solution of the
Neumann problem. By following this procedure, you will find that the solution
of (11.6)—(11.8) is given by

u(x,t) = /f[ (=) + S(e 0190

(11.9)
(x—y)?/4xt +e —(x+y) /4Kt:| (P(y) dy

VAarnkt

Notice that the only difference between the solutions (11.4) (Dirichlet problem)
and (11.9) (Neumann problem) is the sign that appears in the integrand.
Again, we remark that the method of even reflection relied upon the fact

that the Neumann boundary condition (11.8) was homogeneous. Given the
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more general Neumann condition u,(0,t) = g(t), we can make a substitution
w(x,t) = u(x,t) — xg(t). Then w(x, t) will satisfy the homogeneous Neumann
condition wx(O,t) = 0. Although this substitution improved the boundary
condition, it has the unfortunate side-effect that w satisfies an inhomogeneous heat
equation. You will learn how to solve the inhomogeneous Neumann problem as
an exercise.

Wave Equation, Dirichlet Problem. The homogeneous Dirichlet problem for
the wave equation on a half-line is given by

Upt = CCllyy (0 < x < o0) (11.10)
u(x,0) = ¢(x) (0 < x < o0) (11.11)
ur(x,0) = ¢(x) (0 < x < o0) (11.12)
u(0,t) =0 (t>0). (11.13)

Recall that the two initial conditions correspond to the initial displacement and
velocity of a vibrating string. The Dirichlet condition requires that the boundary
of the string remain stationary in the equilibrium position.

As with the homogeneous Dirichlet problem for the heat equation, we will use
the method of odd extension. Define

¢(x) ifx>0 P(x) ifx>0
Podd(X) = { —p(—x) ifx<0 and Pogq(x) = ¢ —p(—x) ifx<0
0 ifx=0 0 ifx=0

and consider the Cauchy problem

O = CP0xx (=00 < x < 00)
0(x,0) = Poaa(x) (-0 <x <o)

0t(%,0) = Podd(x)  (—o0 < x <o0).

Once again, we claim that the restriction of v(x,t) to the domain x > 0 is the
solution of the Dirichlet problem (11.10)—(11.13). Certainly u and v satisfy the
same PDE and initial conditions on the domain x > 0, so it remains to check that
v automatically satisfies the boundary condition (11.13) on u. However, we know
that v will remain odd for all ¢ because the initial conditions ¢,qq and 44 are
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odd functions (exercise). This implies that v(0,¢) = 0 for all t, which is precisely
what we need at the boundary.
The solution of the Cauchy problem is provided by D’Alembert’s formula:

1 1 x—+ct
o(x,t) = 5 [goaalx+ct) +hoaalx =] + 53 [ poaals)ds. (1114)

In order to recover the solution of (11.10)—(11.13), we must restrict this solution
to x > 0 and express the solution in terms of ¢ and i (rather than ¢,4qq and ¢o4q)-
We must exercise caution—even if x > 0 and t > 0, it is possible that x — ¢t < 0.
This would mean that the integral term in (11.14) is referencing points that lie
outside the spatial domain, a situation that we need to avoid. We will proceed
by considering several cases.

Case 1. Suppose that x — ct > 0 and x + ¢t > 0. Then the domain of integration
in formula (11.14) lies entirely within the spatial domain of our Dirichlet problem.
Moreover, we know that ¢oq4(x) = ¢(x) and Poqq(x) = ¥ (x) for x > 0. Hence,
the solution of the Dirichlet problem is given by

N~

1 x+-ct
u(x,t) = < [p(x+ct) +¢p(x —ct)] + Z—C/x P(s)ds. (11.15)

—ct

Notice that, in this case, formula (11.15) is identical to D’Alembert’s formula
for the solution of the Cauchy problem. This is explained easily if we recall the
notion of the domain of dependence for u(x, t). Since we have assumed that both
x — ct and x + ct are positive, the boundary x = 0 has no influence on u(x, t). This
is a consequence of the finite propagation speed c, as illustrated in the left panel
of Figure 11.4. Assuming ¢ > 0 as illustrated in the Figure, the value of u(x,t) is
only impacted by the initial conditions within the interval [x — ct, x + ct]. Since
the interval avoids the boundary in this case, the boundary condition cannot
possibly influence the behavior of u at the point (x, t).

Case 2. Suppose that x —ct < 0 and x +ct > 0. This time, formula (11.14)
references points that lie outside the spatial domain (x > 0) of our Dirichlet
problem. Writing the solution in terms of ¢ and ¢ requires more care in this case.
Since x — ¢t < 0, we can write ¢oqq(x — ct) = Poqa(—(ct — x)) = —¢(ct — x).
Next, we must write the integral term in (11.14) in such a way that the interval
of integration does not include negative values. The idea is to split the integral
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Figure 11.4. Examples of domains of dependence for u(x, t), the solu-
tion of the homogeneous Dirichlet problem (11.10)—(11.13). Left panel:
Domain of dependence of (x, t) assuming that t > 0 and both x £ ¢t > 0.
Right panel: Domain of dependence of (x, t) assuming that ¢ > 0 and
x—ct <0<x+ct

as follows:

1 x+ct 1 0 X+ct
oo [ o) ds = o [ daa()ds + oo [ goaals) ds

—ct

Referring to the definition of ¢,q4, we can rewrite this equation as

1 x+-ct d 1 0 d 1 x+ct d
2o | weaals)ds = o [ —p(=s)ds + o [ pls) s

Substituting w = —s gives

1 x+ct d 1 0 d x+-ct
— s)ds = — w + —/
5 | teaa(s)ds = 5o [ p(w)

and since s and w are merely dummy variables of integration, we can now

combine the integrals as

1 x+ct 1 x—+ct
E/ Podd(s)ds = E/ctfx P(s) ds.

x—ct

In summary, we have now shown that if x — ct < 0 < x + ct, then the solution of
the Dirichlet problem (11.10)—(11.13) is

1 x+-ct
[p(x+ct) — p(ct —x)] + ?C/ct—x P(s) ds. (11.16)

N~

u(x,t) =
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Formula (11.16) differs from D’Alembert’s formula. Interaction with the bound-
ary forced us to “reflect” the negative quantity x — ct, expressing the solution
in terms of the positive quantity ct — x. This reflection off the boundary is
illustrated in the right panel of Figure 11.4. The shaded region shows the domain
of dependence for a point (x, t) with t > 0.

It is certainly possible to consider other possibilities, such as x £ ¢t < 0.
However, given that our spatial domain is x > 0 and ¢ > 0, such situations could
only occur for negative time t. Although it is perfectly reasonable to solve the
wave equation for negative t (contrast this with the heat equation), we will leave
the details of the x & ct < 0 case to the reader.

Wave Equation, Neumann Problem. The homogeneous Neumann problem for

the wave equation on a half-line is given by

U = czuxx (0 <x< 00)
u(x,0) = ¢(x) (0 < x < o0)
u(x,0) = ¢(x) (0 < x < o0)
uz(0,t) =0 (t=0).

Physically, the boundary condition is a bit more difficult to interpret than a
homogeneous Dirichlet condition. Instead of holding the x = 0 end of our
vibrating string completely stationary, it is free to move transversely. Moreover,
there is no tension at that end of the string. To solve this Neumann problem,
define the even extensions of ¢ and ¢ and convert it to a Cauchy problem as
before. Writing the solution involves several cases according to the signs of x + ct

and x — ct.

11.2. Separation of Variables

Henceforth, we will solve PDEs on finite spatial domains. Since we generally work
in one spatial dimension, we have in mind a finite interval 0 < x < L, where L is
a positive constant. The boundary of the domain consists of two points (x =0
and x = L), and we shall impose boundary conditions at both of these points.
In the context of the wave equation, L is the length of our vibrating string. For
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the heat equation, L would represent the length of the wire within which heat
diffuses longitudinally.

The inclusion of a second boundary point prevents us from recycling the
reflection methods introduced in the previous section—those methods only
apply to semi-infinite domains with a single boundary point. Instead, we will
develop a completely different approach known as separation of variables. To
motivate this technique, let us recall a specific example discussed in a previous
chapter. After deriving D’Alembert’s formula, we solved the Cauchy problem
upy — c?uyy = 0 with initial displacement ¢(x) = cos(x) and initial velocity
P(x) = —cos(x). By creative use of trigonometric identities, we were able to

express the solution in the form
1 .
u(x,t) = cos(x) |cos(ct) — - sin(ct) | .

The solution is written as a product of two functions: a function of x only
and a function of f only. The fact that we were able to “separate” the spatial
and temporal parts of the solution made it considerably easier to visualize the
dynamics.

The idea of the separation of variables technique is to seek special separated
solutions of the form u(x,t) = X(x)T(t), where X and T are functions only of
the spatial and temporal variables, respectively. By finding enough separated
solutions of a linear homogeneous initial-boundary value problem, we will be
able to construct the general solution via superposition.

11.2.1 Wave Equation, Dirichlet Problem. We illustrate the method of separa-

tion of variables by solving the homogeneous Dirichlet problem

U = iy (0<x<L) (11.17)
u(x,0) = ¢(x) (0<x<L) (11.18)
u(x,0) = P(x) (0<x<L) (11.19)

u(0,¢£) =0 (t>0) (11.20)
u(L,t) =0 (t>0). (11.21)
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Physically, the two Dirichlet boundary conditions indicate that the ends of our
vibrating string must remain stationary for all ¢, which is precisely what we
would envision for a vibrating guitar string.

Step 1: Separate the variables. The first step in attacking this problem is to seek
non-trivial* separated solutions u(x, t) = X(x)T(t) which satisfy the PDE (11.17)
and both boundary conditions (11.20)—(11.21). Substituting u(x,t) = X(x)T(t)
into the wave equation (11.17), we obtain

X(x)T"(t) = X" (x)T(¢t).

We are now able to use primes to denote differentiation, since X and T are
each functions of one variable. By algebra, we may separate the time and
space-dependent parts of this equation:
X// T/I
X T
Notice that the left-hand side is a function of x only, whereas the right-hand side
is a function of t only. The only way for such functions to be identically equal is
if both functions are equal to a common constant. Denoting this constant by —A,
where the negative sign is included for later convenience, we have
X// T//
- = 5= = —A
X 2T
Equivalently, we have obtained a pair of two second-order, linear constant-
coefficient ODEs:

X"+AX =0 and T"+AT = 0. (11.22)

The fact that we are now dealing with ODEs echoes a recurring theme: seeking

special solutions of PDEs often reduces the PDE to an ODE.

Step 2: Boundary conditions. The boundary conditions (11.20)—(11.21) will
impose special requirements on the X equation in (11.22). Combining u(x,t) =
X(x)T(t) with the fact that u(0,t) = 0 for all time ¢, it follows that X(0)T () =0
for all time . There are two ways this could happen: either X(0) =0or T(t) =0

1That is, we wish to exclude the constant solution u(x, ) = 0.
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for all t. The latter possibility is not interesting, because if T(t) = 0 for all ¢,
then u(x,t) = X(x)T(t) = 0, the trivial solution. Hence, the boundary condition
u(0,t) = 0 implies that X(0) = 0. A similar argument shows that the boundary
condition u(L, t) = 0 forces X(L) = 0.

Step 3: Solve the equation subject to these boundary conditions. We wish to
seek non-trivial solutions of the two-point boundary value problem

X"+AX =0, and X(0)=0= X(L). (11.23)

The form of the solutions will depend upon the sign of A, and there are three
possibilities.

Case 1: A < 0. We claim that if A < 0, then the boundary value problem (11.23)
has no non-trivial solutions. To see why, suppose that A = —p2 where g > 0.
(Introducing B is solely for the purpose of making the solutions look cleaner.)
The oDk for X becomes

X" - B?X = 0.

The associated characteristic equation is m? — ,52 = 0, which has distinct, real
roots m = . The general solution of this ODE is therefore

X(x) = Ce P* 4 Def?, (11.24)

where C and D are arbitrary constants. To solve for C and D, we must incorporate
the boundary conditions. Using X(0) = 0 yields 0 = C + D, and using X(L) =0
yields 0 = Ce PL 4 DePL. Since D = —C, the latter equation can be written as

C [e_ﬁL —eﬁL} = 0.

We may exclude the possibility C = 0, because that would force D = 0, implying
that X(x) = 0 and ultimately leading us to the trivial solution. If C # 0, then
e PL — el = 0. Multiplying both sides by efl and rearranging terms yields
e?PL = 1. However, this equality is impossible because 28L is positive, which
would force e?PL > 1.

Case 2: A = 0. The boundary value problem (11.23) also has no non-trivial
solutions if A = 0. In this case, the X equation reduces to X" = 0. It is easy to
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solve this ODE, integrating twice to obtain the general solution X(x) = Cx + D.
The only way this linear function can possibly satisfy the boundary conditions
X(0) = 0and X(L) = 0is if C = D = 0. This means that X(x) = 0 and,
consequently, that u(x,t) = X(x)T(t) = 0 as well. Unfortunately, we have yet to
produce a single interesting solution of our PDE and boundary conditions, but
our luck is about to change.

Case 3: A > 0. Now assume that A = g where g > 0. (Again, introducing B is
merely for convenience.) The boundary value problem (11.23) becomes

X"+B*X =0, and X(0)=0=X(L).

The characteristic equation for the oDE is m? + 82 = 0, which has pure imaginary
roots m = %Bi. Therefore, the general solution of the ODE is

X(x) = Ccos(Bx) + Dsin(pBx),

where C and D are constants. The boundary condition X(0) = 0 implies that
C = 0, and we are left with X(x) = Dsin(Bx). The other boundary condition
X(L) = 0 implies that Dsin(BL) = 0. One possibility is D = 0, but this would
lead to the same trivial solution that we are trying to avoid. Fortunately, there
is a much more interesting possibility: sin(BL) = 0 if B is chosen appropriately.
We know that B > 0 by assumption, and L > 0 since it represents the length of
our spatial domain. Therefore, if

BL = nm (n=1,23,...),

then we will have found non-zero solutions of the X equation that satisfy both
boundary conditions. In order to index the solutions, let us define

nm
,anf, An = B2 (n=1,2,3,...)

and

Xu(x) = Dpsin(Byx) = Dysin (?) (n=1,23...), (11.25)
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where D,, are arbitrary constants. The functions X, (x) form the set of all possible
solutions of the boundary value problem (11.23).
Now that we have solved the X equation in (11.22), let us turn our attention to

T + A2T = 0.

In light of the above calculations, we are only interested in the solution for special

choices of A, namely for A, = 2. The equation

2,2
I+ 53T =0 (1=1,23,..)

has characteristic equation

The roots

e ()

are pure imaginary, and therefore the solutions of the T equation have the form

nrct nrct

Tu(t) = E,cos (L) + F, sin (L) (n=1,23,...). (11.26)
Here, E,; and F, are arbitrary constants.

Step 4: Building the general solution. We will now attempt to build the set
of all possible functions that simultaneously satisfy the PDE (11.17) and the
boundary conditions (11.20)—(11.21). The initial conditions will be incorporated
later. Now that we have found all non-trivial solutions X, (x) and T, (t) of the
ODEs (11.22) and boundary conditions, recall that u(x,t) = X(x)T(t). Thus, the
functions

up(x,t) = Xu(x)T,(t) (n=1,23,...) (11.27)

are solutions of the original PDE (11.17) which also satisfy both boundary condi-
tions (11.20)—(11.21). Since the wave equation (11.17) is linear and homogeneous,
the Superposition Principle 8.1.12 states that any finite linear combination

N
Z Gniin(x, 1)

n=1
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(G, are constants) is also a solution of the PDE and its boundary conditions.
Surprisingly, we can say much more: the general solution of the PDE and its
boundary conditions is given by the infinite sum

Z G?’luﬂ (x/ t)/
n=1

provided that this series converges in some sense. Understanding why this infinite
series represents the general solution of the PDE with its boundary conditions
requires some effort and is [part of] the subject of the next chapter. For the
moment, we will proceed formally, assuming that this infinite sum really does
represent the solution we seek. Justification will be provided later.

Recalling the definition of u,(x, t), we have claimed that the general solution
of the wave equation (11.17) with its two boundary conditions (11.20)—(11.21) is
given by

Y Guttn(x,8) = ¥ GuXu(x) Ty (1)
n=1 n=1

ad nrct . [ nmct . (NTIX
= lGn [En cos( T ) + F,sin (L)} D, sin (T) .

n=

Products of arbitrary constants can be combined to make the solution a bit more
concise: let A, = G,E;D,, and B,, = G, F,,D,, to obtain

u(x,t) = i [An cos (mzct) + B, sin (T)} sin (%) . (11.28)

n=1

Step 5: Use the initial conditions. Armed with the general solution (11.28) of
the wave equation and its two Dirichlet boundary conditions, the final step is to
incorporate the initial conditions. Since u(x,0) = ¢(x), setting t = 0 in (11.28)
yields

@) (11.29)

e}
¢(x) 1; A, sin ( T
Equation (11.29) may seem troubling and confusing at first: it says that our
initial displacement ¢ must be a sum of sine waves with various frequencies
and amplitudes. However, we never made any assumptions on ¢(x) when we
posed our original Dirichlet problem. Would it be a severe restriction to allow

only those initial conditions ¢(x) which have special sine series representations
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of the form (11.29)? How “big” is the class of functions that have sine series
representations? If a function ¢(x) has such a representation, is there a systematic
way to determine constants A,? Luckily, the answers to these three questions
are “No”, “Very Big”, and “Yes”, respectively. These issues will be studied in
greater depth during the next chapter.

To use the other initial condition u¢(x,0) = ¢(x), we must formally differen-
tiate the solution (11.28) with respect to ¢:

i) = 5[ avin (") + o (75 s (7).

n=1

Now setting t = 0,

s nre (nmc)
)

P(x) = u(x,0) = Z By~ sin
n=1
As with the other initial condition, we have found that ¢(x) would need to have
a special sine series representation in order for us to declare victory over the
Dirichlet problem (11.17)-(11.21). To summarize: IF there exist constants A, and
By, such that the initial conditions ¢(x), {(x) can be represented as convergent
sine series
= . (N7 = _ NTIC . (NTX
p(x) = Z Ay sin (T) and P(x) = Z B"T sin (T)
n=1 n=1

on 0 < x < L, then the solution of the Dirichlet problem (11.17)—(11.21) is given
by Equation (11.28) above. Series of this form are called Fourier sine series, and

we will learn more about them in the next chapter.

11.2.2 Heat Equation, Dirichlet Problem. The homogeneous Dirichlet problem
for the heat equation is given by

Up = Klyy (0<x<L) (11.30)
u(x,0) = ¢(x) (0<x<L) (11.31)
u(0,t) =0 (t>0) (11.32)
u(L,t) =0 (t>0). (11.33)
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Physically, this models the transfer of heat within a wire of length L, with initial
temperature distribution ¢(x) and with both ends of the wire in contact with
zero-degree blocks of ice. We will follow the same steps used to solve the
Dirichlet problem for the wave equation.

Step 1: Separate the variables. Substituting u(x,t) = X(x)T(t) into the PDE in
equation (11.30), we have XT’ = «X”T. By algebra,

X// T/
X T xT
As before, the only way a function of x could be identically equal to a function
of t is if both expressions are equal to a common constant:
X// T/
X Tk N
Equivalently, we have a system of two ODEs:

X"4+AX =0 and T +AxT =0.

Step 2: Boundary conditions. Using the fact that u(x,t) = X(x)T(t), the homo-
geneous Dirichlet boundary conditions (11.32)-(11.33) yield 0 = X(0)T(¢) and
0 = X(L)T(t). One possibility is T(t) = 0, but this would lead us to the trivial
solution u(x,t) = 0. Hence, we may focus on the more interesting possibility
that both X(0) = 0 and X(L) = 0.

Step 3: Solve the equation subject to these boundary conditions. Notice that
X satisfies the same two-point boundary value problem (11.23) that we encoun-
tered while solving the Dirichlet problem for the wave equation. As before, if
A < 0 there are no solutions. For A > 0, it is convenient to let A = ﬁz where
B > 0. The general solution of X" + f2X = 0is X(x) = Ccos(Bx) + D sin(Bx),
where C and D are constants. Using the boundary condition X(0) = 0 yields
C = 0, and the boundary condition X(L) = 0 yields Dsin(BL) = 0. We may
assume D # 0, because otherwise X(x) is identically zero and we are led to the
trivial solution of the ppE. Thus, sin(BL) = 0, and since both > 0 and L > 0, it
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must be the case that L is a positive integer multiple of 7. Define

_ nm _ g2 _ (M2 _
Bn = T = B ( L) (n=1,23...),
and
X,u(x) = Dysin(Bux) = Dnsin(n—:x) (n1=1,2,3,...).

