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Preface

These lecture notes on differential equations are based on my experience
teaching Math 280 and Math 351 at California State University, Northridge
since 2000. The content of Math 280 is more applied (solving equations)
and Math 351 is more theoretical (existence and uniqueness) but I have
attempted to integrate the material together in the notes in a logical order
and I select material from each section for each class.

The subject matter is classical differential equations and many of the excit-
ing topics that could be covered in an introductory class, such as nonlinear
systems analysis, bifurcations, chaos, delay equations, and difference equa-
tions are omitted in favor of providing a solid grounding the basics.

Some of the more theoretical sections have been marked with the traditional
asterisk*. You can’t possibly hope to cover everything in the notes in a
single semester. If you are using these notes in a class you should use them
in conjunction with one of the standard textbooks (such as [2], [9] or [12] for
all students in both 280 and 351, and by [5] or [L1] for the more theoretical
classes such as 351) since the descriptions and justifications are necessarily
brief, and there are no exercises.

The current version has been typeset in IWTEX and many pieces of it were
converted using file conversion software to convert earlier versions from
various other formats. This may have introduced as many errors as it
saved in typing time. There are probably many more errors that haven’t
yet been caught so please let me know about them as you find them.

While this document is intended for students in my classes at CSUN you
are free to use it and distribute it under the terms of the Creative Com-
mons Attribution — Non-commercial — No Derivative Works 3.0 United
States license. If you discover any bugs please let me know. All feedback,
comments, suggestions for improvement, etc., are appreciated, especially if
you’ve used these notes for a class, either at CSUN or elsewhere, from both
instructors and students.
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The art work on page i was drawn by D. Meza; on page iv by T. Adde;
on page vi by R. Miranda; on page 10 by C. Roach; on page 116 by M.
Ferreira; on page 204 by W. Jung; on page 282 by J. Pena; on page 330
by J. Guerrero-Gonzalez; on page 419 by S. Ross; and on page 421 by N.
Joy. Additional submissions are always welcome and appreciated. The less
humorous line drawings were all prepared by the author in Mathematica or
Inkscape. [




Lesson 1

Basic Concepts

A differential equation is any equation that includes derivatives, such as

dy
9 _ 1.1
=Y (1.1)
or

d*y dy\?
t2 11—t = = ty 1.2
o-n(9) = (12)
There are two main classes of differential equations:

e ordinary differential equations (abbreviated ODES or DES) are
equations that contain only ordinary derivatives; and

e partial differential equations (abbreviated PDES) are equations
that contain partial derivatives, or combinations of partial and ordi-
nary derivatives.

In your studies you may come across terms for other types of differen-
tial equations such as functional differential equations, delay equations,
differential-algebraic equations, and so forth. In order to understand any
of these more complicated types of equations (which we will not study this
semester) one needs to completely understand the properties of equations
that can be written in the form

dy
= f(t 1.3
priaRACE)) (1.3)
where f(¢,y) is some function of two variables. We will focus exclusively

on equations of the form given by equation 1.3 and its generalizations to
equations with higher order derivatives and systems of equations.
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Ordinary differential equations are further classified by type and degree.
There are two types of ODE:

e Linear differential equations are those that can be written in a
form such as

an()y™ + an_1 (O)y "V + ay ()Y 4 ar ()Y + ao(t) =0 (1.4)

where each a;(t) is either zero, constant, or depends only on ¢, and
not on y.

e Nonlinear differential equations are any equations that cannot be
written in the above form. In particular, these include all equations
that include vy, i/, ", etc., raised to any power (such as y? or (y'));
nonlinear functions of y or any derivative to any order (such as sin(y)
or et¥; or any product or function of these.

The order of a differential equation is the degree of the highest order
derivative in it. Thus
y" — 3ty* = sint (1.5)

is a third order (because of the y"”") nonlinear (because of the 3?) differential
equation. We will return to the concepts of degree and type of ODE later.

Definition 1.1 (Standard Form). A differential equation is said to be
in standard form if we can solve for dy/dz, i.e., there exists some function
f(t,y) such that

dy
U= () (16)

We will often want to rewrite a given equation in standard form so that we
can identify the form of the function f(¢,y).

Example 1.1. Rewrite the differential equation t?y’+3ty = yy’ in standard
form and identify the function f(t,y).

The goal here is to solve for 3/:

t*y —yy = -3ty

(t* —y)y' = -3ty (1.7)
o 3ty
y - y _ t2
hence 3t
Y
fty) = O (1.8)



Definition 1.2 (Solution, ODE). A function y = ¢(t) is called a solution
of y/ = f(t,y) if it satisfies

¢'(t) = f(t, o(t)) (1.9)

By a solution of a differential equation we mean a function y(t) that sat-
isfies equation 1.3. We use the symbol ¢(t) instead of f(¢) for the solution
because f is always reserved for the function on the right-hand side of 1.3.

To verify that a function y = f(¢) is a solution of the ODE, is a solution,
we substitute the function into both sides of the differential equation.

Example 1.2. A solution of

dy
= =3¢ 1.10
7 (1.10)
is 3
=42 1.11
y=3 (1.11)

We use the expression “a solution” rather than “the solution” because so-
lutions are not unique! For example,

Y= gﬁ +27 (1.12)

is also a solution of 3/ = 3t. We say that the solution is not unique. [
Example 1.3. Show' that y = 2*/16 is a solution of ¢/ = xy'/?
Example 1.4. Show? that y = xe® is a solution of y” — 2y’ +y = 0.

Example 1.5. We can derive a solution of the differential equation

dy

A 1.13

=Y (1.13)
by rewriting it as

d

YW_ (1.14)

Y

and then integrating both sides of the equation:

J2=fa (1.15)

17ill example 1.1.1(a)
27ill example 1.1.1(b)
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From our study of calculus we know that

/% —lujyl+C (1.16)

and

/dt:t+C (1.17)

where the C’s in the last two equations are possibly different numbers. We
can write this as

or
Injy|=t+Cs (1.19)

where 03 = Cg — 01.

In general when we have arbitrary constants added, subtracted, multiplied
or divided by one another we will get another constant and we will not
distinguish between these; instead we will just write

lnly|=t+C (1.20)

It is usually nice to be able to solve for y (although most of the time we
won’t be able to do this). In this case we know from the properties of
logarithms that a

ly| = e!+C = eCet (1.21)

Since an exponential of a constant is a constant, we normally just replace e

with C, always keeping in mind that that C values are probably different:
ly| = Ce* (1.22)

We still have not solved for y; to do this we need to recall the definition of
absolute value:

_Jy ify=0
={", 2 129
Thus we can write Cet ;
_ e ity=>0
y= { —Cet ify<0 (1.24)

But both C' and —C' are constants, and so we can write this more generally
as
y=Ce' (1.25)

So what is the difference between equations 1.22 and 1.257 In the first case
we have an absolute value, which is never negative, so the C in equation



1.22 is restricted to being a positive number or zero. in the second case
(equation 1.25) there is no such restriction on C, and it is allowed to take
on any real value. [

In the previous example we say that y = Ce!, where C is any arbitrary
constant is the general solution of the differential equation. A constant
like C' that is allowed to take on multiple values in an equation is sometimes
called a parameter, and in this jargon we will sometimes say that y = Ce?
represents the one-parameter family of solutions (these are sometimes
also called the integral curves or solution curves) of the differential
equation, with parameter C. We will pin the value of the parameter down
more firmly in terms of initial value problems, which associate a specific
point, or initial condition, with a differential equation. We will return
to the concept of the one-parameter family of solutions in the next section,
where it provides us a geometric illustration of the concept of a differential
equation as a description of a dynamical system.

Definition 1.3 (Initial Value Problem (IVP)). An initial value prob-
lem is given by

dy
5 = fty) (1.26)

y(to) = yo (1.27)

where (tg,y0) be a point in the domain of f(t,y). Equation 1.27 is called
an initial condition for the initial value problem.

Example 1.6. The following is an initial value problem:

W _ 3
dt (1.28)
y(0) = 27

O

Definition 1.4 (Solution, IVP). The function ¢(t) is called a solution
of the initial value problem

dy
AR (1.29)
y(to) = yo

if ¢(t) satisfies both the ODE and the IC, i.e., d¢/dt = f(t,¢(t)) and
#(to) = yo-
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Example 1.7. The solution of the IVP given by example 1.6 is given by
equation 1.12; which you should verify. In fact, this solution is unique,
in the sense that it is the only function that satisfies both the differential
equation and the initial value problem. [J

Example 1.8. Solve the initial value problem dy/dt =t/y , y(1) = 2.

We can rewrite the differential equation as

ydy = tdt (1.30)
and then integrate,
/ydy = /tdt (1.31)
1, 1,
—y° = —t C 1.32
¥ =0 (1.32)

When we substitute the initial condition (that y = 2 when ¢ = 1) into the
general solution, we obtain

S22 =s1)*+C (1.33)

Hence C' = 3/2. Substituting back into equation 1.32 and multiplying
through by 2,
y? =1"+3 (1.34)

Taking square roots,
y=Vt>+3 (1.35)

which we call the solution of the initial value problem. The negative square
root is excluded because of the initial condition which forces y(1) =2. O

Not all initial value problems have solutions. However, there are a large
class of IVPs that do have solution. In particular, those equations for
which the right hand side is differentiable with respect to y and the partial
derivative is bounded. This is because of the following theorem which we
will accept without proof for now.

Theorem 1.5 (Fundamental Existence and Uniqueness Theorem).
Let f(t,y) be bounded, continuous and differentiable on some neighborhood
R of (to,y0), and suppose that df/0y is bounded on R. Then the initial
value problem 1.29 has a unique solution on some open neighborhood of

(to,yo)-



Figure 1.1 illustrates what this means. The initial condition is given by
the point (o, yo) (the horizontal axis is the t-axis; the vertical axis is y). If
there is some number M such that |0f/0y| < M everywhere in the box R,
then there is some region N where we can draw the curve through (o, yo).
This curve is the solution of the IVP.?

Figure 1.1: Illustration of the fundamental existence theorem. If f is
bounded, continuous and differentiable in some neighborhood R of (¢g, Ry),
and the partial derivative 0f0y is also bounded, then there is some (pos-
sibly smaller) neighborhood of (o, Ro) through which a unique solution to
the initial value problem, with the solution passing through (¢, yo), exists.
This does not mean we are able to find a formula for the solution.

A

/"~ A

\ (fo,_VO) N )

~ //
~—_ _\ R

A solution may be either implicit or explicit. A solution y = ¢(t) is said
to be explicit if the dependent variable (y in this case) can be written
explicitly as a function of the independent variable (¢, in this case). A
relationship F'(¢,y) = 0 is said to represent and implicit solution of the
differential equation on some interval I if there some function ¢(t) such
that F'(¢,¢(t)) = 0 and the relationship F'(t,y) = 0 satisfies the differential
equation. For example, equation 1.34 represents the solution of {dy/dt =
t/y, y(1) = 2} implicitly on the interval I = [—+/3,+/3] which (1.35) is an
explicit solution of the same initial value problem problem.

3We also require that |f| < M everywhere on R and that f be continuous and
differentiable.
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Example 1.9. Show that y = e®¥ is an implicit solution of

dy _ v

der  1—axy

(1.36)

To verify that y is an implicit solution (it cannot be an explicit solution
because it is not written as y as a function of z), we differentiate:

dy v d
— ot il 1.
D x () (1.37)
dy / z
=ylaz—+y (subst.y’ = €®¥) (1.38)
dz
dy 2
= yr—2 1.39
yro vy (1.39)
dy dy 2
—yr—2 — 1.4
dxr xdm y (1.40)
dy 2
—(1— = 1.41
gy LvE) =y (1.41)
dy y?
= = 1.42
de 1—yzx ( )

Definition 1.6 (Order). The order (sometimes called degree) of a differ-
ential equation is the order of the highest order derivative in the equation.

Example 1.10. The equation

<dy>3+3t:y/t (1.43)
dt
is first order, because the only derivative is dy/dt, and the equation

ty" + 4y’ +y = —5t2 (1.44)
is second order because it has a second derivative in the first term.

Definition 1.7 (Linear Equations). A linear differential equation is a
DE that only contains terms that are linear in y and its derivatives to all
orders. The linearity of ¢t does not matter. The equation

y+ 5y + 17t%y" = sint (1.45)
is linear but the following equations are not linear:

y+5t2siny =y” (because of siny)
v +ty" +y=y> (because of y?) (1.46)
yy =5t (because of yy')



We will study linear equations in greater detail in section 4.

Often we will be faced with a problem whose description requires not one,
but two, or even more, differential equations. This is analogous to an
algebra problem that requires us to solve multiple equations in multiple
unknowns. A system of differential equations is a collection of re-
lated differential equations that have multiple unknowns. For example, the
variable y(t) might depend not only on ¢t and y(¢) but also on a second
variable z(t), that in turn depends on y(t). For example, this is a system of
differential equations of two variables y and z (with independent variable

t):
dy

=3y +t*sinz
dt
& (1.47)
a Y

It is because of systems that we will use the variable ¢ rather than x for the
horizontal (time) axis in our study of single ODEs. This way we can have
a natural progression of variables z(t), y(t), z(¢), ..., in which to express
systems of equations. In fact, systems of equations can be quite difficult
to solve and often lead to chaotic solutions. We will return to a study of
systems of linear equations in a later section.
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Lesson 2

A Geometric View

One way to look at a differential equation is as a description of a trajectory
or position of an object over time. We will steal the term “particle” from
physics for this idea. By a particle we will mean a “thing” or “object” (but
doesn’t sound quite so coarse) whose location at time ¢t = ¢ is given by

Y="Yo (2.1)
At a later time t > to we will describe the position by a function
y = o(t) (2.2)

which we will generally write as y(t) to avoid the confusion caused by the
extra Greek symbol.! We can illustrate this in the following example.

Example 2.1. Find y(¢) for all ¢ > 0 if dy/dt = y and y(0) = 1.

In example 1.5 we found that the general solution of the differential equation
is
y = Ce (2.3)

We can determine the value of C from the initial condition, which tells us
that y =1 when t = 1:

1=y(0)=Ce’=C (2.4)

Hence the solution of the initial value problem is
y=e' (2.5)
IMathematically, we mean that ¢(t) is a solution of the equations that describes what

happens to y as a result of some differential equation dy/dt = f(t,y); in practice, the
equation for ¢(t) is identical to the equation for y(t) and the distinction can be ignored.

11
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We can plug in numbers to get the position of our “particle” at any time
t: Att=0,y=¢e" =1;att =0.1, y = e0.1) ~= 1.10517; at t = 0.2,
y = %2 ~ 1.2214; etc. The corresponding “trajectory” is plotted in the
figure 2.1. 0O

Figure 2.1: Solution for example 2.1. Here the y axis gives the particle
position as a function of time (the ¢ or horizontal axis.

1.3

1.2

Since the solution of any (solvable?) initial value problem dy/dt = f(t,y),
y(to) = yo is given by some function y = y(t), and because any function
y = y(t) can be interpreted as a trajectory, this tells us that any initial value
problem can be interpreted geometrically in terms of a dynamical (moving
or changing) system.> We say “geometrically” rather than “physically”
because the dynamics may not follow the standard laws of physics (things
like F' = ma) but instead follow the rules defined by a differential equation.
The geometric (or dynamic) interpretation of the initial value problem y’ =
y, y(0) = 1 given in the last example is is described by the plot of the
trajectory (curve) of y(t) as a function of ¢.

2By solvable we mean any IVP for which a solution exists according to the funda-
mental existence theorem (theorem 1.5). This does not necessarily mean that we can
actually solve for (find) an equation for the solution.

3We will use the word “dynamics” in the sense that it is meant in mathematics
and not in physics. In math a dynamical system is anything that is changing in
time, hence dynamic. This often (though not always) means that it is governed by
a differential equation. It does not have to follow the rules of Newtonian mechanics.
The term “dynamical system” is frequently bandied about in conjunction with chaotic
systems and chaos, but chaotic systems are only one type of dynamics. We will not
study chaotic systems in this class but all of the systems we study can be considered
dynamical systems.
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We can extend this geometric interpretation from the initial value problem
to the general solution of the differential equation. For example we found in
example 1.5 that y = Ce! is the solution to the ODE 3’ = y, and we called
the expression the one-parameter family of solutions. To see what this
means consider the effect of the initial condition on iy = Ce’: it determines
a specific value for C'. In fact, if we were to plot every conceivable curve
y = Ce' (for every value of C), the picture would look something like those
shown in figure 2.2 The large black dot indicates the location of the point

Figure 2.2: Tlustration of the one parameter family of solutions found in
example 1.5.

\

)

3
, c=1.5/

2 //C=1.0

1 ////'/ s |
Ol R
= —

| -

2

3

._.
<
W
o]

0.5 1.

-+

(0,1), and the values of C are shown for several of the curves.* We see that
the curve corresponding to C' = 1.0 is the only curve that passes through
the point (0,1) - this is a result of the uniqueness of the solutions. As long
the conditions of the fundamental theorem (theorem 1.5) are met, there
is always precisely one curve that passes through any given point. The
family (or collection) of curves that we see in this picture represents the
one-parameter family of solutions: each member of the family is a different
curve, and is differentiated by its relatives by the value of C, which we call
a parameter. Another term that is sometimes used for the one-parameter
family of solutions is the set of integral curves.

4In fact, not all curves are shown here, only the curves for C =
...,—.5,0,0.5,1,1.5,.... Curves for other values fall between these.
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Example 2.2. Find and illustrate the one-parameter family of solutions

for the ODE
dy t
22 2.6
7 ; (2.6)

Cross multiplying and integrating

/ydy: —/tdt (2.7)

Lo 1o
2= ¢ 2.
Syt =5+ C (2.8)

Multiplying through by 2, bringing the ¢ to the left hand side and redefining
C' = 2C gives us

Y +t*=C"? (2.9)
which we (should!) recognize as the equation of a circle of radius C. The
curves for several values of C'=1,2,... is illustrated in figure 2.3. [

Figure 2.3: One parameter family of solutions for example 2.2.

AN N B W= O = D W R
T T T T T T

Sometimes its not so easy to visualize the trajectories; a tool that gives us
some help here is the direction field. The direction field is a plot of the
slope of the trajectory. We know from the differential equation

dy
=

—~

t,y) (2.10)
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that since the slope of the solution y(t) at any point is dy/dt, and since
dy/dt = f, then the slope at (t,y) must be equal to f(¢,y). We obtain the
direction field but dividing the plane into a fixed grid of points P; = (¢;, y;)
and then then drawing a little arrow at each point P; with slope f(¢;,y;)-
The lengths of all the arrows should be the same. The general principal is
illustrated by the following example.

Example 2.3. Construct the direction field of

dy
dt
on the region —3 <t < 3,-3 <y < 3, with a grid spacing of 1.

2 —y (2.11)

First we calculate the values of the slopes at different points. The slope is
given by f(t,y) = t2 — y. Several values are shown.

y=-3 y=-2 y=-1 y=0 y=1 y=2 y=3
t=-3 12 11 10 9 8 7 6
t=-2 7 6 5 4 3 2 1
t=-1 4 3 2 1 0 -1 -2
t=0 3 2 1 0 -1 -2 -3
t=1 4 3 2 1 0 -1 -2
t=2 7 6 5 4 3 2 1
t=3 12 11 10 9 8 7 6

The direction field with a grid spacing of 1, as calculated in the table
above, is shown in figure 2.4 on the left.> At each point, a small arrow is
plotted. For example, an arrow with slope 6 is drawn centered on the point
(-3,3); an arrow with slope 1 is drawn centered on the point (-2, 3); and so
forth. (The values are taken directly with the table). A direction field of
the same differential equation but with a finer spacing is illustrated in fig
2.4 on the right. From this plot we can image what the solutions may look
like by constructing curves in our minds that are tangent to each arrow.

Usually it is easier if we omit the arrows and just draw short lines on the
grid (see figure 2.5, on the left®). The one-parameter family of solutions is
illustrated on the right.” O

5The direction field can be plotted in Mathematica using f[t_, y.] := t°2 - y;
VectorPlot[{1, f[t, yl}/Norm[{1, £[t, yl}1, {t, -3, 3}, {y, -3, 3}]. The nor-
malization ensures that all arrows have the same length.

6In Mathematica: flt, y] :=t72 - y; followed by v[t_, y-, £.] :=
0.1*{Cos[ArcTan[f[t, y]1], Sin[ArcTan[f[t, yl11}; L[t-, y-, £] := Line[{{t,
y - vIt, v, ], {t, y} + v[t, y; f]}]; Graphics[Table[L[t, y, f], {t, -3, 3, .2}, {y, -3, 3, .2}]]

"The analytic solution y = e~t (ett? — 2e’t 4 2e’ — €02 4 e'0yy — 2e'0 4 2et01)
was used to generate this plot. The solution can be found in Mathematica via
DSolve[{y’[t] == t~2 - y[t], y[t0] == yO}, y[tl, t].
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Figure 2.4: Direction fields with arrows. See text for details.
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Lesson 3

Separable Equations

An ODE is said to be separable if the parts that depend on ¢ and y can
be separated to the different sides of the equation. This makes it possible
to integrate each side separable.! Specifically, an equation is separable if it
can be written is

W~ altypty) (31)

for some function a(t) that depends only on ¢, but not on y, and some
function b(y) that depends only on y and and not on ¢. If we multiply
through by dt and divide by b(y) the equation becomes

dy
b(y)

/b‘(iz) — /a(t)dt (3.3)

We have already seen many separable equations. Another is given in the
following example.

= a(t)dt (3.2)

SO we may integrate:

Example 3.1.

@ — (1 — t) y?

dt 2 (3.4)
1

Mn this section of the text, Boyce and DiPrima have chosen to use x rather than ¢ as
the independent variable, probably because it will look more like exact two-dimensional
derivatives of the type you should have seen in Math 250.

17
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This equation is separable with

and

and it can be rewritten as

Integrating,

1
——=t—-t*4+C
Y i
The initial condition gives
—-1=0-0+C
hence 1 1 ) )
— =ttt 1= (=4t +4) =~ (t—2)?
Solving for y,
4
=——— [O
YT —2p

(3.10)

(3.11)

(3.12)

Often with separable equations we will not be able to find an explicit ex-
pression for y as a function of ¢; instead, we will have to be happy with an

equation that relates the two variables.
Example 3.2. Find a general solution of

dy t
dt  ev—2y

This can be rearranged as

(e¥ — 2y)dy = tdt

/ (e¥ — 2)dy = / tdt

1
ey—y2:§t2+0

Integrating,

(3.13)

(3.14)

(3.15)

(3.16)
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Since it is not possible to solve this equation for y as a function of ¢, is is
common to rearrange it as a function equal to a constant:

1
e¥ —y? — 5752 =C 0O (3.17)

Sometimes this inability to find an explicit formula for y(¢) means that the
relationship between y and ¢ is not a function, but is instead multi-valued,
as in the following example where we can use our knowledge of analytic
geometry to learn more about the solutions.

Example 3.3. Find the general solution of

dy 4t

- _ 1
dt 9y (3.18)

Rearranging and integrating:

/9ydy - —/4tdt (3.19)

9 o

S = —2t° 4 C (3.20)
9y* +4t> = C (Different O (3.21)
Dividing both sides by 36,
2 2
Tto= C  (Different C) (3.22)
Dividing by C
v 3.23
Vel + Yol (3.23)

which is the general form of an ellipse with axis 2v/C parallel to the y
axis and axis 3v/C parallel to the y axis. Thus the solutions are all el-
lipses around the origin, and these cannot be solved explicitly as a function
because the formula is multi-valued. [

Example 3.4. Solve® (1 +z)dy —ydz —0. Ans: y=c(1+2z) O
Example 3.5. Solve®

dy
yri y? —4 (3.24)
Ans: o
1 xr
y:QIi_ﬁ ory=+2 O (3.25)

27ill Example 2.2.1
3Zill Example 2.2.3
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Example 3.6. Solve!
9 dy .
(€*¥ —y)cosx 7= e¥sin 2z, y(0) =0 (3.26)
T

Ans:
eV +ye V+e V=4—2coszx O (3.27)

Example 3.7. Solve’

dy .2
Y e - 2
gy ¢yl =5 (3.28)
Ans N
y(z) =5—|—/ e dt O (3.29)
3

Definition 3.1. The Error Function erf(x) is defined as
f(z) = — /m —t (3.30)
erf(x) = — [ e .
VT Jo

A plot of erf(x) is given in figure 4.2.