The functions X, (x) satisfy the boundary value problem (11.23). With these
special choices of A in mind, we return to the T equation

T' + AT = 0.

Replacing A with A,

nmy 2

T’+K(T) T =0 (n=1,23,...),

a first-order constant-coefficient oDE. By separation of variables, the solutions
are
To(t) = Ene (/L) (n=1,23,...),

where E,, are constants.
Step 4: Building the general solution. Since u(x,t) = X(x)T(t), let us define
nmx

un(x,t) = Xu(x)Tu(t) = Aysin (T) e—xm/LPt

where A, = D,E, are constants. Each function u,(x, t) satisfies the PDE (11.30)
and both of its Dirichlet boundary conditions (11.32)—(11.33). The general solu-
tion of the PDE with its boundary conditions is given by

u(x,t) = ) Aysin (%) e K(nm/L)*t (11.34)
n=1

Step 5: Use the initial condition. Finally, it remains to use the initial condi-
tion (11.31). Setting f = 0 in our formula for u(x, t), we have

iA sin (nnx) .
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Thus, formula (11.34) is the solution of the Dirichlet problem (11.30)—(11.33)
provided that the initial condition ¢(x) has a Fourier sine series representation
on the interval 0 < x < L. Given a specific choice of initial condition ¢(x), we
will soon learn how to determine the values of the Fourier coefficients A,,.

In solving the homogeneous Dirichlet problems for the heat and wave equa-

tions, we encountered the two-point boundary value problem

Note the similarity between the differential equation

d2
—@X = AX
and the matrix equation Av = Av. The operator —;722 takes the place of the
matrix A, and the function X(x) takes the place of the vector v. For certain
special choices of A, namely A, = (n7t/L)?, the boundary value problem has
non-zero solutions X. By analogy with linear algebra jargon, the numbers A, are
called eigenvalues and the functions X,,(x) = sin(nmx /L) are called eigenvectors
or eigenfunctions for the operator —f—;. The problem —‘327}2( = AX is called an
eigenvalue problem. Notice that in this case, there are infinitely many eigenvalues.
5‘1—; is an infinite-dimensional linear
operator. Much of the branch of mathematics known as functional analysis

Unlike a square matrix A, the operator —

involves extending various notions from linear algebra to infinite-dimensional
settings.

Example 11.2.1. Suppose r # 0 is a constant. Solve

Up = Kllyy — TU (0<x<L) (11.35)
u(x,0) = ¢(x) (0<x<L) (11.36)
u(0,£) =0 (t>0) (11.37)
u(L,t) =0 (t>0). (11.38)

Solution: This is a homogeneous Dirichlet problem. The —ru term in the PDE
is known as a reaction term, and the PDE itself is an example of a reaction-
diffusion equation. We will solve the PDE by separation of variables: substituting
u(x,t) = X(x)T(t) into (11.35) yields XT' = xX"T — rXT. Some algebra will
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help us isolate the quantity X" /X as in the previous examples. This time, we

find that
Xi” T +rT _ s
X  «xr

where, as usual, —A is a constant. Solving the equation X" + AX = 0 subject

to the boundary conditions (11.37)—(11.38) follows precisely the same steps as
before. The only values of A for which the eigenvalue problem

X"+AX =0, X(0) =0=X(L)
has non-zero solutions are the eigenvalues

Ay = ("T”)Z (n=1,23,...).

The corresponding eigenfunctions are

nmnx

Xu(x) = sin (T) (n1=1,2,3,...).

That is, the only non-trivial solutions of the eigenvalue problem are scalar
multiples of these functions X, (x).

It remains to solve the T equation T’ + rT = —A«T using the special A values
(the eigenvalues) we found above. The first-order constant-coefficient ordinary
differential equation T’ = (—Ax — r) T has solution

T(t) _ Ce(f)ucfr)t’
where C is a constant. Using the eigenvalues A = A;, we are led to define
Tu(t) = Cye e Mkt — Cne_”e_"(’m/mzt (n=1,23,...).

Finally, we build the general solution by defining u,(x,t) = X,(x)T,(t) and
summing;:

u(x, t) = Y Buun(x,t),
n=1
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where B, are constants. Inserting our expressions for X, and T, into this

summation and abbreviating A, = B, Cy,

u(x,t) = e ™Y Aysin (%) e K(nm/L)*t (11.39)

n=1

is the general solution of the PDE (11.35) with boundary conditions (11.37)-
(11.38).
The final step is to use the initial condition (11.36) by setting t = 0 in (11.39).
The result is .
. (NTX
p(x) = ’;An sin (T) ,
implying once again that our initial condition ¢(x) must have a Fourier sine
series representation.

Take a moment to compare the solutions of the Dirichlet problem for the
heat equation (11.30)—(11.33) and the Dirichlet problem for the reaction-diffusion
system (11.35)—(11.38). The only difference between the PDEs (11.30) and (11.35)
is the presence of the reaction term —ru in the latter equation. By comparison,
the only difference between the solutions (11.34) and (11.39) is the presence of
the et factor in the latter formula. The solution of u; = ki, — ru blends the
solutions of the heat equation u; = xuy, with the [exponential] solutions of the
ODE u; = —ru. Roughly speaking, the two terms on the right hand side of (11.35)
seem to act independently of one another, and the overall solution is a hybrid of
the behaviors we would see if either term were absent.

11.2.3 Wave Equation, Neumann Problem. The homogeneous Neumann prob-
lem for the wave equation is given by

U = CPllyy (0<x<L) (11.40)
(x,0) = ¢(x) (0<x<L) (11.41)
u(x0) = p(x)  (O<x<L) (11.42)

ux(0,t) =0 (t>0) (11.43)
ux(L,t) =0 (t>0). (11.44)
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Until we incorporate the boundary conditions, the procedure used to solve this
Neumann problem is identical to how we solved the Dirichlet problem (11.17)-

(11.21).

Step 1: Separate the variables. Seeking separated solutions u(x,t) = X (x)T(t)
of the PDE (11.40) leads to

X// T//
_— = —— = —)Ll
X 2T
where A is a constant. The pair of ODEs
X"+AX =0 and T'+APT =0 (11.45)

is the same pair that we encountered when solving the Dirichlet problem for the

wave equation.

Step 2: Boundary Conditions. Although the oDE for X is quite familiar, the
boundary conditions will be different this time. Since u(x, ) = X(x)T(t), note
that uy(x,t) = X'(x)T(t). Thus, the Neumann conditions (11.43)—-(11.44) give

0 = u(0,) = X'(0)T() and 0 = uy(Lt) = X'(L)T(t).

These conditions are certainly satisfied if T(t) = 0, but this would result in
the trivial solution u(x,t) = X(x)T(f) = 0. Instead, it must be the case that
X'(0) =0 = X'(L).

Step 3: Solve the equation subject to these boundary conditions. We must

seek non-trivial solutions of the eigenvalue problem
X" = —AX and X'(0)=0= X'(L). (11.46)

The form of the solutions will depend upon the sign of A, and there are three
possibilities.

Case 1: A < 0. We claim that there are no negative eigenvalues—i.e., if A <0
then the boundary value problem (11.46) has no non-trivial solutions. Suppose
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that A = —p? where 8 > 0. The oDE
X" — g*X = 0.

has associated characteristic equation m? — g2 = 0, which has distinct, real roots
m = £. The general solution of this ODE is therefore

X(x) = Ce P¥ 4+ Def*,
where C and D are arbitrary constants. Differentiating this expression yields
X'(x) = —BCe F* + BDeP*.
The boundary condition X’(0) = 0 tells us that
0=—BC+BD

and, since B > 0, we conclude that C = D. The other boundary condition states
that
0= X'(L) = —pCe PL 4 pDePL.

Since 8 > 0 and C = D, this equation reduces to Ce Pl = CePL. We may assume
that C # 0, because otherwise we would have D = 0 as well, implying that
X(x) = 0 and ultimately leading to the trivial solution u(x,t) = 0. Therefore,
e PL = ePL, or equivalently e?PL = 1. However, since 8 and L are positive, it is

impossible for e?PL

= 1. Thus, there are no negative eigenvalues.

Case 2: A = 0. Unlike the homogeneous Dirichlet problems we solved in
previous subsections, A = 0 actually is an eigenvalue—i.e., the boundary value
problem (11.46) does have non-trivial solutions if A = 0. Integrating the equation
X" = 0 twice, the general solution is X(x) = C + Dx and its derivative is
X'(x) = D. The boundary conditions X'(0) = 0 and X'(L) = 0 imply that
D = 0, but there are no restrictions on C. Any constant function X(x) = constant
will satisfy (11.46) if A = 0. In particular, Xo(x) = Cp is an eigenfunction
corresponding to the eigenvalue A = 0. The corresponding solution Ty(t) of the
T equation in (11.45) will be obtained later.
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Case 3: A > 0. Now assume that A = g2 where g > 0. (Again, introducing B is
merely for convenience.) The boundary value problem (11.23) becomes

X"+ X =0, and X'(0)=0=X'(L).

The characteristic equation for the oDE is m? 4 82 = 0, which has pure imaginary
roots m = %pi. Therefore, the general solution of the ODE is

X(x) = Ccos(Bx)+ Dsin(Bx),
where C and D are constants, and its derivative is
X'(x) = —BCsin(Bx) + BD cos(Bx).

The boundary condition X’(0) = 0 implies that D = 0, from which our expres-

sions for X and X’ reduce to
X(x) = Ccos(Bx) and X'(x) = —BCsin(Bx).

The other boundary condition X’(L) = 0 implies that —BCsin(BL) = 0. As usual,
we avoid C = 0 and consider the more interesting possibility that sin(BL) = 0.

Since BL > 0, the only way to satisfy this equation is if
BL = nm (n=1,23,...).

Defining
nm
Bn = 7 and A, = B> (n=1,2,3,..),
we have the same positive eigenvalues A, that we encountered when solving
Dirichlet problems. However, the corresponding eigenfunctions X, (x) are cosine

functions instead of sine functions:

nmx

Xu(x) = Cycos(Bnx) = Cycos (T) (n=1,23...), (11.47)

where C, are arbitrary constants. The functions X, (x) form the set of all possible
solutions of the boundary value problem (11.46).
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With these positive eigenvalues in mind, consider the T equation in (11.45).

The equation
2.2

g %CZT =0 (1=1,23..)
has characteristic equation

() -0

The roots

e (),

are pure imaginary, and therefore the solutions of the T equation have the form

t t
T.(t) = Ej,cos (mzc) + F, sin (117;6) (n=1,23,...), (11.48)

where E;, and F, are arbitrary constants.

Now, recall that A = 0 is also an eigenvalue. In that case, the T equation
reduces to T” = 0, and this ODE can be solved by integrating twice with respect
to t. The solution has the form

T(](i’) = Eg+ Fot,
where Ey and Fy are arbitrary constants.

Step 4: Building the general solution. The general solution of the wave equa-
tion (11.40) with the two Neumann boundary conditions (11.43)—(11.44) is con-
structed in the usual way, by taking an infinite linear combination of the separated
solutions that we found above. Define

1 (x,1) = X (x) T (1) (n=0,1,2,...),

noting that n = 0 must be included this time because A = 0 is an eigenvalue.
The general solution is

u(x,t) = Y Guun(x,t),
n=0

where G, are constants. Because the form of ug(x, f) is different than the other

terms in this summation, it is useful to present the general solution in the
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following way:

u(x, i’) = Gouo(x, f) + Z Gnun(x, t) = G()CO(EO —|—F0i’)
n=1

nme nrct nmx
+ ZG {Encos< T )+Fnsm< T )} Cncos(T).

n=1

This expression simplifies if we abbreviate various combinations of constants. For
n>1,let A, = G,E,Cy and B, = G4 F,Cy,. For n = 0, we do something slightly
different: let GyCoEy = %Ao and GyCoFy = %BO. The reason for including the
factors of % will be explained below. Overall, we have shown that the general
solution of the PDE and the two Neumann conditions is

Ap | Bp

M(X,t) = 7 + 71’

(11.49)
+ Z [A cos (n;t) + B, sin (mzct)] cos (?) .

n=1

Step 5: Use the initial conditions. Since u(x,0) = ¢(x), setting t = 0 in (11.49)

implies that

Ao nmc>

p(x) = 5 + ZAncos( T (11.50)

Equation (11.50) is in the standard form of a Fourier cosine series. The factor of
1 in front of the leading term will be explained when we study Fourier series
in the next chapter. As we shall see, insisting that ¢(x) have a Fourier cosine
series representation is not a severe restriction at all. Moreover, we will soon
develop a systematic procedure for determining the Fourier coefficients A, for a
function ¢(x) defined on an interval 0 < x < L. To use the other initial condition
ui(x,0) = (x), we must formally? differentiate (11.49) with respect to t:

B > nmc . [ nmct nmct nmx
u(x,t) = 70 + X:lT {—Ansm< T > + Bncos( T )]COS (T)
n=

Setting t = 0, we have

_ _ By 2. nrme nrmx
P(x) = w(x,0) = 5 T ,1;1 T —— B, cos (T) (11.51)

2Strictly speaking, term-by-term differentiation of the series (11.49) is justified only under certain
minor assumptions regarding the convergence of the series.
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Thus, we must require that the initial velocity ¢(x) also have a Fourier co-
sine series representation. In summary, the solution of the homogeneous Neu-
mann problem (11.40)—(11.44) is given by formula (11.49), provided that the
initial conditions ¢ (x) and ¥ (x) have Fourier cosine series representations (11.50)

and (11.51).

11.2.4 Heat Equation, Neumann Problem. The homogeneous Neumann prob-

lem for the heat equation is given by

Up = Klxy (0<x<L) (11.52)
u(x,0) = ¢(x) (0<x<L) (11.53)
ux(0,t) = (t>0) (11.54)
uy(L,t) = (t>0). (11.55)

Physically, this problem models the diffusion of heat within a one-dimensional

wire whose ends are insulated to prevent heat flux across the boundaries. The

general solution of the PDE with its two Neumann conditions can be presented as
Ag

u(x, t) = - + Y Ape~("/LYKE qog (thx) (11.56)
n=1

The reader is encouraged to use the separation of variables technique to derive
formula (11.56). As in the Neumann problem for the wave equation, note that the
initial condition ¢(x) is required to have a Fourier cosine series representation of
the form (11.50). For any reasonably well-behaved choice of initial condition ¢(x)

(e.g., if ¢ is continuous on 0 < x < L), then there is a straightforward procedure

for calculating the Fourier coefficients A; (see next chapter).

11.2.5 Mixed Boundary Conditions: An Example. As a final illustration of the
separation of variables technique, we will solve the heat equation with mixed

boundary conditions:

Up = Klyy (0<x<L) (11.57)
u(x,0) = ¢(x) (0<x<L) (11.58)
u(0,t) = (t>0) (11.59)

uy(L,t) = (t>0). (11.60)



INITIAL-BOUNDARY VALUE PROBLEMS 325

Physically, the Dirichlet condition at x = 0 simulates placing the x = 0 end of
the wire in contact with a block of ice, holding the temperature constant at zero
degrees Celsius. The Neumann condition at x = L simulates insulating that end
of the wire, thereby preventing heat from entering/exitting the wire. If we seek
separated solutions u(x, t) = X(x)T(t), we find that X and T must satisfy ODEs
of the form

X"+AX=0 and T +xAT=0,

where A is a constant. The boundary conditions (11.59)-(11.60) imply that
X(0) = 0 and X'(L) = 0. The reader should show that there are no negative
eigenvalues—that is, if A < 0, then it is impossible to simultaneously satisfy
the oDE for X as well as both of these boundary conditions. We also claim that
A = 0 is not an eigenvalue. If A = 0, the oDE for X reduces to X" = 0 which has
general solution X(x) = Cx + D, where C and D are constants. The condition
X(0) = 0 implies that D = 0, and the condition X'(L) = 0 implies that C = 0
as well. Consequently, X(x) = 0 which leads to u(x,t) = 0, the trivial solution.
Finally, let us seek positive eigenvalues by setting A = g2 where g > 0. The
general solution of the X equation is

X(x) = Ccos(Bx) + Dsin(px).

From the boundary condition X(0) = 0, we conclude that C = 0 and the
expression for X(x) reduces to X(x) = Dsin(pBx). To use the other boundary
condition, we first compute the derivative X'(x) = BD cos(Bx). Since X'(L) = 0,
we obtain 0 = BD cos(BL). We know that > 0 by assumption and, as usual, we
can rule out D = 0. However, if B is chosen such that cos(BL) = 0, then we will
have produced non-trivial solutions of the boundary value problem for X. The
only possible choices are

Defining

Bn = M (n=1,23...),
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the eigenvalues are given by A, = 2. The corresponding solutions of the X

equation are

n—s|mx
Xy (x) = Dysin u (n=1,23,...),

[l [N

where D,, are constants.
We now turn our attention to the T equation. The general solution of the
first-order ordinary differential equation T’ + kAT = 0 is given by

T(t) = Be ™,

where B is a constant. The only A values of interest are the eigenvalues A, which
motivates us to define

Letting u,(x,t) = X, (x)T,(t) for n > 1, the general solution of heat equation
with our mixed boundary conditions is

1
[e) (e 2 n — 5 X
u(x,t) = ZFnun(x,t) = EFanef"[("f%)”/L] 'D,, sin <L)
n=1 n=1

Combining the various constants by introducing A, = F,B;D;,, we have

1
9] 2 n— 3 X
u(x,t) = Z Aneixan%)N/L} tsin (L)
n=1
Finally, the initial condition (11.58) implies that
n— %) X

p(x) = ;Ansin (L

This expression for ¢(x) is not quite in the form of a Fourier sine series. As we

shall see, Fourier sine series and Fourier cosine series are special cases of a more
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general class of series: (full) Fourier series. For some functions ¢(x), we will want
to use (full) Fourier series representations instead of Fourier sine or cosine series.

Exercises

1. Solve the homogeneous Neumann problem for the heat equation on a half-line:

Up = Ky (0 < x < c0)
u(x,0) = ¢(x) (0 < x < o0)
uy(0,1) = 0.

2. Solve the homogeneous Neumann problem for the wave equation on a half-

line:

Upp — Cllyy = 0 (0 < x < o0)
u(x,0) = ¢(x) (0 < x < o0)
ur(x,0) = 9(x) (0 < x <o)
ux(0,t) = 0.

In case it helps reduce the number of cases you must consider, just give the
solution for t > 0.
3. Solve the heat equation on a half-line with an inhomogeneous Dirichlet

condition:

Ut = Klxx (0<X<OO)
u(x,0) = ¢(x) (0 < x < o0)
u(0,t) = g(t).

To do so, first let w(x, t) = u(x,t) — g(t) and show that w satisfies an inhomo-

geneous PDE with a homogeneous Dirichlet boundary condition:

Wy = KWyy + f(x, 1) (0 < x < o0)
w(x,0) = ¢(x) (0 < x < o0)
w(0,t) =0,
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where ¢(x) = ¢(x) — ¢(0) and f(x,t) = —g'(t). Then, solve for w by combin-
ing the odd-reflection method with Duhamel’s Principle (see (10.31)). Finally,
obtain the overall solution by recalling that u(x,t) = w(x,t) + g(t).

4. Solve the heat equation on a half-line with an inhomogeneous Neumann

condition:

Up = Koy (0 < x < o0)
u(x,0) = ¢(x) (0 < x < o0)
uy(0,t) = g(t).

To do so, first let w(x,t) = u(x,t) — xg(t) and mimic the procedure outlined

in the previous exercise.

5. Unfortunately, the separation of variables method does not work for all linear,
constant-coefficient PDEs. For example, consider the homogeneous Dirichlet
problem for the transport equation:

Uy —cuy =0 (0<x<L),
u(0,t) =0
u(L,t) =0,

where ¢ is a positive constant. Show that there are no (non-zero) separated
solutions of this problem. That is, there are no eigenvalues.

6. Use separation of variables to solve the homogeneous Neumann problem for
the heat equation:

Up = Klyy (0<x<L)
u(x,0) = ¢(x) (0<x<L)
ux(0,£) =0
ux(L, t) = 0.

Your answer should be expressed in the form of a cosine series.

7. The wave equation can be used to model a vibrating string in a “vacuum” (i.e.,
we neglect friction/air resistance). The following Dirichlet problem models a
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vibrating string in a resistant medium:

Upt = CCllyy — Tl (0<x<L)
u(x,0) = ¢(x) (0<x<L)
ur(x,0) = (x) 0<x<L)
u(0,t) =0
u(L,t) =0.

Assuming that r is a constant and 0 < 7 < 27c/L, use separation of variables
to find a series solution to this Dirichlet problem.

. The purpose of this problem is to solve the heat equation on a one-dimensional
ring-shaped domain of total length 2L. The idea is to solve the heat equation
on the domain —L < x < L, where x = —L and x = L correspond to the same
physical location. To simulate this, we set up periodic boundary conditions as

follows:

Up = Klyy (-L<x<1L)
u(—L,t) =u(L,t)
uy(—L,t) = uy(L,1).
First, show that the eigenvalues are A, = (n7t/L)? for n > 0. (Note that 0 is

an eigenvalue in this case.) Then, show that the solution of this problem can

be written in the form
u(x,t) = i {A cos( i )+Bn m(mLTxﬂ o~ (n7e/ L)%kt

. Solve the wave equation with periodic boundary conditions:

Upt = Cllyy (-L<x <L)
u(—L,t) =u(L,t)
uy(—L,t) = uy(L, 1),

where ¢ # 0 is a constant.



CHAPTER 12

Introduction to Fourier Series

In the previous chapter, we developed the separation of variables technique
to construct the solutions of homogeneous Dirichlet and Neumann problems.
In each example, we were able to construct series representations of the solutions
provided that the initial conditions themselves had special series representations
(i.e., Fourier sine and cosine series). In this chapter, we will study Fourier series
in greater depth, addressing three principal questions:

s Which functions ¢(x) have Fourier series representations?

ww Given a function ¢(x) that does have such a representation, how can we
calculate the coefficients that appear within the series?

s Can we really be sure that these series converge to ¢(x)?

Before beginning our study of Fourier series, let us briefly recall another
type of series representation that you likely studied in calculus: Taylor series.
Suppose that a function f(x) has infinitely many derivatives in some open
interval containing the point x = a. In calculus, you learned that the Taylor series
for f(x) centered at a is given by

Computing the constants (") () requires that we first calculate the nth derivative
of f and then evaluate at x = a. For example, suppose we wish to compute the
Taylor series for f(x) = e* centered at 0. Since f(") (x) = e* for all , it follows
that f(")(0) = 1 for all . Thus, the Taylor series for e* centered at 0 is given by

=1

—'x”.
n=0 n

330



INTRODUCTION TO FOURIER SERIES 331

The ratio test shows that this series converges for all real x. Moreover, the series
really does converge to e* for all real x.
Recall that an infinite series is defined as a limit of partial sums; e.g.,

Notice that partial sums of a Taylor series are nothing more than polynomials,
as are the factors (x —a)" that appear in each individual term. In this sense, a
Taylor series essentially represents a function f(x) as a sum of polynomials.
Fourier series offer another way of representing functions as infinite series. Un-
like Taylor series, which use polynomials as “building blocks”, Fourier series are
sums of sine and cosine functions. More specifically, a Fourier series effectively
decomposes a function ¢(x) into a sum of sine and cosine functions all of which
have frequencies that are integer multiples of some “fundamental frequency”.

Definition 12.0.2. Let L > 0. A Fourier sine series is a series of the form
ad . (NTX
Y Aysin (T) (0<x<L). (12.1)
n=1
A Fourier cosine series is a series of the form

Ay & nmx
7+£Ancos (T) (0<x<L). (12.2)

A (full) Fourier series is a series of the form

A ad nmx ./ n7X

70 +;§1 {An cos (T) + By sin (T)} (-L<x<L). (12.3)
Notice that the interval over which the full Fourier series is defined is symmetric
about x = 0, whereas the sine and cosine series are defined for (0 < x < L).

Before we tackle the theoretical questions regarding which functions ¢(x) have
convergent Fourier series representations, we will explain how to calculate the
coefficients assuming we are given an appropriate ¢(x).
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12.1. Fourier series

Computing the coefficients in a Taylor series for ¢(x) requires that we calculate
all of the derivatives of ¢(x). By contrast, computing Fourier coefficients will
require that we calculate integrals instead.

12.1.1 Fourier sine series. Suppose that ¢(x) is defined and integrable on the

interval 0 < x < L, and assume that ¢(x) has a convergent Fourier sine series
representation

p(x) = ;An sin (%) (0<x<L). (12.4)

Our goal is to find the values of the Fourier coefficients A,. First, we need a
Lemma:

Lemma 12.1.1. Suppose m and n are positive integers. Then

/L sin (mnx) sin
0 L

Proof. The idea is to use some trigonometric identities to simplify the integrand.

(nﬂx) dr — 0 ifm#n

L L/2 ifm=n.

First, suppose m = n. The integral becomes

/OL sin? (%) dx,

and the identity sin”@ = 1 [1 — cos(26)] leads us to

1/Ll—c:os 2nmx dx = 1 x—isin 2nmx
2 Jo L ) 2nm L

The case m # n requires a more creative use of trigonometric identities. Specifi-

L r

0 2

cally, we will use

sinasin = % cos(a — B) — % cos(a + ). (12.5)
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As an exercise, you may wish to verify (12.5) using the more familiar “double-
angle identity”
cos(a + B) = coswacosB — sinasinp.

Using (12.5) with « = m7ix/L and B = n7nx/L, we can re-write our integral as

/OLsin (@) Sin(mrx 2/ cos[ —ﬂ)ﬂx} ~ cos [("H'L”)”x} dx.

With the integrand expressed in this more convenient form, we evaluate

1 . [(m—n)mc} 1 . [(m%—n)mc} L
2(m—n)m s L 2(m+n)m s L 0
= ;(m_n)nsin[(m—n)n} - ;(m_l_n)ﬂsin[(m—i—n)ﬂ] =0,

where we have used the fact that the sine of an integer multiple of 7 is always
zero. The assumptions that m and n are positive integers and m # n were
important when writing down this antiderivative. Otherwise, we could not
guarantee that both m —n # 0 and m +n # 0. O

Armed with Lemma 12.1.1, we can calculate the Fourier coefficients in the sine
series representation of ¢(x). Choose any positive integer m > 1 and multiply
both sides (12.4) by sin(mmx/L):

¢(x) sin <m7‘tx> Z Ay sin ( ) sin (@) .

Now integrate both sides over the interval 0 < x < L:

L . [mmx & , X
/0 ¢(x) sin (T) dx = /0 nz Ay sm( ) ( ) dx
- i (XY i (X
= Lo [ om (T om (") e
(When interchanging the sum and the integral, we have tacitly assumed that

the Fourier sine series for ¢(x) converges in an appropriate manner.) By
Lemma 12.1.1, all of the integrals in the summand are zero except in the case the
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n = m. Only one term in the summation survives:

/OL¢(x) sin (anx> dx = %Am.

Therefore, the Fourier sine series coefficients are given by

Ap = L/ sm x) dx (m>1). (12.6)

Example 12.1.2. Calculate the Fourier sine series for ¢(x) = sin(2nx) on the
interval 0 < x < 1. Solution: In this case, the length of the interval is L =1, so

the Fourier sine series should have the form
Z Ay sin(nx)
The coefficients A, are given by (12.6):
1
Ay 2/ sin (nmx) dx = 2/ sin (n7x) sin (27tx) dx.
0
Applying Lemma 12.1.1 with L = 1, we have

1 ifn=2

1
2/ sin (n7x) sin (2rtx) dx =
0 0 ifn#2.

It follows that A, = 1 and A, = 0 if n # 2. This is not at all surprising, as the
function ¢(x) = sin(27nx) is already in the form of a Fourier sine series.

Example 12.1.3. Find the Fourier sine series for the constant function ¢(x) =1
on the interval 0 < x < 1. Solution: Again, L = 1 and the Fourier sine series has
the form -
¢(x) = Y Aysin(nmx).
n=1
The coefficients A, are given by (12.6):
1 ) 1

Ay 2/ sin (nmx) dx = 2/ sin (n7x) dx = —— cos (nmx)
0 nm 0

—nz—ﬂ [cos(nm) —1].
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Notice that cos(n) alternates:

1 if n is even

—1 if nis odd.
Therefore, the Fourier sine series coefficients are

2 2 4/nm  ifnis odd

if n is even,

and the Fourier series for ¢(x) is
47 . 1 . 1.
1=¢(x) = - sin(7x) + 3 sin(37mx) + 5 sin(5mx) + - - -

2 2n1— 7 sin[(2n — 1)mx]. (12.7)

Al

To visualize the convergence of the series (12.7), it is useful to plot the first few
partial sums. The left panel of Figure 12.1 shows the first three partial sums, and
the right panel shows the 20th partial sum. Notice that the sequence of partial
sums does appear to converge to the function ¢(x) = 1 everywhere except at the
endpoints. In fact, when x = 0 or x = 1, all of the terms in the sine series are
equal to zero. Although the Fourier sine series cannot converge to ¢(x) at the
endpoints of the interval, we will soon see that this is not an issue for the Fourier
cosine series of ¢(x) = 1.

As a side note, formula (12.7) actually provides some rather curious identities.
For example, if we set x = 1/2, then the series becomes

N YOS U S S O
o 3'5 7 9 )

Equivalently,
1

— 4 (1)
" n;)( S TESY

which is a series representation of an important mathematical constant.
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4/ 4/r
1 Ay A
0 0
0 X 1 0 X 1

Figure 12.1. Left panel: The first, second, and third partial sums of
the series (12.7). Right panel: The sum of the first 20 terms of the
series (12.7). Horizontal lines corresponding to values of 1 and 4/ are
included for reference.

Example 12.1.4. In the previous chapter, we showed that the solution of the
homogeneous Dirichlet problem for the heat equation (11.30)—(11.33) is given by

[ee]
B —x( /L)Zt . nmnx
u(x, t) = Y Ape 7 sin (—L ) .

n=1

Setting t = 0, the initial condition (11.31) tells us that

e}
P(x) = Z Ay sin (%) .
n=1
As this is a Fourier sine series, the coefficients are given by formula (12.6).
Assuming that ¢(x) has such a representation, we are able to express the solution
of this Dirichlet problem in terms of ¢ itself:

d L
) = 3 Eer e tan () [ o) e () a
n=1

Let us consider a specific initial condition ¢(x) = sin(27x) with L = 1 (that is,
the spatial domain is 0 < x < 1). In an example above, we showed that the
Fourier coefficients for this function are Ay =1 and A, = 0 for all n # 2. Only
one of the terms in the formula for u(x, t) is non-zero and, for this specific choice
of initial condition, we have

—x(27)2t

u(x,t) = e sin(27tx).
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Visualizing the behavior of this solution is straightforward since the time-
dependent and space-dependent parts are separated. As t increases, the ex-
ponential factor decays to 0, effectively reducing the amplitude of the sinusoidal
heat distribution. More specifically,

lim u(x,t) = 0

t—o0
for each x in the domain 0 < x < 1. As an exercise, you may wish to choose some
[positive] value for the diffusion constant x and use a calculator or computer to
plot u(x, t).

Example 12.1.5. In the previous chapter, we showed that the general solution of
the wave equation (11.17) with homogeneous Dirichlet conditions (11.20)—(11.21)
is given by

> nrmct . [ nmct . /nTX
u(x,t) = n; {An cos <L) + B, sin (L)} sin (T) .
Using the initial conditions (11.18)—(11.19), we found that
ad . /NTIX 2 nrc . (NTIX
P(x) = ,;—1 Ay sin (T) and ¥(x) = ,;—1 TBn sin (T) .

Since ¢(x) is in the form of a Fourier sine series, we know that the coefficients

A, are
2 L . /nTX
Ay = f/o ¢(x) sin (T) dx (n=1,23...).

If we introduce B, = (n7c/L)By, then the series for ¢(x) also takes the standard
form of a Fourier sine series. We conclude that

B, = %/OLlp(x) sin (n—:x) dx (n=1,23...),

from which it follows that

2 L . (NTX
By = — [ (x) sin () s (m=123..).

Now that we have expressed the coefficients A, and B, in terms of the given
initial data, we have completely solved the Dirichlet problem (11.17)—(11.21).
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12.1.2 Fourier cosine series. When we solved the homogeneous Neumann prob-
lems for the heat and wave equations, we found that the initial conditions
must have convergent Fourier cosine series representations. The process of

determining the Fourier coefficients in the expansion

Ap TITCX) (12.8)

p(x) = > + n:1An cos (T

is very similar to what we did for sine series expansions. First, a technical
Lemma:

Lemma 12.1.6. Suppose m and n are non-negative integers and L > 0. Then

. 0 ifm#n
mrx nmx )
/0 cos () cos (7)) dv = {12 ifm=n#0
L ifm=n=0.

Proof. The proof is essentially the same as that of Lemma 12.1.1. To handle the
first case, use the trigonometric identity

1 1
coswcosf = 5 cos(a — B) + 5 cos(a + B).

For the second case, use the identity

2

cos“a = = [1+cos(2a)],

N =

which is actually a special case of the other identity in which a = f. For the final
case, notice that the integrand reduces to 1 if m = n = 0. O

To determine the Fourier cosine series coefficients in (12.8), we use a similar
trick as with Fourier sine series. Choose any non-negative integer m and multiply
both sides of (12.8) by cos(mmx /L) to obtain

¢(x) cos (?) = % cos (?) + iAn cos (n—:x) cos (?) .
o

Now integrate both sides over the interval 0 < x < L:



INTRODUCTION TO FOURIER SERIES 339

/OL¢(X) cos (@) dx = ‘OL 120 cos (?) dx

+ iAn /OL cos (%) cos (?) dx.

First, suppose m > 0. Then according to Lemma (12.1.6), the only non-zero term

in this series occurs when n = m. Thus, the equation reduces to

/Och(x) cos (?) dx = %Am

if m > 0. If m =0, then

/OL‘P(X) cos (@) dx = '/OL %cos (07[3() /L Ao dx Ao.

Multiplying both sides of these equations by 2/L, we have shown that the Fourier

cosine series coefficients are given by

A, = L/ ) cos x) dx (n=0,1,2,...). (12.9)

The reason for including the factor of 1/2 in front of the coefficient Ay in
the Fourier cosine series is now evident. Namely, because the integral in
Lemma 12.1.6 is twice as large if m = n = 0 than if m = n # 0, including

the 1/2 in front of Ay lets us avoid listing multiple cases in formula (12.9).

Example 12.1.7. Find the Fourier cosine series representation for ¢(x) = 1 on
the interval 0 < x < 1. Solution: Since L = 1, the Fourier cosine coefficients are
given by

2 ifn=0

L
Ay = 2/ cos (nmx) dx =
0 0 ifn#0.

In other words, the only non-zero term in the Fourier cosine series for ¢(x) =1
is the leading term: ¢(x) = Ap/2 = 1. This makes sense, because ¢(x) is already
in the form of a cosine series: ¢(x) = 1 = cos(0mx).

Compare this example with the earlier example in which we calculated the
Fourier sine series representation for ¢(x) = 1. For this particular choice of ¢(x),
why is the Fourier cosine series so much cleaner than the sine series? We will

explore this question in a later section.
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Example 12.1.8. Find the Fourier cosine series for ¢(x) = x on the interval
0 < x < 2. Solution: Using formula (12.9) with L =2,

We need to handle the n = 0 case separately, because the cosine function in the
integrand reduces to 1 (which affects the form of our antiderivative):

2 2
AO:/xdx:x— = 2
0 2

0

For n > 1, we integrate by parts:

A, = ix sin (@)
nm 2

Since sin(nm) = 0 and cos(nm) = (—1)" for all integers 1, substituting in the
limits of integration yields

0 if n > 1is even
Ay =
—8/(nm)? if n > 11is odd.
The Fourier cosine series for ¢(x) = x on the interval 0 < x < 2 is

P(x) = 120 + ZAnCOS(szx)

—1—§cos(n—x)— 8 cos Smx) 8 cos M)
B 2 2 (37)2 2 (5m)2 2

- 1 S[(Zn—l)mc] .

=1 *8,1; [(2n = )P 2

You may wish to use a computer or calculator to plot the first few partial sums
of this cosine series in order to visualize the convergence.
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Example 12.1.9. Solve the Neumann problem

Up = 2KUyy (0<x<7?)
u(x,0) :10+3cos(n—x) 0<x<7)
7
1x(0,£) = 0 (t>0)
ux(L,t) =0 (t>0).

Solution: This Neumann problem models heat transfer in a one-dimensional
wire of length L = 7 in which the ends are insulated. The diffusion coefficient is
x = 2. The initial condition is illustrated in Figure 12.2—notice that initially the
highest temperature is 13 (when x = 0) and the lowest temperature is 7 (when
x = 7). According to formula (11.56), the general solution of the PDE together
with these two Neumann boundary conditions is

[e9)

y = A2 o (XY,
u(x,t) —i—Z e f cos >

To incorporate the initial condition, we set ¢ = 0 to find that

¢$(x) = 10+ 3cos (g) = ’20 + ZA cos (n771x>,

a Fourier cosine series. Luckily, our initial condition is already in the form of a
Fourier cosine series with Ag = 20, A] = 3, and A, = 0 for n > 2. Inserting
these coefficients into the formula for u(x,t), we find that the solution of our
Neumann problem is given by

u(x,t) = 10 + 3e 2(m/7)% og (%JC) .

Observe that for all x in the domain 0 < x <7, the temperature approaches 10
as t increases. More precisely,

lim u(x,t) = 10

t—rc0
for all x € [0,7], because the exponential factor in u(x,t) decays to zero while

the cosine factor remains bounded between —1 and 1. Physically, the heat

equilibrates within the wire, with the temperature converging to the average of
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13
10
1 steady-state B
temperature initial
rofile initia tlemperature
P profile (t = 0)
0
0 7

Figure 12.2. Initial (+ = 0) and steady-state (f = o0) heat distributions
for the homogeneous Neumann problem example (see text). Because
the boundaries are insulated, the temperature distribution eventually
equilibrates to the average value of the initial temperature distribution.

the initial temperature profile (see Figure 12.2). This makes sense given that the
ends of the wire are insulated to prevent heat from entering or exiting the wire
at the boundaries.

Even if we had failed to notice that the initial condition ¢(x) had the form of a
Fourier cosine series, we could easily calculate the Fourier cosine coefficients by

evaluating the integral (12.9) with the help of Lemma 12.1.6.

12.1.3 Fourier series. Recall that the Fourier series expansion for a function ¢(x)
on an interval —L < x < L takes the form

o) = G+ B [Ancos (M) + Bosin ().

Again, notice that unlike the sine and cosine series we considered above, the
Fourier series expansion is defined on an interval that is symmetric about x = 0.

Calculating the Fourier coefficients A, and B, is accomplished via the same
sort of procedure that we used to compute the coefficients in sine and cosine
series. Suppose that m and n are non-negative integers and that L > 0. As an
exercise, you can show that, for all m and ,

/_LLsin (me) cos (?) dx = 0,
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if m # n, then

/_LLsin (?) sin (?) dx = /_LLcos (@) cos (?) dx = 0,

and if n > 1, then

/_LLsin2 (?) dx = /_LLcos2 (?) dx = L.

With these integrals in mind, you may mimic the same procedure as before to
show that the coefficients in a full Fourier series are given by

L
A, = %/_L ¢(x) cos (?) dx (n=0,1,2,...) (12.10)

B _ %/i #(x) sin (LTC) dx (n=1,2,3,...). (12.11)

Observe that the scalar in front of these integrals is 1, not # as with Fourier sine
and cosine coefficients. Moreover, the interval of integration is [—L, L], not [0, L].

Example 12.1.10. Find the Fourier series representation of the discontinuous

function
-2 if —3<x<0

6 if 0 <x <3.

¢(x) =

on the interval —3 < x < 3. Solution: The fact that ¢(x) has a jump discontinuity
at x = 0 is not a problem—when computing the Fourier coefficients, we will
simply split the region of integration at the point where the discontinuity occurs.
Using (12.10)—(12.11) with L = 3, we compute

Ay = %/igb(x)dx _ ;UOB—de v /036dx] _y

Forn > 1,

A, = % {/;03 —2cos (n?’ﬂ) dx + ./(;36cos (%) dx]
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Substituting in the limits of integration, we are left only with sines of integer

multiples of 7. Therefore, A, = 0 for all n > 1. The other coefficients are given

by

2 3 nmxy |° nmxy °
= 5.ECOS (T) . — 2. —cos (T) 0
= nzin [1 — cos(—nm)] — — [cos(nm) — 1]
= 2= Sy -y = ey

Equivalently,
16/nm  if nis odd

0 if n is even.