Example 3.8. Rewrite the solution to example 3.7 in terms of erf(z)
y(x) = 5+ g(erf(x) —erf(3) O (3.31)

Sometimes it is not so easy to tell by looking at an equation if it is separable
because it may need to be factored before the variables can be separated.
There is a test that we can use that will sometimes help us to disentangle
these variables. To derive this test, we will rearrange the general separable
equation as follows

o = a(t)bly) (3.32)
dy a
Ol (t)dt (3.33)
dy -
O a(t)dt =0 (3.34)
N(y)dy + M(t)dt =0 (3.35)

47ill Example 2.2.4
5Zill Example 2.2.5



21

where M(t) = —a(t) and N(y) = 1/b(y) are new names that we give our
functions. This gives us the standard form for a separable equation

| M(t)dt + N(y)dy = 0| (3.36)

The reason for calling this the standard format will become more clear when
we study exact equations. To continue deriving our test for separability we
rearrange 3.36 as

dy M)
it~ N (3.37)
Recalling the standard form of an ordinary differential equation
dy
L~ sty (3.38)
we have M)
ty) = ——=% 3.39
ft) = S (3:39)
Since M is only a function of ¢,
om ., . dM OM _
e (t) = i oy 0 (3.40)
and because N is only a function of y,
ON ON _ o, | _dN
o gy N W= (3.41)
Similarly
_of _ M)
ﬂ_m__N@ (3.42)
. of __MON')
Y
== =—-——"—- 4
S TR ) 349
The cross-derivative is
_Pf  M'(H)N'(y)
Jow = otdy — N2(y) (344)
Hence
M@)) < M'(t)N’(y))
= |- - 3.45
I ( N(y) N2(y) (3:45)
M“ﬂ>(<M@MWw)
=|- — 3.46
( N(y) N2(y) (340)

= fily (3.47)
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In other words, the equation y’ = f(t,y) is separable if and only if

>’f _ofof

Example 3.9. Determine if

dy 2 3 2,3
— =1+t t

o7 +t"+y’ +t7y
is separable.

From the right hand side of the differential equation we see that
flty) =1+ +y° +£%°

Calculating all the necessary partial derivatives,

of 3
- =2+ 2t
o oA
9
—f = 3y? + 3t%y?
dy
Hence
ofof 3\ (2,2 | as2 2
—= 21— (2t +2ty°) (3 3t
ot By — (2t 207) (37 +36°7)
= 6ty* + 63y + 6ty° + 6t3y°
and
f(t,y) O _ (1+#2 +y° + t%y®) 6ty
otdy
= 6ty® + 6%y + 6ty° + 6t3y°
_orof
- Ot Oy

Consequently the differential equation is separable. [

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)
(3.56)

(3.57)

Of course, knowing that the equation is separable does not tell us how to

solve it. It does, however, tell us that looking for a factorization of

f(ty) = a(t)b(y)

(3.58)

is not a waste of time. In the previous example, the correct factorization is

dy_ 3 2
=ty (1 +t2)

(3.59)



Example 3.10. Find a general solution of

dy 2 3, 42,3
— =1+t t
= Ly Ry
From (3.59) we have
dy 3 2
=1 1+¢
dt (I+y") 1 +1t7)

hence the equation can be re-written as

dy _ 2
/1+y3—/(1+t)dt

23

(3.60)

(3.61)

(3.62)

The integral on the left can be solved using the method of partial fractions:

1 1 A

1+ (W+D2—y+1) 1+y

Cross-multiplying gives

1=A@?* —y+1)+(By+C)(1+vy)

Substituting y = —1 gives

Sbstituting y = 0

1:A(0—0+1)+(0+C)(1+0):é+C = C=

Usingy =1

1:A(1—1+1)+(B(1)+C)(1+1):%+2B+é

Hence

(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

(3.68)
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Thus

/ - iyyg = %/ liyy +/ (_;2/3)‘1;1?/3@ (3.69)
gt |
- %m 11+ +/ " _(y_i/i’iitiﬁ —dy (3.71)
_ éln 1+y|+ / (;__1{:;)2‘1;212;? Ly (3.72)
*5] 5 o
= éln|1+y| - %ln|y2 —y+1] +§ %tan_l y\;g%Q (3.74)
:%1n|1+y|—%1n|y2—y+1|+3j§tan*1 2y\/%1 (3.75)

Hence the solution of the differential equation is

12y—1 . 13

1 1 4
“lnjl+yl—Injy? —y+1|+ ——tan t—=-t>=C (3.76
glnfl+yl -y —y+1| 373 7 3 (3.76)



Lesson 4

Linear Equations

Recall that a function y is linear in a variable x if it describes a straight
line, e.g., we write something like

y=Az+ B (4.1)

to mean that y is linear in z. If we have an algebraic system that depends
on t, we might allow A and B to be functions of ¢, e..g, the equation

y = A(t)x + B(t) (4.2)
is also linear in . For example,Recall that a function is linear in a
y = t?z + 3sint (4.3)
is linear in x because for any fized value of t, it has the form
y=Az+ B (4.4)

Thus to determine the linearity of a function in x, the nature of the depen-
dence on any other variable does not matter. The same definition holds for
differential equations.

By a linear differential equation we mean a differential equation of
a single variable, say y(¢), whose derivative depends on itself only
linearly. The nature of the dependence on the time variable does not
matter. From our discussion above, something is linear in x if it is written
as

Az + B (4.5)

25
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where A and B do not depend on z. Hence something is linear in y if it
can be written as

Ay + B (4.6)

if A and B do not depend on y. Thus for a differential equation to be linear
in y it must have the form

dy

—~ =Ay+ B 4.7
=t (4.7)
where neither A nor B depends on y. However, both A and B are allowed
to depend on ¢. To emphasize this we write the terms A and B as A(t)
and B(t), so that the linear equation becomes

W — A+ BO) (4.8)

For convenience of finding solutions (its not clear now why this is conve-
nient, but trust me) we bring the term in A(t)y to the left hand side of the
equation:

dy

W _ Ay = B (4.9)
dt
To be consistent with most textbooks on differential equations we will re-
label A(t) = —p(t) and B(t) = ¢(t), for some function p(¢) and ¢(t), and
this gives us

W bty = a(t) (4.10)

which we will refer to as the standard form of the linear ODE. Sometimes
for convenience we will omit the ¢ (but the dependence will be implied) on
the p and ¢ and write the derivative with a prime, as

Y +py=q (4.11)

There is a general technique that will always work to solve a first order
linear ODE. We will derive the method constructively in the following para-
graph and then give several examples of its use. The idea is look for some
function p(t) that we can multiply both sides of the equation:

px (Y +py) =pxq (4.12)

or
Yy’ + ppy = pg (4.13)
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So far any function g will work, but not any function will help. We want
to find an particular function p such that the left hand side of the equation
becomes

d(py
(Tt) = py' + ppy = pg (4.14)
The reason for looking for this kind of u is that if we can find p then
d
il — 4.15
5 (1) = ra (4.15)
Multiplying both sides by dt and integrating gives
d
[ Gwmde= [ nwaear (4.16)
Since the integral of an exact derivative is the function itself,
n(t)y = /M(t)Q(t)dt +C (4.17)

hence dividing by p, we find that if we can find p to satisfy equation
4.14 then the general solution of equation 4.10 is

Y= ﬁ { / L(t)q(t)dt + c] (4.18)

So now we need to figure out what function p(¢) will work. From the
product rule for derivatives

d
i) =y’ uly (4.19)
Comparing equations 4.14 and 4.19,
py' + 'y = py' + ppy (4.20)
1y = ppy (4.21)
p = pp (4.22)

Writing ¢/ = dp/dt we find that we can rearrange and integrate both sides
of the equation:

dp

_ 423
il (4.23)
W (4.24)
I

/ %du = / pdt (4.25)

Iny = /pdt +C (4.26)
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Exponentiating both sides of the equation

/ pdt + C / pdt / pdt
nw=e =e e =Cre (4.27)

where O = ¢ and C is any constant. Since we want any function p that
will work, we are free to choose our constant arbitrarily, e.g., pick C' = 0
hence Cy = 1, and we find that

u(t) = e/p(t)dt (4.28)

has the properties we desire. We say the equation 4.28 is an integrating
factor for the differential equation 4.10. Since we have already chosen
the constant of integrate, we can safely ignore the constant of integration
when integrating p. To recap, the general solution of y’ + py = q is given by
equation 4.18 whenever p is given by 4.28. The particular solution of a given
initial value problem involving a linear ODE is then solved by substituting
the initial condition into the general solution obtained in this manner.

It is usually easier to memorize the procedure rather than the formula for
the solution (equation 4.18):

Method to Solve y' + p(t)y = q(t)
1. Computer p = e/ PM and observe that ' (t) = p(t)u(t).
2. Multiply the ODE through by wu(t) giving
p(t)y + ' (t)y = n(t)g(t)

3. Observe that the left-hand side is precisely (d/dt)(u(t)y).
4. Integrate both sides of the equation over ¢, remembering that

J(@d/dt)(py)dt = u(t)y,

n(t)y = /q(t)ydt +C

5. Solve for y by dividing through by p. Don’t forget the constant

on the right-hand side of the equation.

6. Use the initial condition to find the value of the constant, if this
is an initial value problem.
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Example 4.1. Solve the differential equation

y 42y =t (4.29)

This has the form y’ + p(t)y = q(t), where p(t) = 2t and ¢(t) = t. An
integrating factor is

J(t) = exp ( / p(t)dt) — exp ( / 2tdt> ot (4.30)

Multiplying equation (4.29) through by the integrating factor u(t) gives

2 _ gt
e’ (y' + 2ty) =te (4.31)

Recall that the left hand side will always end up as the derivative of yu
after multiplying through by p; we can also verify this with the product
rule:

d 2 2 2 2
pn (yet ) =yl $2tel y = ¢ (v + 2ty) (4.32)
Comparing the last two equations tells us that
d 2 2
pn (yet ) = te (4.33)

Multiply through both sides by dt and integrate:

2 2
/ % <yet >dt = / tel” dt (4.34)

The left hand side is an exact derivative, hence

t? t?
ye' = /te dt+C (4.35)
The right hand side can be solved with the substitution u = #:
2 1 1 1 42
/tet dt = - /e“du =—e"+C==¢" 4C (4.36)
2 2 2
Combining the last two equations,
2 1 42
yel” = 5615 +C (4.37)
Hence we can solve for y,
1 —42
y=35 +Ce " . O (4.38)
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Example 4.2. Solve ty/ —y = t2e*.

We first need to put this into standard form y’' + p(t)y = ¢(t). If we divide
the differential equation on both sides by ¢ then

1

y' — Y= te™? (4.39)
Hence )
p(t) = 7 (4.40)

An integrating factor is
1 1 1
w(t) = exp (/ —tdt> = exp(—1Int) = exp <ln t) =7 (4.41)

Multiplying the differential equation (in standard form) through by u(t),

L (y _ 1y> _ (1) (te~t) = et (4.42)

The left hand side is the exact derivative of uy:

s (D)=L
Hence
i) =

Multiplying by dt and integrating,

[t [

Since the left hand side is an exact derivative,

% = /e‘tdt +C0=—t+C (4.46)
Solving for y,
y=—te "+ Ct O (4.47)

Example 4.3. Solve the initial value problem

y +y =cost, y(0) =1 (4.48)
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Since p(t) = 1 (the coefficient of y), an integrating factor is

u:@m</yﬁ):d (4.49)

Multiplying the differential equation through by the integrating factor gives

d
= (e'y) = €'y +y) = e’ cost (4.50)

Multiplying by dt and integrating,

/% (e'y) dt = /et cos tdt (4.51)

The left hand side is an exact derivative; the right hand side we can find
from an integral table or WolframAlpha:

1
ye! = /et costdt = iet (sint + cost) + C (4.52)

The initial condition tells us that y = 1 when ¢ = 0,

(1)e® = %eo (sin(0) + cos(0)) + C (4.53)
- % +C (4.54)
c:% (4.55)

Substituting C' = 1/2 into equation 4.52 gives
e Lo 1
ye' = ge (sint + cost) + 3 (4.56)
We can then solve for y by dividing by e?,

1 1
y=3 (sint + cost) + §e_t (4.57)

which is the unique solution to the initial value problem. [J

Example 4.4. Solve the initial value problem

I :6715
ygég:1} (4.58)
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The equation is already given in standard form, with p(t) = —2. Hence an
integrating factor is

t
w(t) = exp </ (—2)dt> =e 2 (4.59)
0
Multiply the original ODE by the integrating factor u(t) gives

ey —2y) = (e 2)(e™) (4.60)

Simplifying and recognizing the left hand side as the derivative of uy,

d
o (ye?) = e (4.61)
Multiply by dt and integrate:
d —2t 5t
7 (ye ") dt = [ e™dt (4.62)
1
ye 2 = ge5t +C (4.63)
1
Y= ge” + Ce* (4.64)
From the initial condition
1, o 1
1156 + Ce :ngC (4.65)
Hence C' = 4/5 and the solution is
1 4
y= ge” + gezt O (4.66)

Example 4.5. Find the general solutions of
ty' + 4y = 4t* (4.67)

To solve this we first need to put it into standard linear form by dividing
by t:

4y 42
oy (4.68)
t t

Since p(t) = 4/t an integrating factor is

y +

[ = exp ( / jdt) =exp (41Int) = t* (4.69)



Multiplying equation 4.68 by u gives

% (thy) =¢* (y’ + 4;’) = (4t)(t*) = 4t

Integrating,

d 4 5
— = [4
/ t(t y)dt / t°dt

2tt
thy="+C
Yy 3+

22 C
== 4+= 0O
V=gt
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(4.70)

(4.71)

(4.72)

(4.73)

The last example is interesting because it demonstrates a differential equa-
tion whose solution will behave radically differently depending on the initial

value.

Example 4.6. Solve 4.67 with initial conditions of (a) y(1)

1; and (c) y(1) =2/3.

(a) With y(1) = 0 in equation 4.73

@m ¢ _2
O=—"S—+—-=-+C
3 +1 3+
hence C' = —2/3, and
w2
Y73 s
(b) With y(1) =1,
)1 ¢ _2
1:7 - =
3 +1 3+C
hence C'=1/3, and
_2r 1
Y= 3 T
(c) With y(1) =2/3,
2_(@@ ¢ _
3= 3 T1° +C
hence C' = 0 and
o

0; (b) y(1) =

(4.74)

(4.75)

(4.76)

(4.77)

(4.78)

(4.79)
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Figure 4.1: Different solutions for example 4.6.

I

The three solutions are illustrated in the figure 4.1. In cases (a) and (b),
the domain of the solution that fits the initial condition excludes ¢ = 0; but
in case (c), the solution is continuous for all ¢t. Furthermore, lim; oy is
radically different in all three cases. With a little thought we see that

[—

(=

p—
T

N

oo, if y(1) >2/3
lim y() =3 0, ify(1) =2/3 (4.80)
e —oo, ify(1) < 2/3

As t — oo all of the solutions become asymptotic to the curve y = 2¢2/3.
The side on of the curved asymptote on which the initial conditions falls
determines the behavior of the solution for small ¢. [

What if we were given the initial condition y(0) = 0 in the previous exam-
ple? Clearly the solution y = 2t2/3 satisfies this condition, but if we try to
plug the initial condition into the general solution

22 C

? + 7?4 (4.81)

y =
we have a problem because of the C'/t* term. One possible approach is to
multiply through by the offending t* factor:

2

yt* = gt6 +C (4.82)
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Substituting y = ¢ = 0 in this immediately yields C' = 0. This problem
is a direct consequence of the fact that we divided our equation through
by t* previously to get an express solution for y(¢) (see the transition from
equation 4.72 to equation 4.73): this division is only allowed when ¢ # 0.

Example 4.7. Solve the initial value problem

Y gy 2
TN (4.83)
y(0)=0
Since p(t) = —2t, an integrating factor is

[t = exp ( / —2tdt> =t (4.84)

Following our usual procedure we get

L (pt) = L s

If we try to solve the indefinite integral we end up with

ye = % / e Cdt+C (4.86)

Unfortunately, there is no exact solution for the indefinite integral on the
right. Instead we introduce a new concept, of finding a definite integral.
We will use as our lower limit of integration the initial conditions, which
means t = 0; and as our upper limit of integration, some unknown variable

u. Then w g o
\/0 % (y€7t2) dt = /0 ﬁ€7t2dt (487)

Then we have

(ye*ﬁ)tzo - (ye*ﬁ)t:u = % /Ou e dt (4.88)

Using the initial condition y(0) = 0, the left hand side becomes

2

y(w)e™ " — y(0)e™ " = ye (4.89)

hence

2 2 w 2
ye v = ﬁ/o e dt (4.90)
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Figure 4.2: The error function, given by equation (4.91).

L

Note that because of the way we did the integral we have already taken the
initial condition into account and hence there is no constant C' in the result
of our integration.

Now we still do not have a closed formula for the integral on the right but it
is a well-defined function, which is called the error function and written
as

erf(t) = %/0 e dx (4.91)

The error function is a monotonically increasing S-shaped function that
passes through the origin and approaches the lines y = £1 as t — £o0, as
illustrated in figure 4.2. Using equation 4.91 in equation 4.90 gives

ye = erf(t) (4.92)
and solving for vy,
2
y = e’ erf(t) (4.93)

The student should not be troubled by the presence of the error function
in the solution since it is a well-known, well-behaved function, just like an
exponential or trigonometric function; the only difference is that erf(z) does
not (usually) have a button on your calculator. Most numerical software
packages have it built in - for example, in Mathematica it is represented by
the function Erf[x]. O

This last example gives us another algorithm for solving a linear equation:
substitute the initial conditions into the integral in step (4) of the algorithm
given on page 28. To see the consequence of this, we return to equation
4.16, but instead take the definite integrals. To have the integration make
sense we need to first change the variable of integration to something other
than t:



/ " u(y(s))ds = / " p()a(s)ds

, ds to

Evaluating the integral,

H()y(t) — plto)y(to) = / u(s)a(s)ds

to
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(4.94)

(4.95)

Solving for y(t) gives a general formula for the solution of a linear initial

value problem:

1 t
0=~ talwtan) + [ uisiatsias
/’L(t) to
Example 4.8. Use equation 4.96 to solve
d 4
tditJ + 2y = n sint
y(m) =0

Rewriting in standard form for a linear differential equation,
'+ 2 4 sint
—y = — sin
YT T R

Hence p(t) = 2/t and q(t) = (4/t)?sint. An integrating factor is

J(t) = exp ( / idt) —exp (2Int) = 2

Thus equation 4.96 gives us

4 t
t—z/ sin s ds
U

4(cost — cos)
t2
4(cost+1)

(4.96)

(4.97)

(4.98)

(4.99)

(4.100)
(4.101)

(4.102)

(4.103)
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Lesson 5

Bernoulli Equations

The Bernoulli differential equation has the form

Y+ p(t)y = y"q(t) (5.1)

which is not-quite-linear, because of the factor of ™ on the right-hand side
of equation 5.1 would be linear. It does reduce to a linear equation, when
either n = 0 or n = 1. In the first case (n = 0), we have

y' +p(t)y = q(t) (5.2)
which is a general first-order equation. In the second case (n = 1)the
Bernoulli equation becomes

Yy +p(t)y = a(t)y (5.3)
which can be rearranged to give

y' = (q(t) —p(t)y (5.4)

This can be solved by multiplying both sides of equation 5.4 by dt/y, and

integrating:
J (%) = [t - popar (5.5)
v= [ (at) - p(oyit + € (5.6)

For any other value of n, Bernoulli equations can be made linear by making
the substitution

39
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z=y'm (5.7)
Differentiating,
dz _,dy
o = A-ny o (5.8)
Solving for dy/dt,
dy 1, dz
i — 1 .
it~ 1-n’ dt’mé (5.9)

The restriction to n # 1 is not a problem because we have already shown
how to solve the special case n = 1 in equation 5.6.

Substituting equation 5.9 into 5.1 gives

1, dz

Hy = v a(t 5.10
" Tty =y a(t) (5.10)
Dividing through by 3",
1 dz 1—
- t " — gt 11
-+ p(t)y q(t) (5.11)

Substituting from equation 5.7 for z,

1 dz

o p(t)z=q(t) (5.12)

Multiplying both sides of the equation by 1 — n,

dz

= T =np(t)z = (1 —n)q(t) (5.13)

which is a linear ODE for z in in standard form.

Rather than writing a formula for the solution it is easier to remember the
technique of (a) making a substitution z = y'="; (b) rearranging to get
a first-order linear equation in z; (c) solve the ODE for z; and then (d)
substitute for y.

Example 5.1. Solve the initial value problem

y +ty=t/y3 (5.14)
y(0) =2 (5.15)
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This is a Bernoulli equation with n = -3, so we let

p=y =yt =yt (5.16)

The initial condition on z is

2(0) = y(0)* =2'4 =16 (5.17)

Differentiating equation 5.16

dz dy

— =4y = 5.18

at U a (5.18)
Hence p 1 d

Y z

Y- * 1

dt  4y8 dt (5.19)

Substituting equation 5.19 into the original differential equation equation
5.14

1 dz t
—— tty = — 5.20
4y3 dt T 3 (5.20)
Multiplying through by 413,
dz
— Aty = 4t 5.21
o Aty (5.21)
Substituting for z from equation 5.16,
dz
— + 4tz =4t 5.22
a T (5:22)

This is a first order linear ODE in z with p(t) = 4t and ¢(t) = 4¢. An

integrating factor is
2
1 = exp (/ 4tdt> =2t (5.23)

Multiplying equation 5.22 through by this u gives

d 2 2
(C; + 4tz> 2t = gt (5.24)

By construction the left hand side must be the exact derivative of zu; hence

d 2 2
pn (ze% ) = 4te2t (5.25)
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Multiplying by dt and integrating,

2 2
/i (zth )dt = /4t62t dt
dt

2 2
2 _ 2% |

Hence
ze

From the initial condition z(0) = 16,
16’ =¢e"+C = 16=14+C = C=15

Thus )
z=14+ 156_2t

From equation 5.16, y = z/*, hence

o\ 1/4
Yy = (1 + 15¢ 2t ) O

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)



Lesson 6

Exponential Relaxation

One of the most commonly used differential equations used for mathemat-
ical modeling has the form

dy y—C
dt T

(6.1)

where C' and 7 are constants. This equation is so common that virtually
all of the models in section 2.5 of the text, Modeling with Linear Equations,
take this form, although they are not the only possible linear models.

In the mathematical sciences all variables and constants have some units
assigned to them, and in this case the units of C' are the same as the units
of y, and the units of 7 are time (or ¢). Equation 6.1 is both linear and
separable, and we can solve it using either technique. For example, we can
separate variables

Integrating from (¢g,yo) to (¢,y) (and changing the variables of integration
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appropriately first, so that neither ¢ nor y appear in either integrand)®

/y du t@
wo U—C .

(6.3)
0 T
t t
Infy—C| =lnjyo — C| = ~ = > (6.4)
y—C 1
1 =—(t—t 6.5
o[22 L) (65)
Exponentiating both sides of the equation
y—C (t—to) /7
= e 6.6
— (6.6
hence

ly = C| = |yo — Clel' ")/

(6.7)
The absolute value poses a bit of a problem of interpretation. However, the
only way that the fraction

y—C
= 6.8
—g (6.8)
can change signs is if it passes through zero. This can only happen if
0 = elt=to)/7 (6.9)
which has no solution. So whatever the sign of F', it does not change. At
t = tg we have
y—C=yy—-C (6.10)
hence o
y—
=1 6.11
=< (6.11)
and o
y—
=1 6.12
Yo —C (6.12)
so by continuity with the initial condition
y=C+ (yo— C)elt00)/7 (6.13)

It is convenient to consider the two cases 7 > 0 and 7 < 0 separately.

1We must do this because we are using both ¢ and y as endpoints of our integration,
and hence must change the name of the symbols we use in the equation, e.g, first we
turn (6.2) into du/(u — C) = ds/r.
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Exponential Runaway

First we consider 7 > 0. For convenience we will choose tg = 0. Then
y=C+(yo—C)et/7 (6.14)

The solution will either increase exponentially to co or decrease to —oo
depending on the sign of yo — C.

Example 6.1. Compound interest. If you deposit an amount yq in the
bank and it accrues interest at a rate r, where r is measured in fraction per
year (i.e., = 0.03 means 3% per annum, and it has units of 1/year), and ¢
is measured in years, then the rate at which the current amount on deposit
increases is given by

dy

dt
Then we have C' =0 and 7 = 1/r, so

Y (6.15)

y = yoe'’ (6.16)
So the value increases without bound over time (we don’t have a case where
yo < because that would mean you owe money).

Suppose we also have a fixed salary S per year, and deposit that entirely
into our account. Then instead of (6.15), we have

d
diL{ —ry+S=r(y+5/r) (6.17)
In this case we see that C = —S/r, the negative ratio of the fixed and
interest-based additions to the account. The solution is then
S S
y=—-——++ (yo + ) et (6.18)
r T

We still increase exponentially without bounds.