In summary, the only non-zero Fourier coefficients are Ag = 4 and B, for n odd.
The Fourier series for ¢(x) on the interval —3 < x < 3 is given by

(x) 2+1—651n(g)+1—63in 32 —|—1—65in SE 4+ o
¢ 3 37 3 57 3

;6 i s [(Zn—Sl)nx] .

— 2n —
n=1

Notice that, apart from the leading constant term Ay/2, the only terms that are
present in this Fourier series are sine functions. Why are none of the cosine terms
present in this particular series? Why do some functions have series expansions
that require only sine terms, others have expansions with only cosine terms, and
some require a combination of both? We will address these questions in the next
section.

12.2. Convergence of Fourier Series

When we used the separation of variables technique to solve initial-boundary
value problems for linear, homogeneous PDEs, we presented the solutions as
infinite series. In particular, this required the initial data to have Fourier series

representations. Fortunately, this is not a severe restriction at all—any physically
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realistic choice of initial condition is guaranteed to have a convergent Fourier
series representation. In this section, we will explore classes of functions that have
convergent Fourier series representations. Virtually any “reasonable” function
¢(x) can be represented as the sum of its Fourier sine or cosine series on the
interval (0, L), or as the sum of its Fourier series on the interval (—L, L).

This last remark seems surprising, given that every term in a sine series is an
odd, periodic function, and every term in a cosine series is an even, periodic
function. Let us take a moment to review some properties of functions with
these types of symmetry. Recall that a function ¢(x) is odd if ¢(—x) = —¢(x) for
all x and ¢(x) is even if ¢(—x) = ¢(x) for all x. A non-constant function ¢(x)
is called periodic if there exists a constant p > 0 such that ¢(x + p) = ¢(x) for
all x. The least positive p for which this statement holds is called the period of
¢(x). For example, the period of ¢(x) = sin(3x) is p = 271/3. Here are some
properties of odd, even and periodic functions:

w If ¢(x) is odd, then ¢(0) = 0. To see why, note that ¢(—0) = —¢(0).
ww If ¢(x) is even, then ¢(x) is automatically continuous at x = 0. If ¢(x) also
differentiable at x = 0, then ¢/(0) = 0. This follows from the limit definition of

the derivative, using centered differences:

S0) — tim PO

h—0 2h

since ¢p(h) = ¢(—h).
w If f(x) and g(x) are odd, then f(x) + g(x) is odd and f(x)g(x) is even. If
f(x) and g(x) are even, then both f(x) + g(x) and f(x)g(x) are even.

1w Suppose that f(x) is differentiable and integrable. If f(x) is odd then f’(x)
and fox f(s)ds are even. If f(x) is even, then f’(x) and foxf(s)ds are odd.

ww Let L > 0. Any function f(x) defined on an interval [—L, L] can be written as
a sum of an odd function and an even function. Namely, f(x) = £(x) + O(x)
where

0 = FOEIED g oy = [ fo0)

It is easy to check that £(x) and O(x) are even and odd, respectively.

w If ¢(x) is odd on [—L, L] then f_LL $(x)dx = 0.

The above list should convince you that odd and even functions obey considerably
different properties than odd and even numbers. For example, although the sum
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of an odd number and an even number is always odd, the sum of an odd function
and an even function need not be odd or even.

When we discussed reflection methods for solving PpEs with a single boundary
(i.e., on the domain [0, o)), we introduced the notion of the odd/even extensions
of functions. These concepts are defined analogously on finite domains—suppose
that ¢(x) is defined on the interval [0, L]. The odd extension of ¢(x) is defined as

$(x) f0<x<L
Podd(¥) = 10 if x =0
—¢(—x) if —L<x<0.

Likewise, the even extension of ¢(x) is defined as

¢(x) f0<x<L

Peven() = ¢(—x) if —L<x<O,.

We introduce one more notion that will be useful in our discussion of (full)
Fourier series. Suppose ¢(x) is defined on some interval —L < x < L where
L > 0. Then the periodic extension of ¢(x) is defined as

¢p(x) = ¢(x—2nL) if —L+2nL <x < L+2nL,

for all integers n. Notice that when n = 0, the definition of ¢, reduces to that of
$(x).
What do these remarks have to do with Fourier series? In the Fourier sine

series
> . /NTX
p(x) = n;An sin (T) (0<x<L),

all of the terms in the series are odd and periodic. Since the frequencies of the
sine functions are positive integer multiples of frequency of the leading term, the
period of the sum must equal the period of the lowest-frequency term, which is
2L. What function does the series represent, assuming it actually converges? If
¢(x) is defined on 0 < x < L, first form its odd extension ¢,qq to the interval
—L < x < L, and then form the periodic extension of ¢,4q to the entire real line.
The sine series should represent that extended function on the entire real line.
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Likewise, Fourier cosine series can be used to represent even, periodic functions
with period 2L.

When solving boundary value problems for PDEs, we rarely concern ourselves
with the behavior of Fourier series representations of solutions outside the
physical domain, typically 0 < x < L. However, it is worth noting that the
types of homogeneous boundary conditions that we most commonly encounter
are related to the three types of extensions described above. Odd extensions
are associated with homogeneous Dirichlet conditions u(0,t) = 0 = u(L,t),
whereas even extensions are associated with homogeneous Neumann conditions
ux(0,t) = 0 = uy(L, t). Finally, if our domain is —L < x < L, then the periodic
boundary conditions u(—L,t) = u(L,t) and uy(—L,t) = u(L,t) are associated
with periodic extensions. Observe that the periodic extension of a function
satisfying these periodic boundary conditions is differentiable at every odd
integer multiple of L (i.e., at every junction between consecutive subintervals in

the periodic extension).

12.2.1 Norms, distances, inner products, and convergence. Our main goal for
the remainder of this chapter is to classify the types of functions that have
convergent Fourier series representations. In basic calculus, you learned what it
means for a series of numbers to converge to a number M—namely, the sequence
of partial sums must converge to M. It is less clear how to define what it means
for a series of functions (e.g., a Fourier series) to converge to a limiting function
over some interval. Indeed, there are many different notions of convergence
that we could adopt, some more natural than others. There are three types of
convergence that we shall introduce for sequences/series of functions. The main
difference between these types of convergence lies in how we measure distances

between functions.

Norms. Consider the class of continuous, real-valued functions defined on the
interval [a,b]. There are many ways to quantify the “size” of a function f(x).
For example, if f(x) is continuous then |f(x)| is guaranteed to achieve some
maximum value on the interval [a, b]. The quantity

[ fllee = max |f(x)] (12.12)

a<x<b
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is an example of a norm. Norms are used to measure the sizes of various
mathematical objects, such as vectors or functions. The norm defined in (12.12)
above has several important features. First, it is clear that ||f|j« > 0 for all
continuous functions f(x) on [4,b] and that ||f|lc = 0 if and only if f(x) =0
everywhere on [a,b]. Second, if « is any real constant, then |[af|/e0 = |&||| f]]co-
Third, if f and g are both continuous functions on [a,b], then ||f + gllc <
| flloo + [|g]lco, the triangle inequality. In general, any norm (not just the one
defined in (12.12)) must satisfy the three properties listed here.

The norm (12.12) defined above is one of two important norms that we will
use from now on. The other norm is called the L? norm (read “L-two norm”).
For functions f defined on [a, b], the L? norm is defined as

e = ([ 1rea) (1213)

provided that the integral converges. Observe that every continuous function
on [a,b] certainly has a finite L? norm. However, the L2 norm can be used to
measure the “size” of functions that are not necessarily continuous. To check
that (12.13) really is a norm, first observe® that ||f|/;2 > 0 is clear from the
definition. Moreover, if « is any real constant, then it is easy to check that
llafll;2 = ||||f]| 2. Verifying the other properties requires considerably more
effort. In fact, proving the inequality || f + g|l;2 < || fll;2 + ||gll;2, or equivalently

([ vs@ias)” < ([1reoras)” « ([ lswiar)

is surprisingly non-trivial. This special instance of the triangle inequality is

1/2

actually named in honor of the first person to prove it: Minkowski’s inequality is
proved in most textbooks on mathematical analysis.

Distances. Once a set of functions is equipped with a norm, we automatically
inherit a natural notion of distance between functions. Namely, given two func-
tions f and g, we can define the distance between f and g as the norm of the
difference f — g. Consider, for example, the two norms defined above. If f(x)

and g(x) are continuous functions defined on [g, b], one way of measuring their

*Since f need not be continuous, it is actually not the case that ||f||;2 = 0 if and only if f is
zero everywhere. If f is zero except at finitely many points, then certainly | f|| ;2 = 0 as well. This
seemingly subtle point is discussed in great detail in the mathematical subject of measure theory.
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distance is to use

1f =8l = max |f(x) —g(x)]-

a<x<b

Graphically, this crude notion of distance measures the maximum vertical gap
between the graphs of f and g over the interval [a, b]. It is sometimes called the
L*™ distance between f and g. Alternatively, we could define the L? distance
between f and g as

17 sl = ([ 150 -seopar)

The L? distance gives a better sense of the “cumulative” discrepancy between
the graphs of f and g. Anytime f(x) and g(x) deviate from one another, the
quantity [f(x) — g(x)]?> makes a positive contribution to the value of the integral.
The bigger the gap, the larger the contribution.

Example 12.2.1. Consider the functions f(x) = x and g(x) = x? on the interval
[0,1]. Calculate the L® and L? distances between f(x) and g(x) over this interval.
Solution: The L* distance is given by

2| = max (x —x?),

— = X—x
If—glle o??é' [max,

where we have dropped the absolute value bars because x > x? on the interval
[0,1]. Finding the maximum value amounts to a calculus problem: the extreme

2

values of the continuous function x — x* must occur either (i) at one of the

endpoints of the interval [0, 1] or (ii) at an interior critical point. The derivative
of x — x? is 1 — 2x, which is zero when x = 1. Therefore, we must compare the
values of x — x> when x =0, x = %, and x = 1. The maximum value of % occurs

at the interior critical point, and we conclude that

1
If -8l = 5

As for the L2 distance, we calculate

1/2
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1/2
IS S A b
- \3 2 5], V30

As is typically the case, the L* and L? distances are unequal, because they

measure distance between functions in completely different ways. If two contin-
uous functions f and g have finite L® distance on the interval [a, ], then they
automatically have finite L? distance (try to prove it). However, it is not hard to
create an example of two functions f and g with infinite L* distance but finite
L? distance!

The L? inner product. The set of functions on [a, b] with finite L? norm, denoted
by L%[a,b], has considerable structure. Algebraically, L?[a,b] is a vector space
whose elements are functions, and the various vector space axioms are easy
to check. Geometrically, L?[a, b] is actually endowed with an inner product: a
generalized version of the familiar dot product from multivariable calculus. This
enables us to define geometric notions such as orthogonality (perpendicularity)
of functions.

Definition 12.2.2. Suppose f(x) and g(x) are real-valued functions belonging to
the set L2[a, b]. Then the L? inner product of f and g is defined as

b
(F,8) = [ f)g(x) (12:14)

If (f,g) =0, we say that f and g are orthogonal.

Notice that the inner product of two functions is a scalar. Unlike the norm of
a function, it is certainly possible for an inner product of two functions to be
negative.

Example 12.2.3. Consider the functions f(x) = x2, ¢(x) = —1 and h(x) = x
on the interval —2 < x < 2. Certainly all three of these functions belong to
L?[—2,2] because continuous functions defined on closed intervals are always
square integrable. The L2 norm of f is given by

2 2 1/2
— 22 _ 4
Il 2 = ([ 1Rar) = ([ xtar)




INTRODUCTION TO FOURIER SERIES 351

Similarly, you can check that the L2 norm of g(x) is 2. The inner product of f

and g is

312

) = [t = 2

i 3

and the inner product of g and / is

2
(g, h) = /_z—xdx = 0.

We conclude that ¢ and & are orthogonal in the space L?[—2,2].

Many vector spaces other than L? are equipped with their own inner products.
For example, the familiar dot product is an inner product on three-dimensional
Euclidean space IR®. However, not every vector space can be endowed with an
inner product—only those with a certain level of geometric structure. There are
several properties that every inner product must satisfy. We list these properties
for the L? inner product: suppose that f and g are real-valued functions in the
space L%[a,b]. Then
= {f.8) =& f).
= g h) = (fh)+ (g h).

w (af,g) = a(f,g) for all real constants «.

w (f,f) > 0.

Notice that (f, f) is equal to the square of the L2 norm of f.

Types of convergence. Recall that the norms (12.12) and (12.13) give us different
ways of measuring the distance between two functions f(x) and g(x) defined on
an interval I. With notions of distance in mind, we are able to define what it
means for a sequence of functions {f,(x)},_; to converge to a limiting function
f(x) on I. The first type of convergence that we shall introduce is called uniform

convergence:

Definition 12.2.4. Suppose that f,(x) is a sequence of functions defined on an
interval I. We say that the sequence converges uniformly to f(x) on I if

| fu(x) = f(x) |l = I{:g}(lfn(x)—f(x)l —0 asn — oo.

Students who have completed courses in mathematical analysis will realize that

the maximum appearing in Definition 12.2.4 should technically be a supremum.
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In the examples below, we generally work with sequences of continuous functions
over closed intervals I. That way, we are assured that the functions actually
achieve maximum values.

Example 12.2.5. Consider the sequence of functions f,(x) = x", where n > 1.
We claim that this sequence converges uniformly to f(x) = 0 on the interval
I = [0, 1]. To see this, we calculate

fu(x) = f(x)ee = max [x" —0] = max x" = (;) ,

1
0<x<5 0<x<5

n
Since (%) — 0as n — oo, we have || f,(x) — f(x)|lcc — 0 as n — oo, as required.

Example 12.2.6. When testing the convergence of a sequence of functions, it is
important to specify the domain. In the previous example, suppose that we
had worked on the interval [0,1) instead of [0, 1]. We claim that the sequence
fn(x) = x" does not converge uniformly to f(x) = 0 on the interval [0,1). To see
why, notice that no matter how large 7 is, there are always x values within the
interval [0,1) for which f,(x) > 1. Indeed, we have x" > 1 whenever

Regardless of 7, it must be the case that ||f,(x) — f(x)|| > 5 on the interval
[0,1). Hence, f,(x) does not converge uniformly to f(x) = 0 on that interval.
There is a subtle point here worth mentioning. Above, we noted that no matter
how large n is, there will always be x values inside the interval [0,1) for which
fu(x) > % By contrast, suppose we fix an x value and examine what happens
to fu(x) as n — oo. Since 0 < x < 1, it must be the case that x” — 0 as n — .
Therefore, for each fixed x in the domain [0, 1), the sequence f,,(x) converges to o

as n — Q.

The remarks in the preceding example may seem surprising. We demonstrated
that it is possible to have a sequence of functions f,(x) that does not converge
uniformly to a function f(x) on an interval I even though f,(x) — f(x) for each
fixed x € I. In this case, the functions f;, exhibit a somewhat “weaker” version of
convergence that we now define.
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Definition 12.2.7. Suppose that f,(x) is a sequence of functions defined on an
interval I. We say that the sequence converges pointwise to f(x) on I if

|fu(x) — f(x)] =0 asn — oo

for each x € I.

Take a moment to compare the definitions of pointwise and uniform conver-
gence. At first glance, it may be difficult to distinguish these two notions of
convergence. If a sequence of functions f,(x) converges uniformly to f(x) on
some interval I, then

max |fu(x) — f(x)| =0 asn — oo.

Since the maximum gap between the functions is approaching 0, then certainly
|fu(x) = f(x)| =0 asn — o0

for each fixed x € I. This argument proves that
Uniform convergence implies pointwise convergence.

On the other hand, the converse is not true, as illustrated by the example
fu(x) = x" on the interval I = [0,1). That sequence of functions converges
pointwise to f(x) = 0 on I, but the convergence is not uniform.

1
n
of functions converges uniformly to f(x) = 0 on [0, L]. To see why, we exploit

Example 12.2.8. Let f,(x) = - sin(nmx/L) on the interval [0, L]. This sequence

the boundedness of the sine function to make the estimate

1
—sin (nnx)‘ < 1
n L n

||fn(x) _f(x)”oo = max

0<x<L

Therefore, || fu(x) — f(x)]|c — 0 as n — oo, which means that the sequence f,(x)
converges uniformly to the function f(x) = 0. Since the sequence converges

uniformly, it automatically converges pointwise as well.

Example 12.2.9. Consider the sequence of functions

fn(x) = n=123...
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on the interval I = [0,2]. To test for pointwise convergence, we will calculate
lim, o0 fu(x) for each fixed x € I. If 0 < x < 1, then x" — 0 as n — oo, and it
follows that

n

lim fu(x) = lim —— =0  if0<x<l

n—00 n—00 1 _|_ x"

If x =1, then f,(x) = 1 for all n, and therefore lim,,_co fu(1) = % Finally, note
thatif 1 < x <2, then x" — o0 as n — co. Using L’'Hopital’s rule, we calculate
n nxnfl

X
. . . L 1ecen
Ao fex) = i i = e =1 iflexs2

Putting everything together, we have shown that the sequence f,(x) converges

pointwise to the discontinuous function

0 fo<x<l1
flx) = % ifx=1
1 ifl<x<2

The convergence is not uniform—can you explain why?

Now that we are more accustomed to pointwise and uniform convergence, we
introduce a third type of convergence:

Definition 12.2.10. Suppose that f,(x) is a sequence of functions defined on an
interval I. We say that the sequence converges to f(x) in the L sense on I if

|| fu(x) = f(x)||;2 = 0 asn — oo.

If I = [a,b], stating that f,(x) — f(x) in the L? sense is equivalent to saying
that

b
/u [fn(x) —f(x)]zdx —0 asn — oo.

Example 12.2.11. In a previous example, we showed that the sequence f,(x) =
x" converges pointwise to f(x) = 0 on the interval [0, 1), but that the convergence
is not uniform. Does the sequence converge to f(x) = 0 in the L? sense? We
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calculate

w2+ |t B 1
2n+1|, 2n+1

1)~ F@IE = [ —0ax = [ xax =

Letting n — oo, we see that || f,,(x) — f(x)||%2 — 0 as n — oo. It follows that the
sequence f,(x) does converge to f(x) = 0 in the L? sense on [0,1).

Above, we noted that uniform convergence is “stronger” than pointwise
convergence: if f,(x) — f(x) uniformly on an interval I, then we automatically
conclude that f,(x) — f(x) pointwise on I as well. A similar statement holds
with respect to L? convergence, namely,

Uniform convergence on a finite interval implies convergence in the L? sense.

To see why, suppose that f,(x) — f(x) uniformly on [a,b], and let
My = [Ifa(x) = f(¥)lloe = max |fu(x) = f(x)].
a<x<b

Our assumption of uniform convergence is equivalent to saying that M,, — 0 as

n — oo. To test for convergence in the L? sense, observe that

sl = ([t - fpax) < ([ uzax)”
= \/Mj(b—a) = MyVb—a.

1/2

Since M,, — 0 as n — oo, it follows that || f,(x) — f(x)||;2 — 0 as well. We have
now proved that f,(x) — f(x) in the L? sense.

Example 12.2.12. For sequences of functions defined over infinite domains, uni-
form convergence need not imply convergence in the L? sense. Consider the
sequence of functions defined by

L ifo<x<mn
fu(x) = v
0 if x > n.

This sequence converges uniformly to f(x) = 0 on the infinite domain 0 < x < o0
because

1
IFal) = F(3) o = gmax 1folx) = )] = =

0<x<oo
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approaches 0 as n — oo. However, the sequence { f,,(x)} does not converge to
f(x) in the L? sense because

1/2

=l = ([Tl - ferar) - = ( /0”1dx)”2 _ 1

n

for all n. Since || fu(x) — f(x)|l;2 = 1 # 0 as n — oo, we do not have convergence
in the L? sense.

In our study of Fourier series, we are interested in pointwise, uniform, and 12
convergence of series of functions, not sequences. Fortunately, the definitions of
these various modes of convergence can be easily extended. Given an infinite

series of functions

Z fn(x), (12.15)
n=1

the Nth partial sum is defined as

N
Sn(x) = ;fn(x)-

Definition 12.2.13. We say that the series (12.15) converges to a function f(x)
v pointwise on (a,b) if |f(x) — Sny(x)| — 0 as N — oo for each x € (a,b),
v yniformly on (a,b) if || f(x) — SN (x)|lee = 0 as N — oo,
w in the L? sense on (a, b) if || f(x) — Sn(x)]|;2 — 0 as N — co.
Again, uniform convergence is the strongest of these three types of con-

vergence: if a series converges uniformly on the finite interval (a,b), then it

automatically converges pointwise and in the L? sense.

Example 12.2.14. In calculus, you studied the geometric series
e}
Yo A
n=0
We claim that this series converges pointwise but not uniformly to f(x) =

1/(1 — x) on the interval (—1,1). To verify pointwise convergence, consider the

partial sum
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which is a polynomial of degree N. This summation simplifies nicely if we use

an algebra trick: notice that
(1-x)Sy(x) = 1—x)A4+x+22+-+aN) = 1N,

Therefore, if x # 1,
1— xN+1

Sn(x) = ——
N =
Testing for pointwise convergence, we measure

1 1 _xN+1

xN+1
F@) =S| = |1 -

1—x 1—x

Assuming that —1 < x < 1, notice that xN*1 5 0as N — oo. Therefore,
|f(x) —Sn(x)| =0 asn — oo

for each fixed x € (—1,1). This is precisely what we needed in order to conclude
that our series converges pointwise.

To show that the series does not converge uniformly, we must show? that
1f(x) = Sn(*)llee = max [f(x) = Sn(x)]

does not converge to 0 as N — co. It suffices to prove that for each choice of N,
there are always x values in the interval (—1,1) for which |f(x) — Sy(x)| > 1.
From our proof of pointwise convergence, we already know that

A N+1
-5 =
Flv) = sn(x) = T—,
so let us try to show that the equation
N+1
x _ 1
1-—x

always has a solution x € (—1,1) regardless of N. The equation can be re-written
as xN*1 4+ x —1 = 0. Letting p(x) = xN*1 + x — 1 denote the left-hand side,

2A word of caution here. On open intervals such as —1 < x < 1, even continuous functions
are not guaranteed to achieve a maximum/minimum value. Students who have taken a course in
mathematical analysis will realize that we should really be taking a supremum instead of a maximum.
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notice that p(x) is continuous. Moreover, observe that p(0) = —1 < 0 and
p(1) =1 > 0 regardless of N. Since p(x) is continuous and transitions from
negative to positive as x varies from 0 to 1, the Intermediate Value Theorem from
calculus tells us that p(x) must have a root on the interval (0, 1). This is precisely
what we needed to show, and we conclude that the series does not converge
uniformly on the interval (—1,1).

Determining whether the series converges in the L? sense is more challenging.
According to the definition of 12 convergence, we would need to evaluate

]\%gr(\)o 1f(x) = Sn(x) |l 2

and check whether the limit is zero. This requires that we integrate the square of
f(x) = Sp(x)—ie.,

1 42N+2

1
@) = Su(@Pdx = /1mdx.

Notice that the integral is improper and should therefore be written as a limit

b (2N+2
lim 5 dx.
b—1-J-1 (1 —x)
This integral seems a bit tricky—one way to evaluate it is to substitute x = u +1,
use the binomial theorem to expand the numerator, and integrate one term at a
time. It turns out that the integral diverges regardless of N, from which it follows
that the series we started with does not converge in the L? sense. Thankfully, we

will soon state a much cleaner test for L? convergence of series.

Example 12.2.15. For non-negative integers n, define the functions f,(x) =
x" — x"*2 on the interval 0 < x < 1. We claim that the infinite series

converges to f(x) = 1+ x both pointwise and in the L? sense on (0, 1), but not
uniformly. The partial sums collapse nicely because this is a telescoping series:

Sn(x) = %fn(x) = (1-)+x-)+ -+
n=0
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+ (xN—l _ xN-H) + (xN _ xN+2) = 14x— xN+1 _ xN—l-Z'
Testing for pointwise convergence, notice that
() = Sn(x)] = [N 422 = N (14 x) 50 as N o,

for 0 < x < 1. This establishes that f,(x) — f(x) pointwise on (0,1). To prove
12 convergence, we calculate

([0 -sutopax)
_ </1[xN+l 4 xN+2)2 dx>l/2
0

1 1/2
_ (/ (2N+2 | 9y 2N+3 | 2N+ dx)
0

1 1/2
0)

1/2
> —0 as N — oo.

1f(x) = Sn ()2

IR N 2 2N+4 N $2N+5
2N+3 2N+4 2N+5

1 2 1
= <2N+3+2N+4+2N+5

Finally, to see that the convergence is not uniform, it suffices to note that the
maximum value of

() = Sn(x)] = |2 4+ N2

on the closed interval [0,1] is 2, and is achieved at the right endpoint of that inter-

N+1 _ ¥N+2 i3 a continuous function, there must be x values in the

N+1 N+2

val. Since x

open interval (0,1) for which x —x is arbitrarily close to 2. Consequently,
it is impossible for || f(x) — Sn(x)|le to converge to 0 as N — oo, and therefore

the series does not converge uniformly to f(x) on (0,1).

12.2.2 Convergence theorems. Armed with our understanding of the three
different notions of convergence that we have singled out, we now state theorems
regarding convergence of Fourier series.
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Theorem 12.2.16. Convergence in the L sense. Suppose that ¢(x) is defined on
an interval [a, b]. If [|¢(x) || ;2[4 5 is finite, then Fourier series for ¢(x) converges
to ¢(x) in the L? sense on (a,b).

Example 12.2.17. In a previous example, we showed that the Fourier series for

-2 if =3 <x<0,
6 if0 <x<3.

¢(x) =
on the interval —3 < x < 3 is given by

16 1 . [(2n—1)nx
2+nn;2n15m[ 3 ]

To verify that the series really does converge to the function ¢(x) in the L? sense,
we must check that ||¢(x)||;2 < co. Indeed,

el = ([owra) = ([orars [ea) <o

The exact value of the integral is irrelevant—the fact that it is finite assures that
the Fourier series for ¢(x) converges to ¢(x).

Not surprisingly, since uniform convergence is stronger than convergence in
the L? sense, the class of functions ¢(x) whose Fourier series converge uniformly
is considerably smaller:

Theorem 12.2.18. Uniform convergence. Suppose that ¢(x) is defined and
continuous on an interval [—L,L] and ¢(—L) = ¢(L). If ¢'(x) is piecewise
continuous (with only jump discontinuities) on [—L, L], then the Fourier series
for ¢(x) converges to ¢(x) uniformly.

There are variants of Theorem 12.2.18 that guarantee uniform convergence
under slightly different conditions. Notice that this theorem would not guarantee
uniform convergence of the Fourier series in the preceding example, because the

function was discontinuous.

Example 12.2.19. Theorem 12.2.18 guarantees that the Fourier series for ¢(x) =
|x| on the interval —10 < x < 10 converges uniformly. To verify that the
conditions of the theorem are satisfied, first observe that ¢(x) is continuous on
[—10,10] and ¢(—10) = ¢(10). Also, ¢'(x) = —1 for x < 0 and ¢'(x) = 1 for
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x > 0. Therefore, the only discontinuity of ¢’(x) occurs at x = 0 and is a jump

discontinuity.

Finally, we turn our attention to pointwise convergence of Fourier series. The
criteria we shall state for pointwise convergence involve the notions of left and
right-hand limits and derivatives. The left and right-hand limits of f(x) at x are
defined as

f(xg) = lim f(x) and f(xg) = lim f(x),
X=Xy x—mar
respectively, provided that these one-sided limits exist. If f(x; ) and f(x7 ) exist
but are unequal, we say that f(x) has a jump discontinuity at xo. Furthermore, if
f(xy) = f(x0) = f(xg), then f(x) is continuous at x(. The left and right-hand
derivatives of f(x) at xo are defined as

xy) — f(xg—h xo+h) — f(xT
hi}(ﬁf(o) I/{(O ) and f/(xar):hli%ﬁrf(o_._; f(O)

respectively, provided that these one-sided limits exist.

Theorem 12.2.20 (Pointwise convergence.). Suppose that ¢(x) is defined and
piecewise continuous (with only jump discontinuities) on an interval [—L, L]. If
the left and right-hand derivatives of ¢(x) exist at each jump discontinuity, then
the Fourier series for ¢(x) converges pointwise to % [¢(x") + ¢(x )] for each
xe (—=L,L).

Here are some remarks that may help you interpret this theorem:

= Notice that 3 [¢(xT) + ¢(x~)] represents the average value of the left and right-
hand limits of ¢(x). If ¢(x) is continuous at x = xo, then ¢(x; ) = P(x) = p(x7),
in which case the expression 1[¢(x*) + ¢(x~)] reduces to ¢(x). In other words,
at points where ¢(x) is continuous, its Fourier series is guaranteed to converge

pointwise to ¢(x) itself.

1w To determine what happens at the endpoints x = £L, examine the peri-
odic extension of ¢(x). If the right-hand derivative ¢'(—L") and the left-hand
derivative ¢’ (L™ ) exist, then the Fourier series for ¢(x) converges pointwise to
1p(—L) + ¢(L)] at both x = £L.

ww Following up on the preceding two remarks, if ¢(x) is continuous and
¢(—L) = ¢(L), then the Fourier series for ¢(x) automatically converges point-
wise to ¢(x) on the entire interval [—L, L].
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Example 12.2.21. Consider the piecewise continuous function

-2 if —8<x< -3
p(x) = <3 if —3<x<?2
7 if2<x<S8.

This function satisfies the conditions of the pointwise convergence theorem (The-
orem 12.2.20). Namely, ¢(x) is continuous, and the only types of discontinuities
are jump discontinuities. The Fourier series for ¢(x) must converge pointwise to
¢(x) itself everywhere except at the jumps. More exactly, the Fourier series for

¢(x) would converge pointwise to

-2 if —8<x< -3
3 if v =-3
Px) = 43 if —3<x<2
5 ifx =2
7 if2 <x<8.
Notice that at x = —3, the series converges to the average of the left and right-

hand limits: 3[¢(—3") +¢(—37)] = 1. Similarly, at x = 2, the Fourier series
converges to 1[3+7] = 5.

At the endpoints x = +8, the series would converge pointwise to the average
of f(—8%) = —2and f(8~) = 7. That is, the Fourier series would converge to 3
when x = £8.

We remark that the theorems regarding pointwise, uniform and L? convergence
of Fourier series on [—L, L] are easily adapted to handle Fourier sine and cosine
series on an interval [0, L]. If (i) ¢(x) is continuous on [0, L] with ¢(0) = ¢(L)
and (ii) ¢'(x) is piecewise continuous on [0, L] (any discontinuities are jump
discontinuities), then the Fourier sine & cosine series for ¢(x) converge uniformly
to ¢(x) on [0,L]. On a similar note, if ¢(x) has a finite L?> norm over the
interval [0, L], then the Fourier sine & cosine series for ¢(x) converge to ¢(x)
in the L? sense. Although the pointwise convergence theorem 12.2.20 has a
natural counterpart for sine and cosine series, our earlier remarks concerning
convergence at the endpoints x = 0 and x = L are no longer valid. After all, a
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Fourier sine series on [0, L] must converge to zero at both endpoints, independent
of how the function ¢(x) is defined at those two points.

Exercises
1. Suppose m and n are non-negative integers and let L > 0. Show that
L ifm=n=20

() dx = {L/2 ifm=n#0
0 if m # n.

L mmx
. /0 cos (T) cos
You may wish to use the following trigonometric identities:
1 1 , 1
cosacos = zcos(e —pB) + ~cos(a+p) and cos“a = - [1+ cos(2a)].

2 2 2

2. Solve the homogeneous Dirichlet problem

Ut = CCliyy (0<x<5)
u(x,0) = sin (17570()
u(x,0) =0
u(0,t£) =0
u(5,t) =0.

Feel free to quote (11.28), the general solution of the wave equation on a finite
interval with homogeneous Dirichlet boundary conditions. Describe how the

solution behaves, as well as a physical interpretation.

3. Calculate the Fourier sine series for ¢(x) = x on the interval 0 < x < 3 and

plot the first three partial sums of the series.

4. Calculate the Fourier cosine series for the discontinuous function

1 ifo<x<3
3 if3<x<5.

$(x) =

on the interval 0 < x < 5.
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5. Calculate the (full) Fourier series for ¢(x) = x on the interval —4 < x < 4.

6. Show that for any choice of non-negative integers m and 7, the functions
f(x) = sin(mnx/L) and g(x) = cos(nmx/L) on the interval [—L,L] are
orthogonal with respect to the L? inner product.

7. Consider the set of continuous functions on the interval [a, b]. The L! norm of
such functions is defined as

Il = [ 171

Show that this really is a norm, by verifying that (i) || f||;1 > 0, with equality
if and only if f = 0; (ii) ||af]|;1 = |a|||f]/;1 for any real constant a; and (iii)
If+¢llr < IIfll;2 + |lgllp2 for all functions f and g that are continuous on
[a,b].

8. By L![a, b], we mean the set of integrable functions on [a, b] which have finite
L! norm (see previous problem). We say that a sequence of functions {f,}5°_;
converges to f in the L! sense if

/ab|f(x)—fn(x)|dx—>0asn—>oo.

Consider the functions

ifo<x<n
fu(x) =

1

n

0 ifn<x
defined on the interval [, b] = [0, c0). Show that f,(x) — f(x) = 0 pointwise
as n — co. Then show that the sequence f,;(x) does not converge to f(x) =0
in the L! sense.

9. Consider the functions f,(x) = x~" on the interval [1,2]. Does this sequence
of functions converge pointwise as n — co? If so, what function f(x) does the
sequence converge to? Does the sequence converge uniformly?

10. The purpose of this exercise is to show that pointwise convergence need not
imply convergence in the L? sense. Consider the functions

n2(1 — nx fo<x<i
fuly = ™) "

0 if L <x <1
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Show that this sequence converges pointwise to some function f(x) (which
you will need to find) on the interval 0 < x < 1. Then, show that the sequence
does not converge to f(x) in the L? sense.

11. The purpose of this exercise is to show that convergence in the L? sense
need not imply pointwise convergence. Consider the piecewise continuous
functions

1 if 1
ful(x) =

0 otherwise

1
-3 < x< 5+

Nl—
S|

on the interval 0 < x < 1. Show that this sequence converges in the L2 sense
to f(x) = 0, but that the sequence does NOT converge pointwise to f(x).

12. Solve the Dirichlet problem
Up 42U = Uyy 0<x<1)
u(x,0) = 9(x) = e
u(0,f) =u(1,t) = 0

expressing your solution in terms of a Fourier sine series.

13. Let ¢(x) be defined as in the previous exercise. Explain why Fourier sine se-
ries expansion of ¢(x) converges uniformly to ¢(x) on [0,1]. Does it converge
in the L? sense?

14. These questions concern the function

0 if —9<x< =3,
P(x) =<2 if —3<x<3,
0 if 3<x<o.

(a) Without computing the Fourier series for ¢(x), determine whether the
series converges pointwise on the interval (—9,9). If so, what does the
series converge to?

(b) Without computing the Fourier series for ¢(x), determine whether the
series converges in the L? sense on the interval (—9,9).

(c) Compute the (full) Fourier series representation of ¢(x) on the interval
(=9,9).
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(d) Let S3(x) denote the sum of the first three non-zero terms in the (full)
Fourier series representation you calculated in Part (c). Carefully plot
S3(x) and ¢(x) on the same set of axes. Either use a computer to generate
the plot for you, or give an accurate hand-sketch.



CHAPTER 13

The Laplace and Poisson Equations

Up to now, we have dealt almost exclusively with PDEs for which one
independent variable corresponds to time. Now, we will analyze a PDE
for which this is not the case: Laplace’s equation. To motivate where Laplace’s
equation comes from and what it models, consider the heat equation with
periodic boundary conditions:

Ut = Kilyy (-L<x<IL)
u(—L,t) =u(L,t)
uy(—L,t) = uy(L,1).

Physically, this system models diffusion of heat within a thin “one-dimensional”
ring of wire. You can imagine “bending” the interval —L < x < L into a ring,.
With the two ends x = —L and x = L in contact, they correspond to the same
physical location (hence the two boundary conditions).

Using the separation of variables technique, you can show that the solution of
the above system is given by

u(x,t) = 1‘;0 i {An cos (nL ) + By, sin (an)} e TKt/ L2

Given an initial condition u(x,0) = ¢(x) for —L < x < L, the constants appear-
ing in the formula for u(x, t) are given by the Fourier coefficients

A, = L/ cos )dx and B, = L/ sin(mth> dx.

367
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Question: How do solutions behave as t — c0? Intuitively, we would expect the
exponential factor in the above series to decay rapidly to 0 as t — oo. This would
suggest that only the leading term survives as t — co:

lim u(x,t) = Ao _ %/iqb(x)dx

t—o0 2

for all x € [—L,L]. Notice that this integral represents the average value of the
initial temperature distribution ¢(x). Consequently, we expect the solution of
the heat equation on a ring-shaped domain (periodic boundary conditions) to
approach a steady-state in which heat is uniformly distributed around the ring.

Moving beyond the above example, let us ask a more general question: What
are the steady-state solutions of the heat equation (or the wave equation)? In
other words, are there solutions the heat equation that are time-independent?
Physical intuition suggests that if we apply a fixed temperature distribution along
the boundary of the spatial domain, then the heat profile should equilibrate to

some steady configuration throughout the domain as t — oo.

Example 13.0.22. In one spatial dimension, finding steady-state solutions of
the heat equation is rather easy. Suppose that we wish to find steady-state
solutions of u; = xuyy on the domain 0 < x < L, subject to homogeneous
Dirichlet boundary conditions #(0,t) = 0 = u(L,t). Since such solutions are
time-independent, we should set u; = 0, reducing the PDE to an ODE ku' (x) = 0.
Integrating twice, we find that u(x) = Cyx + C,, where C; and C; are constants.
The boundary conditions imply that both of the constants are zero, which means
that the only steady-state solution of this Dirichlet problem is the constant
function u = 0. As an exercise, find the steady-state solution of the heat equation
with the more general Dirichlet conditions u(0,t) = 73 and u(L,f) = 7. You
should find that temperature varies linearly between 7; and 1, over the domain
0<x<L.

A similar argument shows that any constant function is a steady-state solution
of the one-dimensional heat equation with homogeneous Neumann boundary
conditions.

In higher dimensions, it is more challenging to find the steady-state solutions
of the heat equation on a given spatial domain (). In two or three dimensions,
the heat equation takes the form u; = «(uyy + 1yy) or up = x(Uxy + Uy + Uzz),
respectively, where x > 0 is the diffusion coefficient. These equations can be
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written more compactly if we introduce the Laplace operator (or Laplacian)

2 2
d d . . .
A==+ in two space dimensions
axz = 9y?
? R : o (3.1
= (E)xz + 2 + az2) in three space dimensions.

The heat equation now takes the form u; = xAu, and it should always be
clear from the context as to whether we are working in two or three spatial
dimensions. Likewise, the two and three-dimensional wave equations can be
written as uy = c2Au.

Steady-state solutions of the heat equation are time-independent, which im-
plies that u; = 0. Setting u; = 0 in the heat equation leads to an important PDE
that gets a special name:

Definition 13.0.23. The PDE

u  %u
Au(x,y) = ﬁ#—a—yz =0

is called the two-dimensional Laplace equation. The PDE

Pu B B
ox2 -

Mu(xy2) = 55+ 5+ 5o

is called the three-dimensional Laplace equation. Solutions of the Laplace equation

are called harmonic functions.

For emphasis, solutions of Laplace’s equation can be thought of as solutions
of the “steady-state heat equation”, because Laplace’s equation can be obtained
by setting u; = 0 in u; = xAu. One way to interpret this physically is to imagine
a pie that is placed in an oven of constant temperature. The oven temperature
imposes a Dirichlet condition on the boundary (external surface) of the pie. As
time passes, the temperature within the pie equilibrates to some steady-state
distribution. This steady-state temperature profile will be a harmonic function—a
solution to Laplace’s equation on a pie-shaped domain.

Laplace’s equation arises in a variety of physical contexts, not just steady-
state heat distribution. For example, the velocity potential of an incompressible,
irrotational fluid satisfies Laplace’s equation. It is also worth noting that solutions



370 DIRCHLET AND NEUMANN PROBLEMS

of Laplace’s equation can be thought of as solutions of the “steady-state wave
equation” uy = 2Au = 0.
The inhomogeneous version of Laplace’s equation is also famous enough to

receive a special name:

Definition 13.0.24. The PDE

u  %u
Au(x,y) = @4“372 = f(xy)

is called the two-dimensional Poisson equation. The PDE

Pu  *u  du
Au(x,y,z) = 52 F taz = f(x,y,2)

is called the three-dimensional Poisson equation.