Now consider what happens if instead of depositing a salary we instead
withdraw money at a fixed rate of W per year. Since W causes the total
amount to decrease, the differential equation becomes

dy
pr =ry—W=r(y—W/r) (6.19)
Now C' = W/r. If W/r < yo then the rate of change will be positive initially
and hence positive for all time, and we have

W w
y= 4 (yo - ) et (6.20)
r r
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Figure 6.1: Tllustration of compound interest at different rates of withdrawal
in example 6.1. See text for details.

If instead W/r > yq, the initial rate of change is negative so the amount will
always be less than yy and your net deposit is decreasing. The term on the
right is exponentially increasing, but we can only make withdrawals into
the balance is zero. This occurs when the right hand side of the equation

is zero.
w W
— = < - y0> et (6.21)
r r
or at a time given by
1 Yyor
t=—-1 (1——) 6.22
U T W (6.22)

So if you withdraw money at a rate faster than ryy you money will rapidly
go away, while if you withdraw at a slower rate, your balance will still
increase. Figure 6.1 shows the net balance assuming a starting deposit of
$1000 and a fixed interest rate of 5% per annum, for rates of withdraw
(bottom to top) of $250, $100, $60, and $40 per year. For the example the
break-even point occurs when W = ryy = (.05)(1000)=$50. O

Exponential Relaxation

When 7 < 0 we will see that the behavior is quite different - rather then
exponential run-away, the solution is pulled to the value of C, whatever the
initial value. We will call this phenomenon exponential relaxation.

As before, it is convenient to assume that {5 = 0 and we also define T =
—7 > 0 as a positive time constant. Then we have

y=C+(yo—C)e /T (6.23)
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Figure 6.2: Illustration of the one-parameter family of solutions to y' =
(y—C)/7. As t — o0, all solutions tend towards C'.

I

If yo — C # 0 then the second term will be nonzero. The exponential
factor is always decreasing, so the second term decreases in magnitude with
time. Consequently the value of y — C as t — co. To emphasize this we
may chose to replace the symbol C' with y., (this is common in biological
modeling) giving

Y =Yoo + (Yo — Ysc)e /7 (6.24)

Example 6.2. RC-Circuits. An example from engineering is given by
RC-circuits (see figure 6.3). The RC refers to a circuit that contains a
battery (or other power source); a resistor of resistance R and a capacitor
of capacity C. If there is an initial charge ¢ on the capacity, then the charge
will decay exponentially if the voltage is sent to zero. RC circuits have the
following rules Electric Circuits are governed by the following rules:

1. The voltage drop across a resistor (the difference in voltages between
the two ends of the resistor) of resistance R with a current ¢ flowing
through it is given by AV,.csistor = iR (Ohm’s Law)

2. Current i represents a flow of charge i = dg/dt.

3. If there is a voltage drop across a capacitor of capacitance C, there
will be a charge ¢ = CV on the capacitor, hence (by differentiating),
there is a current of i = CdV/dt.

4. The voltage drop across an inductor of inductance L is AV, quctor =
Ldi/dt.

5. The total voltage drop around a loop must sum to zero.
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Figure 6.3: Schematic of RC circuit used in example 6.2.

6. The total current through any node (a point where multiple wires
come together) must sum to zero (Kirchoff’s Law).

If we were to measure the voltage between points a and b in an RC circuit
as illustrated in fig 6.3, these rules tell us first that the capacitor should
cause the voltage along the left branch to fluctuate according to

v,
ic=C Va

=0 (6.25)

where i¢ is the current through the capacitor. If ig is the current through
the resistor, then the voltage drop through the lower side of the circuit is

Vb = Viart +irR (6.26)

Solving for the current through the resistor,

Vo — Via
in = bTbtt (6.27)

Since the total current around the loop must be zero, ic +ig = 0,

Vb — Via v,
0=ip+ic=-2 Rb“+0 dtb (6.28)

Dropping the ab subscript,

av. Vparr =V
— = s (6.29)
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This is identical to

av Ve -V
_— = 6.30
dt T ( )
with
Voo = %att (631)
T=RC (6.32)
Therefore the voltage is given by
V = Viate + (Vo = Voar e /7€ (6.33)

where Vj is the voltage at ¢ = 0. Regardless of the initial voltage, the

voltage always tends towards the battery voltage. The current through the

circuit is

av _ V(J - V;)att e_t/RC
d R

so the current decays exponentially. [

(6.34)

Example 6.3. Newton’s Law of Heating (or Cooling) says that the rate
of change of the temperature T of an object (e.g., a potato) is proportional
to the difference in temperatures between the object and its environment
(e.g., an oven), i.e.,

dr

o= E(Toven —T) (6.35)
Suppose that the oven is set to 350 F and a potato at room temperature
(70 F) is put in the oven at ¢t = 0, with a baking thermometer inserted into
the potato. After three minutes you observe that the temperature of the
potato is 150. How long will it take the potato to reach a temperature of

3507

The initial value problem we have to solve is

T' = k(400 — T
( ) (6.36)
T(0) =70
Dividing and integrating,
dr
/ o = / Kt (6.37)
—In(400 - T) =kt + C (6.38)

From the initial condition

C = —In(400 — 70) = — In 330 (6.39)
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Hence
—In(400 — T') = kt — In 330 (6.40)
400 — T
1 = —kt 6.41
17330 (6.41)
From the second observation, that T'(3) = 150,
400 — 150
In —— = -3k 6.42
" T330 (6.42)
we conclude that 1 33
k=—-ln— ~. A4
3ngy 09 (6.43)
From (6.41)
400 =T — 09t
= ° .44
330 (6.44)
T = 400 — 330e% (6.45)

The problem asked when the potato will reach a temperature of 350. Re-
turning to (6.41) again,
1 400 — 350 33

~——In——— =~ 11ln — ~ 20 mi 4
t 59 330 n— 0 minutes O (6.46)

The motion of an object subjected to external forces F}, Fy,...is given by
the solution of the differential equation

Example 6.4. Falling Objects. Suppose an object of constant mass m
is dropped from a height h, and is subject to two forces: gravity, and air
resistance. The force of gravity can be expressed as

Fyravity = —mg (6.47)

where g = 9.8 meters/ sec ond?, and the force due to air resistance is

d
Fdrag = _CDdizt/ (648)

where Cp is a known constant, the coefficient of drag; a typical value of
Cp =~ 2.2. According Newtonian mechanics

2 d
m#’ =S F=-mg- chit’ (6.49)

Making the substitution
dy

v=o (6.50)
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this becomes a first-order ODE in v
il
dt

Example 6.5. Suppose we drop a 2010 penny off the top of the empire
state building. How long will it take to hit the ground?

= —mg — Cpv (6.51)

The drag coefficient of a penny is approximately Cp ~ 1 and its mass is
approximately 2.5 grams or 0.0025 kilograms. The height of the observation
deck is 1250 feet = 381 meters.

Since the initial velocity is zero, the IVP is

v=-98—w
(6.52)
v(0)=0
Rearranging,
v +v=-98 (6.53)
An integrating factor is e’ so
d (ve') = —9.8¢" (6.54)
g . .
Integrating
vel = —9.8¢' +C (6.55)
Dividing by e,
va —9.8+ Cet (6.56)
From the initial condition,
0=-98+C = C=98 (6.57)
hence
v=-98+98e" (6.58)

Now we go back to our substitution of (6.50), we have another first order
linear differential equation:

== _98+98¢" (6.59)

Integrating (6.59)
y=-98t—-98"'+C (6.60)

If the object is dropped from a height of 381 meters then

y(0) = 381 (6.61)
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hence
381=-98+C = (C =391 (6.62)

thus
y=—9.8t —9.8¢"* + 391 (6.63)

The object will hit the ground when y = 0, or
0= —9.8t —9.8¢" 4998 (6.64)

This can be solved numerically to give t ~ 40 seconds. 2. [

2For example, in Mathematica, we can write NSolve[0 ==-9.8 t - 9.8 E*-t + 391,
t]



Lesson 7

Autonomous Differential

Equations and Population
Models

In an autonomous differential equation the right hand side does not de-
pend explicitly on t, i.e.,

dy

= = 7.1

o = /W) (7.1)
Consequently all autonomous differentiable equations are separable. All of
the exponential models discussed in the previous section (e.g., falling ob-
jects, cooling, RC-circuits, compound interest) are examples of autonomous
differential equations. Many of the basic single-species population models
are also autonomous.

Exponential Growth

The exponential growth model was first proposed by Thomas Malthus in
1798." The basic principle is that as members of a population come to-
gether, they procreate, to produce more of the species. The rate at which
people come together is assumed to be proportional to the the population,
and it is assumed that procreation occurs at a fixed rate b. If y is the
population, then more babies will be added to the population at a rate by.

1In the book An Essay on the Principle of Population.
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Hence J
Y
—= =b 7.2
it (7.2)
If we assume that people also die at a rate dy then
dy
=y —dy=(0b-dy=ry (7.3)

where r = b — d. As we have seen, the solution of this equation is
y = yoe (7.4)

Hence if the birth rate exceeds the death rate, then r = b — d > 0 and the
population will increase without bounds. If the death rate exceeds the birth
rate then the population will eventually die if. Only if they are precisely
balanced will the population remain fixed.

Logistic Growth

Exponential population growth is certainly seen when resources (e.g., food
and water) are readily available and there is no competition; an example
is bacterial growth. However, eventually the population will become very
large and multiple members of the same population will be competing for
the same resources. The members who cannot get the resources will die off.
The rate at which members die is thus proportional to the population:

d=ay (7.5)
so that J
dfi:?"yfdy:byfaf:ry( f%y) (7.6)
for some constant a. It is customary to define
T
K=— 7.7
- (7.7)

which is called the carrying capacity of the population:

% =ry (1 — %) (7.8)
Equation (7.8) is called the logistic growth model, or logistic differential
equation. We can analyze this differential equation (without solving it)
by looking at the right hand side, which tells us how fast the population
increases (or decreases) as a function of population. This is illustrated in
figure 7.1
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Figure 7.1: A plot of the right-hand side of ¢’ = f(y) for the logistic model
in equation 7.8. When f(y) > 0, we know that dy/dt > 0 and thus y will
increase, illustrated by a rightward pointing arrow. Similarly, y decreases
when f(y) < 0. All arrows point toward the steady state at y = K.

dy/dt
rK/ 4 ------—
dy/dt<0

‘ y

dy/dt> 0

When y < K, then dy/dx > 0, so the population will increase; this is
represented by the arrow pointing to the right. When y > K, dy/dt < 0,
so the population will decrease. So no matter what the starting value of
y (except for y = 0), the arrows always point towards y = K. This tells
us that the population will approach y = K as time progresses. Thus the
carrying capacity tells us the long-term (or steady state) population.

We can solve the logistic model explicitly. In general this is not something
we can do in mathematical modeling. hence the frequent use of simple
models like exponential or logistic growth. Rewrite (7.8) and separating

the variables:
dy /
K/ —2 =17 [ dt 7.9
y(K —y) (7.9)

Using partial fractions,

1 4, B (7.10)
yK—-y) y K-y '
Cross multiplying and equating the numerators,
1=A(K —y)+ By (7.11)

Substituting y = K gives B = 1/K; and substituting y = 0 gives A = 1/K.
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Hence
d 1 [d 1 d
/7‘1/:— LA Y (7.12)
yK-y) KJy KJ K-y
1
=% (Iny — In(K —y)) (7.13)
1 Y
e (7.14)
Using (7.14) in (7.9)
any_y —rt+C (7.15)
Multiplying through by K and exponentiating,
Ky_ - erttO = erte® (7.16)
If we set y(0) = yo then
c Yo
eb = 7.17
s (7.17)
Hence y "
=20 et (7.18)

Multiplying by K — y,

Yo rt Yo rt
y=K e’ +y e 7.19
K — Yo K — Yo ( )

Bringing the second term to the left and factoring a y,

y (1 + Kyoy e”) — ket (7.20)
— Y0

Multiplying both sides by K — yq,

y (K —yo +yoe™") = Kyoe" (7.21)
Solving for y,
Kyoert
= 7.22
Y (K —yo) + yoe™ ( )
K
o (7.23)

T+ (K —yo)e "t

We can see from equation (7.23) that for large ¢ the second term in the
denominator approaches zero, hence y — K.
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Figure 7.2: Solutions of the logistic growth model, equation (7.23). All
nonzero initial populations tend towards the carrying capacity K ast — oc.

~

_

y

\\\\\

t
1/r
Thresholding Model
If we switch the sign of equation (7.8) it becomes
dy _ y
&= —ry (1 - T> (7.24)

where we still assume that » > 0 and 7" > 0. The analysis is illustrated
below. Instead of all populations approaching 7', as it did in the logistic
model, all models diverge from T'.

The number T is a threshold of the model. At the value y = T the behavior
of the solution changes. We expect unlimited growth if yo > 7" and that y
will decay towards zero if yo < T'. This type of model describes a species in
which there is not sufficient procreation to overcome the death rate unless
the initial population is large enough. Otherwise the different members
don’t run into each other often enough to make new babies. Following the
same methods as previously we obtain the solution

y = L
Yo + (T — yo)e™

We point out the difference between (7.25) and (7.23) - which is the sign of
r in the exponential in the denominator.

(7.25)

When yo < T then equation (7.25) predicts that y — 0 as t — oco. It
would appear to tell us the same thing for 7" < yo but this is misleading.
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Figure 7.3: Plot of the right hand side of the thresholding model (7.24).
Since f(y) < 0 when y < T, the population decreases; when y > T, the
population increases.

dy/dt

dy/dt < 0

| dy/dt > 0

dTA -

Suppose that yg is just a little bit larger than 7. Then the population
because increasing because the right hand side of the equation is positive.
As time progresses the second term in the denominator, which is negative,
gets larger and larger. This means that the denominator is getting smaller.
This causes the population to grow even faster. The denominator becomes
zero at t = t* given by

0=yo+ (T —yo)e™ (7.26)
Solving for t*
1 Yo
tr= =1 7.27
P yo—T (7.27)

Since y > T the argument of the logarithm is positive, so the solution gives
a positive real value for t*. At this point, the population is predicted to
reach oo; in other words, t = t* is a vertical asymptote of the solution.

Logistic Growth with a Threshold

The problem with the threshold model is that it blows up. More realis-
tically, when yo > T, we would expect the rate of growth to eventually
decrease as the population gets larger, perhaps eventually reaching some
carrying capacity. In other words, we want the population to behave like a
thresholding model for low populations, and like a logistic model for larger
populations.
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Figure 7.4: Solutions of the threshold model given by (7.25). When yo < T
the population slow decays to zero; when yy > T the population increases
without bounds, increasing asymptotically to co at a time t* that depends
on yo and T (eq. (7.27)).

/
—

Suppose we have a logistic model, but let the rate of increase depend on
the population:

dy _ y
Lty (1- %) (7.28)
We want the rate of increase to have a threshold,
Y
r(y) = —r (1 - :7) (7.29)
combining these two
dy _ y y
a="0-7)0-%) (7.30)

Now we have a growth rate with three zeros at y =0, y =7, and y = K,
where we want 0 < T' < K. If the population exceeds T then it approaches
K, while if it is less than T it diminishes to zero.
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Figure 7.5: Top: The rate of population change for the logistic model with
threshold given by equation (7.30). For to > T all populations tend towards
the carrying capacity K; all smaller initial populations decay away towards
zero. Bottom: The solutions for different initial conditions.

dy/dt
dy/dt< 0 dy/dt < 0
y
dy/dt> 0
y
K




Lesson &8

Homogeneous Equations

Definition 8.1. An ordinary differential equation is said to be homoge-
neous if it can be written in the form

4ol =

Another way of stating this definition is say that

y = f(t.y) (8.2)

is homogeneous if there exists some function g such that

¥ =g(2) (8.3)
where z = y/t.
Example 8.1. Show that
dy 2ty
7Y 8.4
dt 12— 3y? (84)

is homogeneous.
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The equation has the form 3’ = f(¢,y) where

2ty

t2 — 3y?

_ 2ty
@)1= 3(y/D?)
2(y/t)

1 3(y/0)?
2z

1— 322

fty) =

where z = y/t. Hence the ODE is homogeneous.

The following procedure shows that any homogeneous equation can be con-

verted to a separable equation in z by substituting z = y/t.

Let z = y/t. Then y = tz and thus

dy d dz
Thus if p
@ _ (Y
dt _g(t)
then
t%Jrzf (2)
at T

where z = y/t. Bringing the the z to the right-hand side,

t% =g(z) — =
dz  g(z)—=z
et
dz dt
g(z)—z ¢
which is a separable equation in z.

Example 8.2. Find the one-parameter family of solutions to

;YR 2ty
Q—T

Since

Ly H2ty oy 2ty oy
e T TZ‘(

7>2+2y:z2+2z
t t

(8.10)

(8.11)

(8.12)

(8.13)

(8.14)

(8.15)

(8.16)
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where z = y/t, the differential equation is homogeneous. Hence by equation

(8.12) it is equivalent to the following equation in z:

dz

t% +2=224+2z
Rearranging and separating variables,
tdz 2
— =2"+z
dt
dt dz dz 1 1
- = = S dz
t 224z z(1+4+2) z 14z
Integrating,
[5-]%-]5%
t z 1+2
Injtf]=Inlz| —In|1+z2|+C=1In : ‘—i—C
1+=z
Exponentiating,
C'z
t =
142

(8.17)

(8.18)

(8.19)

(8.20)

(8.21)

(8.22)

for some new constant C’. Dropping the prime on the C' and rearranging

to solve for z,

1+2)t=Cz
t=Cz—z2t=2(C—1t)
t
Tt
Since we started the whole process by substituting z = y/t then
2
Y=AE e

as the general solution of the original differential equation.

Example 8.3. Solve the initial value problem

y_y_,
dt t
y(1) =2
Letting z = y/t the differential equation becomes
d
-

dt

(8.27)

(8.28)
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Substituting y’ = (zt)’ = ¢z’ + z gives

tdz—i-z—z—l
dt N

Canceling the z’s on both sides of the equation

dz_ 1
.t
dt
Integrating,
z=—Int+C

Since z = y/t then y = tz, hence
y =t(C —Int)
From the initial condition y(1) = 2,
2=(1)(C—-Inl)=C

Hence
y=t2—-Int) O

(8.29)

(8.30)

(8.31)

(8.32)

(8.33)

(8.34)

(8.35)



Lesson 9

Exact Equations

We can re-write any differential equation

dy
Y= ) (9.1)
into the form
M(t,y)dt + N(t,y)dy =0 (9.2)

Usually there will be many different ways to do this.

Example 9.1. Convert the differential equation y’ = 3t + y into the form
of equation 9.2.

First we write the equation as

dy
— =3t 9.3
o +y (9.3)
Multiply across by dt:
dy = (3t + y)dt (9.4)
Now bring all the terms to the left,
—(Bt+y)dt+dy=0 (9.5)
Here we have
M(t,y) = -3t+y (9.6)
N(t,y)=1 (9.7)
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This is not the only way we could have solved the problem. We could have
stated by dividing by the right-hand side,

dy

=dt 9.8
t+y (08)
To give
—dt 7d =0 9.9
HETET (6.9)
which is also in the desired form, but with
M(t,y) =—1 (9.10)
1
N(t = 9.11
(ty) =5 s (9.11)
In general there are infinitely many ways to do this conversion. O

Now recall from calculus that the derivative of a function ¢(t,y) with re-
spect to a third variable, say u, is given by

0¢ dt L 99 ¢ dy
Ot du ' Oy du

and that the exact differential of ¢(¢,y) is obtained from (9.12) by multi-
plication by du:
9¢ o¢

d
%qb(t, y) = (9.12)

do(t —dt+ —dy 9.13
o(ty) = Gpdt+ 5 (9.13)
We can integrate the left hand side:
/d¢:¢+C (9.14)
If, however, the right hand side is equal to zero, so that d¢ = 0, then
0:/d¢:¢+(]:>¢:0’ (9.15)
where C' = —(C is still a constant.
Let us summarize:
(dp=0 = ¢=C| (9.16)

for some constant C.
If d¢ = 0 then the right hand side of (9.12) is also zero, hence

9¢
— Nl
atdt+a dy=0 = ¢=C (9.17)
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Now compare equation (9.2) with (9.17). The earlier equation says that
M(t,y)dt + N(t,y)dy =0 (9.18)
This means that if there is some function ¢ such that

_ 99 _9¢
M= and N =5 (9.19)

Then ¢ = C' is a solution of the differential equation.

So how do we know when equation (9.19) holds? The answer comes from
taking the cross derivatives:

oM O? 0? ON

dy oyot  Otdy ot
The second equality follows because the order of partial differentiation can
be reversed.

Theorem 9.1. If
oM  ON

_— = 9.21
oy ot ( )
then the differential equation

M(t,y)dt + N(t,y)dy =0 (9.22)

is called an exact differential equation and the solution is given by some
function

o(t,y) =C (9.23)
where 96 96
M = e and N = o (9.24)

We illustrate the method of solution with the following example.
Example 9.2. Solve
(2t + y?)dt + 2tydy = 0 (9.25)
This is in the form Mdt + Ndy = 0 where
M(t,y) =2t +y* and N(t,y) = 2ty (9.26)
First we check to make sure the equation is exact:

oM 9
— = —(2t4+y?) =2 2
oy 8y(t yo) =2y (9.27)
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and AN 5
= —(2ty) =2 2
or — Aty =2 (9.28)
Since
My, = Ng (9.29)
the equation is exact, and therefore the solution is
p=C (9.30)
where 96
— =M =2+ 9.31
ot +y (9.31)
and 96
— =N=2t 9.32
By y (9.32)

To solve the original ODE (9.25) we need to solve the two partial differential
equations (9.31) and (9.32). Fortunately we can illustrate a procedure to
do this that does not require any knowledge of the methods of partial
differential equations, and this method will always work.

Method 1. Start with equation (9.31)

99 _ 2
o =2ty (9-33)

Integrate both sides over ¢ (because the derivative is with respect to t),
treating y as a constant in the integration. If we do this, then the constant
of integration may depend on y:

/ %dt = /(Qt +y?)dt (9.34)
¢ =t*+y*t+g(y) (9.35)

where g(y) is the constant of integration that depends on y. Now substitute
(9.35) into (9.32)

0
8—y(t2 +y*t+g(y)) = 2ty (9.36)
Evaluating the partial derivatives,
99(y)
2yt + —— =2t 9.37
v+ =3, y (9.37)

Since ¢g(y) only depends on y, then the partial derivative is the same as
/
9'(y):

dg
oyt + —2 =2 9.38
y +dy Yy (9.38)
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Hence
—=0= g=C (9.39)
for some constant C’. Substituting (9.39) into (9.35) gives
p=1t"+y*t+C’ (9.40)
But since ¢ = C' is a solution, we conclude that
2 +y*t=C" (9.41)

is a solution for some constant C”'.

Method 2 Start with equation (9.32) and integrate over y first, treating ¢
as a constant, and treating the constant of integration as a function A(t) :

op
oy =2 (9.42)

oo,
/a—ydy— /Qtydy (9.43)
¢ = ty* + h(t) (9.44)

Differentiate with respect to ¢ and use equation (9.31)

9 _ 0 » _ 2, dh 2
5 —at(y +h(t) =y* + o =2t+y (9.45)

where the last equality follows from equation (9.31). Thus

dh
S =2 = h= t2 (9.46)

We can ignore the constant of integration because we will pick it up at the
end. From equation (9.44),

¢ = ty? + h(t) = ty* + 12 (9.47)

Since ¢ = C' is the solution of (9.25), we obtain
ty? +t* =C (9.48)
is the solution. O

Now we can derive the method in general. Suppose that

M(t,y)dt + N(t,y)dy =0 (9.49)
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where
My(t,y) = Ne(t,y) (9.50)

Then we conclude that
P(t,y) =C (9.51)

is a solution where
¢u(t,y) = M(t,y) and ¢y(t,y) = N(t,y) (9.52)
We start with the first equation in (9.52), multiply by dt and integrate:
¢ = /¢t(t7y)dt= /M(t,y)dt+g(y) (9-53)
Differentiate with respect to y:
Py = (%/M(t,y)dwg’(y) = /My(t,y)dt+g’(y) (9.54)
Hence, using the second equation in (9.52)
90 =y (t) ~ [ My (e )i (9.55)
— N(t,y) — / M, (t,y)dt (9.56)
Now multiply by dy and integrate:
s = [dway= [ (Nen - [aneoa)a o5
From equation (9.53)
o(t,y) = / M(t,y)dt + / (N(t,y) - / My(t,y)dt> dy (9.58)

Alternatively, we can start with the second of equations (9.52), multiply by
dy (because the derivative is with respect to y), and integrate:

6= / by (t,y)dy = / N(t, y)dy + h(t) (9.59)

where the constant of integration depends, possibly, on t, because we only
integrated over y. Differentiate with respect to ¢:

o) = g [ Ny + 10 = [Ny + 1@ ©60)
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From the first of equations (9.52),

Mit,y) = [ Nlt )y + 10 (9.61)
hence
W) = M(t.y) - [ Nult.w)dy (9.62)
Multiply by dt and integrate,
h(t) = / W (8)dt = / (M(t, y) — / Nt(t,y)dy) it (9.63)
From (9.59)

¢mw=/Nwm@+/(me—/mww@)ﬁ (9.64)

The following theorem summarizes the derivation.