Perhaps the most well-known application of Poisson’s equation arises in
electrostatics. If ¢(x,y,z) denotes the electric potential at a point (x,y,z) in
a static (time-independent) electric field, then Gauss’s Law states that Ag =
f(x,y,2z), where f is proportional to the total charge density. In other words,

electrostatic potential satisfies Poisson’s equation.

13.1. Dirchlet and Neumann Problems

Our main goal for this chapter is to solve Laplace’s equation on certain bounded
domains Q). In two-dimensions, we will focus on domains () whose boundaries
are formed by a simple, closed, piecewise smooth curve. By simple, we mean
that the curve is not allowed to intersect itself, and by piecewise smooth, we
mean that the curve can be subdivided into finitely many curves, each of which
is infinitely differentiable. We denote the boundary of such domains by 0Q)—in
this context, the use of the d symbol is a notational standard, and has nothing
to do with differentiation. Sketches of the types of domains we have in mind
appear in Figure 13.1.

To further describe the domains () we have in mind, let us crudely define a
few important topological notions. A set () is called open if it contains none
of its boundary points. In two-dimensions, the set S of points (x,y) such that
x? +y? < 1 forms an open set (a circular disc). The boundary dS would be the
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Figure 13.1. Three examples of two-dimensional domains () whose
boundaries Q) consist of simple, closed, piecewise smooth curves.

circle x2 + y2 = 1, none of which are contained in S. A set Q) in R? is called
bounded if there exists a positive number R (possibly very large) such that () is
contained within a disc or radius R. Finally, by a connected set (), we have in
mind a domain that consists of one contiguous “piece”. For example, on a map
of the United States, the state of Kansas is connected whereas the state of Hawaii
is disconnected since it is composed of multiple islands. Readers interested in
precise, technical definitions of openness, boundedness, and connectedness are
encouraged to complete a course in topology. The Dirichlet problem for Laplace’s
equation is formulated as followed. Let () be a two or three-dimensional domain
of the type described above. Then the Dirichlet problem is given by

Au(x,y) =0 inside Q)
u(x,y) =h(x,y) on the boundary, 0Q)

in two dimensions, or

Au(x,y,z) =0 inside Q)
u(x,y,z) =h(x,y,z) on the boundary, 0Q)

in three dimensions. As explained previously, the Dirichlet boundary condition
prescribes the temperature distribution on 9Q). For example, if h(x,y) = x> + v?,
then points on d() that are far from the origin will be hotter than points that are
close to the origin.

The Neumann problem for Laplace’s equation is a bit more difficult to state,
because Neumann conditions describe heat flux across the boundary, not the
actual temperature distribution. In two dimensions, suppose that (x, 1) is a
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point on the boundary o() and let n denote the outward unit normal vector at
that point. Recall that the normal derivative of u at (xg,yo) is defined as
ou

I Vu(xo,y0) @ n.

(This definition is easily extended to three or more dimensions.) The Neumann
problem for Laplace’s equation is formulated by specifying the normal derivative
of u at all points of the boundary; i.e.,

Au(x,y) =0 inside Q)

g—z =h(x,y) on the boundary, 0Q)

in two dimensions, or

Au(x,y,z) =0 inside Q)

Ea)% = h(x,y,z) on the boundary, 00}

in three dimensions. In this case, the function & describes the net outward
heat flux at all points on the boundary. If the boundary is insulated to prevent
entry/exit of heat across the boundary 0(), then i = 0.

13.2. Well-posedness and the Maximum Principle

Assuming that there actually exists a solution of the Dirichlet problem for
Laplace’s equation, we will prove that the solution is unique and is not sensitive to
small changes in the boundary condition. The proof makes use of the Maximum
Principle for Laplace’s equation, which we now state:

Theorem 13.2.1 (Maximum Principle for Laplace’s Equation). Let () be a set that
is bounded, open, and connected in either two or three dimensions, and let u
be a function is harmonic inside Q) and continuous on Q) U dQ). If u attains its
maximum or minimum value inside ), then u is a constant function.

In other words, if u is a non-constant solution of Laplace’s equation, then the
only place u can attain its maximum and minimum values is on d(}, the boundary
of the domain. The proof is similar to that of the Maximum Principle for the
heat equation. The idea is to consider what would happen if u had a maximum
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(or minimum) inside (). Then the second derivative test would require that both
uxy < 0and uy, <0. If either of these were strictly negative, then we would have
Uxx + tyy < 0, which contradicts our assumption that u is a solution of Laplace’s
equation uyy + uyy = 0. Therefore, we may assume without loss of generality
that 1y, = uy, = 0 at any maximum/minimum occurring inside (). Explaining
why this implies that # would have to be constant throughout Q) requires care,
and the interested reader is encouraged to consult a more comprehensive text on

PDEs (such as Strauss [10]).

Example 13.2.2. The function u(x,y) = x* — y* + 3 is harmonic: uxx + 1y, = 0.
Suppose that we wish to find the maximum and minimum values of this function
on the disc-shaped domain x? + y? < 1. By the Maximum Principle, the extreme
values of u(x,y) must occur on the boundary of the domain, which is the circle
x? 4+ y? = 1. One way to maximize u(x,y) = x> — y?> + 3 is to use the method of
Lagrange multipliers from multivariable calculus. However, in this example we
can take a simpler approach: the constraint x> +y2 = 1 tells us that y*> = 1 — x2.
Substituting this into the expression for u(x,y), we find that u(x,y) = 2x? +2
for points (x,y) on the boundary of our disc. Maximizing this function of a
single variable is straightforward: the minimum of 2x? + 2 occurs when x = 0.
The corresponding y-values on the circular boundary are y = £1. It follows that
the minimum value of u(x,y) is u(0,1) = (0, —1) = 2. Similarly, the maximum
value of u(x,y) is u(1,0) = u(—1,0) = 4.

Now let us use the Maximum Principle to prove that the Dirichlet problem for
Poisson’s equation

Au=f inside Q)
u=nh on 00}

has a unique solution. (Note that Laplace’s equation is a special case of Poisson’s
equation with f = 0.) Suppose that u and v are both solutions to this Dirichlet

problem and define w = u — v. Then by linearity of the Laplace operator,

Aw = A(lu—v) = Au—Av = f—f = 0.
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On the boundary, we find that w = h —h = 0. It follows that w satisfies a

homogeneous Dirichlet problem for Laplace’s equation:

Aw =0 inside Q)
w=0 on o).

By the Maximum Principle, both the maximum and minimum values of w are
attained on the boundary of the domain. This implies that w = 0 throughout
QU Q), from which we conclude that u = v. Hence, the solution of the Dirichlet
problem for Poisson’s equation (and therefore Laplace’s equation) is unique.

To test for stability with respect to small changes in the boundary condition,
let us compare the solutions of the Dirichlet problems

Au=f inside Q)
u=g on 90}
and
Av=f inside Q)
v=nh on 0().

In other words, u and v satisfy the same rpE but different boundary conditions.
As before, we measure the gap between the solutions by defining w = u — v.
Then w satisfies a Dirichlet problem for Laplace’s equation:

Aw =20 inside Q)
w=g—h on Q).

By the Maximum Principle,

max |u —v| = max |w| = max|w| = max|g— h|.
QuUIO QUIOY Q) Q)

In words, this says that the maximum separation between u and v throughout

the domain (2 U d() is at most as large as the maximum separation between g

and & on the boundary. This is precisely what we need in order to prove stability:

small discrepancies in boundary conditions (i.e., g and & are “close”) cannot

cause major changes in how the solutions # and v behave.
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Now we can rest assured that the Dirichlet problem for Poisson’s equation
is well-posed, provided that we can actually find a solution. We now turn our
attention to this task.

13.3. Translation and Rotation Invariance

Understanding a few “geometric” properties of Laplace’s equation will give us
intuition regarding what sorts of solutions we should seek. Take a moment to
compare what follows with the approach we took when solving the Cauchy
problem for the heat equation, (10.16)—(10.17).

Like the heat equation, Laplace’s equation is translation invariant as we shall
illustrate in two dimensions. If we make the change of coordinates ¢ = x + a and
7 =y + B, this has the effect of translating (shifting) every point in the plane in
the direction of the vector («, 8). Laplace’s equation iy + uy, = 0 can be written
in terms of the new coordinates (¢, #) by using the chain rule:

u:u—dx—i-u—dy:u
4 xd(:f ydC X
u:u—dx—i-u—dy:u
n xd,7 yd11 yr

and calculating the second derivatives yields uyy = ugz and uyy = uyy,. There-
fore ugz + uyy; = 0, demonstrating that Laplace’s equation is not affected by
translating the coordinates.

More interestingly, Laplace’s equation is also rotation invariant: making a
change of coordinates that rotates the plane through an angle 0 (see Figure 13.2)
does not affect Laplace’s equation. In two dimensions, such a change of coordi-
nates takes the form

¢ | _ | cos® —sinf x | | xcost —ysin6

n | sinf  cos# y B xsin®+ycosf |
Verifying that this coordinate transformation really does rotate the plane through
an angle 0 is not difficult. You should check that (i) the vectors (x,y) and (&, 1)

have the same length and (ii) the angle between these vectors is 0 (the dot product

will help you see this). As before, we use the chain rule to write uy and u, in
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Figure 13.2. Laplace’s equation is invariant under rotations of the
coordinate system.

terms of the new coordinates:

d d
Uy = ugd—i + ”%Tz = (cosO)ug + (sin6)uy,
¢ dy

Uy = ugd—y + uvd—y = (—sin®)ug + (cos0)uy.
Calculating the second partial derivatives, we find that
Uyx + Uty = (sin? 0+ cos® 0) (ugz + tyy) = gz + tyy,

and it follows that rotating our coordinate system has no effect on Laplace’s
equation. We remark that Laplace’s equation is also translation and rotation
invariant in higher dimensions. Rotation invariance suggests that Laplace’s
equation may have solutions with radial symmetry. In two dimensions, let us
seek solutions of Au(x,y) = 0 of the form u(x,y) = v(r), where r = \/x2 + 2
measures distance from the origin. Since v is a function of one variable, we
expect that substituting u(x,y) = v(r) into Laplace’s equation will reduce the
PDE to an ODE. First, notice that

o . 2x _x L0 2 Yy

ox 2¢/x%2+y? 7 ay 2\/x2 + 12 o
Now, use the chain rule to convert uyy + uy, = 0 into an ODE for v(r): the first

partial derivatives of u become

d ar %v’(r)

Uy = gv(r) = v’(r)g =



THE LAPLACE AND POISSON EQUATIONS 377

0 or v,

uy = —o(r) = v’(r)a = v (r).

Since r depends upon both x and y, calculating the second partial derivatives

requires careful use of the product/quotient and chain rules:

e = g v0] = oo+ (3) ()0 + (B) o)

r r r

or equivalently

Uyy = (1—9:32> v (r) + (%)20”(0.

o= (- 5)0r - (oo

Adding these two expressions,

2 x4 y? X2+ y?
0 = Upy +uyy = [r_ r3y }v’(r) + [ r2y ]v”(r).

Similarly,

2

Finally, since x> + y? = r?, we have shown that radially symmetric solutions of

the two-dimensional Laplace equation would have to obey the oDE

o' (r) + %v’(r) = 0. (13.2)

Equation (13.2) is a second-order, linear oDE, but does not have constant coeffi-
cients (which prevents us from solving it via the characteristic equation approach).
There are several ways to solve this oDE—for example, we could reduce the order
by defining w = v/, use separation of variables to solve the resulting first-order
ODE for w, and then integrate w to obtain v. Another approach is as follows: use

algebra to rewrite (13.2) as

'U”(T') B _1
v(r) 1’
and observe that "
o"(r) _ d ,
o' (r)  dr Info(r)]
The oDE becomes
d , 1
—In['(r)] = —-,
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u(x.y)

Figure 13.3. Graph of a radially symmetric solution (13.3) Laplace’s
equation uyy + uyy = 0.

and integrating both sides yields
, 1
In[v'(r)] = —In(r)+C = In P G,

where C is a constant of integration. Exponentiating both sides,

T)/(T’) _ eln(l/r)+C — A

r

C

where A = e* is a constant. Finally, integrating a second time reveals that the

radially symmetric solutions of the two-dimensional Laplace equation are given
by
o(r) = Alnr+B, (13.3)

where A and B are constants and r > 0. Equivalently, we have shown that

u(x,y) = Aln\/x2+y2+B

are harmonic functions in the plane. A sketch of one such function is given
in Figure 13.3. The special case A = —% and B = 0 is sometimes called
the fundamental solution of the Laplace equation in two dimensions. In three
dimensions, the fundamental solution of Laplace’s equation Au(x,y,z) = 0 has
a considerably different form. As before, let us seek solutions u(x,y,z) = v(r),
where r = \/x? 4+ y? + z2. Recycling our previous calculations,

X /

y z
iy = v (r) uy, = ;v'(r) and u, = ;v'(r),
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and
122 X\2
U ={2—73 v'(r) + (*) v (r)
1 y? 2
o= (3 2) o ()
1 Z2 7\ 2
= (5-5) 70+ ()70
Adding these yields
3_2+yi+2 22 4 y? 4 2
0 = g b = 3= S [ + ||

2

and since x% + y? + z? = 2, we obtain the oDE

o' (r) + %v’(r) = 0. (13-4)

Despite the apparent similarity between Equations (13.2) and (13.4), the solu-
tions are quite different. Fortunately, the solution technique is identical: first,
write (13.4) as

d 2

— In[o/ = ——.

()] = 2

Integrating both sides with respect to r,
, 1
In[v'(r)] = —2Inr+C = In 2 +C,

where C is a constant of integration. Exponentiating both sides,

A
Z)/(T’) = eln(l/rz)—i-C = 1’72,

where A = e® is a constant. Finally, integrating a second time reveals that the

radially symmetric solutions of the three-dimensional Laplace equation are given

by
A
o(r) = - +B5 (13.5)
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where A and B are constants and r > 0. Equivalently, we have shown that

A
u(x,y,z) = ———+B X, Y,z 0,0,0
are harmonic functions in three-dimensional space. The special case A = —1

and B = 0 is sometimes called the fundamental solution of the Laplace equation in
three dimensions.

Example 13.3.1. Solve Laplace’s equation on the annular (ring-shaped) domain
1 < r < e, with Dirichlet boundary conditions # = 8 whenr =1 and u = 12
when r = e. Solution: Due to the symmetry of the domain, it is natural to work
from (13.3) instead of using Cartesian coordinates. The two boundary conditions
tell us that

8 = Aln(1)+B = B and 12 = Aln(e)+B = A+B.

It follows that A = 4 and B = 8, and the solution is given by v(r) = 4Inr + 8.
Equivalently,

u(x,y) = 4lny/x2+y2+8 = 2In(x> + %) +8.

By well-posedness of the Dirichlet problem, we know that this is the unique
solution of Laplace’s equation on the given domain.

In order to interpret the solution physically, you may wish to graph u(x, y) over
the annular domain. The boundary of the domain consists of two circles, and the
Dirichlet boundary conditions tell us that the temperature at the “inner boundary”
is held constant at 8 while the temperature at the outer boundary is held constant
at 12. If we travel radially outward within the domain (from the inner boundary
toward the outer boundary) the temperature increases logarithmically. This may
seem counter-intuitive, since one might guess that temperature would increase
linearly from 8 to 12 as we move radially outward.

Example 13.3.2. When we sought radial solutions u(x,y) = v(r) of the Laplace
equation in two dimensions, we calculated that

Upx + 1ty = 0" (r) + %v’(r) (r #£0).
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Multiplying both sides by r, notice that

r(ue +uyy) = ro"(r) +9'(r) = % (0]

This observation can be useful when solving the Laplace (or Poisson) equations
on annular domains. For example, let us solve the Poisson equation uyy + uy, = 1
on the domain 3 < r < 5, with Dirichlet boundary conditions u = 10 on the
circle r = 3 and u# = 0 on the circle r = 5. Multiplying both sides of Poisson’s
equation by r, we have

7(Uxy +uyy) =7

and, from the above remarks, we conclude that

Integrating both sides with respect to r,

p r
= —-+A
rv'(r) > A

where A is a constant of integration. Dividing both sides by r and integrating a

second time,
2

»
u(x,y) = o(r) = Z+Alnr+B.

Remark. Since Poisson’s equation is nothing more than an inhomogeneous

version of Laplace’s equation, it is not surprising that this formula for v(r)

contains the terms A Inr + B, which we recognize from formula (13.3).

Finally, we will use the two Dirichlet conditions to solve for the constants A
and B:

10=9(3) = Z—b—AlnB—i—B

25
0=10(5) = Z+Alr15+B.

This is a system of two equations in two unknowns:

Aln3+ B = %
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AlIn5+B = fé,
4
which has solution
14 31 141In3
A = d B=—F——- ——.
m(3/5) o 4~ In(3/5)

Inserting these into the above formula for u(x,y), the solution of our Dirichlet

problem is given by

u(x,y) = ¥4y? 14y 4y 31 14In3
=Ty In(3/5) 4 In(3/5)

Example 13.3.3. Solve the mixed Dirichlet-Neumann problem

Au(x,y,z) = \/x2 +y? + 22 inside1 <r <2

u=12 ifr=1
Ju

— = if r = 2.
o 3 ifr

Solution: The domain is a spherical shell. Recall that when we sought solutions
u(x,y,z) = v(r) of the Laplace equation in three dimensions, we calculated that

2
Au = tpx +uyy 1z = 0"(r) + ;v’(r) (r #0).

If we multiply both sides of this equation by 2, observe that

PAu = r*0"(r) + 2/ (r) = %[rzv’(r)].

In the present example, multiplying our Poisson equation Au = r by 72 yields

%[rzv/(r)] = 7.

Integrating with respect to r yields
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where A is a constant of integration. Divide by r? and integrate a second time to
get X
r A
o(r) = o~ + B.
We recognize the latter two terms from the formula (13.5) for radial solutions
of Laplace’s equation in three dimensions. (Again, this is not surprising since
Poisson’s equation is the inhomogeneous Laplace equation.)

The Dirichlet condition on the inner boundary (r = 1) tells us that v(1) = 12.
The Neumann boundary condition specifies the net outward flux of heat at the
outer boundary r = 2, and the vector n points radially outward in the direction of
increasing r. In terms of v, the Neumann boundary condition becomes v'(2) = 3.
Solving for A and B, you will find that A = 8 and B = 239/12. In terms of the

original coordinates, the overall solution is

(2 +y2+2)°2 8 239

uxyz) = 12 T i 12

Remark. If a Neumann condition had been given at the inner boundary, we must

exercise caution when writing the boundary condition in terms of our variable
v(r). Suppose, for example, that our boundary condition on the inner shell r = 1
had been the Neumann condition du/dn = 12. On the shell r = 1, the outward
normal vector n is directed towards the origin in the direction of decreasing r. Hence,
in terms of v, the boundary condition would be v'(1) = —12, not v/(1) = 12.

13.4. Laplace’s Equation on Bounded Domains

In the previous section, we found all radial solutions of Laplace’s equation on
unbounded domains: two and three-dimensional Euclidean space. Then, we used
our results to solve a few boundary value problems on domains with radial
symmetry (annuli and spherical shells). Finding explicit solutions of Laplace’s
equation on general bounded domains is usually too much to expect. In this
section, we will solve Dirichlet problems for Laplace’s equation on two very
special two-dimensional domains: rectangles and discs.

13.4.1 Dirichlet problem on a rectangle. Let () denote the open rectangular
domain 0 < x < a and 0 < y < b in the plane. Our goal is to solve the Dirichlet
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y
b u=T(x)
> >
g o
Il Q ]
=) =)
0 X
0 u = B(x) a

Figure 13.4. Illustration of the rectangular domain ) with Dirichlet
boundary conditions specified on each edge.

problem
Au(x,y) =0 inside Q)
u(x,0) = B(x) 0O<x<a
u(x,b) = T(x) O<x<a (13.6)
u(0,y) = L(y) O<y<b
u(a,y) = R(y) 0<y<b.