Theorem 9.2. If M(t,y)dt + N(t,y)dy = 0 is exact, i.e., if

OM(t,y)  ON(t,y)
oy Ot

(9.65)

The ¢(t,y) = C is a solution of the ODE, where either of the following
formulas can be used for ¢:

o(t,y) = /M(t,y)dtJr/ (N(t,y) - /My(t,y)dt> dy (9.66)

) = [Ny [ (s - [Naear)a oo

In practice, however, it is generally easier to repeat the derivation rather
than memorizing the formula.

Example 9.3. Solve
(t+2y)dt + (2t —y)dy =0 (9.68)
This has the form M (¢,y)dt + N(¢,y)dy where

M(t,y) =t+2y (9.69)
N(t,y) =2t —y (9.70)

Checking that it is exact,
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Hence (9.68) is exact and the solution is given by ¢(¢,y) = C' where

% =M(z,y) =t+2y (9.72)
o
6% =N(t,y)=2t—y (9.73)

Integrating (9.73) over ¢,

b(t,y) = /%dt = /(t + 2y)dt = %tz + 2ty + h(y) (9.74)

because the constant of integration may be a function of y. Taking the
partial with respect to y and setting the result equal to (9.73)

o¢
— =2t+h(y) =2t — 9.75
By +h(y) y (9.75)
Thus
y?
Wy)=—y = hy) = -5 (9.76)
we conclude that h'(y) = —y or h(y) = —y*/2. From equation (9.74)
Lo L
o(t,y) = it + 2ty — Y (9.77)
Therefore the solution is
1 1
2y — -y* =C 9.78
5t 2ty — 5y (9.78)
for any constant C. O

Example 9.4. Find the one-parameter family of solutions to

, ycost 4 2teY
= 9.79
Y sint + t2e¥ + 2 (9.79)

We can rewrite the equation (9.79) as
(ycost 4 2te?)dt + (sint + t2e¥ + 2)dy = 0 (9.80)
which has the form M (¢,y)dt + N(¢,y)dy = 0 where

M(t,y) = ycost + 2te? (9.81)
N(t,y) =sint + t%e¥ +2 (9.82)



Differentiating equations (9.81) and (9.82) gives

OM(t ON(t
8(y7 y) =cost + 2te¥ = 76(t7 v)
and consequently equation (9.79) is exact. Hence the solution is
o(t,y) =C
where
0
£ = M(t,y) = ycost + 2te
9% _

9y N(t,y) = sint + t%e¥ + 2
9.

Integrating equation (9.85) over ¢

73

(9.83)

(9.84)

(9.85)

(9.86)

o(t,y) = /%tt’y)dt = /(ycost+2tey)dt = ysint+t26y+h(y) (9.87)

where h is an unknown function of y.

Differentiating (9.87) respect to y and setting the result equal to (9.86)

gives

0
a—(b = sint +t%e¥ + b/ (y) = sint + t%e¥ + 2
Y

Thus
W(y)=2 = hy) =2y

Using this back in equation (9.87)
b(t,y) = ysint + t2e¥ + 2y
Hence the required family of solutiosn is
ysint + t%e¥ + 2y = C
for any value of the constant C.

Example 9.5. Solve the differential equation

,  at—by

v = bt + cy

where a, b, ¢, and d are arbitrary constants.

(9.88)

(9.89)

(9.90)

(9.91)
O

(9.92)
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Rearranging the ODE,
(by — at)dt + (bt + cy)dy =0 (9.93)

which is of the form M (t,y)dt + N(t,y)dy = 0 with

M(t,y) = by — at (9.94
N(t,y) =bt+ cy (9.95
Since
M,=b=N, (9.96)
equation (9.93) is exact. Therefore the solution is ¢(t,y) = K, where
Oo(t
% = M(t,y) =by —at (9.97)
Ao(t
‘bé ) N(ty) = bt + cy (9.98)
Y

and K is any arbitrary constant (we don’t use C' because it is confusing
with ¢ already in the problem). Integrating equation in (9.97) over t gives

o(t,y) = / (by — at)dt = byt — gﬁ + h(y) (9.99)

Differentiating with respect to y and setting the result equal to the (9.98),

bt + 1 (y) = bt + cy (9.100)
, c
W(y)=cy = hiy) = 5v° (9.101)
From equation (9.99)
@2 € 2
o(t,y) = [ (by — at)dt = byt — §t + Y (9.102)

Therefore the solution of (9.92) is

/(by — at)dt = byt — th + gy2 =K (9.103)

for any value of the constant K. O

Example 9.6. Solve the initial value problem

(9.104)

(2ye® 4 2t cosy)dt + (2 — t?siny)dy = 0
y(0) =1



(0]

This has the form Mdt + Ndy = 0 with

M(t,y) = 2ye®® + 2tcosy (9.105)

N(t,y) = e* — t*siny (9.106)
Since

M, = 2¢*" — 2siny = N, (9.107)

we conclude that (9.104) is exact. Therefor the solution of the differential
is equation ¢(t,y) = C for some constant C, where

% = M(t,y) = 2ye* + 2tcosy (9.108)
%5 = N(t,y) = ¢ — *siny (9.109)

Integrating (9.108) over ¢

o(t,y) = /(2ye2t + 2t cosy)dt + h(y) = ye* +t*cosy + h(y) (9.110)

Taking the partial derivative with respect to y gives

g—z =e?' —t?siny + A/ (y) (9.111)

Comparison of equations (9.111) and (9.109) gives h’(y) = 0; hence h(y) is
constant. Therefore

o(t,y) = ye* + 1% cosy (9.112)

and the general solution is
ye* +t?cosy = C (9.113)
From the initial condition y(0) = 1,
(1)(€®) + (0*)cos1=C = C =1 (9.114)

and therefore the solution of the initial value problem is

ye* +t?cosy=1. O (9.115)
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Example 9.7. Solve the initial value problem

t t)dt Y+ Int)dy =0
(y/t + cost)dt + (e¥ + Int)dy (9.116)
y(m) =0
The ODE has the form Mdt + Ndy = 0 with
M(t,y) =y/t + cost (9.117)
N(t,y) =€ + Int (9.118)
Checking the partial derivatives,
1
M,=-=N, (9.119)

t

hence the differential equation is exact. Thus the solution is ¢(t,y) = C
where

oo Yy
Fri M(t,y) = : + cost (9.120)
¢ Y

T — = 9.121
By N(t,y) =e¥ +1Int ( )

Integrating the first of these equations

o(t,y) = / (% + cos t) dt + h(y) = ylnt +sint + h(y) (9.122)

Differentiating with respect to y and setting the result equal to (9.121),

a9

oy @(ylnt+sint+h(y)) = N(t,y) =€’ +Int (9.123)
Int+h'(y) =e¥ +Int (9.124)
W(y)=e¥ = h(y) =€ (9.125)

From (9.122),
é(t,y) =) =ylnt+sint + ¥ (9.126)

The general solution of the differential equation is ¢(t,y) = C, i.e.,
ylnt+sint+e¥ =C (9.127)
The initial condition is y(7) = 0; hence
(0)ln7+sint+e’=C = C=1 (9.128)

Thus
ylnt+sint+e¥=1. O (9.129)



Lesson 10

Integrating Factors

Definition 10.1. An integrating factor for the differential equation
M(t,y)dt + N(t,y)dy =0 (10.1)
is a any function such pu(¢,y) such that
pu(t, y) M (t, y)dt + p(t,y)N(t,y)dy =0 (10.2)

is exact.

If (10.2) is exact, then by theorem 9.1

Sy (e M) = 5 (ult DN () (10:3)

In this section we will discuss some special cases in which we can solve (10.3)
to find an integrating factor u(t,y) that satisfies (10.3). First we give an
example to that demonstrates how we can use an integrating factor.

Example 10.1. Show that

i 2e~tcost
<Smy —9et sint) dt + <C°Sy +ee cos > dy =0 (10.4)
y y

is not exact, and then show that

u(t,y) = ye' (10.5)

is an integrating factor for (10.4), and then use the integrating factor to
find a general solution of (10.4).

77
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We are first asked to verify that (10.4) is not exact. To do this we must
show that M, # N, so we calculate the partial derivatives.

OM 9 [si St —si

oM _ 9 (any _ gt sint) _ w (10.6)
gy oy \ y Y

ON 0 2e " cost 2

il (cosy + ye o8 ) = —ge_t (sint + cost) (10.7)

Since M, # N, we may conclude that equation (10.4) is not exact.

To show that (10.5) is an integrating factor, we multiply the differential
equation by p(t,y). This gives

(et siny — 2y sin t) dt + (et cosy + 2 cos t) dy=20 (10.8)
which is in the form M (¢, y)dt + N(t,y)dy with

M(t,y) = e'siny — 2ysint (10.9)
N(t,y) = €' cosy + 2cost (10.10)

The partial derivatives are

OM(t,y) 0

oy = a—y(et siny — 2y sint) (10.11)
= e'(cosy — 2sint) (10.12)
% = %(et cosy + 2 cost) (10.13)
= e'(cosy — 2sint) (10.14)

Since M, = Ny, we may conclude that (10.8) is exact.

Since (10.8) is exact, its solution is ¢(t,y) = C for some function ¢ that
satisifes

M(t,y) = e'siny — 2ysint (10.15)

o¢ _
ot
9 _ ot
e N(t,y) =€’ cosy + 2cost (10.16)
Y

From (10.15)
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/ 99EY) gy 4 ) (10.17)
= /M(t,y)dt + h(y) (10.18)
= /(et siny — 2y sint)dt + h(y) (10.19)
= e'siny + 2y cost + h(y) (10.20)

Differentiating with respect to y,

Op(t
¢(f(91; v) =e'cosy +2cost + I/ (y) (10.21)
From equation (10.16),
e cosy +2cost + h'(y) = e’ cosy + 2 cost (10.22)
h'(y) =0 = h(y) = constant (10.23)

Recall the that solution is ¢(t,y) = C where from (10.20), and using h(y) =
K

)

é(t,y) = e'siny + 2cost + K (10.24)

hence
e'siny + 2ycost = C (10.25)
is the general solution of (10.8). O

There is no general method for solving (10.3) to find an integrating fac-
tor; however, sometimes we can find an integrating factor that works under
certain simplifying assumptions. We will present five of these possible sim-
plifications here as theorems. Only the first case is actually discussed in
Boyce & DiPrima (6th Edition).

Theorem 10.2. Integrating Factors, Case 1. If

M, (t,y) — Ni(t,y)
N(t,y)

PO (t,y) = = P (1) (10.26)

is only a function of ¢, but does not depend on ¥, then

1D () = exp (/ PO(1) dt) — oxp (/ M,y Nt(t y) dt) (10.27)

is an integrating factor.




80 LESSON 10. INTEGRATING FACTORS

Theorem 10.3. Integrating Factors, Case 2. If

_ Nt y) — My(t,y)
M(t,y)

POt y) = PA(y) (10.28)

is only a function of y, but does not depend on ¢, then

1t y) = exp ( / P<2>(y)dt> ~ exp ( / N‘f(t’%éf‘yﬁy“’y) dt) (10.29)

is an integrating factor.

Theorem 10.4. Integrating Factors, Case 3. If

: Ni(t,y) — My (t,y)
PO, y) = =12 o) = pB(, 10.30
() tM(t,y) —yN(ty) B (1030)
is only a function of the product z = ty, but does not depend on either ¢
or y in any other way, then

W00 =ew ([ POG:) e ([ FE= NG )

(10.31)
is an integrating factor.
Theorem 10.5. Integrating Factors, Case 4. If
t2(Ne(t,y) — My (t
P(4)(t, ): ( t( 73/) y( 7y)) = P(4)(Z) (10.32)

tM(t,y) +yN(t,y)

is only a function of the quotient z = y/t, but does not depend on either ¢
or y in any other way, then

o) oo [ B

(10.33)
is an integrating factor.
Theorem 10.6. Integrating Factors, Case 5. If
2(My(t,y) — Nyt
pO(t,y) = LULEN =) _ por) (101

tM(t,y) +yN(t,y)

is only a function of the quotient z = ¢/y, but does not depend on either ¢
or y in any other way, then

1O (t,y) = exp (/ P(5)(z)dz> = exp (/ Y My (t,y) = Nt(t’y))dz)

tM(t,y) +yN(t,y)
(10.35)

is an integrating factor.
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Proof. In each of the five cases we are trying to show that u(t,y) is an
integrating factor of the differential equation

M(t,y)dt + N(t,y)dy =0 (10.36)

We have already shown in the discussion leading to equation (10.3) that
wu(t,y) will be an integrating factor of (10.36) if u(t,y) satisfies

0

Ay i (u(t,y)N(t,y)) (10.37)

(ult, )M () = o

By the product rule for derivatives,

plt, y) My (¢, y) + 1y (8, y) M (t,y) = pt,y) Ne(t, y) + pe(t, y)N(t,y) (10.38)

To prove each theorem, we need to show that under the given assumptions
for that theorem, the formula for wu(t,y) satisfies equation (10.38).

Case 1. If p(t,y) is only a functions of ¢ then (a) p,(t,y) = 0 (there is
no y in the equation, hence the corresponding partial is zero); and (b)
ue(t,y) = p'(t) (u only depends on a single variable, ¢, so there is no
distinction between the partial and regular derivative). Hence equation
(10.37) becomes

p(t)My(t,y) = p(t)Ne(t,y) + W' O)N (¢, y) (10.39)
Rearranging,
d M, (t7y) — Nt(tay)
—pu(t) = — t 10.4
St N u) (10.40)
Separating variables, and integrating,
/ 2 /M Nt(t Y gy (10.41)
Hence

In pu(t) = / PO (t)dt = pu(t) = exp < / P(l)(t)dt> (10.42)

as required by equation (10.27). O(Case 1)

Case 2. If u(t,y) = pu(y) is only a function of y then (a) p: (¢, y) = 0 (because
p has no t-dependence); and (b) py(t,y) = 1/(t) (because p is only a
function of a single variable y). Hence (10.38) becomes

w(y) My (t,y) + u'(y) M(t, y) = p(y)Ne(t, y) (10.43)
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Rearranging,
1 N, - M
n(y) dy M(t,y)
Multiply by dy and integrating,
/Liu(y)dy = /P@) (y)dy (10.45)
1(y) dy
Integrating and exponentiating
p(y) = exp (/ P(z)(y)dy> (10.46)
as required by equation (10.29). O(Case 2).

Case 3. If u(t,y) = u(z) is only a function of z = ty then
0z  O(ty)

P e S 10.4
o~ o Y (10.47)
0z  O(ty)
R L 10.48
o5~ oy (10.48)
Since p(2) is only a function of a single variable z we will denote
dp
Wi(z) = = (10.49)
By the chain rule and equations (10.47),(10.48), and (10.49),
O _ dpodz
o9t dzot M (2)y (10.50)
0 du 0
T (10.51)

oy ~dzay "
Using these results in (10.38),
pu(z)My(t,y) + 1/ (2)tM(t,y) = p(2)Ne(t,y) + 1/ (2)yN(t,y)  (10.52)
1 (2) x (EM(t,y) — yN(t,y)) = p

' (z) _ Ni(t,y) — My(t,y) — POy,
i) " DIy NGy L) o

Integrating and exponentiating,

z) x (Ni(t,y) — My(t,y))  (10.53)

1(2) = exp ( / P<3>(z)dz) (10.55)
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as required by equation (10.31). O(Case 3)
Case 4. If u(t,y) = u(z) is only a function of z = y/t then

8z_gy_ y

TRt i (10.56)
0z Jdy 1
By thee chain rule
Op  dup oz Y
!/
O _ dp0z _ jr (10.59)

oy  dzdy t

where p/(z) = du/dz. Equation (10.38) becomes

/

p(My () + M (e,) = w)Nu(t) + (< () % Nty

(10.60)

Rearranging and solving for p/(z)
p(2)(My (£, y) — Ni(t,y)) = —pi/ (2) (yNt(ﬁ’y) + M(f’y)> (10.61)
— PE Nt y) + (L)) (10.62)

12
p(z) (Nt y) = My(ty) .
) gNty) Tty L) (1063

Integrating and exponentiating,

u(z) = exp ( / P(4)zdz) (10.64)

as required by equation (10.33). O(Case 4)
Case 5. If p(t,y) = pu(z) is only a function of z = t/y then

0z ot 1

2 _Z 10.65
ot oty y ( )
0z ot t

dy dyy oy
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By the chain rule,

op _dudz

oy (10.67)
op _dpdz 't
°r =2 10.
oy  dzdy o2 (10.68)
where p/(2) = du/dz. Substituting this into equation (10.38) gives
—u(2)t "(z
Mt + (A2 drte) = nNite + () e
(10.69)

Rearranging

u(2) (M, (t,y) — Ni(t,y)) (“/(’Z > )+ (“;Z)t> M(t,y) (10.70)

Y
u z
)<yN<t y) + 1M (1)) (10.71)
/ 2 M. — N,
1(2) yN(t, y) +tM(t,y)
Multiplying by dz, integrating, and exponentiating gives
1(z) = exp ( / P<5>(z)dz) (10.73)
as required by equation (10.35). O(Case 5)
This completes the proof for all five case. O
Example 10.2. . Solve the differential equation
3ty +y?) + (> + ty)y =0 (10.74)
by finding an integrating factor that makes it exact.
This equation has the form Mdt + Ndy where
M(t,y) = 3ty + ¢> (10.75)
N(t,y) =t +ty (10.76)
First, check to see if the equation is already exact.
M, =3t + 2y (10.77)

Ny =2t+y (10.78)
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Since M, # Ny, equation (10.74) is not exact.

We proceed to check cases 1 through 5 to see if we can find an integrating
factor.

M, — N,
PY(t,y) = yTt (10.79)
_ (Bt+2y) - (2t +y) (10.80)
2 +ty '
t+y 1
2+ty ot ( )

This depends only on ¢, hence we can use case (1). The integrating factor

J(t) = exp ( / P(t)dt) ~ exp ( / 1dt> Cexp(nt) =t  (10.82)

Multiplying equation (10.74) by p(t) =t gives
(3t%y + y*t)dt + (3 + t?y)dy = 0 (10.83)

Equation (10.83) has

M(t,y) = 3t%y + y*t (10.84)

N(t,y) =t> +t%y (10.85)
This time, since

M, =3t + 2yt = N, (10.86)

we have an exact equation.

The solution of (10.83) is ¢(t,y) = C, where C is an arbitrary constant,
and

9¢

5 = M(ty) = 3t%y + ty? (10.87)
%’ = N(Ly) = £ + 2y (10.88)

To find ¢(t,y) we begin by integrating (10.87) over t:

b(t,y) = %dt: / (3t2+ty2)dt:t3y+%t2y2+h(y) (10.89)

Differentiating with respect to y

g—j =134+ t2y + W' (y) (10.90)
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Equating the right hand sides of (10.88) and (10.90) gives
3+ 2y + 1 (y) =2+ ty (10.91)

Therefore h'(y) = 0 and h(y) is a constant. From (10.89), general solution
of the differential equation, which is ¢ = C, is given by

1
3y + §t2 l=C O (10.92)

Example 10.3. Solve the initial value problem

2y® + 2)dt + 3ty*dy = 0
(2y° +2) ydy (10.93)
y(1) =4
This has the form M(t,y)dt + N(t,y)dy with
M(t,y) =2y +2 (10.94)
N(t,y) = 3ty> (10.95)
Since
M, = 6y> (10.96)
Ny = 3y? (10.97)
To find an integrating factor, we start with
M,— N, 6y2—-3y> 342 1
P(t,y) = =2 = = =- 10.98
(t,y) I 3152 3t 1 (10.98)
This is only a function of ¢ and so an integrating factor is
1
1L = exp (/ tdt) =exp(lnt) =t (10.99)
Multiplying (10.93) by u(t) = t,
(2ty> + 2t)dt + 3t?y*dy = 0 (10.100)
which has
M(t,y) = 2ty> + 2t (10.101)
N(t,y) = 3t%y? (10.102)
Since

My(t,y) = 6ty* = Ni(t,y) (10.103)
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the revised equation (10.100) is exact and therefore the solution is ¢(t,y) =
C where

% = M(t,y) = 2ty® + 2t (10.104)
%’ = N(t,y) = 3t%° (10.105)
Integrating (10.104) with over ¢,
o) = [ Sear i) (10.106)
- /(2ty3 + 2t)dt + h(y) (10.107)
= t2y3 + 1% + h(y) (10.108)

Differentiating with respect to y,

0
Qiéi/,y) = 3t%y + I (y) (10.109)

Equating the right hand sides of (10.109) and (10.105) gives
3t2y% + 1 (y) = 3t%y° (10.110)

Hence h'(y) = 0 and h(y) = C for some constant C. From (10.108) the
general solution is
P +1)=C (10.111)

Applying the initial condition y(1) = 4,
(1)*4*+1)=C = C=65 (10.112)
Therefore the solution of the initial value problem (10.93) is
2y +1) =65 O (10.113)
Example 10.4. Solve the initial value problem
ydt + (2t — ye¥)dy = 0
y(0) = 1}

Equation (10.114) has the form M (¢, y)dt + N (¢, y)dy = 0 with M (t,y) =y
and N(t,y) = 2t —ye¥. Since M, =1 # 2 = N, the differential equation is
not exact. We first try case 1:

My(tay) - Nt(t>y) 1

) _ _
PO (t,y) = NG ST (10.115)

(10.114)
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This depends on both ¢ and y; case 1 requires that P(l)(t7 y) only depend
on t. Hence case 1 fails. Next we try case 2

_ Nity) - My(ty) 1 (10.116)

M(t,y) y

Since P is purely a function of y, the conditions for case (2) are satisfied.
Hence an integrating factor is

1(y) = exp </(1/y)dy) =exp(lny) =y (10.117)

PR (t,y)

Multiplying equation the differential equation through pu(y) = y gives

y2dt + (2ty — y*e¥)dy =0 (10.118)

This has
M(t,y) = y* (10.119)
N(t,y) = 2ty — y*e¥ (10.120)

Since M, = 2y = Ny, equation (10.118) is exact. Thus we know that the
solution is ¢(t,y) = C where

06

—_ = — 2

i M(t,y) =y (10.121)

gﬁ =N(t,y) = 2ty — y?e? (10.122)
Y

Integrating (10.121) over ¢,

B(t,y) = / %dt +h(y) = / Vb +h(y) = 2+ h(y)  (10.123)

Differentiating with respect to y,

99
— =2y + N 10.124
oy~ 2t () ( )
Equating the right hand sides of (10.124) and (10.122),
2yt + ' (y) = 2ty — y?e¥ (10.125)
W(y) = —y*e? (10.126)
) = [ 1)y (10.127)
= —/yzeydy (10.128)

= —e¥(2—2y+4?) (10.129)
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Substituting (10.129) into (10.123) gives
o(t,y) = y*t — ¥ (2 — 2y + y?) (10.130)
The general solution of the ODE is
yt+e'(—2+2y—y?)=C (10.131)
The initial condition y(0) = 1 gives
C=(1%)(0)+e' (=2+(2)(1) —1%) = —e (10.132)
Hence the solution of the initial value problem is

vt+eV(—2+2y—9?)=— O (10.133)
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Lesson 11

Method of Successive
Approximations

The following theorem tells us that any initial value problem has an equiv-
alent integral equation form.

Theorem 11.1. The initial value problem

"(t,y) = f(t,
y (ty) = fty) (11.1)
y(to) = vo
has a solution if and only if the integral equation
t
60 =0+ [ f5.6(:))ds (11.2)
0

has the same solution.

Proof. This is an “if and only if” theorem, so to prove it requires showing
two things: (a) that (11.2) = (11.1); and (b) that (11.1) = (11.2).

To prove (a), we start by assuming that (11.1) is true; we then need to
show that (11.2) follows as a consequence.

If (11.1) is true then it has a solution y = ¢(t) that satisfies

do
o(to) = Yo

91
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Let us change the variable ¢ to s,

dg(s)
ds

= f(s,9(s)) (11.4)

If we multiply by ds and integrate from s =ty to s = t,

/to %&S)ds = /to f(s,0(s))ds (11.5)

By the fundamental theorem of calculus, since ¢(s) is an antiderivative of
d¢(s)/ds, the left hand side becomes

l‘@fhs:aw—¢mo=ww—m (11.6)

where the second equality follows from the second line of equation (11.3).

Comparing the right-hand sides of equations (11.5) and (11.6) we find that

*%zlf@dﬂ% (11.7)

Bringing the yo to the right hand side of the equation gives us equation
(11.2) which was the equation we needed to derive. This completes the
proof of part (a).