The functions B(x), T(x), L(y), and R(y) specify temperature distributions
on the (B)ottom, (T)op, (L)eft, and (R)ight edges of the rectangle, respectively.
Figure 13.4 illustrates this domain as well as the given boundary conditions. We
can solve the system (13.6) by splitting this problem into four simpler Dirichlet
problems in which three of the four edges are given homogeneous Dirichlet
conditions. More precisely, suppose that u(x, i) denotes the solution of the above
Dirichlet problem with boundary conditions (B, T, L, R). Let up(x,y) denote the
solution of the Dirichlet problem with boundary conditions (B,0,0,0)—i.e., let
T(x) = L(y) = R(y) = 0 in (13.6) but leave the condition on the bottom edge
of the rectangle unchanged. Similarly, let u7, u; and ugr denote the solution
of the Dirichlet problem with boundary conditions (0, T,0,0), (0,0,L,0), and
(0,0,0,R), respectively. Then the solution of the general Dirichlet problem (13.6)
is obtained by summing the solutions of the four special Dirichlet problems:
U =Up—+ur—+ur+ ug.
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Let us solve one of these four simpler Dirichlet problems, in which only the
top edge of the rectangle receives a non-homogeneous condition:

Au(x,y) =0 inside O
u(x,0) =0 O<x<a
u(x,b)=T(x) 0<x<a (13.7)
u(0,y) =0 O<y<b
u(a,y) =0 0<y<b.

We will solve (13.7) via separation of variables—suppose that u(x,y) = X(x)Y (y).
Laplace’s equation becomes X"Y + XY” = 0 and, by algebra,

X// Y//

X~ Y7
Since the left-hand side is a function of x only whereas the right-hand side is a
function of y only, the only way this can happen is if both expressions are equal
to a common constant, say —A. The result is a system of two opes: X" + AX =0
and Y/ — AY = 0. We will solve the X equation first, because its boundary
conditions are easy to incorporate. Since u(x,y) = X(x)Y(y), the boundary
conditions at the left and right edges of the rectangle tell us that

0 =u(0,y) = X(0)Y(y) and 0 = u(a,y) = X(a)Y(y).

We exclude the possibility that Y(y) = 0, since that would imply that u(x,y) = 0,
which would not satisfy the boundary condition on the top edge of the rectangle.
Therefore, the boundary conditions for our X equation are X(0) = 0 = X(a). We
have encountered the two-point boundary value problem

X"4+AX=0 X(0)=0=X(a)

on numerous occasions. For A < 0, this problem has no non-zero solutions,
implying that all eigenvalues are positive. The eigenvalues are A, = (n7t/a)? for
n > 1, and corresponding eigenfunctions are

nmx

Xu(x) = sin (7) (n>1).

a
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With these eigenvalues in mind, we turn our attention to the differential equation
for Y(y), namely Y — AY = 0. Let Y, (y) denote the solution of this equation
corresponding to the eigenvalue A = A,. The characteristic equation is m? —

(nmt/a)? = 0, which has distinct, real roots +n7/a. Therefore,
Yuly) = Enenﬂy/a + Fne_nﬂy/{l;

where E; and F,; are constants. The boundary condition on the lower edge of the
rectangular domain tells us that Y;,(0) = 0, but it is less clear how to incorporate
the boundary condition on the top edge of the rectangle. Ignoring the upper
boundary for the moment, the condition Y, (0) = 0 indicates that E,, + F, = 0,
from which

Yn(]/) = E, [enny/a _ efnny/a] (n > 1).

Each of the functions

un(x,y) = Xu(x)Yu(y) = Eu [emy/“ - e*’”‘y/”} sin (nalx)

satisfies Laplace’s equation as well as the Dirichlet boundary conditions on every
edge of the rectangle except for the top one. Taking an infinite linear combination
of these solutions, we find that

u(x,y) = Y, Guun(x,y) = Y ExGy [e””y/“ - e_””y/“} sin (@)
n=1 n=1 a
is the general solution of the Laplace equation subject to the homogeneous
Dirichlet conditions on the left, right, and bottom edges of the rectangular
domain. The constants can be combined by introducing A, = E; G, so that our
general solution takes the form

[e)
) = £ et = i (),
n=1

It remains to incorporate the boundary condition on the upper edge of the
rectangle, u(x,b) = T(x). Setting y = b in our series solution, we find that

T(x) = ni_o:lAn {e””b/“ - e_””b/“} sin (”aﬂ) .
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Because we have fixed y = b, notice that the two exponential terms are now
independent of the two variables x and y. Hence, we may absorb these terms
into our coefficients A, by introducing

An _ An |:en7'[b/u _ efnnb/a} )

In doing so, the function T(x) takes the form of a Fourier sine series

T(x) = iAnSin (@)

a

The Fourier coefficients are given by

and, consequently,
-1 ra
Ay = % {e””b/“ — efnﬂb/“} / T(x)sin (”aﬂ) dx.
0

Inserting these Fourier coefficients into our general formula for u(x,y), we have
shown that the solution of (13.7) is given by

2 & ety/e _ emnTy/a [ ra . (nTx . (nmX
=2 ; ey a——— {/0 T(x)sin (T) dx} sin (T) . (13.8)

Formula (13.8) may seem complicated, but it is not too difficult to interpret if
we make a few observations about the various terms/factors in the series. Notice
that as y increases from 0 to b, the factor

enmy/a _ o—nmy/a

enntb/a _ o—nmb/a

increases from 0 to 1. On the other hand, the other factors

L) esin () axfsin ()

are nothing more than terms in a Fourier sine series representation for T(x).
Combining these two observations, the effect of the exponential factors should be
to “damp” the function T(x) as y decreases from b towards 0. This is illustrated
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Figure 13.5. Solution of (13.7) for a particular choice of T(x).

in Figure (13.5) for a particular choice of temperature distribution T(x) applied
at the top edge of the rectangle. Recall that (13.8) is merely the solution of one out
of four Dirichlet problems that we must solve to build the solution of the general
Dirichlet problem (13.6). Fortunately, we may recycle many of our calculations to
solve the other Dirichlet problems. For example, suppose that we wish to solve
the Dirichlet problem

Au(x,y) =0 inside Q)
u(x,0) =0 O<x<a
u(x,b) =0 O<x<a (13.9)
u(0,y) =0 O<y<b
u(a,y) =R(y) 0<y<b,

in which only the right edge of the rectangle receives a non-homogeneous
boundary condition. This is essentially identical to the problem (13.7), except
that the roles of x and y are reversed and R(y) now plays the role of T(x).
Retracing our steps, it is convenient to separate the variables as

X// Y//
_—_— = — = —/\
X Y ’
and solve the Y equation first because its boundary conditions will be homoge-

neous: Y(0) = 0 = Y(b). Afterward, solving (13.9) is literally a matter of quoting
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formula (13.8) with (i) the variables x and y swapped; (ii) the constants a and b
swapped; and (iii) the Fourier sine series for T(x) replaced with the Fourier sine
series for R(y).

Remark. The same solution procedure works for other types of boundary condi-
tions as well. We could impose Neumann boundary conditions along each edge
of the rectangular domain, or we could mix and match Dirichlet and Neumann
conditions along the different edges of the rectangle.

We can also use the separation of variables technique to solve Laplace’s
equation on a box-shaped domain in three dimensions. For example, let ()
denote the domain 0 < x < 4,0 <y < b, and 0 < z < ¢, and consider the
Dirichlet problem

Au(x,y,z) =0 inside O
u(x,y,c) =T(x,y) top face of 0Q)

u=20 on the rest of 0Q).

As usual, we seek separated solutions of the form u(x,y,z) = X(x)Y(y)Z(z) so
that Laplace’s equation becomes X"YZ + XY"Z 4+ XYZ" = 0. Dividing by XYZ,

we have

The three ratios appearing in this sum must equal a common constant —A (ex-
plain). In particular, the X equation satisfies the eigenvalue problem X" +AX = 0
with X(0) = 0 = X(a). The eigenvalues and corresponding eigenfunctions are

given by

nnx) , (n>1).

ny 2 .
n= (7) and X,(x) = sin (7
The Y equation satisfies essentially the same eigenvalue problem, leading us to

define

Yiu(y) = sin (n%:y) , (m>1).

Rewriting the Z equation as

Zl/ XN Y//
Z - X Y
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we seek solutions in which X = X;; and Y = Y},,. Since

X/  (nm/a)*sin(nmx/a) ny 2

X,  sin(nmx/a) - (7)
and

Y, (mm/a)*sin(mmx/a) _ omy2

Yo sin(mmx/a) (7) ’

we must solve

! = [(M>2+<mﬂ Zon  (myn>1).

a a

One of the boundary conditions on Z is Z(0) = 0, which is easy to implement.
However, the key observation regarding this oDE for Z is that it is doubly indexed.
When we build the general solution of this Dirichlet problem, we must sum over
both m and #n, leading to a double sum. Ultimately, we would need to develop a
theory of Fourier series in several variables and, although this is a straightforward
extension of our efforts in the previous chapter, we will not deal with such series
here.

13.4.2 Dirichlet problem on a disc. The fundamental solution of Laplace’s
equation in two dimensions has radial symmetry throughout the plane, so we
may suspect that Au(x,y) = 0 has “nice” solutions on (bounded) disc-shaped
domains centered at the origin. In this section, we will solve a classic problem in
pDEs: Find all bounded solutions of the Dirichlet problem

uxx +uyy =0 ifx2+y2<a2
(13.10)
u=nhe)  ifx*+y?=a%
Here, a > 0 denotes the radius of the disc-shaped domain, and 6 denotes an angle
used to parametrize the boundary (0 < 6 < 27). The function h(0) specifies a
temperature distribution applied along the boundary of the disc. Problem (13.10)
is famous enough in the study of PDEs that it is simply referred to as the Dirichlet
problem on a disc. (When mathematicians mention this problem, it is understood
that the underlying PDE is Laplace’s equation.)
We will solve (13.10) by first writing Laplace’s equation in polar coordinates
(r,0), and then applying the separation of variables technique. Let x = rcos 6
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and y = rsinf and note that x2 + y?> = 12 and § = arctan(y/x). By implicit

differentiation, we calculate

ox r’ dy

7

oar X or v
p

Now by the chain rule,

aj
Jx

g = oo omudb x y,
7 9rox 9ox r | 27
d
. W udr oudp _y o x
Y7 9roy 9oy r ' 20

Tedious use of the chain rule allows us to express the second partial derivatives

uxyx and uy, in terms of u,, and ugg, and it turns out that

1 1
Uxy +Uyy = urr"’;“r"‘ﬁ”%-

Now that we know how to write the Laplacian in polar coordinates, the Dirichlet
problem for a disc can be expressed as

1 1 _ if
Myr+;ur+ﬁu99—0 ifr<a

(13.11)

u = h(6) ifr=a.

Our goal is to seek bounded solutions of (13.11). The boundedness will become
important later when we attempt to solve a second-order ODE in the variable r
despite having only one boundary condition.

Equation (13.11) can be solved by separation of variables: let u(r,0) =
R(r)©(0). Laplace’s equation becomes

R'®+ 1R'® + %R@” =0
r r
which, after dividing by R@® and multiplying by 2, yields

r2 R Ly R’ @//
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With the variables thus separated, we conclude that

@// rZR// 4 T’Rl
_ = —_—— = —/\
(C)] R !

a constant. The result is a system of two second-order ODEs

Q' +10=0
?R" + R’ — AR = 0.

At first, it seems unclear how to set up and solve an eigenvalue problem for ©.
However, if we recall that ® represents an angular variable, we may enforce a

periodic boundary condition
O +2m) = O() for all choices of 6.

It is easy to check that if A < 0, then ®” + A® = 0 has no non-trivial solutions
satisfying this periodic boundary condition. On the other hand, A = 0 is an
eigenvalue. In that case, the oDE reduces to @” = 0, implying that ©®(0) = C6 + D
where C and D are constants. The boundary condition ®(0 + 27t) = ©(6) implies
that C = 0, but there are no restrictions on D. As for the positive eigenvalues, let
A = B2 where B > 0. The general solution of the opE for @ is

©(8) = Ccos(Bf) + Dsin(p0),

where C and D are constants. The only way that the boundary condition
O(0 4 21t) = O(H) can be satisfied for all choices of 6 is if both

cos(B8 +2mB) = cos(BP) and sin(BO+2np) = sin(pH) for all 6.

Thus, 27t must be a positive® integer multiple of 27, implying that B can be
any positive integer. Defining B, = n, the eigenvalues for the ® equation are
An = B% = n? for n > 0. The eigenfunctions corresponding to these eigenvalues
have the form

©(0) = Co

'Recall that g was assumed positive.
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and
©,(0) = Cycos(nb) + D, sin(nd) (n>1)

where C,, and D,, are constants.
Now we turn our attention to the R equation: corresponding to the eigenvalue
A = 0 we obtain the opE r2R” + rR’ = 0. By algebra,

R” 1
®
which we rewrite as d 1
—[InR'] = —=.
dr [In K] r
Integrating with respect to r,
InR' = —Inr+C,

where C is a constant. Exponentiate both sides and integrate a second time to
obtain
Ro(?’) = Ep Inr+ Fo,

where Ey = e and F, are constants, and the subscript 0 was introduced to
emphasize that this solution corresponds to the eigenvalue A = 0.
For the positive eigenvalues A, = n?, the opE for R takes the form

?R"+rR' —n?’R = 0. (13.12)

Although this is a linear, second-order ODE, the variable coefficients prevent us
from using a characteristic equation to solve it. Luckily, this is an example of
an Euler equation: a special class of linear differential equations which can be
solved analytically by seeking power function solutions R(r) = r™ as opposed to
exponential solutions R(r) = ™. For a more careful discussion of how to solve
Euler-type ODEs, see the Appendix at the end of this section.

0

In light of these remarks, let us seek solutions of (13.12) of the form R(r) = r%,

where « is a real number. The equation becomes

Pa(a —1)r" 2 +rar* ™t —n?r* =0,
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and dividing by r* yields
aa—1)+a—n> =0,

By algebra, a? — n% = 0, which has solutions & = 4. It follows that r~" and "
are solutions of (13.12). Moreover, since these are linearly independent functions
of r and are solutions to a linear, homogeneous ODE, the general solution of (13.12)
is
Ry(r) = Epr "+ Fur" (n>1),

where E,; and F, are constants. Again, the reason for introducing the subscript n
is to emphasize the correspondence between the functions and the eigenvalues
A

Now recall that we are seeking bounded solutions of the Dirichlet prob-
lem (13.11). Since the functions Inr and r~" blow up as ¥ — 0, we may exclude

these terms in the solutions of the R equation. In other words,
Ry(r) = Fyr" (n>0).

The next step is to form the general solution of (13.11) by assembling the
solutions of the separated equations for R and ©. Define

un(r,0) = Ry(r)Ou(0) (n>0)
and form

u(r,0) = Y Guun(r,0) = GoFoCo + Y GuFur" [Cy cos(nb) + Dy, sin(nf)] .
n=0 n=1

Anticipating the use of a Fourier series representation, abbreviate the various

combinations of constants as

Ap

> = GoFRCy A, = G,F,C, and B, = G,F,D, (n> 1).

The general solution of (13.11) is

u(r,0) = 70 + ) 7" [Aycos(nf) + B, sin(nf)] . (13.13)

n=1
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The last step is to enforce the boundary condition u(a, 0) = h(6). Setting r = a
in (13.13),
Ao

h(0) = 5 T ia [Ay cos(n0) + By, sin(nb)],

a (full) Fourier series representation of /1(6). Since h(6) has period 27, we can
obtain the Fourier coefficients A, and B, by integrating over any interval of
length 27t. It is convenient to choose the integral [0,27] (as opposed to [—m, 7))
and to define A,, = a" A, and B, = a"B,. Then

= /Zn ) cos(nyp) dy (n>0)

and
N 1 2=
By = - /O h(g)sin(np)dy  (n>1).

Tt

Inserting these Fourier coefficients into formula (13.13), we have shown that the
bounded solution of the Dirichlet problem (13.11) is

) = o [ ay

% i r—n / P) [cos(nip) cos(n) + sin(nip) sin(nd)] dy.

By the double-angle identities, the trigonometric terms in the integrand collapse

into a simpler-looking expression:

7T

:%/Ozﬂ {1+2i( ) cos(n ¢)]}d¢

Observation. The infinite series appearing in the integrand of (13.14) is actually

27'[ sl
u(r,0) = ZL/O % Z r—n / P) cos[n(0 — )] dy
. (13.14)

a geometric series in disguise, and can be summed explicitly.

To see this, it helps to write the cosine function in terms of complex exponential
functions via Euler’s identity

17 . )
cosf = 5 {ele —i—e*le} .
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Focusing our attention on the series that appears in Equation (13.14), applying

Euler’s identity to the cosine term yields

1+ 2 Z ( ) cos[n(0—¢)] =1+ i (K>n [ein(e’lp) —i—e’i”(e’tl’)}.

n=1 a
_ = i n in(0—1y) r —in(0—1)
1+ L () -2 (G)
Series 1 Series 2

In the latter expression, Series 1 and Series 2 are both geometric: the ratio
of consecutive terms is independent of n. In Series 1, the common ratio of

consecutive terms is
Y i(9—
a

a complex number with modulus less than one since (r/a) < 1 and the exponen-
tial factor has modulus exactly 1. Similar remarks hold for Series 2, and since
the common ratios of these series have moduli less than 1, we can sum these
geometric series explicitly to get

14 (r/a)ei(eh_":) (r/a)e —1(9_1/;) -1+ rei("._‘/’j N re—i(i".—‘/:) .
1—(r/a)el®¥) 1 — (r/a)e ¥ a—reil@—¢) 5 _ pe—i(6—9)
sum of Series 1 sum of Series 2

Introducing a common denominator,

rei(eflp) [a — refi(efll])} + refi(eflp) [g — rei(eflp)]

1 - -
+ [a — rel@=¥)][a — re=1(0-¥)]

—12 + ar[el®¥) 4 e—1(0-9)] 42
— 2ar[ei6=¥) 4 e=i0-¢)] 42"

Finally, Euler’s identity allows us to express this using real-valued functions:

14 —2r2 +2arcos(0 —¢) a? —r?
a2 —2arcos(6 — ) +12 a2 —2arcos(0 — ) + 12’
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Hence, we have evaluated the summation that appears in formula (13.14). It

follows that the solution of the Dirichlet problem on a disc (13.11) is given by

a2 —r? 2 h
u(r,0) = 27 /0 a? — 2ar coizp())— P) + 12 d¢, (13.15)
for0 <r <aand 0 < 0 < 2m. Formula (13.15) is a famous result in PDEs, and
is called Poisson’s formula. One reason that Poisson’s formula is so elegant is
that it expresses the solution of our Dirichlet problem as a single integral, as
opposed to the sort of infinite series representation that we have come to expect.
Compare (13.15) to the solutions of Dirichlet problems for the wave and heat
equations on the [one-dimensional] domain 0 < x < L (see Equations (11.28)
and (11.34)). For those equations, we were forced to present the solutions as
infinite series, because those series could not be summed explicitly like the one
in (13.14). In that respect, Poisson’s formula is one of the most remarkable (and
lucky) results from basic PDEs.
Unfortunately, for most choices of boundary conditions #, the integral (13.15)
is impossible to evaluate by hand. (We encountered similar difficulty when we
solved the Cauchy problem for the heat equation.)

Example 13.4.1. Suppose that we wish to solve the Dirichlet problem on a
disc (13.11) with the boundary condition k(0) = 1; i.e., a constant temperature
distribution along the circular boundary. Poisson’s formula (13.15) states that
the solution is

a2 —r? /‘27t 1

,0) =
u(r,9) 2t Jo a?—2arcos(0 — ) + 12

dy.
Evaluating this integral directly is complicated, which is frustrating given the
apparent simplicity of the boundary condition. Intuitively, we would expect the
temperature within the disc to be a constant function, u(7,0) =1for0<r <a
and 0 < 0 < 2m.

The problem is much simpler if we retrace our steps in the derivation of (13.15),
instead referring to equation (13.14):

o) = 5o [y + 235 [ ) cosin(o - )l ay
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for0 <r <aand0 <6 < 27 With h(¢) = 1, we find that

27T

1 27t 1 & 7
u(r,0) = ﬂ/o dy + ﬂn;:l"/o cos[n(6 — )] dy.

The integrals are easy to calculate:

27t
A dy = 2n
and
P : - 27
[ cosln(o - )] ay = SO0
0

= —% [sin(n6 — 27mn) —sin(nf)] = 0 (n>1).

Therefore, all of the integrals appearing in the summation are zero, implying that
the solution of the Dirichlet problem is u(r,6) = 1 throughout the disc-shaped

domain (as expected).

Example 13.4.2. Solve the Dirichlet problem

Au=20 0<r<a

u(a,0) = cos(0) r=a.

Solution: This time, we are given a non-constant heat distribution on the circular
boundary of the domain. If we attempt to apply Poisson’s formula directly, we

@2 —p? o cos(¢)
u(r,0) = b /0 a2 —2arcos(6 — ) + 12 W

obtain

for 0 <r <aand 0 < 6 < 2m. As in the preceding example, we encounter
an integral that appears difficult to evaluate directly. Instead, we quote (13.14)
where, in this case, h() = cos :

1 27t 1 & ¢t 27
u(r,0) = ﬂ/o cosypdyp + - ) Z—n /0 cos i cos[n(0 — )] dy.
n=1
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The leading term is easy to evaluate:

1 [2n
E/o cosypdy = 0.