To prove part (b) we assume that equation (11.2) is true and need to show
that equation (11.1) follows as a direct consequence. If we differentiate
both sides of (11.2),

—¢( = (yo+/ f(s ) (11.8)

_%+—/f (11.9)
= 6(t, 6(1) (11.10)

where the last equation follows from the fundamental theorem of calculus.
Changing the name of the variable from ¢ to y in (11.10) gives us y’ =
f(t,y), which is the first line (11.1).

To prove that the second line of (11.1) follows from (11.2), we substitute
t=tgin (11.2).

o(to) 7yo+/ f(s,0(s))ds =y (11.11)



93

because the integral is zero (the top and bottom limits are identical).
Changing the label ¢ to y in equation (11.11) returns the second line of
(11.1), thus completing the proof of part (b). O

The Method of Successive Approximations, which is also called Pi-
card Iteration, attempts to find a solution to the initial value problem
(11.1) by solving the integral equation (11.2). This will work because both
equations have the same solution. The problem is that solving the integral
equation is no easier than solving the differential equation.

The idea is this: generate the sequence of functions ¢g, ¢1, @2, ..., defined
by
Po(t) = yo (11.12)
t
01(t)=yo+ | f(s,d0(s))ds (11.13)
to
t
oa() =+ [ (s.01())ds (11.14)
t
Gusat) =0+ [ f(s,0n(s))ds (11.15)
to

From the pattern of the sequence of functions, we try to determine

o(t) = lim ¢n(t) (11.16)

n—roo

If this limit exists, then it converges to the solution of the initial value
problem.

Theorem 11.2. Suppose that f(t,y) and 9f(¢,y)/0y are continuous in
some box

to—a§t§t0+a (1117)
Yo—b<y<yo+b (11.18)

then there is some interval

to—a<to—h<t<to+h<to+a (11.19)
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in which the Method of Successive Approximations converges to the unique
solution of the initial value problem

dy
PTAREAREY (11.20)
y(to) = yo

The proof of this theorem is quite involved and will be discussed in the
sections 12 and 13.

The procedure for using the Method of Successive Approximations is sum-
marized in the following box."

Procedure for Picard Iteration

To solve y' = f(t,y) with initial condition y(tg) = yo:
1. Construct the first 3 iterations ¢g, @1, P2, Ps3.

2. Attempt to identify a pattern; if one is not obvious you
may need to calculate more ¢,.

3. Write a formula for the general ¢, (t) from the pattern.

4. Prove that when you plug ¢, (¢) into the right hand side of
equation (11.15) you get the same formula for ¢, with
n replaced by n + 1.

5. Prove that ¢(t) = lim,,_ o, ¢, converges.

6. Verify that ¢(t) solve the original differential equation and
initial condition.

1The Method of Successive Approximations is usually referred to as Picard iteration
for Charles Emile Picard (1856-1941) who popularized it in a series of textbooks on
differential equations and mathematical analysis during the 1890’s. These books became
standard references for a generation of mathematicians. Picard attributed the method
to Hermann Schwartz, who included it in a Festschrift honoring Karl Weierstrass’ 70’th
birthday in 1885. Guisseppe Peano (1887) and Ernst Leonard Lindeloff (1890) also
published versions of the method. Since Picard was a faculty member at the Sorbonne
when Lindeloff, also at the Sorbonne, published his results, Picard was certainly aware
of Lindeloff’s work. A few authors, including Boyce and DiPrima, mention a special
case published by Joseph Liouville in 1838 but I haven’t been able to track down the
source, and since I can’t read French, I probably won’t be able to answer the question
of whether this should be called Liouville iteration anytime soon.
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Example 11.1. Construct the Picard iterates of the initial value problem

"= -2t
Y Y (11.21)
y(0) =1

and determine if they converge to the solution.

In terms of equations (11.12) through (11.15), equation (11.21) has

flt,y) = -2ty (11.22)
to=0 (11.23)
yo =1 (11.24)
Hence from (11.12)
Po(t) =yo =1 (11.25)
f(5,00(s)) = =2s¢0(s) = —2s (11.26)
t
$1(t) = yo + ; f(s,¢0(s))ds (11.27)
=1-2/ sd 1.28
/0 sds (11.28)
=1- (11.29)
We then use ¢ to calculate f(s, $1(s)) and then ¢o:
f(5,01(5)) = —2s1(s) = —25(1 — 5?) (11.30)
oa() =+ [ F(s.01(9)ds (11.31)
0 . 2
—1- — s2)d .
1 2/0 s(1—s%)ds (11.32)
=1—-t>+ %t“ (11.33)

Continuing as before, use ¢o to calculate f(s,¢2(s)) and then ¢3:

f(s,02(s)) = —2s¢2(s) = —2s (1 — s+ 154) (11.34)

2
0s(5) = w0+ [ 1(s.0a())ds (11.35)
:1—2/0ts(1—82+;s4> ds (11.36)
ST T (11.37)

2 6
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Continuing as before, use ¢3 to calculate f(s,¢3(s)) and then ¢g4:

f(s,03(s)) = —2s¢3(s) = —2s (1 S ésﬁ) (11.38)

2
t
04(8) = yo —|—/ f(s,03(s))ds (11.39)
0
! 3,15 14
=1-2 s—s"+-s"—=s'|ds (11.40)
0 2 6
t2 6 48
=1-+-— =+ = 11.41
+ 2 6 + 24 ( )
That pattern that appears to be emerging is that
t2 -0 t2'1 t2'2 t2~3 (_1)nt2n n (_l)thk
e T T Dl
=0

The only way to know if (11.42) is the correct pattern is to plug it in and
see if it works. First of all, it works for all of the n we’ve already calculated,
namely, n = 1,2,3,4. To prove that it works for all n we use the principal
of mathematical induction: A statement P(n) is true for all n if and
only if (a) P(1) is true; and (b) P(n) = P(n—1). We've already proven
(a). To prove (b), we need to show that

ntl \Eks2k
ba(t) = Y T (11.43)

k=0

logically follows when we plug equation (11.42) into (11.15). The reason for
using (11.15) is because it gives the general definition of any Picard iterate
¢n in terms of the previous iterate. From (11.15), then

Sui1(t) =yo+ [ F(s 9nls))ds (11.44)

To evaluate (11.44) we need to know f(s, ¢, (s)), based on the expression
for ¢, (s) in (11.42):

f(s, ¢n(s)) = _2S¢n<s) (1145)
n (_1)k82k
= —2SZT (11.46)
k=0
- ,zzn: 7(’1);5%“ (11.47)
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We can then plug this expression for f(s,¢,(s)) into (11.44) to see if it
gives us the expression for ¢, 41 that we are looking for:

Grtr(t) 22 o / sk ds (11.48)
k=0
n ko p2k+2
=1-2 11.4
Z k! 2k +2 (11.49)
n 1 k+1 t2k+2
=1 11.50
S (1150
_10 (2 n _1)kt+1
_ t120) + Z (-1 2(k+1) (11.51)

] (k+1)!

o>~
Il

0

The trick now is to change the index on the sum. Let j = k + 1. Then
k=0 = j=land k=n = j=n+1. Hence
—10t —1°4(20) i ‘ O (—1)7t%

t2ﬂ = (11.52)

¢n+1 (t)

j=1 =0

which is identical to (11.43). This means that our hypothesis, given by
equation (11.42), is correct:

no Nks2k
Snlt) = i (11.53)

k!
k=0

Our next question is this: does the series

0 kt2k

$(t) = lim ¢, (t :Z

n—00
k=0

o0 ok
= Z( ]i!) (11.54)
k=0

converge? If the answer is yes, then the integral equation, and hence the
IVP, has a solution given by ¢(t). Fortunately equation (11.54) resembles
a Taylor series that we know from calculus:

=Y % (11.55)

Comparing the last two equations we conclude that the series does, in fact,
converge, and that
2
o) =e"t (11.56)
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Our final step is to verify that the solution found in this way actually works
(because we haven’t actually stated any theorems that say the method
works!). First we observe that

d d _, >
%qb(t) = %e*t = —2te” " = —2t(t) (11.57)

which agrees with the first line of equation (11.21). To verify the initial
condition we can calculate

B(0) = e~ =1 (11.58)

as required. O



Lesson 12

Existence of Solutions™

In this section we will prove the fundamental existence theorem. We will
defer the proof of the uniqueness until section 13. Since we will prove
the theorem using the method of successive approximations, the following
statement of the fundamental existence theorem is really just a re-wording
of theorem 11.2 with the references to uniqueness and Picard iteration
removed. By proving that the Picard iterations converge to the solution, we
will, in effect, be proving that a solution exists, which is why the reference
to Picard iteration is removed.

Theorem 12.1 (Fundamental Existence Theorem). Suppose that
f(t,y) and Of(t,y)/Oy are continuous in some rectangle R defined by

to—a<t<to+a (12.1)
Yo—b<y<wyo+b (12.2)

Then the initial value problem

dy
e a—
ALY (12.3)
y(to) = Yo
has a solution in some interval
to—a<to—h<t<ty+h<ty+a (12.4)

*Most of the material in this section can be omitted without loss of continuity with
the remainder of the notes. Students should nevertheless familiarize themselves with the
statement of theorem 12.1.

99
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LESSON 12. EXISTENCE OF SOLUTIONS*

Results from Calculus and Analysis. We will need to use several results
from Calculus in this section. These are summarized here for review.

Fundamental Theorem of Calculus.

.dt/ f(s)ds = £(t)
. / < fs)ds = £(b) ~ f(a)

Boundedness Theorem. Suppose |f| < M and a < b. Then
b
1. / ft)dt < M(b—a)
a

2 /abf(t)dtg /abf(t)dt g/:|f(t)dt

Mean Value Theorem. If f(t) is differentiable on [a, b] then there
is some number ¢ € [a, b] such that f(b) — f(a) = f'(c)(b— a).

Pointwise Convergence. Let A, B C R, and suppose that fi(t) :
A — B for k = 0,1,2,... Then the sequence of functions fy,k =
0,1,2,... is said to converge pointwise to f(t) if for every t € A,
kl;n;o fe(t) = f(t), and we write this as fi(t) — f(t).

Uniform Convergence. The sequence of functions fi,k =0,1,2, ...
is said to converge uniformly to f(¢) if for every € > 0 there exists an
integer NV such that for every k > N, |fx(t) — f(¢)| < e for all t € A.
Furthermore, If fi(t) is continuous and fy(t) — f(¢) uniformly, then

1. f(t) is continuous.
2. lim 12 ptyde = [ Jim fi(t) = [ f(1)

Pointwise Convergence of a Series. The series Y ;- fi(t) is
said to converge pointwise to s(¢) if the sequence of partial sums
$n(t) = D_F_o fu(t) converges pointwise to s(t), and we write this as

S oo fu(t) = s(t).

Uniform convergence of a Series. The series > -, fi(t) is said
to converge uniformly to s(t) if the sequence of partial sums s, (t) =
> r_o fr(t) converges uniformly to s(t).
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e Interchangeability of Limit and Summation. If Y 77 fi(t)

converges uniformly to s(t): lim Yoo fut) = Yo, lim fr(t) =
a a

> reo f(a) = s(a). In other words, the limit of the sum is the sum of

the limits. 5

Approach The method we will use to prove 12.1 is really a formalization
of the method we used in example 11.1:

1.

6.

Since f is continuous in the box R it is defined at every point in R,
hence it must be bounded by some number M. By theorem (12.3), f
is Lipshitz (Definition (12.2)). In Lemma (12.4) use this observation
to show that the Picard iterates exist in R and satisfy

|pr(t) — yol < M|t — to| (12.5)

Defining s,(t) = [pn(t) — ¢pn-1(t)], we will show in Lemma (12.5)
that the sequence ¢q, ¢1, @2, ... converges if and only if the series

S(t) = sn(t) (12.6)

n=1
also converges.

Use the Lipshitz condition to prove in Lemma (12.6) that

(t—to)™

|sn(t)| = |¢n - ¢n71| < Kn_lM nl

(12.7)

In Lemma (12.7), use equation (12.7) to show that S, defined by
(12.6), converges by comparing it with the Taylor series for an expo-
nential, and hence, in Lemma (12.8), that the sequence ¢g, ¢1, P, . . .
also converges to some function ¢ = nll}ngo On -

In Lemma (12.9), show that ¢ = lim ¢, is defined and continuous
n—oo
on the rectangle R.

Show that ¢(t) satisfies the initial value problem (12.3),

Assumptions. We will make the following assumptions for the rest of this
section.

1.

R is a rectangle of width 2a and height 2b, centered at (to,yo). Equa-
tions (12.1) and (12.2) follow as a consequence.
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2. f(t,y) is bounded by some number M on a rectangle R, i.e,
[fty)l < M (12.8)
for all ¢,y in R.
3. f(t,y) is differentiable on R.
4. 0f /0y is also bounded by M on R, i.e.,

‘afg; y)’ <M (12.9)

5. Define the Picard iterates as ¢o(t) = yo and

ox(t) = yo + /t f(s,0r—1(s))ds (12.10)

forall k =1,2,....

Definition 12.2. Lipshitz Condition. A function f(¢,y) is said to satisfy
a Lipshitz Condition on y in the rectangle R or be Lipshitz in y on R if
there exists some number K > 0, that we will call the Lipshitz Constant,
such that

|f(t,y1) = f(t,y2)] < Kly1 — 2| (12.11)

for all ¢,y1,y2 in some rectangle R.

Example 12.1. Show that f(t,y) = ty? is Lipshitz on the square —1 <
t<l,—1<y<l.

We need to find a K such that

|f(t,p) — f(t,q)| < K|p—q (12.12)

for f(t,y) = ty?, i.e., we need to show

ltp® — t¢®| < Kp — g (12.13)
But
tp* —tq®| = |t(p — @) (p + 9)| (12.14)
so we need to find a K such that
tp—a)(p+ 9| < Klp—q (12.15)

tlp+ql < K (12.16)
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But on the square -1 <t <1,-1<y <1,
tlp+gl <1x2=2 (12.17)

So we need to find a K > 2. We can pick any such K, e.g., K = 2. Then
every stop follows as a consequence reading from the bottom (12.16) to the
top (12.13). Hence f is Lipshitz. O

Theorem 12.3. Boundedness = Lipshitz. If f(¢,y) is continuously
differentiable and there exists some positive number K such that
of

- K 12.1
5l < (12.18)

for all y,y € R (for some rectangle R), then f is Lipshitz in y on R with
Lipshitz constant K.

Proof. By the mean value theorem, for any p,q, there is some number ¢
between p and ¢ such that

—flt,e) =~ A 12.19

s fe = TR0 (12.19)
By the assumption (12.18),

t — f(t
pP—q

hence

|f(t.p) = f(t, @) < Klp—q (12.21)
for all p, q, which is the definition of Lipshitz. Hence f is Lipshitz. O

Example 12.2. Show that f(t,y) = ty? is Lipshitz in -1 <t < 1,-1 <
y < 1.

Since
g—|2t|<2><1<1—2 (12.22)
dy| v = - ’
on the square, the function is Lipshitz with K = 2. O

Lemma 12.4. If f is Lipshitz in y with Lipshitz constant K, then each of
the ¢;(t) are defined on R and satisfy

|9x(t) — yol| < Mt —to (12.23)
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Proof. For k =0, equation says
[¢0(t) — yo| < M|t — tol (12.24)
Since ¢g(t) = yo, the left hand side is zero, so the right hands side, being

an absolute value, is > 0.

For k > 0, prove the Lemma inductively. Assume that (12.23) is true and
use this prove that

|Pr1(t) — yo| < Mt —tol (12.25)
From the definition of ¢y, (see equation (12.10)),

t
dr1(t) =yo+ | f(s,0r(s))ds (12.26)
to
t
[Pr1(t) —wol = | [ f(s, Pk(s))ds (12.27)
to
t
< [ 1f(s,¢x(s))|ds (12.28)
to
t
< [ Mds (12.29)
to
= M|t — to] (12.30)
which proves equation (12.25). O

Lemma 12.5. The sequence ¢g, ¢1,ps,... converges if and only if the
series

S(t) = i sn(t) (12.31)
also converges, where -
sn(t) = [Pn(t) — Pn-1(t)] (12.32)
Proof.
Gn(t) = do + (1 — do) + (p2 — d1) + -+ + (o0 — Pn—1) (12.33)
=¢o + En:(qbk - ¢r-1) (12.34)

k=1

=¢o+ Y snlt) (12.35)
k=1
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Thus
nh—>nc1<> On = o + nh—>120 Z Sn(t) = ¢o + Z sn(t) = ¢o + S(t) (12'36)
k=1 k=1

The left hand side of the equation exists if and only if the right hand side
of the equation exists. Hence lim,,,o ¢, exists if and only if S(t) exists,
i.e, S(t) converges. O

Lemma 12.6. With s,, K, and M as previously defined,

t—to|"
50 ()] = 16— 6] < KO 0l (12.37)
Proof. For n = 1, equation (12.37) says that
oyt —tol!
|1 — ¢o| < KOM———— = M|t —to| (12.38)

1!
We have already proven that this is true in Lemma (12.4).

For n > 1, prove inductively. Assume that (12.37) is true and then prove
that

n |t - t0|n+1
M)n-‘rl - an‘ <K MW (12.39)
Using the definition of ¢,, and ¢y, 41,
t t
|¢)n+1 - ¢n| = Y% +/ f(57 ¢n+1(3))d8 — Yo — / f(37¢n(5))d3 (1240)
to to
t
= | [ 15, 0ma(s))ds — fs,0n(s))ds (12.41)
to
t
< t |f(8,Pn+1(5))ds — f(s, dn(s))|ds (12.42)
t
< [ Klowa(s) - 6uls)ds (12.43)
to

where the last step follows because f is Lipshitz in y. Substituting equation
(12.37) gives

t |
‘¢n+1 - ¢n‘ S K/ KnilMMdS (1244)
to n.
KM [*
= |s —to|"ds (12.45)
n'Ji

KM |t —to|" !
 nl n+1

(12.46)
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which is what we wanted to prove (equation (12.39)). O

Lemma 12.7. The series S(t) converges.

Proof. By Lemma (12.6)

o0

3 loutt) — (o) < 3 etk (12.47)
= n=1 :
M |K(t—fo)\"
KX (12.48)
= % < (= to)” to - 1) (12.49)
= % (eK't‘tO' - 1) (12.50)
< %eK'HO‘ (12.51)

Since each term in the series for S is absolutely bounded by the correspond-
ing term in the power series for the exponential, the series S converges
absolutely, hence it converges. O

Lemma 12.8. The sequence ¢g, ¢1, ¢2,... converges to some limit ¢(t).

Proof. Since the series for S(t) converges, then by Lemma (12.5), the se-
quence ¢q, ¢1,... converges to some function ¢(t). O

Lemma 12.9. ¢(t) is defined and continous on R.

Proof. For any s,t,

160 (5) — bu(t)] = / " Fl@, bu(a))de — / fn(e)dz|  (12.52)
= /tsf(x,% dx (12.53)
< /Sde (12.54)
— M]s — 1 (12.55)

Hence taking the limit,

Jim ¢ (s) = ¢a(t)] < Ms — 1| (12.56)
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because the right hand side does not depend on n. But since ¢,, — ¢, the
left hand side becomes |¢(s) — ¢(t)], i.e,

|6(s) — o(t)] < Ms —t| (12.57)

To show that ¢(t) is continuous we need to show that for every € > 0, there
exists a § > 0 such that whenever |s —¢| < 4, then |¢(s) — ¢(t)] <.

Let € > 0 be given and define § = ¢/M. Then
s —t] <6 = |p(s) —d(t)| < M|s —t| < M =¢ (12.58)
as required. Hence ¢(t) is continuous. O

Proof of the Fundamental Existence Theorem (theorem (12.1)). We
have already shown that the sequence ¢,, — ¢ converges to a continuous
function on R. To prove the existence theorem we need only to show that
¢ satisfies the initial value problem (12.3), or equivalently, the integral
equation

o(t) = yo + / f(5,6(s))ds (12.59)

Let us define the function
t
F(t) =wyo +/ f(s,0(s))ds (12.60)
to

Since F(tg) = yo, F' satisfies the initial condition, and since

FI(t) = f(t,6(t) = ¢'(1) (12.61)

F' also satisfies the differential equation. If we can show that F(t) = ¢(t)
then we have shown that ¢ solves the IVP.

We consider the difference

F(t) — oy (1)] = yo+/f )dS*yO*/f buls))ds| (12.62)
= || (s.006)) = S (5,051 s (12.63)
< / 1F(5.6(5)) — [(5,6n(s))] ds (12.64)

<K/ |6(s) s)| ds (12.65)
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where the last step follows from the Lipshitz condition. Taking limits

fim F(0) =612 (0)] < Jim K [ [6()=6u()ds (1260

n—oo

But since ¢, — ¢,
t
F(t) - o(t)] < K / |6(5) — 6(s)| ds = 0 (12.67)

Since the left hand side is an absolute value it must also be greater then or
equal to zero:

0< [F(t) - 6(t)] <0 (12.68)

Hence
F(t) = o() =0 = F(t) = () (12.69)

Thus ¢ satisfies the initial value problem. O



Lesson 13

Uniqueness of Solutions™

Theorem 13.1. Uniqueness of Solutions. Suppose that y = ¢(t) is a
solution to the initial value problem

y//(t) f(t,y)} (13.1)
y'(0) =to
where f(t,y) and 9f(t,y)/dy are continuous on a box R defined by
to—a<t<to+a (13.2)
Yo—b<y<wyo+b (13.3)

The the solution y = ¢(¢) is unique, i.e., if there is any other solution
y = (t) then ¢(t) = 9(t) for all t € R.

The following example illustrates how a solution might not be unique.
Example 13.1. There is no unique solution to the initial value problem
"(4) =
yt) =y (13.4)
y(1) =1

Of course we can find a solution - the variables are easily separated,

./yfl/Zdy = /dt (13.5)

Wt =t+C (13.6)
1
y=(t+ C)? (13.7)

109
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From the initial condition,

1
L=+ 0)? (13.8)
When we solve for C' we get two possible values:
(1+C)* =4 (13.9)
14+C=4+V4=42 (13.10)
C=+42—1=1or —3 (13.11)

Using these in equation (13.7) gives two possible solutions:

Y1 = i(t +1)? (13.12)
Yo = i(t - 3)? (13.13)

It is easily verified that both of these satisfy the initial value problem. In
fact, there are other solutions that also satisfy the initial value problem,
that we cannot obtain by the straightforward method of integration given
above. For example, if a < —1 then

1
Z(t—a)Q, t<a

Yo =140, a<t<-1 (13.14)
—(t+1)2 t>-1
is also a solution (you should verify this by (a) showing that it satisfies the

initial condition; (b) differentiating each piece and showing that it satisfies
the differential equation independently of the other two pieces; and then

showing that (c) the function is continuous at t = a and t = —1.
2. .
1.5} \
1.t \
A\
A\
0.5+ %
“‘
0. — ‘
10 5 5 10

The different non-unique solutions are illustrated in the figure above; they
all pass through the point (1,1), and hence satisfy the initial condition. [



The proof of theorem (13.1) is similar to the following example.

Example 13.2. Show that the initial value problem

y(ty) =ty
y(0) =1
has a unique solution on the interval [—1,1].

The solution itself is easy to find; the equation is separable.

/@:/tdt — y=Cet’/?
y

The initial condition tells us that C' =1, hence y = et’/2,
The equivalent integral equation to (13.15) is

t

y(t) = yo + t f(s,y(s))ds

Since f(t,y) =ty, to =0, and yo = 1,

y(t) =1 +/0 sy(s)ds

Suppose that z(t) is another solution; then z(t) must also satisfy

z(t) =1+ /Ot sz(s)ds

111

(13.15)

(13.16)

(13.17)

(13.18)

(13.19)

To prove that the solution is unique, we need to show that y(t) = z(t)
for all ¢ in the interval [—1,1]. To do this we will consider their difference

d(t) = |z(t) — y(¢)| and show that is must be zero.

5(t) = [2(t) — y(¥)]

_ ‘H/Ot s2(s)ds — 1 /Ot sy(s)ds
/O [s2(s)ds — sy(s)]ds

< / sll=(s) — w(s)\ds
< / 12(s) — y(s)|ds

= /Ot d(s)ds

(13.20)

(13.21)
(13.22)
(13.23)
(13.24)

(13.25)
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where the next-to-last step follows because inside the integral |s| < 1.

Next, we define a function F(t) such that

¢
F(t)= / 0(s)ds
0
Since F' is an integral of an absolute value,

F(t)>0

’t):jt/o i(s)ds =

Since by equation (13.25) 6(t) < F(t), we arrive at

Then

F'(t)=4(t) < F(t)
Therefore
F'(t)—F(t) <0
From the product rule,

d . 4 _ o —tgv —t
S P0)] = et () - e F (1)

— /() - F(t)]
<0

Integrating both sides of the equation from 0 to ¢,

td
/0 T [ “SF(s ds] <0
e 'F(t) — F(0) <0 (Fund. Thm. of Calc.)
7tF(t) <0 (F(0)=0)
F(t) <0 (divide by the exponential)

(13.26)

(13.27)

(13.28)

Now compare equations (13.27) and (13.37); the only consistent conclusion

is that

for all t. Thus

(13.38)

(13.39)
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But §(t) is an absolute value, so it can never take on a negative value. The
integral is the area under the curve from 0 to ¢t. The only way this area can
be zero is if the

o(t)y=0 (13.40)

for all t. Hence
z(t) = y(t) (13.41)
for all £. Thus the solution is unique. O]

Theorem 13.2. Gronwall Inequality. Let f, g be continuous, real func-
tions on some interval [a, b] that satisfy

)< K +/ f(s)g(s)ds (13.42)
for some constant K > 0. Then
ft) < Kexp (/ g(s)ds) (13.43)
Proof. Define the following functions:
K4 / (s (13.44)
G(t) :/ s)ds (13.45)
Then
F(a) = (13.46)
G(a) = (13.47)
F(t) = f(t) (t) (13.48)
G'(t)=g(t) (13.49)

By equation (13.42) we are given that
F(t) < F(t) (13.50)
hence from equation (13.48)
F'(t) = f(t)g(t) < F(t)g(t) = F(t)G'(t) (13.51)
where the last step follows from (13.49). Hence
F'(t) - F(t)G'(t) <0 (13.52)
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By the product rule,

% [F(t)e—G@)} — F'(1)e=C® _ F()&' (t)e=C® (13.53)
= [F'(t) — F(t)G'(t)]e~¢®) (13.54)
<0 (13.55)

Integrating the left hand side of (13.53)

/t % [Fs)e™6)] ds = F(t)e™) — F(a)e6 (13.56)

= F(t)e W K (13.57)

Since the integral of a negative function must be negative,

F(t)e ¢® K <0 (13.58)

F(t)e ¢® < K (13.59)

F(t) < Ke¢® (13.60)

which is equation (13.43). O

Proof of Theorem (13.1) Suppose that y and z are two different solutions
of the initial value problem. Then

t

o0 =w+ [ Jsaon (13.61)
2(t) = yo + ttf(s,z(s))ds (13.62)

Therefore 0
) =01 = | [ stsautonas = [ sts.z(as (13.63)
= | [ 1eunto = st (13.64)
< /t:|f<s,y<s>>—f<s,z<s>>|ds (13.65)

Since |0f/0y| is continuous on a closed interval it is bounded by some
number M, and hence f is Lipshitz with Lipshitz constant M. Thus

£ (s,5(5)) = f(s,2(s)] < Mly(s) — z(s)] (13.66)
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Substituting (13.66) into (13.65)

t

ly(t) —z(t)] < M t ly(s) — z(s)|ds (13.67)
Let
f@) =ly(t) — 2(8)] (13.68)
Then .
f&) <M | f(s)ds (13.69)

to

Then f satisfies the condition for the Gronwall inequality with K = 0 and
g(t) = M, which means

t
f®) < Kexp/ g(s)ds =0 (13.70)
Since f(t) is an absolute value it can never be negative so it must be zero.

0= f(t) = ly(t) - 2(t)| (13.71)

for all t. Hence
y(t) = 2(t) (13.72)

for all ¢. Thus any two solutions are identical, i.e, the solution is unique. [
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Lesson 14

Review of Linear Algebra

In this section we will recall some concepts from linear algebra class

Definition 14.1. A Euclidean 3-vector v is object with a magnitude
and direction which we will denote by the ordered triple

v =(z,y,2) (14.1)

The magnitude or absolute value or length of the v is denoted by the
postitive square root

v=|v]=+v2z2+y? + 22 (14.2)

This definition is motivated by the fact that v is the length of the line
segment from the origin to the point P = (z,y, z) in Euclidean 3-space.

A vector is sometimes represented geometrically by an arrow from the origin
to the point P = (z,y, z), and we will sometimes use the notation (z,y, z)
to refer either to the point P or the vector v from the origin to the point
P. Usually it will be clear from the context which we mean. This works
because of the following theorem.

Definition 14.2. The set of all Euclidean 3-vectors is isomorphic to the
Euclidean 3-space (which we typically refer to as R?).

If you are unfamiliar with the term isomorphic, don’t worry about it; just
take it to mean “in one-to-one correspondence with,” and that will be
sufficient for our purposes.

117
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Definition 14.3. Let v = (z,y,2) and w = (2/,y,2') be Euclidean 3-
vectors. Then the angle between v and w is defined as the angle between
the line segments joining the origin and the points P = (x,y, z) and P’ =
&'y, 7).

We can define vector addition or vector subtraction by
v4+w=(z,y,2)+ @y, )= (x+2,y+y,2+2) (14.3)

where v = (z,y,2) and w = (2/, ¢/, 2’), and scalar multiplcation (multi-
plication by a real number) by

kv = (kx, ky, kz) (14.4)

Theorem 14.4. The set of all Euclidean vectors is closed under vector
addition and scalar multiplication.

Definition 14.5. Let v = (x,y,2),w = (2/, ¢/, 2’) be Euclidean 3-vectors.
Their dot product is defined as

v-w=uxz'+yy + 27 (14.5)

Theorem 14.6. Let 6 be the angle between the line segments from the
origin to the points (z,y, z) and (2,3, 2’) in Euclidean 3-space. Then

v-w = |v||w|cosf (14.6)

Definition 14.7. The standard basis vectors for Euclidean 3-space are
the vectors

i=(1,0,0) (14.7)
j=(0,1,0) (14.8)
k =(0,0,1) (14.9)

Theorem 14.8. Let v = (z,y, 2) be any Euclidean 3-vector. Then

v =iz +jy+ k= (14.10)

Definition 14.9. The vectors vi,va,...,Vv, are said to be linearly de-
pendent if there exist numbers a1, as, ..., a,, not all zero, such that

a1vi +asve + -+ +a,v, =0 (14.11)

If no such numbers exist the vectors are said to be linearly independent.
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Definition 14.10. An m x n (or m by n) matrix A is a rectangular array
of number with m rows and n columns. We will denote the number in the

ith row and j*® column as a;;
11 aiz -+ QAln
a21  A22 a2p
A= . . (14.12)
am1 Am2 T Amn,

We will sometimes denote the matrix A by [a;;].

The transpose of the matrix A is the matrix obtained by interchanging
the row and column indices,

(A")ij = aji (14.13)

[ai;]" = [ayi] (14.14)

The transpose of an m X n matrix is an n X m matrix. We will sometimes
represent the vector v = (x,y, z) by its 3x 1 column-vector representation

x
v= |y (14.15)

z

or its 1 x 3 row-vector representation
vi=(z y 2) (14.16)

Definition 14.11. Matrix Addition is defined between two matrices of
the same size, by adding corresponding elemnts.

an a2 - bin bz - air + b baa +bio
asi azx | 4| bar b oo | = | @21 +bar azn+ bao

Matrices that have different sizes cannot be added.

Definition 14.12. A square matrix is any matrix with the same number
of rows as columns. The order of the square matrix is the number of rows
(or columns).

Definition 14.13. Let A be a square matrix. A submatrix of A is the
matrix A with one (or more) rows and/or one (or more) columns deleted.
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Definition 14.14. The determinant of a square matrix is defined as
follows. Let A be a square matrix and let n be the order of A. Then

1. If n =1 then A = [a] and det A = a.
2. If n > 2 then

det A =" agi(—1)""* det(Aj;) (14.18)
1=1

for any k = 1,..,n, where by A, we mean the submatrix of A with the
ith row and k'" column deleted. (The choice of which k does not matter
because the result will be the same.)

We denote the determinant by the notation

air a2
detA = |021 Q22 - (14.19)
In particular,
a b
d‘ =ad — bc (14.20)
and " c
B
E F D F D FE
D FE F|l=A ‘—B‘ ’—i—C’ ’ (14.21)
G H I H I G 1 G H

Definition 14.15. Let v = (z,y,2) and w = (2/,y/, 2’) be Euclidean 3-
vectors. Their cross product is

i j k
vxw=|zx y z|=(y —y2)i—(zz—22)j+ (zy —2'yk (14.22)
A T
Theorem 14.16. Let v = (x,y,2) and w = (2/,y’,2’) be Euclidean 3-
vectors, and let 6 be the angle between them. Then

|v x v| = |v||w|sinf (14.23)

Definition 14.17. A square matrix A is said to be singular if det A = 0,
and non-singular if det A # 0.

Theorem 14.18. The n columns (or rows) of an n x n square matrix A
are linearly independent if and only if det A # 0.
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Definition 14.19. Matrix Multiplication. Let A = [a;;] be an m X r
matrix and let B = [b;;] be an 7 x n matrix. Then the matrix product is
defined by

[AB];; = Z by = row;(A) - column; B (14.24)
k=1
i.e., the i element of the product is the dot product between the i*" row
of A and the j* column of B.

Example 14.1.

L23 180 191 _((1,2,3)-(8,10,12) (1,2,3)-(9,11,13)
4.5 6)\19 13) \(456)-(810,12) (4,5,6)-(9,11,13)
(14.25)
64 70
<156 169) - (14.26)

Note that the product of an [n x r] matrix and an [r x m] matrix is always
an [n x m|] matrix. The product of an [n x r] matrix and and [s x n] is
undefined unless r = s.

Theorem 14.20. If A and B are both n X n square matrices then
det AB = (det A)(det B) (14.27)

Definition 14.21. Identity Matrix. The n x n matrix I is defined as
the matrix with 1’s in the main diagonal a11,a99,...,@mmy and zeroes
everywhere else.

Theorem 14.22. [ is the identity under matrix multiplication. Let A be
any n X n matrix and I the n x n Identity matrix. Then Al = [A = A.

Definition 14.23. A square matrix A is said to be invertible if there
exists a matrix A™!, called the inverse of A, such that

AAT P =ATTA=T (14.28)

Theorem 14.24. A square matrix is invertible if and only if it is nonsin-
gular, i.,e, det A # 0.

Definition 14.25. Let A = [a;;] be any square matrix of order n. Then
the cofactor of a;;, denoted by cof a;j, is the (—1)""7 det M;; where M;;
is the submatrix of A with row ¢ and column j removed.
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1
A= |4 (14.29)
23

‘; g‘ — (—1)(36-42) =6 O (14.30)

Example 14.2. Let

oo Ot N
O O W

Then

cof ajp = (—1)'*?

Definition 14.26. Let A be a square matrix of order n. The Clasical
Adjoint of A, denoted adj A, is the transopose of the matrix that results
when every element of A is replaced by its cofactor.

10 3
A=[4 5 0 (14.31)
0 3 1

Example 14.3. Let

The classical adjoint is

adj A = Transpose

MIM)G) = 0)B)]  (=D[4)1) = 0)(O)]  (1)[(4)(3) = (5)(0)]
(=DIO)1) = B)B)] ML) = 3)(O0)]  (=D)[(1)(3) = (0)(0)]
MI0)(0) =B)G)]  (=DIM)0) =B) )] M1)(5E) = (0)(4)]
(14.32)
5 —4 12 5 9 -15
= Transpose 9 1 =3|=1-4 1 12 O (14.33)
(—15 125 ) (12 -3 5 )
Theorem 14.27. Let A be a non-singular square matrix. Then
Al = ﬁadj A (14.34)

Example 14.4. Let A be the square matrix defined in equation 14.31.
Then

det A=1(5-0) —0+3(12 — 0) = 41 (14.35)

L[5 9 15
Al=— -4 1 12 O (14.36)

A\ 3 5

Hence
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In practical terms, computation of the determinant is computationally in-
efficient, and there are faster ways to calculate the inverse, such as via
Gaussian Elimination. In fact, determinants and matrix inverses are very
rarely used computationally because there is almost always a better way to
solve the problem, where by better we mean the total number of computa-
tions as measure by number of required multiplications and additions.

Definition 14.28. Let A be a square matrix. Then the eigenvalues of A
are the numbers A and eigenvectors v such that

Av = v (14.37)

Definition 14.29. The characteristic equation of a square matrix of
order n is the n** order (or possibly lower order) polynomial

det(A — \I) =0 (14.38)

Example 14.5. Let A be the square matrix defined in equation 14.31.
Then its characteristic equation is

I-Xx 0 3
0=| 4 5-X 0 (14.39)
0 3 1-2)
=(1-=NG-XN)1-X)—-0+3(4)(3) (14.40)
=41 -1 +722 -\ O (14.41)

Theorem 14.30. The eigenvalues of a square matrix A are the roots of
its characteristic polynomial.

Example 14.6. Let A be the square matrix defined in equation 14.31.
Then its eigenvalues are the roots of the cubic equation

41— 1IN+ TA2 = N3 =0 (14.42)
The only real root of this equation is approximately A ~ 6.28761. There are
two additional complex roots, A ~ 0.356196 — 2.528617 and A ~ 0.356196 +
2.528613.

Example 14.7. Let

2
A=[1 1 1 (14.43)
1
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Its characteristic equation is

2-\ =2 3
0= 1 1-2X 1 (14.44)
1 3 —1-\

=2-N[(1=N(=1=X) =3 +2[(~1—\) —1] (14.45)
+3[3—(1—N)] (14.46)
(2= A (=1+X=3)+2(=2-)) +3(2+ 1) (14.47)

=2-MNAN\=4)—2A+2)+3(\+2) (14.48)

=2-MA+2)A=2)+ (A +2) (14.49)

=A+2[2=NA\-2)+1] (14.50)
= (A +2)(=\* +4)-3) (14.51)
—(A+2)(\% — 4\ +3) (14.52)
~A+2)(A=3)(A—1) (14.53)

Therefore the eigenvalues are -2, 3, 1. To find the eigenvector corresponding
to -2 we would solve the system of

2 -2 3 T T
1 1 1 y|l =-21y (14.54)
1 3 -1 z z

for x,y, z. One way to do this is to multiply out the matrix on the left and
solve the system of three equations in three unknowns:

2r —2y+ 3z =2z (14.55)
Thy+a=—2y (14.56)
r+3y—z=-2z2 (14.57)

However, we should observe that the eigenvector is never unique. For ex-
ample, if v is an eigenvector of A with eigenvalue A then

A(kv) = kAv = kXv (14.58)

i.e., kv is also an eigenvalue of A. So the problem is simplified: we can
try to fix one of the elements of the eigenvalue. Say we try to find an

eigenvector of A corresponding to A = —2 with y = 1. Then we solve the
system

20 —2+3z=—-2x (14.59)

c+1+2z=-2 (14.60)

rT+3—z2=-2z2 (14.61)
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Simplifying
dr—2+32=0 (14.62)
z2+3+2=0 (14.63)
z+3+2=0 (14.64)

The second and third equations are now the same because we have fixed
one of the values. The remaining two equations give two equations in two
unknowns:

dz+32=2 (14.65)

T+ z=-3 (14.66)

The solution is x = 11, 2 = —14. Therefore an eigenvalue of A correspond-
ingto A = —2isv = (11,1, —14), as is any constant multiple of this vector.

O

Definition 14.31. The main diagonal of a square matrix A is the list
(allv 22, ..., ann)~

Definition 14.32. A diagonal matrix is a square matrix that only has
non-zero entries on the main diagonal.

Theorem 14.33. The eigenvalues of a diagonal matrix are the elements
of the diagonal.

Definition 14.34. An upper (lower) triangular matrix is a square
matrix that only has nonzero entries on or above (below) the main diagonal.

Theorem 14.35. The eigenvalues of an upper (lower) triangular matrix
line on the main diagonal.
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Lesson 15

Linear Operators and
Vector Spaces

Definition 15.1. A Vector Space over R! is a set V combined with two
operations addition (denoted by x +v,y,y € V) and scalar’ multiplica-
tion (denoted by ¢ x y or cy,x € R,y € V). with the following properties:

1. Closure under Addition and Scalar Multiplication

y,z€V = y+z¢eV

teRycyY = tyecV (15.1)
2. Commutativity of Addition

y,2€V = y+z=z2+y (15.2)
3. Associativity of Addition and Scalar Multiplication

w,y,z€V = (w+y)+z=w+(y+2) (15.3)
a,beR yeV = (ab)y = a(by)

4. Additive Identity. There exists a 0 € V such that

yeV = y+0=0+y=y (15.4)

1This definition generalizes with R replaced by any field.
2A scalar is any real number or any real variable.
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5. Additive Inverse. For each y € V there exists a —y € V such that
y+(=y)=(y)+y=0 (15.5)
6. Multiplicative Identity. For every y € V,

Ixy=yxl=y (15.6)

7. Distributive Property. For every a,b € R and every y,z € V,

aly+z2) =ay+az

15.7
(a+b)y = ay + by ( )

Example 15.1. The usual Euclidean 3D space forms a vector space, where
each vector is a triple of numbers corresponding to the coordinates of a point

v=(z,y,2) (15.8)
If w = (p,q,r) then addition of vectors is defined as
vtw=(x+py+qr+z) (15.9)
and scalar multiplication is given by
av = (ax,ay,az) (15.10)
You should verify that all seven properties hold. O

We are particularly interested in the following vector space.

Example 15.2. Let V be the set of all functions y(t) defined on the real
numbers. Then V is a vector space under the usual definitions of addition
of functions and multiplication by real numbers. For example, if f and g
are functions in V then

h(t) = £(t) + g(t) (15.11)
is also in V, and if ¢ is a real number, then
p(t) = cf (¢) (15.12)
is also in V. To see that the distributive property holds, observe that
a(f(t) +g(t)) = af(t) + by(t) (15.13)
(a+b)f(t) =af(t)+bft(t) (15.14)

You should verify that each of the other six properties hold. O
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Example 15.3. By a similar argument as in the previous problem, the set

of all functions
ft):R* - R™ (15.15)

is also a vector space, using the usual definitions of function addition and
multiplication by a constant.

Definition 15.2. Let V be a vector space. Then a norm on V is any
function ||y|| : V — R (i.e., it maps every vector y in V to a real number
called |ly||) such that

1. Jly] > 0and ||y]| =0 <= y=0.
2. |leyll = |¢|lly|| for any real number ¢, vector y.

3. ly+ 2] < |ly|| + ||z|| for any vectors y, z. (Triangle Inequality)

A normed vector space is a vector space with a norm defined on it.

Example 15.4. In the usual Euclidean vector space, the 2-norm, given by

[loll = V&2 + y% + 22 (15.16)

where the positive square root is used. You probably used this norm in
Math 280. [

Example 15.5. Another norm that also works in Euclidean space is called
the sup-norm, defined by

[vlloo = max(|z], [yl, |2[) (15.17)

Checking each of the three properties:

1. ||v]jeo is an absolute value, so it cannot be negative. It can only be
zero if each of the three components © = y = z = 0, in which case
v =(0,0,0) is the zero vector.

2. This follows because
cv]loo = lle(z,y, 2)]loo

= ||(C$,Cy, CZ))HOO

(15.18)
(15.19)
max(|cz|, |eyl, |ez|) (15.20)
(15.21)
(15.22)

= [efmax([z], |y, |2])

= lefllv]loo



130 LESSON 15. LINEAR OPERATORS AND VECTOR SPACES

3. The triangle follows from the properties of real numbers,

[v+wlle = [[(z +p.y+q,2+7)] (15.23)
=max(|z +p|, |y +ql, [z +7]) (15.24)
< max(|z| + |pl, [yl + lal, [z] + |r]) (15.25)

because |z + p| < |z| + |p|, etc.Hence

v+ wlloo < max((al,lyl, |2]) + max((pl,lal, I/)  (15.26)
= [[vlloe + [wlloo (15.27)
Thus ||v]| is a norm. O

Example 15.6. Let V be the set of all functions y(t) defined on the interval

0<t<1. Then
1/2

i =( [ 1 io)ar) (15.28)

The first property follows because the integral of an absolute value is a
positive number (the area under the curve) unless y(t) = 0 for all ¢, in
which case the area is zero.

is a norm on V.

The second property follows because

lewll = ( [ 1 |cy<t>|2dt)1/2 —1a( 1 |y<t>|2dt)1/2 eyl (15.29)

The third property follows because
1
I+ 21 = [ lote) + =(0)Pa (15.30)
0
1
= [ 107 + 20020 + (0Pt (15.31)
0
1 1 1
S/ |y(t)\2dt+2/ |y(t)||z(t)|dt+/ |2(t)|?dt (15.32)
0 0 0
By the Cauchy Schwarz Inequality®

/01 y(t)z(t)dt i < (/01 Iy(t)%lt) (/01 |z(t)|2dt> = [lyl*lz]> (15.33)

3The Cauchy-Schwarz inequality is a property of integrals that says exactly this for-
mula.
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Therefore
lly + 2[1* < llyll* + 2lly Il =1l + (121> = (lyll + 1l=1) (15.34)
Taking square roots of both sides gives the third property of norms. O

Example 15.7. Let V be the vector space consisting of integrable functions
on an interval (a,b), and let f € V. Then the sup-norm defined by

[flloo = sup{|f(¥)] : t € (a,b)} (15.35)

is a norm.

The first property follows because it is an absolute value. The only way
the supremum of a non-negative function can be zero is if the function is
identically zero.

The second property follows because sup |cf (t)| = |¢|sup | f(¢)]

The third property follows from the triangle inequality for real numbers:

@) + 9@ < [FO)]+ £ ()] (15.36)

Hence

1S +gll = sup | F()+9()] < sup (@) +sup |f(O)] = [ flI+]gll O (15.37)

Definition 15.3. A Linear Operator is a function L : V +— V whose do-
main and range are both the same vector space, and which has the following
properties:
1. Additivity. For all vectors y,z € V,
L(y+ z) = L(y) + L(2) (15.38)

2. Homogeneity. For all numbers a and for all vectors y € V,

L(ay) = aL(y) (15.39)

These two properties are sometimes written as

L(ay + bz) = aL(y) + bL(2) (15.40)

It is common practice to omit the parenthesis when discussing linear oper-
ators.
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Definition 15.4. If y, z are both elements of a vector space V, and A and
B are any numbers, we call

w = Ay + Bz (15.41)
a Linear Combination of y and z

Example 15.8. If v = (1,0, 3) and w = (5, —3, 12) are vectors in Euclidean
3 space, then for any numbers A and B,

u= Av+ Bw = A(1,0,3) + B(5,-3,12) = (A+ 5B,—3B,3A + 12B)
(15.42)
is a linear combination of v and w. O

The closure property of vector spaces is sometimes stated as following: Any
linear combination of vectors is an element of the same vector
space. For example, we can create linear combinations of functions and
we know that they are also in the same vector space.

Example 15.9. Let f(t) = 3sint, g(t) = t*> — 4t be functions in the vector
space V of real valued functions. Then if A and B are any real numbers,

h(t) = Af(t) + Bg(t) (15.43)
= Asint + B(t* — 4t) (15.44)

is a linear combination of the functions f and g. Since V is a vector space,
h is also in V. O

Example 15.10. Let V be the vector space consisting of real functions on
the real numbers. Then differentiation, defined by

D(y)=——~+ (15.45)

is a linear operator. To see that both properties hold let y(¢) and z(t) be
functions (e.g., y,z € V) and let ¢ be a constant. Then

dly(®) + 2(t) _ dy(t) | d=(t)

D(y+z) = 7 = prai D(y) + D(z) (15.46)
D(cy) = d(fZ(t> = Cd?ij? = c¢D(y) (15.47)

Hence D is a linear operator. O
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Definition 15.5. Two vectors y, z are called linearly dependent if there
exists nonzero constants A, B such that

Ay+ Bz=0 (15.48)

If no such A and B exist, then we say that y and z are Linearly Inde-
pendent.

In Euclidean 3D space, linearly dependent vectors are parallel, and lin-
early independent vectors can be extended into lines that will eventually
intersect.

Since we can define a vector space of functions, the following also definition
makes sense.

Definition 15.6. We say that two functions f and g are linearly depen-
dent if there exist some nonzero constants such that

Af(t)+ Bg(t) =0 (15.49)

for all values of t. If no such constants exists then we say that f and g
are linearly independent.
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Lesson 16

Linear Equations With
Constant Coeflicients

Definition 16.1. The general second order linear equation with con-
stant coefficients is

ay” + by +cy = f(t) (16.1)

where a, b, and ¢ are constants, and a # 0 (otherwise (16.1) reduces to
a linear first order equation, which we have already covered), and f(¢)
depends only on ¢ and not on y.

Definition 16.2. The Linear Differential Operator corresponding to
equation (16.1)

L=aD?+4bD +c (16.2)
where )
d d
= and D? = — 16.
D 2 an e (16.3)

is the same operator we introduced in example (15.10). We can also write

L as

2 d
+b—+c (16.4)

L= a—
“az TV

In terms of the operator L, equation (16.1) becomes

Ly = f(t) (16.5)
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Example 16.1. Show that L is a linear operator.