The integrals appearing in the summation are reminiscent of the ones we en-
countered during our study of Fourier series. It helps to apply the trigonometric
identity

cosacosp = % [cos(a + B) + cos(a — B)]

to rewrite the integrals as

27

/027T cosy cos[n(0 — )| dy = /0 cos P cos(nd — ny) dy

- %/;nCos[nG— (n=1)y)|dyp + %/027[ cos[—n6 + (n+1))] dy.

When calculating antiderivatives of the integrands, we must distinguish between
the case n > 1 and n = 1. If n > 1, then these integrals evaluate to

27

1 sin[nd — (n = 1)g)]|*™ | 1 sin[-nf + (n+1)y)]

2 —(n—1) 0 2 n+1 0

sin[nf — 2mt(n — 1)] — sin(n0) N sin[—n6 + 2mt(n +1)] — sin(—nb)
—2(n—1) 2(n+1)

Since 27t(n — 1) and 27t(n + 1) are integer multiples of 27, this entire expression
reduces to 0.

Finally, if n = 1 we evaluate

1 2w 1 2w
5/ cosf@dy + 5/ cos(2¢ — 0) dyp = mcosH,
0 0

the only non-zero integral in our infinite series representation of u(r,6). The
series collapses to a single term:

u(r,0) = %(g)ﬂcose = (Z) cos0,

the solution of our Dirichlet problem for 0 <r <aand 0 < 6 < 27
Take a moment to interpret this solution. The factor cos# comes from our

boundary condition, while the factor (r/a) varies from 0 to 1 as we move radially
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outward from the center of our disc toward the boundary. The temperature at
the center of the disc (r = 0) is zero, which happens to be the average of the
temperature along the circular boundary:

1 27 1 27t
%/0 h(yp)dy = Et/o cospdy = 0.

This is no accident, as we now show.

If we set ¥ = 0 in Poisson’s formula, we find that the temperature at the center
of the disc is

2 2y 1 [2m
w00 = o [MWayp = L [Thay,

2m Jo

the average value of the temperature along the boundary r = 4. This observation
is a special case of a remarkable property of solutions of Laplace’s equation:

Theorem 13.4.3. Mean value property for harmonic functions: Suppose that u
is a harmonic function on an open disc D and is continuous on the closed disc
D UdD. Then the value of u at the center of the disc is equal to the average value
of u on the boundary dD.

Example 13.4.4. Suppose that u is a solution of the Dirichlet problem (13.11)
with boundary condition /#(6) = 10 + 6 sin 6. Then the value of u at the origin is
given by

1 27t 1 27
o |10+ esinods = 10+ o [ osinede.
27 Jo 27 Jo

— 104 —0cos 6 + sinf 7" _ g

27 0

Finding the maximum and minimum temperatures on this disc is tricky. By
the Maximum Principle 13.2.1, we know that the maximum and minimum
temperatures must be achieved on the boundary. Thus, we must find the extreme
values of 11(6) = 10 + 0sin6 on the interval 0 < 6 < 27t. Since //(0) = sin6 +
8 cos 0, critical points occur when 8 = — tan . Unfortunately, it is impossible
to solve this transcendental equation by hand, and we would need to resort
to computer assistance. It turns out that there are two critical points in the
open interval 6 € (0,27), one of which corresponds to the global minimum

temperature, and one of which corresponds to the global maximum temperature.



THE LAPLACE AND POISSON EQUATIONS 401

Additional properties of harmonic functions. Poisson’s formula (13.15) and
the mean value property (13.4.3) lead to a host of important theorems that
characterize the behavior of harmonic functions. We state a few such results for
reference—see the texts of McOwen [6] and Strauss [10] for technical proofs.

= Smoothness Theorem: Suppose u is a harmonic function on an open set ). Then
u is smooth (i.e., has derivatives of all orders) on ). The Smoothness Theorem may
seem surprising given that Laplace’s equation Au = 0 only requires existence of
the second partial derivatives of u. In this sense, the class of harmonic functions
is far more “selective” than we might expect.

ww Harnack’s Theorem: Suppose that u is a non-negative harmonic function on an
open set (3, and let ()1 be a closed subset of (). Then there exists a constant C depending
only on Q) such that

maxu < Cminu.
M M

The main implication of Harnack’s Theorem is that non-negative harmonic
functions cannot exhibit crazy oscillations on closed sets.

= Liouville’s Theorem: Suppose that u is a harmonic function in the whole plane
IR? (or in the whole space R3). If u is bounded, then u is a constant function.

Appendix: Solving Euler equations. Consider the linear, homogeneous OoDE
2u” (t) + Btu' () 4+ yu(t) =0,

where 8 and -y are constants. Notice that the exponents of the coefficient functions
involve powers of the independent variable: 2 #1 and 9. For this reason, it
is natural to seek power function solutions of the form u(t) = ", because
differentiating such functions reduces the exponent by one (unless m = 0).
Inserting u = t" into the above equation yields

m(m — 1) "2 4 Btmt™ L 4 ™ = 0,
which simplifies to
t" m(m —1) + pm 4] = 0.

Since the left hand side is identically equal to zero as a function of ¢, it must be
the case that
m(m—1)+pm+y = 0.
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This quadratic equation for m is called an indicial equation for our Euler equation,
and is analogous to a characteristic equation for a constant-coefficient oDe. If the
indicial equation has distinct, real roots m = r and m = s, then the functions t
and t° are linearly independent solutions of the original opE. By linearity, the

general solution would then be given by
u(t) = Gt + GF,

where C; and C; are arbitrary constants.

Exercises

1. Consider the heat equation u; = xuy, on the interval 0 < x < L with
Dirichlet boundary conditions u(0,t) = 7 and u(L,t) = 1. Find the steady-
state solution of this Dirichlet problem, and give a mathematical/physical
interpretation of the result.

2. Solve uyy + Uyy + Uzz = 0 in the spherical shell 1 < r < 4 with the Dirichlet
boundary conditions u = 71 when ¥ = 1 and u = 7» when r = 4. Here, 7y and
T, are constants, and r = /x2 + y2 + z2 measures distance from the origin.

3. Find the bounded solution of uyy + uy, = 3\/m in the disc 0 < r < 3 with
u = 4 on the boundary r = 3. As usual, r = \/x2 + 2.

4. Solve uyy + tyy + uzz = 6 in the spherical shell 2 < r < 3 with u(x,y,z) =4
on both the inner and outer shells of the boundary.

5. Solve tyy + tyy + Uz = 20(x? + y? + z?) in the spherical shell a < r < b with
the Dirichlet condition # = 0 on the inner boundary r = a and the Neumann
condition du/dr = 0 on the outer boundary r = b.

6. Solve uyy + uyy = 0 inside the rectangular domain 0 < x <agand 0 <y < b
with Dirichlet boundary conditions # = 0 on the top, bottom, and left edges
of the rectangle, but with u(a,y) = R(y) on the right edge.

7. Solve uyy + Uyy = 0 inside the square domain 0 < x < land 0 <y < 1
with boundary conditions # = 0 on the bottom, left, and right edges of the
rectangle, but with the Neumann condition u,(x,1) = T(x) on the top edge.

8. Solve uyy + uyy, = 0 inside the square domain 0 < x <2 and 0 <y < 2 with
homogeneous Dirichlet boundary conditions # = 0 on the bottom, left, and

top edges of the rectangle, and with the inhomogeneous Dirichlet condition



THE LAPLACE AND POISSON EQUATIONS 403

u(2,y) = 1 on the right edge. Then, repeat the calculation with u(2,y) =1
replaced by the inhomogeneous Neumann condition u,(2,) = 1 on the right
edge.

9. Suppose D is the open disc r < 7 (centered at the origin), D is the correspond-
ing closed disc r < 7, and dD denotes the boundary r = 7. Suppose that u is
a harmonic function inside D and that u = 50 + 10sin26 + 10 cos 26 on dD.
Without solving for u, determine
(a) the maximum value of u in D, and
(b) the value of u at the origin.

10. Solve uyy + uyy = 0 in the disc r < a with the boundary condition u =
8 — 5sinf when v = a. Hint: You may find it difficult to use Poisson’s formula
directly, so refer to (13.14) instead.



Guide to Commonly Used Notation

Symbol Usual Meaning

R the set of real numbers

R" n-dimensional Euclidean space

t independent variable (time)

u,v vectors consisting of real numbers

X,y vectors consisting of dependent variables

X0, Y0 vectors consisting of initial conditions x(0), y(0)
x*, y* equilibrium solution of a system of ODEs

f a vector consisting of functions

A,M,P square 7 X n matrices

D a diagonal n x n matrix

N a nilpotent n X n matrix

tr(A) trace of a square matrix A

det(A) determinant of a square matrix A

A eigenvalue of a matrix, or a Lyapunov exponent
«, B real, imaginary parts of an eigenvalue A = «a + Si
ES,E" E° stable, unstable, and center subspaces

WS, W4, We¢ stable, unstable, and center manifolds

A®DB direct sum of subspaces A and B

span{vy, vy, ...v,} | span of vectors vi,vy,...Vy,

¢t (x0) solution of x' = f(x) with x(0) = xg

B flow of a system of ODEs

f:R* - R" a function from R” into R™

Vf gradient of a function from R” into R

If Jacobian matrix of a function from R” into R™
uev dot product of vectors u and v

[Iv]l2 Euclidean norm (length) of a vector v in R”
|[u—v]2 Euclidean distance between points u and v in R”"
B(x,€) open ball of radius € centered at x

V(x) a Lyapunov function

I'(t) a parametrized curve, I : R — R”
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GUIDE TO COMMONLY USED NOTATION

Symbol Usual Meaning

n a normal vector to a parametrized curve

r,0 radius and angle (polar coordinates)

U a bifurcation parameter

o Lyapunov number (associated with Hopf bifurcations)
T time delay (for delay differential equations)

x(at) the right-hand limit lim; .+ x(¢)

x(a™) the left-hand limit lim;_,,- x(¥)

x* a fixed-point of a first-order difference equation
Sf(x) Schwarzian derivative of a function f : R — R

Y feedback gain parameter in the TDAs algorithm

L linear operator, or length of the interval [0, L]

¢(x) initial condition for a PDE

o0 boundary of the domain Q)

K positive-valued diffusion constant (heat equation)
c wave speed (wave/transport equations)

P(x) initial velocity (wave equation)

Sx¢ convolution of functions S and ¢

S(x,t) (one-dimensional) heat kernel

Podd, Peven odd, even extensions of a function ¢

X(x),Y(y), T(t) | separated solutions of PDEs (separation of variables)
R(r),0(0) separated solutions of PDEs (polar coordinates)

B abbreviation for square roots of eigenvalues A

Ay, By Fourier coefficients

1 leos 11f Nl 12 different types of norms of the function f

(f, 9) inner product of functions f and g

Sn(x) partial sum of an infinite series of functions
flxg), fxg) left and right-hand limits of f(x) as x — x
f'(xg), f'(xg) | left and right-hand derivatives of f(x) as x — xg

A Laplace operator

o(r) a radial solution of Laplace’s or Poisson’s equation
h(6) boundary condition for Laplace’s equation on a disc
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BVP, see boundary value problem

DDE, see delay differential equation
ETDAS, 212

FFT, see fast Fourier transform

1C, see initial condition

1vP, see initial value problem

ODE, see ordinary differential equation
PDE, see partial differential equation

TDAS, see time-delay autosynchronization

2-cycle, 202

advection equation, 219, 239
advection-diffusion equation, 294
algebraic multiplicity, 21
Andonov-Hopf bifurcation, 152
annular domain, 380

aperiodic, 129

asymptotically stable equilibrium, 57
asymptotically stable fixed point, 193
attractor, 109, 193

autonomous, 78

basin of attraction, 161
bifurcation, 140
bifurcation diagram, 141, 203
bistability, 163

block diagonal matrix, 35
blow up, 81

boundary, 370

boundary condition, 5, 231
boundary value problem, 5
bounded set, 371

Burgers’ equation, 219, 246

catastrophe, 151

Cauchy problem, 230

center, 52

center subspace, 58

chaos, 129, 204

characteristic curves, 238
characteristic equation, 17, 171, 181
characteristic polynomial, 17

Index

closed formula, 181

complex conjugate, 29

connected set, 371

continuously differentiable, 87, 284

control domain, 211

convergence in the L2 sense (sequences), 354
convergence in the L? sense (series), 356

convolution, 266

D’Alembert’s formula, 259
degenerate equilibrium, 52
delay differential equation, 166
dependence on initial conditions, 89
deterministic, 129

diagonal matrix, 12
diagonalizable matrix, 14
diagonalization, 19

difference equation, 180
diffusion equation, 219

dilation, 266

direct sum of subspaces, 64
directional derivative, 236
Dirichlet boundary condition, 231
Dirichlet problem on a disc, 390
discrete logistic equation, 200
discrete system, 180

domain of dependence, 264
domain of influence, 264

dot product, 124

Duhamel’s Principle, 284

eigenfunction, 316
eigenspace, 21
eigenvalue, 15, 316
eigenvector, 15, 316
electrostatic potential, 370
elliptic PDE, 226

energy method, 276
equilibrium, 48, 94
Euclidean distance, 89
Euclidean norm, 89
Euler equation, 393, 401
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even extension, 302, 346

even function, 292, 345

existence, 9o

existence and uniqueness, sec Fundamental Ex-
istence & Uniqueness Theorem

exponential of a matrix, see matrix exponential

extended TDAS, 212

extreme value theorem, 87

fast Fourier transform, 205

Feigenbaum constant, 203

Fibonacci sequence, 181, 185

Fick’s law of diffusion, 251

FitzHugh-Nagumo model, 137

fixed point, 191, 196

flow, 63, 101

focus, 52

Fourier cosine series, 323, 331

Fourier cosine series coefficients, 339

Fourier series, 327, 331

Fourier series coefficients, 343

Fourier sine series, 313, 331

Fourier sine series: coefficients, 334

full Fourier series, see Fourier series, see Fourier
series

functional analysis, 316

Fundamental Existence & Uniqueness Theorem,
85

Gaussian function, 272
generalized eigenvector, 39
geometric multiplicity, 21
geometric series, 356

global existence, 87, 92

globally asymptotically stable, 112
glycolysis, 164

gradient, 82

gradient system, 113

Gronwall’s inequality, 88, 115
Gronwall’s inequality: strong, 92

harmonic function, 369

Harnack’s theorem, 401
Hartman-Grobman theorem, 99
heat equation, 219, 250, 286

heat equation: Cauchy problem, 265

heat equation: Dirichlet problem, 313

heat equation: Dirichlet problem on a half-line,
297

heat equation: Neumann problem, 324

heat equation: Neumann problem on a half-line,
301

heat kernel, 272

heteroclinic orbit, 130, 132

homoclinic orbit, 134

homogeneous, 10

homogeneous PDE, 224

Hopf bifurcation, see Andronov-Hopf bifurca-
tion

Hopf bifurcation theorem, 158, 159

Hutchinson-Wright equation, 173

hyperbolic PDE, 226

hyperbolic equilibrium, 63, 98

hyperbolic fixed point, 194

hyperbolic flow, 63

hyperbolic system, 63

hysteresis, 163

idempotent matrix, 72

imaginary part of a complex number, 29
indicial equation, 402
inhomogeneous, 10
inhomogeneous PDE, 224, 284
inhomogeneous linear system, 67
initial condition, 5, 229

initial function, 168

initial value problem, 5, 230
inner product, 351

integrating factor, 68

invariant, 101

isolated equilibrium, 94

jacobian, 83

Jordan decomposition, 39
Jordan form, 39

jump discontinuity, 361
Jury stability test, 199

Korteweg-deVries equation, 220

L2 convergence, see convergence in the L? sense
(sequences)



L2 distance, 279, 349

L2 inner product, 350

L2 norm, 348

L* distance, 349

Laplace equation, 220, 369

Laplace operator, 369

Laplace’s equation on a rectangular domain, 384

Laplace’s equation: Dirichlet problem, 371

Laplace’s equation: fundamental solution in 2-p,
378

Laplace’s equation: fundamental solution in 3-p,
380

Laplace’s equation: Neumann problem, 372

Laplacian, see Laplace operator

left-hand derivative, 361

left-hand limit, 361

limit cycle, 128

linear, 79

linear PDE, 223

linear approximation, 81

linear combination, 225

linear operator, 221

linearization, 96

Liouville’s theorem, 401

locally asymptotically stable, 109

locally stable, 108

logistic equation, 172

logistic equation: discrete, 200

Lorenz equations, 129

Lotka-Volterra model, 118

lower triangular, 24

Lyapunov exponent, 207

Lyapunov function, 111

Lyapunov number, 158

Lyapunov theorem, 110

manifold, 100

mapping, k-dimensional, 180

matrix exponential, 11

maximal interval of existence, 91

maximum principle: heat equation, 280
maximum principle: Laplace’s equation, 372
mean value property of harmonic functions, 400
mean value theorem, 87

method of characteristics, 238
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method of even extension, 302

method of odd extension, 297

method of steps, 168

minimum principle: heat equation, 281
Minkowski’s inequality, 348

mixed boundary conditions, 324
modulus of a complex number, 197

Neumann boundary condition, 232
neutral DDE, 167

Newton'’s second law of motion, 252
nilpotent matrix, 39

node, 49

non-diagonalizable matrix, 38
non-hyperbolic fixed point, 194
nonlinear, 79

nonlinear operator, 222

norm, 348

normal derivative, 232, 372

normal vector, 123

nullclines, 120

odd extension, 298, 346

odd function, 298, 345

open ball, 94

open set, 370

operator, 221

order, 3, 219

ordinary differential equation, 2

parabolic PDE, 226

parameter, 140

partial differential equation, 2, 219

partial sum, 356

period-2 solution, 202

period-doubling bifurcation, 201

periodic boundary conditions, 329, 367

periodic extension, 346

periodic function, 345

periodic orbit, 122

periodic solution, 122

phase plane, 46

phase portrait, 46

Picard’s method of successive approximations,
84

piecewise smooth, 370
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pitchfork bifurcation, 143

planar system, 45

Poincaré-Bendixon theorem, 126
pointwise convergence (sequences), 353
pointwise convergence (series), 356
Poisson equation, 370

Poisson’s formula, 397

potential function, 114

predator-prey model, 118

propagation speed, 274

reaction-diffusion equation, 294, 316
real canonical form, 32

real part of a complex number, 29
reflection method, 297

repeller, 108, 193

retarded DDE, 167

right-hand derivative, 361
right-hand limit, 361

rotation invariance, 375

saddle, 49

saddle-node bifurcation, 141

Schwarzian derivative, 195

second iterate mapping, 201

separation of variables, 307

separatrix, 50

shock wave, 247

similar matrices, 14

simple, closed curve, 370

sink, 109

smoothness theorem, 401

solution of a PDE, 220

solution of an ODE, 3

span, 58

stable equilibrium, 57

stable fixed point, 193

stable focus, 52

stable manifold, 102

stable manifold theorem, 102

stable node, 49

stable periodic orbit, 127

stable subspace, 58

steady-state, 368

strong Gronwall inequality, see Gronwall’s in-
equality: strong

subcritical bifurcation, 145
sum of two subspaces, 64
supercritical bifurcation, 145
superposition principle, 225
system of ODEs, 2

tangent plane, 81

Taylor series, 330

time-delay autosynchronization, 208
trace of a matrix, 65
transcendental equation, 172
transcritical bifurcation, 142
translation invariance, 265, 375
transport equation, 219, 239, 291
transversality condition, 159, 176
triangle inequality, 89

triangular matrix, 24

uncoupled system, 13

uniform convergence (sequences), 351
uniform convergence (series), 356
uniqueness, 9o

unit normal vector, 123

unstable, 109

unstable equilibrium, 57
unstable fixed point, 193
unstable focus, 52

unstable manifold, 102

unstable node, 49

unstable periodic orbit, 128
unstable subspace, 58

upper triangular, 24

variation of parameters, 68, 284

wave equation, 219, 252, 288

wave equation: Cauchy problem, 257

wave equation: Dirichlet problem, 307

wave equation: Dirichlet problem on a half-line,
303

wave equation: Neumann problem, 318

wave equation: Neumann problem on a half-
line, 306

well-posed, 90, 232, 276, 375