Recall from definition (15.3) we need to show the following to demonstrate
that L is linear

L(ay+ Bz) = aLy + BLz (16.6)

where « and § are constants and y(t) and z(t) are functions. But

L(ay + Bz) = (aD? + bD + ¢)(ay + B2) (16.7)
= aD?*(ay + B2) + bD(ay + Bz) + c(ay + B2) (16.8)
= a(ay + Bz)" + blay + B2)" + c(ay + B2) (16.9)
= a(ay” + B2") + b(ay’ + B2') + c(ay + B2) (16.10)
= a(ay” + by + cy) + Baz" + bz + cz) (16.11)
=aly+pLz O (16.12)

Definition 16.3. The characteristic polynomial corresponding to char-
acteristic polynomial (16.1) is

ar? +br+c=0 (16.13)

Equation (16.13) is also called the characteristic equation of the differ-
ential equation.

The following example illustrates why the characteristic equation is useful.

t

Example 16.2. For what values of r does y = " satisfy the differential

equation
y' — 4y +3y=0 (16.14)
Differentiating y = e,
y =re (16.15)
y" = r2ert (16.16)

Plugging both expressions into (16.14),
r2e™ —4re™ +3e"t =0 (16.17)

™ can never equal zero we can cancel it out of every term,

Since e
2 —4r+3=0 (16.18)
Equation (16.18) is the characteristic equation of (16.14). Factoring it,

(r—3)(r—1)=0 (16.19)
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Hence both » = 1 and r = 3. This tells us each of the following functions
are solutions of (16.14):

y=e' (16.20)
y=e* (16.21)

We will see shortly how to combine these to get a more general solution. [

We can generalize the last example as follows.

Theorem 16.4. If r is a root of the characteristic equation of Ly = 0,

then e is a solution of Ly = 0.
Proof.
Lle™] = a(e™)” + b(e"™) + c(e™) (16.22)
=ar?e" 4+ bre" 4 ce™ (16.23)
= (ar® + br + c)e" (16.24)

Since r is a root of the characteristic equation,

ar? +br+c=0 (16.25)

Hence
Lle™ =0 (16.26)
Thus y = e is a solution of Ly = 0. O

Theorem 16.5. If the characteristic polynomial has a repeated root r,
then y = te™ is a solution of Ly = 0.

Proof.
L(te™) = a(te™)” + b(te™) + c(te™)
=a(e™ +rte™) + b(e" + rte™) + cte”
(2re™ 4 r2te™) + b(e™ + rte) 4 cte™
=" (2ar + b+ (ar? + br + ©)t)

=a

Since 7 is a root, r? 4+ br + ¢ = 0. Hence
L(te™) = e"(2ar + b) (16.31)
Since r is root, from the quadratic equation,

. —b 4+ Vb% — dac
h 2a
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When a root is repeated, the square root is zero, hence

b
= 16.
r=-—g (16.33)

Rearranging gives
2ar +b=0 (16.34)

whenever r is a repeated root. Substituting equation (16.34) into equation
(16.31) gives L(te™) = 0. 0O

Example 16.3. We can use theorem (16.4) to find two solutions of the
homogeneous linear differential equation

y' =Ty +12y =0 (16.35)
The characteristic equation is
2 —Tr+12=0 (16.36)

Factoring gives
(r—3)(r—4)=0 (16.37)

Since the roots are r = 3 and r = 4, two solutions of the differential equation
(16.35) are

Y = € (16.38)
Yo =" (16.39)

Thus for any real numbers A and B,
y = Ae3' + Bet (16.40)

is also a solution. O

Because equation (16.14) involves a second-order derivative the solution
will in general include two constants of integration rather than the single
arbitrary constant that we had when we were solving first order equations.
These initial conditions are expressed as the values of both the function
and its derivative at the same point, e.g.,

(16.41)
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The second order linear initial value problem is then

Ly=20
y(to) = yo (16.42)
y'(to) =1

This is not the only way to express the constraints upon the solution. It
is also possible to have boundary conditions, of which several types are
possible:
y(to) = vo,y(t1) = 11 (Dirichlet Boundary Conditions)  (16.43)
y(to) = vo,y' (t1) = w1 (Mixed Boundary Condition)  (16.44)
Y (to) = v0,v'(t1) = 11 (Neumann Boundary Conditions)  (16.45)
Differential equations combined with boundary conditions are called Bound-
ary Value Problems. Boundary Value Problems are considerably more

complex than Initial Value Problems and we will not study them in this
class.

Definition 16.6. The homogeneous linear second order differential
equation with constant coefficients is written as

ay’ +by +cy=0 (16.46)

or
Ly=0 (16.47)

We will denote a solution to the homogeneous equations as yx (t) to distin-
guish it from a solution of

ay”" + by +cy = f(t) (16.48)
If there are multiple solutions to the homogeneous equation we will num-
ber them yg1,ym2,.... We will call any solution of (16.48) a particular

solution and denote it as yp(t). If there are multiple particular solutions
we will also number them if we need to.

Theorem 16.7. If yy (¢) is a solution to

ay” +by +cy=0 (16.49)
and yp(t) is a solution to
ay”" + by +cy=f(t) (16.50)
then
y=yu(t) +yp(t) (16.51)

is also a solution to (16.50).
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Proof. We are give Lyy = 0 and Lyp = f(¢). Hence
Ly = L(yu +yp) = Lyn + Lyp = 0+ f(t) = f(t) (16.52)

Hence y = hy + yp is a solution. O

General Principal. The general solution to
Ly =ay’ +by +cy= f(t) (16.53)
is the sum of a homogeneous and a particular part:
y=ynu(t)+yp(t) (16.54)

where Lyy = 0 and Lyp = f(t).

Theorem 16.8. Principle of Superposition If yy1(t) and yg2(t) are
both solutions of Ly = 0, then any linear combination

yu(t) = Aym (t) + Byna(t) (16.55)

is also a solution of Ly = 0.

Proof. Since yg1(t) and ypa(t) are solutions,

Lygr = 0= Lyn» (16.56)
Since L is a linear operator,
Lyy = L[Aym1 + Byma] (16.57)
= ALym1 + BLyno (16.58)
=0 (16.59)

Hence any linear combination of solutions to the homogeneous equation is
also a solution of the homogeneous equation. O

General Solution of the Homogeneous Equation with Constant
Coefficients. From theorem (16.4) we know that e"* is a solution of Ly = 0
whenever r is a root of the characteristic equation. If r is a repeated root,
we also know from theorem (16.5) that te™ is also a solution. Thus we
can always find two solutions to the homogeneous equation with constant
coefficients by finding the roots of the characteristic equation. In general
these are sufficient to specify the complete solution.
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The general solution to
ay’ +by +cy=0 (16.60)

is given by

B {Ae”t + Be™! 1y # ry (distinct roots) (16.61)

(A4 Bt)e"t  r=r; =7y (repeated root)

where 1 and 75 are roots of the characteristic equation ar? + br + ¢ = 0.

Example 16.4. Solve the initial value problem

y" =6y +8y=0

y(0) =1 (16.62)
y'(0) =1
The characteristic equation is
0=7>—6r+8=(r—4)(r—2) (16.63)

The roots are r = 2 and r = 4, hence
y = Ae* 4 Be* (16.64)
From the first initial condition,
1=A+B (16.65)

Differentiating (16.64)
y' = 2Ae* + 4Bet (16.66)

From the second initial condition
1=2A+4B (16.67)

From (16.65), B =1 — A, hence

1:2A+4(1—A):4—2A:>2A:3:>A:g (16.68)
hence
Be1-A-1-5__1 (16.69)
- - 2 2 ’

The solution to the IVP is

3 1
y = 56% - §e4t O (16.70)
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Example 16.5. Solve the initial value problem

y' =6y +9y =0

y(0) =4 (16.71)
y'(0) =17
The characteristic equation is
0=7r?—6r+9=(r—3)? (16.72)

Since there is a repeated root r = 3, the general solution of the homogeneous
equation is
y = Ae® 4 Bte?! (16.73)

By the first initial condition, we have 4 = y(0) = A.Hence
y = 4e3' + Bte3t (16.74)

Differentiating,
y' = 123" + Be® + 3Bte™ (16.75)

From the second initial condition,
17=9'(0)=12+B+3B=12+B = B=5 (16.76)
Hence the solution of the initial value problem is

y=(4+5t)e. O (16.77)



Lesson 17

Some Special
Substitutions

Equations with no y dependence.

If ¢ =0 in L then the differential equation

Ly = (1) (17.1)
simplifies to
ay” +by" = f(t) (17.2)

In this case it is possible to solve the equation by making the change of
variables z = g/, which reduces the ODE to a first order linear equation
in z. This works even when a or b have t dependence. This method is
illustrated in the following example.

Example 17.1. Find the general solution of the homogeneous linear equa-
tion
Yy’ +6y =0 (17.3)

Making the substitution z =y in (17.3) gives us
2 +62=0 (17.4)
Separating variables and integrating gives

dz

= —/Gdt = z=Ce % (17.5)
z

143



144 LESSON 17. SOME SPECIAL SUBSTITUTIONS

Replacing z with its original value of z = 1/,

dy —6t
—=C 17.6
o = Ce (17.6)
Hence
dy
= [ —=dt 17.7
=% (7.7)
= / Ce 5t = (17.8)
1
= —gce*“ +C’ (17.9)
Since —C'/6 is still a constant we can rename it C” = —(C'/6, then rename
C" back to C, giving us
y=Ce %+ O (17.10)

Example 17.2. Find the general solution o
y'+6y =t (17.11)

We already have solved the homogeneous problem 3" + 6y’ = 0 in example
(17.1). From that we expect that

Yy = Yp + YH (17.12)

where

Yy =Ce %+’ (17.13)

To see what we get if we substitute z = ¢ into (17.11) and obtain the first
order linear equation

2 +62=t (17.14)
An integrating factor is 1 = exp ([ 6dt) = €5, so that
d
7 (2e%) = (&' + 6t) %" = te" (17.15)
Integrating,
d
/ — (2e%) dt = /te&dt (17.16)
dt
zebt = %(& — e+ C (17.17)
1 1 —6t
= —t—— +Ce (17.18)

6 36
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Therefore since z = v/,

dy 1.1
d—?z = ot g+ Ce (17.19)
Integrating gives
1 11
Y= ﬁt“' — 35t éce—ﬁt + ' (17.20)

It is customary to combine the (—1/6)C into a single unknown constant,
which we again name C,
y = Lp_ 1, +Ce % 4 ¢’ (17.21)
12 36 '
Comparing this with (17.12) and (17.13) we see that a particular solution
is

1., 1
= —t" - — 17.22
vp =15t — 35 (17.22)
This method also works when b(¢) has ¢ dependence.
Example 17.3. Solve
'+ 2ty =t
y(0) =1 (17.23)
y'(0)=0
Substituting z = 3’ gives
242tz =t (17.24)
An integrating factor is exp ([ 2tdt) = et”. Hence
d
= (zetQ) = te!’ (17.25)
1
zel’ = /tethH C = 569 +C (17.26)
1 e
2= + Ce (17.27)
From the initial condition y’(0) = 2(0) = 0, C = —1/2, hence
dy 1 1 42
7 _ 17.2
dt 2 2 (17.28)

Changing the variable from ¢ to s and integrating from ¢ = 0 to t gives

td ‘1 1 [,
/ s :/ —ds — f/ e ds (17.29)
0 ds 0 2 2 0
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From (4.91),
/O Ce s = gerf(t) (17.30)
hence
y() ~(0) = & — Yert(t (1731)

From the initial condition y(0) = 1,

yt) =1+ g - ?erf(t) 0 (17.32)

] This method also works for nonlinear equations.

Example 17.4. Solve ¥ +t(y')? =0

Let z =4/, then 2’ = ", hence 2’ + tz2 = 0. Separating variables,

dz

— =—t2* 17.33
o z (17.33)
27 2dz = —tdt (17.34)
1 1
-+ C = —zt? 17.35
2 +C1 5 ( )
Solving for z,
dy -1 -2
2 == = 17.36
at - t2/24+Cy 24 Co ( )
where Cy = 2C'1 hence
t
y = —2arctan p +C (17.37)

where k = 1/C5 and C are arbitrary constants of integration. [

Equations with no t dependence

If there is no t-dependence in a linear ODE we have
Ly=ay" +by +cy=0 (17.38)

This is a homogeneous differential equation with constant coefficients and
reduces to a case already solved.

If the equation is nonlinear we can make the same substitution
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Example 17.5. Solve yy” + (y')? = 0.
Making the substitution z = 3’ and 3" = 2’ gives

22 +22=0 (17.39)
We can factor out a z,
2(z' +2)=0 (17.40)
hence either z = 0 or 2’ = —z. The first choice gives
d
Yo =y =0 (17.41)
dt
as a possible solution. The second choice gives
dz s
— =—dt = lnz=—-t+k = z=Ke (17.42)
z
where K = e~ is a constant. Hence
dy —t _ —t
pri Ke™" = dy= Ke 'dt (17.43)
y=-Ke'+ K (17.44)
where K7 is a second constant of integration. If we let Ky = —K then this
solution becomes
Yo = Koe ' + K, (17.45)

Since we cannot distinguish between the two arbitrary constants K7 in the
second solution and C in the first, we see that the first solution is actually
found as part of the second solution. Hence (17.45) gives the most general
solution. [

Factoring a Linear ODE

The D operator introduced in example (15.10) will be quite useful in study-
ing higher order linear differential equations. We will usually write it as a
symbol to the left of a function, as in

_ W

Dy =
Y="m

(17.46)
where D is interpreted as an operator, i.e., D does something to whatever
is written to the right of it. The proper analogy is like a matrix: think of
D as an n X n matrix and y as a column vector of length n (or an n x 1
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matrix). Then we are allowed to multiply D by y on the right, to gives us
another function. Like the matrix an vector, we are not allowed to reverse
the order of the D and whatever it operates on. Some authors write D]y],
D(y), Dy, or Oy instead of Dy.

Before we begin our study of higher order equations, we will look at what
the D operator represents in terms of linear first order equations. While
it doesn’t really add anything to our understanding of linear first order
equations, looking at how it can be used to describe these equations will
help us to understand its use in higher order linear equations.

We begin by rewriting the first order linear differential equation

CC% +p(t)y = q(t) (17.47)
Dy +p(t)y = q(t) (17.48)

The trick here is to think like matrix multiplication: we are still allowed
the distributive law, so we can factor out the y on the left hand side, but
only on the right. In other words, we can say that

[D +p(t)]y = q(t) (17.49)
Note that we cannot factor out the y on the left, because
Dy # yD (17.50)

so it would be incorrect to say anything like

y(D +p(t)) = q(t) (17.51)

In fact, anytime you see a D that is not multiplying something on its right,
that should ring a bell telling you that something is wrong and you have
made a calculation error some place.

Continuing with equation 17.49 we can now reformulate the general initial
value problem as

D+ p(t)]y = q(t)} (17.52)

y(to) = o

The D operator has some useful properites. In fact, thinking in terms of
matrices, it would be nice if we could find an expression for the inverse of
D so that we could solve for y. If M is a matrix then its inverse M ! has
the property that

MM *t*=M"1'M=1 (17.53)
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where [ is the identity matrix.

Since the inverse of the derivative is the integral, then for any function f(¢),

-1 (t):/f(t)dt+0 (17.54)
Hence
DD f(t) (/f +C> ft) (17.55)
and
D™'Df(t) /Df Ydt +C = f(t) + (17.56)

We write the general linear first order initial value problem in terms of the
linear differential operator D = d/dt as

[D +p()]y = q(t), y(to) = yo (17.57)
From the basic properties of derivatives,
rw — &g @ 0
DelV = — el = !0 f(t) = VD f(t) (17.58)

From the product rule,

Df(t)g(g) = f(t)Dg(t) + g(t) D f(t) (17.59)
Hence
D(e!®y) = e/ O Dy 1 yDeS® (17.60)
= DDy + yef DD (1) (17.61)
= e/ (Dy +yDf(t)) (17.62)
If we let
ft) = / p(t)dt = D™ p(t)dt (17.63)

then (using our previous definition of p),

ef® = exp ( / p(t)dt) = u(t) (17.64)
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hence
D(e!Wy) = /D (Dy + yDD'p(t)) (17.65)
= e/ (Dy + yp(t)) (17.66)
=e/O(D +p(t))y (17.67)
D(u(t)y) = n()(D + p(t))y (17.68)
= u(t)q(t) (17.69)

Applying D=1 to both sides,

D™'D(u(t)y) = D~ (u(t)a(t)) (17.70)

The D~! and D are only allowed to annihilate one another if we add a
constant of integration (equation 17.56)

p(t)y = D~ (u(t)q(t) + C (17.71)
or )
y=" (D~ 'pg+C) (17.72)
which is the same result we had before (see equation 4.18):
! ( / (B)g(t)dt + c) (17.73)
Y= Hit)q .
p(t)

This formalism hasn’t really given us anything new for a general linear
equation yet. When the function p is a constant, however, it does give us
a useful way to look at things.

Suppose that
p(t) = A (17.74)

where A is an constant. Then the differential equation is
(D+ A)yy =q(t) (17.75)

This will become useful when we solve higher order linear equations with
constant coefficients because they can be factored:

(D + A)(D + B)y = D*y + (A+ B)Dy + ABy (17.76)
Thus any equation of the form

y" +ay’ + by = q(t) (17.77)
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can be rewritten by solving

a=A+B (17.78)
b= AB (17.79)

for A and B. Then the second order equation is reduced to a sequence of
first order equations

(D+ A)z=q(t) (17.80)
(D + B)y = z(t) (17.81)

One first solves the first equation for z then plugs the solution into the
second equation to solve for y.
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Lesson 18

Complex Roots

We know form algebra that the roots of the characteristic equation
ar® +br+c=0 (18.1)

are given by the quadratic formula

. —b+ Vb% — 4dac

o (18.2)

When
b’ < dac (18.3)

the number in the square root will be negative and the roots will be complex.

Definition 18.1. A complex number is a number
z=a+b (18.4)
where a, b are real numbers (possibly zero) and

i=+v-1 (18.5)

To find the square root of a negative number we factor out the —1 and use
i = v/—1, and use the result that

V=a=(-1)(a) =V-1Va=iva (18.6)
Example 18.1. Find v/-9.
V9= =v-1vV9=3 O (18.7)

153
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Example 18.2. Find the roots of
P 4r+1=0 (18.8)

We have a = b = ¢ =1 hence according to (18.2) the roots are

_ 1=/ @M0) _ -1+v-3 (18.9)

" 2(1) T2
Since —3 < 0 it does not have a real square root;
VE= VO - v IVi=iv3 (18.10)
hence
r:_l%i\/g :—%iié (18.11)

Properties of Complex Numbers

1. If z = a + ib, where a,b € R, then we say that a is the real part of
z and b is the imaginary part, and we write

Re(z) = Re(a+1ib) = a
Im(z) = Im(a + ib) = b} (18.12)

2. The absolute value of z = x + iy is the distance in the xy plane
from the origin to the point (x,y). Hence

|z +iy| = Va2 + y? (18.13)

3. The complex conjugate of z = = + iy is a complex number with all
of the i’s replaced by —i, and is denoted by Z,

z=x+iy = Z=2+1Wy=—1y (18.14)

4. If z = x + iy is any complex number then
12| = 2z (18.15)

because
2% 4+ y? = (z + iy)(z — iy) (18.16)

5. The phase of a complex number z = z + iy, denoted by Phase(z) is
the angle between the z — axis and the line from the origin to the
point (z,y)

Phase(z) = arctan Yy (18.17)
x
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Theorem 18.2. Euler’s Formula

e = cosf +isinf (18.18)
Proof. Use the fact that
7= -1 PR =
£l = P ek —0,1,2
- or a. =0,L2,...
it =i(®) =i(—i) =1 iR =
i5 — 2(24) = Z'4]€+4 -1
(18.19)

in the formula’s for a Taylor Series of e?:

(0)*  (i0)> ()"  (i0)°

0 _ .
e =14 (i0) + o Tttt (18.20)
%07 B0 et iP0°
:1+19+7+?+T+?+”. (18.21)
. 62 0 0t 9
even powers of 6

odd powers of
=cosf + isind (18.24)

where the last step follows because we have used the Taylor series for sin 6
and cos 6. O

Theorem 18.3. If z = a + ib where a and b are real numbers than
e* = et = ¢%(cos § + isin ) (18.25)
Theorem 18.4. If z = x + iy where z,y are real, then
2 =r(cos @ + isinf) = re’ (18.26)

where § = Phase(z) and r = |z|.

Proof. By definition # = Phase(z) is the angle between the z axis and the
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line from the origin to the point (x,y). Hence

cosh= ——o =L (18.27)
Vri+y?r o |z
sinf=——2 =Y (18.28)
NZ TR
Therefore
z=z+1y (18.29)
T .y
= || ( + z) (18.30)
2| 2]
= |z|(cos 8 + isin b)) (18.31)
= |z]e® (18.32)
This form is called the polar form of the complex number. O

Roots of Polynomials

1. If z = x + iy is the root of a polynomial, then Z = = — iy is also a
root.

2. Every polynomial of order n has precisely n complex roots.

3. Every odd-ordered polynomial of order n has at least one real root:
the number of real roots is either 1, or 3, or 5, ..., or n; the remaining
roots are complex conjugate pairs.

4. An even-ordered polynomial of order n has either zero, or 2, or 4,
or 6, or ... n real real roots; all of the remaining roots are complex
conjugate pairs.

Theorem 18.5. Every complex number z has precisely n unique n'”" roots.
Proof. Write z in polar form.

z=re? = et — el L —01,2,... (18.33)

where 7 and 6 are real numbers. Take the nt" root:
Yz =zt (18.34)
= (reftt2hm)t/m (18.35)
— Tl/nei(0+2k7r)/n (1836)

0 + 2k 0 + 2k
— (cos AT L sin 2F ”) (18.37)
n
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For £k =0,1,2,...,n — 1 the right hand side produces unique results. But
for k > n, the results start to repeat: k = n gives the same angle as k = 0;
k = n + 1 gives the same angle as £k = 1; and so on. Hence there are
precisely n unique numbers. O

Example 18.3. Find the three cube roots of 27.

To find the cube roots we repeat the proof!

27 = 27 4 (0)i = 27eW(0) = 27(D(0+2m) _ 97,2kmi (18.38)
V21 = 27! /3 (k)13 (18.39)
= 3e2kmi/3 (18.40)

For k = 0 this gives
V27 =3 (18.41)

For k =1 this gives
V2T =33 =3 (cos 2?7r + isin 2;-) = —g + 237\/3 (18.42)

For k = 2 this gives
V27 =343 =3 (cos 4% + isin 4;) = —g - 237\/3 (18.43)

Using k = 3 will give us the first result, and so forth, so these are all the
possible answers. O

Theorem 18.6. If the roots of
ar’ +br+c=0 (18.44)

are a complex conjugate pair

R W} (18.45)

ro = [l — W
where 11, w € R and w # 0, (this will occur when b? < 4ac), then the solution
of the homogeneous second order linear ordinary differential equation with

constant coefficients
Ly=ay” +by +cy=0 (18.46)

is given by
yi = Cre" + Coe™™ (18.47)
= e (Acoswt + Bsinwt) (18.48)
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where
A=C1+Cy
B =1i(Cy — C9)
Proof.

yg = Cre"" + Coe™™*
= Cle(u+iw)t + Cge(“_i“’)t
— eut(cleiwt 4 CQe—iwt)

= e [Cy(coswt + isinwt) + Cz(cos wt — i sinwt)]

eM [(Cy + C) coswt + i(Cy — Cs) sin wt]
et (Acoswt + Bsinwt)

Example 18.4. Find the general solution of
Yy +6y +25y=0
The characteristic polynomial is
%+ 6r+25=0

and the roots are

L 6£V61 _ 68

= —-3+4i
5 5 3 7)

Hence the general solution is
y = e 3" Acos4t + Bsin4t].
for any numbers A and B.

Example 18.5. Solve the initial value problem

y'+2y' +2y=0

y(0)=2
y' (0) =4

The characteristic equation is
P +2y+2=0

(18.59)

(18.60)

(18.61)

(18.62)
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and its roots are given by

_ 2V -AW@) | 2420 (18.63)
j .

2

r

The solution is then
y=-e ‘(Acost + Bsint) (18.64)

The first initial condition gives

2=A (18.65)
and thus the solution becomes
y=-e ‘(2cost+ Bsint) (18.66)
Differentiating this solution
y = —e "(2cost + Bsint) + e !(—2sint + Bcost) (18.67)

The second initial condition gives us

A= 24+B = B=6 (18.68)

Hence
y=-e "(2cost — 6sint) (18.69)
O

Summary. General solution to the homogeneous linear equation with
constant coefficients.

The general solution to

ay” +by +cy=0 (18.70)
is given by
Ae"t + Bem2t r1 # ro (distinct real roots)
y =4 (A+ Bt)e™ r =ry; = ry (repeated real root) (18.71)

et (Acoswt + Bsinwt) 1 = pu =+ iw (complex roots)

where 1 and 75 are roots of the characteristic equation ar? + br + ¢ = 0.
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Why Do Complex Numbers Work?*

We have not just pulled i = y/—1 out of a hat by magic; we can actually
define the Field of real numbers rigorously using the following definition.

Definition 18.7. Let a,b € R. Then a Complex Number is an ordered
pair
z = (a,b) (18.72)

with the following properties:

1. Complex Addition, defined by

z+w=(a+cb+d) (18.73)

2. Complex Multiplication, defined by

z X w = (ac — bd, ad + bc) (18.74)
where z = (a,b) and w = (¢, d) are complex numbers.

Then we can define the real and imaginary parts of z as the components
Rez = Re(a, b) = a and Imz = Im(a, b) = b.

The Real Axis is defined as the set

{z = (z,0)|]z € R} (18.75)
and the imaginary axis is the set of complex numbers

{z=(0,y)|ly € R} (18.76)

We can see that there is a one-to-relationship between the real numbers
and the set of complex numbers (z,0) that we have associated with the
real axis, and there is also a one-to-one relationship between the set of all
complex numbers and the real plane R2. We sometimes refer to this plane
as the complex plane or C.

To see that equations 18.73 and 18.74 give us the type of arithmetic that we
expect from imaginary numbers, suppose that a,b,c € R and define scalar

multiplication by
c(a,b) = (ca, cb) (18.77)

To see that this works, let u = (x,0) be any point on the real axis. Then

uz = (z,0) X (a,b) = (ax — 0b, bx — 0a) = (az,bx) = z(a,b) (18.78)
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The motivation for equation 18.74 is the following. Suppose z = (0,1).
Then by 18.74,

22 =(0,1) x (0,1) = (—1,0) (18.79)
We use the special symbol ¢ to represent the complex number i = (0, 1).
Then we can write any complex number z = (a, b) as

2= (a,b) = (a,0) + (b,0) = a(1,0) + b(0, 1) (18.80)

Since ¢ = (0,1) multiplication by (1,0) is identical to multiplication by 1
we have

z=(a,b) =a+bi (18.81)

and hence from 18.79
it =1 (18.82)

The common notation is to represent complex numbers as z = a + bi where
a,b € R, where i represents the square root of —1. It can easily be shown
that the set of complex numbers defined in this way have all of the properties
of a Field.

Theorem 18.8. Properties of Complex Numbers

1. Closure. The set of complex numbers is closed under addition and
multiplication.

2. Commutivity. For all complex number w, z,

w+z:z+w} (18.83)

wz = zZw
3. Associativity. For all complex numbers u, v, w,

(u+v)+w=u+ (v+w) } (18.84)

(uv)w = u(vw)
4. Identities. For all complex numbers z,

Z+O:0+zzz} (18.85)

zl=1z==z2

5. Additive Inverse. For every complex number z, there exists some
unique complex number w such that z +w = 0. We call w = —z and

24+ (=2)=(-2)+2=0 (18.86)
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6. Multiplicative Inverse. For every nonzero complex number z, there
exists some unique complex number w such that zw = wz = 1. We
write w = 1/z, and

27 =(ENe=1o0rz(1/2) = (1/2)z =1 (18.87)

7. Distributivity. For all complex numbers u, w, z,

u(w + z) = uw + uz (18.88)



Lesson 19

Method of Undetermined
Coefficients

We showed in theorem (22.7) that a particular solution for

ay” + by +cy = f(t) (19.1)

e =t [ ([ setar) a (19.2)

a

is given by

where r; and 7o are roots of the characteristic equation. While this for-
mula will work for any function f(t) it is difficult to memorize and there
is sometimes an easier to find a particular solution. In the method of
undetermined coefficients we do this:

1. Make an educated guess on the form of yp(t) up to some unknown
constant multiple, based on the form of f(t).

2. Plug yp into (19.1).
3. Solve for unknown coefficients.

4. If there is a solution then you have made a good guess, and are done.

The method is illustrated in the following example.

Example 19.1. Find a solution to
/!

y' -y =1t (19.3)

163
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Since the characteristic equation is r? — 1 = 0, with roots r = +1, we know
that the homogeneous solution is

yg = Cre' 4+ Cye™ (19.4)

As a guess to the particular solution we try

yp = At> + Bt + C (19.5)
Differentiating,
yp =2At+ B (19.6)
yp =24 (19.7)
Substituting into (19.1),
2A — At? - Bt —C =t* (19.8)

Since each side of the equation contains polynomials, we can equate the
coefficients of the power on each side of the equation. Thus

Coefficients of t*: — A =1 (19.9)
Coefficients of t: B =0 (19.10)
Coefficients of t° : 24 —C =0 (19.11)

The first of these gives A = —1, the third C' = 24 = —2. Hence
yp = —t2 — 2 (19.12)

Substitution into (19.1) verifies that this is, in fact, a particular solution.
The complete solution is then

y=yg+yp=Cre" +Coe =t =2 O (19.13)

Use of this method depends on being able to come up with a good guess.
Fortunately, in the case where f is a combination of polynomials, exponen-
tials, sines and cosines, a good guess is given by the following heuristic.

1. If f(¢t) is a polynomial of degree n, use
Yp = apt™ 4+ ap 11"+ - ant? +art 4+ ap (19.14)

2. If f(t) = €™ and r is not a root of the characteristic equation, try

yp = Ae" (19.15)
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3. If f(t) =™ and 7 is a root of the characteristic equation, but is not
a repeated root, try
yp = Ate" (19.16)

4. If f(t) = €™ and r is a repeated root of the characteristic equation,
try
yp = At%e™ (19.17)

5. If f(t) = asinwt + S coswt, where «, 5,w € R, and neither sin wt nor
coswt are solutions of the homogeneous equation, try

yp = Acoswt + Bsinwt (19.18)
If (19.18) is a solution of the homogeneous equation, instead try

yp = t(Acoswt + Bsinwt) (19.19)

6. If f is a product of polynomials, exponentials, and/or sines and
cosines, use a product of polynomials, exponentials, and/or sines and
cosines. If any of the terms in the product is a solution of the homo-
geneous equation, multiply the entire solution by t or t?, whichever
ensures that no terms in the guess are a solution of Ly = 0.

Example 19.2. Solve
y' +y —6y=2t (19.20)

The characteristic equation is
P4r—6=r—-2)(r+3)=0 (19.21)

hence
yg = Cr1e?! + Che3t (19.22)

Since the forcing function (right-hand side of the equation) is 2¢ we try a
particular function of

yp = At + B (19.23)

Differentiating,
yp=A (19.24)
yp =0 (19.25)

Substituting back into the differential equation,

0+ A —6(At + B) = 6t (19.26)
—6At + A+ B =6t (19.27)
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Equating like coefficients,

—6A=6 — A=-1 (19.28)
A+B=0 = B=-A=1 (19.29)
Yyp=—t+1 (19.30)
hence the general solution is
y=0C1e? 4+ Coe™ —t+1 O (19.31)
Example 19.3. Find the general solution to
y' =3y —dy=e" (19.32)
The characteristic equation is
2 —3r—4=(r—-4)(r+1)=0 (19.33)
so that
yr = Cre® + Coe™ (19.34)
From the form of the forcing function we are tempted to try
yp = Ae™? (19.35)
but that is already part of the homogeneous solution, so instead we try
yp = Ate™" (19.36)
Differentiating,
y = Aet — Ate™? (19.37)
y' = —2Ae7 " + Ate™! (19.38)
Substituting into the differential equation,
—2Ae ! 4+ Ate™! — 3(Ae”t — Ate™!) — 4(Ate™!) =" (19.39)
—2A+ At —3(A — At) —4(At) =1 (19.40)
—2A+ At —3A+3At —4At =1 (19.41)
—5A=1 (19.42)
A= —% (19.43)
hence )
yp = —gte*f (19.44)

and the general solution of the differential equation is

1
y = Cret + Che™ — gte_t O (19.45)



Example 19.4. Solve

y" + 4y = 3sin 2t

y(0) =0
y'(0) = -1
The characteristic equation is
r24+4=0

So the roots are £2i and the homogeneous solution is
yg = Cpcos2t + Cosin 2t
For a particular solution we use

y = t(Acos 2t + B sin 2t)
y' = Aacos2t + Bsin 2t + t(2B cos 2t — 2A sin 2t)
y" = 4B cos 2t — 4Asin 2t + t(—4A cos 2t — 4B sin 2t)

Plugging into the differential equation,

4B cos2t — 4Asin 2t + t(—4A cos 2t — 4B sin 2t)
+ 4t(Acos2t + Bsin2t) = 3sin 2t

Canceling like terms,

4B cos 2t — 4Asin 2t = 3sin 2t
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(19.46)

(19.47)

(19.48)

(19.49)
(19.50)
(19.51)

(19.52)

(19.53)

equating coefficients of like trigonometric functions, A =0, B = %, hence

3
y = Cy cos 2t + Co sin 2t + Ztsin 2t
From the first initial condition, y(0) = 0,
0=C1

hence 3
y = Cysin 2t + Ztsin 2t

Differentiating,

3 3
y' = 2C5 cos 2t + 1 sin 2t + Zt cos 2t

(19.54)

(19.55)

(19.56)

(19.57)
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The second initial condition is y'(0) = —1 so that
—1=2C, (19.58)
hence ] 3
y=-3 sin 2t + Ztsin% O (19.59)
Example 19.5. Solve the initial value problem
y// —y = t =+ th
y(0)=0 (19.60)
y'(0) =1
The characteristic equation is 72 — 1 = 0 so that

yg = Cre' + Cqe™" (19.61)

For a particular solution we try a linear combination of particular solutions
for each of the two forcing functions,

yp = At + B + Ce* (19.62)
yp = A+ 2Ce* (19.63)
Y = 4Ce* (19.64)

Substituting into the differential equation,

4C0e® — At — B —Ce® =t 4 e (19.65)
3Ce* — At —B=t+¢e* (19.66)
A=-1 (19.67)
B=0 (19.68)
1
C=- (19.69)
3
Hence 1
y=Cre' +Coe " —t+ ge% (19.70)
From the first initial condition, y(0) = 0,
1
0=C1+Cy+ 3 (19.71)
From the second initial condition ¢'(0) = 1,
2
1=C,—Co+ = (19.72)

3
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Adding the two equations gives us C7 = 0 and substitution back into either
equation gives Cy = —1/3. Hence

1 1
y= —ge_t —t+ geZt O (19.73)

Here are some typical guesses for the particular solution that will work for
common types of forcing functions.

Forcing Function Particular Solution

Constant A

t At+ B

at? + bt +c At? + Bt +C

ant™ + -+ ap Ant"+~'+A0

a coswt Acoswt + Bsinwt

bsin wt Acoswt + Bsinwt

t coswt (At + B)coswt + (Ct + D) sinwt
tsinwt (At + B)coswt + (Ct + D) sinwt

apt"” 4+ -+ ag)sSimw nt" + -+ Ag) coswt+
tm inwt A, t" A t
(Apt™ + -+ Ap) sinwt
(Apt™ + -+ 4+ Ag) coswt+
(Apt" 4+ -+ + Ap) sinwt
eat at

(ant™ 4+ -+ + ap) coswt

e
tedt (At + B)est
t sin wte® e“t((At + B) sinwt 4+ (Ct + D) cos wt)
(ant™ + -+ +ag)e™ (Apt™ + -+ + Ag)e
(ant™ + -+ +ag)e* coswt | (Apt™ + -+ + Ag)e® coswi+
(Apt™ + -+ + Ag)e sinwt

If the particular solution shown is already part of the homogeneous solution
you should multiply by factors of ¢ until it no longer is a term in the
homogeneous solution.
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Lesson 20

The Wronskian

We have seen that the sum of any two solutions y;, y2 to
ay” +by +cy=0 (20.1)

is also a solution, so a natural question becomes the following: how many
different solutions do we need to find to be certain that we have a general
solution? The answer is that every solution of (20.1) is a linear com-
bination of two linear independent solutions. In other words, if y;
and yo are linearly independent (see definition (15.6)), i.e, there is no
possible combination of constants A and B, both nonzero, such that

Ay1(t) + Bya(t) = 0 (20.2)

for all ¢, and if both y; and yo are solutions, then every solution of (20.1)
has the form

y = Ciyi(t) + Caya(t) (20.3)
We begin by considering the initial value problem!

y' + o)y +at)y =0
y(to) = yo (20.4)
y'(to) = yp
Suppose that y;(t) and ya(t) are both solutions of the homogeneous equa-
tion; then

y(t) = Ays(t) + Bya(t) (20.5)

1Eq. (20.1) can be put in the same form as (20.4) so long as a # 0, by setting
p(t) = b/a and ¢(t) = ¢/a. However, (20.4) is considerably more general because we are
not requiring the coefficients to be constants.
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is also a solution of the homogeneous ODE for all values of A and B. To
see if it is possible to find a set of solutions that satisfy the initial condition,
(20.4) requires that

y(to) = Ayi(to) + Bya(to) = yo (20.6)
y'(to) = Ay, (to) + Bys(to) = vo (20.7)

If we multiply the first equation by y4(tg) and the second equation by y2(to)
we get

Ay (to)yh(to) + Bya(to)ys(to) = yoys(to) (20.8)
Ay (to)ya(to) + Bys(to)ya(to) = yoyz2(to) (20.9)

Since the second term in each equation is identical, it disappears when we
subtract the second equation from the first:

Ay (to)ys(to) — Ayy (to)y2(to) = yoys(to) — yoya(to) (20.10)
Solving for A gives

Yous (to) — yoy2(to)
y1(to)y(to) — v (to)y2(to)
To get an equation for B we instead multiply (20.6) by v} (to) and (20.7)
by y1(to) to give

A=

(20.11)

Ay (to)y, (to) + Bya(to)y1 (to) = yoy1 (to) (20.12)
Ay (to)y1(to) + Bys(to)y1(to) = Yoy (to) (20.13)

Now the coefficients of A are identical, so when we subtract we get
Buya(to)yy (to) — Bys(to)yi(te) = your (to) — yoyi (to) (20.14)

Solving for B,
1(to) — yoyr (¢
y2(to)y1 (to) — yz(to)y1(to)
If we define the Wronskian Determinant of any two functions y; and yo
as

W= 40 B0 =m0 - eeko 209
then
Ly w2(to) L (o) wo
- Wi(to) |0 %a(to)|’ T Wito) [vi(to) o (20.17)

Thus so long as the Wronskian is non-zero we can solve for A and
B.
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Definition 20.1. The Wronskian Determinant of two functions y; and
yo is given by

W(t) =

yit)  yo (tg

e P CYACER AU DN C )

If y1 and y- are a fundamental set of solutions of a differential equation,
then W (t) is called the Wronskian of the Differential Equation.

Example 20.1. Find the Wronskian of 3; = sint and y, = 2.

W (y1,y2)(t) = v1ys — y29! (20.19)
= (sint)(x?) — (2?)(sint)’ (20.20)
=2zsint — 2% cost [ (20.21)

Example 20.2. Find the Wronskian of the differential equation y” —y = 0.

The roots of the characteristic equation is 72 — 1 = 0 are +1, and a fun-
damental pair of solutions are y; = e® and y2 = e~t. The Wronskian is
therefore

=-2. O (20.22)

The discussion preceding Example (20.1) proved the following theorem.

Theorem 20.2. Existence of Solutions. Let y; and y» be any two
solutions of the equation

Y +pt)y +q(t)y =0 (20.23)

such that
W(to) = y1(to)ya(to) — ¥ (to)y2(to) # 0 (20.24)

Then the initial value problem

Y +pt)y +q(t)y =0
y(to) =wo (20.25)
Y (to) = o

has a solution, given by (20.17).

Theorem 20.3. General Solution. Suppose that y; and y, are solutions
of
y" +p(t)y +a(t)y =0 (20.26)
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such that for some point to the Wronskian

W (to) = y1(to)ys(to) — yi (to)y2(to) #0 (20.27)
then every solution of (20.26) has the form
y(t) = Ayi(t) + Bya(t) (20.28)

for some numbers A and B. In this case y; and y. are said to form a
fundamental set of solutions to (20.26).

Theorem 20.4. Let f and g be functions. If their Wronskian is nonzero
at some point ¢y then they are linearly independent.

Proof. Suppose that the Wronskian is non-zero at some point ¢3. Then

_ [ f(to) g(to)
hence
f(to)g' (to) — g(to) f'(to) # 0 (20.30)

We will prove the result by contradiction. Suppose that f and g are linearly
dependent. Then there exists some non-zero constants A and B such that
for all ¢,

Af(t)+ Bg(t) =0 (20.31)
Differentiating,

Af'(t)+ Bg'(t) =0 (20.32)
which holds for all ¢. Since (20.31) and (20.32) hold for all ¢, then they hold
for t = tg. Hence

Af(to) + Byg(to) =0 (20.33)

Af'(to) + Bg'(to) =0 (20.34)
We can write (20.33) as a matrix:
fto) g(to) | A
=0 20.35
Hy o) L5 (20.35)

From linear algebra, since A and B are not both zero, we know that the
only way that this can be true is the determinant equals zero. Hence

f(to)g (to) — g(to) f'(to) =0 (20.36)

This contradicts equation (20.30), so some assumption we made must be
incorrect. The only assumption we made was that f and g were linearly
dependent.

Hence f and g must be linearly independent. O
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Example 20.3. Show that y = sint and y = cost are linearly independent.

Their Wronskian is

W (t) = (sint)(cost) — (cost)(sint) (20.37)
= —sin?t — cos?t (20.38)
-1 (20.39)

Since W (t) # 0 for all ¢ then if we pick any particular ¢, e.g., t = 0, we have
W(0) # 0. Hence sint and cost are linearly independent. O

Example 20.4. Show that y = sint and y = ¢? are linearly independent.

Their Wronskian is

W (t) = (sint)(t?)" — (t*)(sint)’ (20.40)
= 2tsint — t* cost (20.41)
At t = w, we have
W(n) =2rsinm —n2cosm =% #0 (20.42)
Since W (m) # 0, the two functions are linearly independent. O

Corollary 20.5. If f and g are linearly dependent functions, then their
Wronskian must be zero at every point .

Proof. T W(f,g)(to) # 0 at some point t then theorem (20.4) tells us that
f and g must be linearly independent. But f and g are linearly dependent,

so this cannot happen. Hence their Wronskian can never be nonzero. [

Suppose that y; and ya are solutions of ¥ + p(t)y’ + q(¢t)y = 0. Then

W (y1,y2)(t) = y195 — yai (20.43)
Differentiating,
d
%W(ylv y2)(t) = y1ys + yivs — y2y) — yauh (20.44)
= Y15 — Y2y (20.45)

Since y; and yo are both solutions, they each satisfy the differential equa-
tion:
yi' +p()y1 +a(t)yr =0 (20.46)
Yo +p(t)ys +q(t)ya = 0 (20.47)
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Multiply the first equation by yo and the second equation by 1,

yly2 + p(O)yiy2 + q(t)yry2 =0 (20.48)
ysy1 + p(t)yayr + q(t)y1y2 = 0 (20.49)

Subtracting the first from the second,

Y1ys — Y2yt + y1yep(t) — y2yip(t) =0 (20.50)

Substituting (20.45),
W'(t) = —p(t)W (t) (20.51)

This is a separable differential equation in W; the solution is

W(t) = Cexp < /p(t)dt) (20.52)

This result is know is Abel’s Equation or Abel’s Formula, and we summarize
it in the following theorem.

Theorem 20.6. Abel’s Formula. Let y; and yo be solutions of
v o)y +at)y =0 (20.53)

where p and g are continuous functions. Then for some constant C,

W (1, 2)(t) = Cexp (— / p(t)dt) (20.54)

Example 20.5. Find the Wronskian of
y" — 2tsin(t?)y’ +ysint =0 (20.55)

up to a constant multiple.

Using Abel’s equation,

2
W(t) = Cexp ( / 2t sin(t2)dt> =Ce 81" O (20.56)

Note that as a consequence of Abel’s formula, the only way that W can be
zero is if C' = 0; in this case, it is zero for all ¢. Thus the Wronskian of
two solutions of an ODE is either always zero or never zero. If
their Wronskian is never zero, by Theorem (20.4), the two solutions must
be linearly independent. On the other hand, if the Wronskian is zero at
some point ¢y then it is zero at all ¢, and

W(y1,y2)(t) =

n(®) @] _
v (#) yé(t)‘_o (20.57)
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and therefore the system of equations

Big 328] [g} =0 (20.58)

has a solution for A and B where at least one of A and B are non-zero.
This means that there exist A and B, at least one of which is non-zero,
such that

Since this holds for all values of ¢, y; and y- are linearly dependent. This
proves the following theorem.

Theorem 20.7. Let y; and yo be solutions of

y' +pt)y +q(t)y =0 (20.60)

where p and g are continuous. Then

1. y1 and yo are linearly dependent <= W (y1,y2)(t) = 0 for all ¢.

2. y; and yo are linearly independent <= W (y1,y2)(¢) # 0 for all ¢.

We can summarize our results about the Wronskian of solutions and Linear
Independence in the following theorem.

Theorem 20.8. Let y;(t) and y»(t) be solutions of
v +pt)y +at)y =0 (20.61)
Then the following statements are equivalent:
1. y1 and yo form a fundamental set of solutions.

2. y1 and y, are linearly independent.

3. At some point to, W(y1,y2)(to) # 0.

4. W(y1,y2)(t) # 0 for all .
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Lesson 21

Reduction of Order

The method of reduction of order allows us to find a second solution to the
homogeneous equation if we already know one solution. Suppose that y; is
a solution if

Y +pt)y +q(t)y =0 (21.1)

then we look for a solution of the form

Y2 = g(t)y1(t) (21.2)
Differentiating twice,
Ys =gy + 9’y (21.3)
vy = gyi +29'v1 +9"n (21.4)
Substituting these into (21.1),
gy! + 29"y} + ¢"y1 + pgyi + pg'y1 + qgyr =0 (21.5)
29'yy + 19" + gy + (Wi + oy +ay1)g =0 (21.6)

Since g1 is a solution of (21.1), the quantity in parenthesis is zero. Hence
y19” + (201 +py1)g’ =0 (21.7)
This is a first order equation in z = ¢,
y12' + 2y +py1)z =0 (21.8)
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which is separable in z.

1dz 2y +py1
2dt

Y1 Y1
/
lnz:—Z/&—/pdt
1

= —2lny; — /pdt

_ ﬁexp (_ / p(t)dt)
() =/<y%1(t)exp (—/p(t)dt))dt

and since ys = gy, the method of reduction of order gives

() = (0 | <y;(t)exp (- [ vtvar) ) a

Example 21.1. Use (21.14) to find a second solution to

/

Since z = ¢'(t),

y'—4dy' +4y =0

given that one solution is y; = e?.

(21.9)
(21.10)
(21.11)

(21.12)

(21.13)

(21.14)

(21.15)

Of course we already know that since the characteristic equation is (r—2)? =
0, the root r = 2 is repeated and hence a second solution is y, = te?’. We

will now derive this solution with reduction of order.

From equation (21.14), using p(t) = —4,

() = (0 | (y;(t)exp (— / p(t)dt>) i
=% / (e—‘“exp ( / 4dt>> dt

— €2t/ (674t64t) dt

= ezt/dt

=te? O

(21.16)
(21.17)
(21.18)

(21.19)

(21.20)
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The method of reduction of order is more generally valid then for equations
with constant coefficient which we already know how to solve. It is usually
more practical to repeat the derivation rather than using equation (21.14),

which is difficult to memorize.
Example 21.2. Find a second solution to

v +ty —y=0
using the observation that y; =t is a solution.

We look for a solution of the form
Y2 = y1u = tu
Differentiating,
yh =tu +u
yy = tu” + 2u’
Hence from (21.21)
tu” 4+ 2u + 2 +tu —tu =0
tu” + 20’ + 2’ =0
t2 +(2+t)2=0

where z = u/. Rearranging and separating variables in z,

1dz 2+ ¢2 2

=2t

zdt t t
/l@dtz—/gdt—/tdt
z dt t
1

lnz=-2Int — =¢
nz n 2

1
z = t—Qe_tZ/2
Therefore
du 1 ¢
dt 12
or

u(t) = /t*Qe*tQ/Zdt

Thus a second solution is

Yo = tu = t/t*Qe*tQ/th

(21.21)

(21.22)

(21.23)
(21.24)

(21.25)
(21.26)
(21.27)

(21.28)

(21.29)

(21.30)

(21.31)

(21.32)

(21.33)

(21.34)
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Substitution back into the original ODE verifies that this works. Hence a
general solution of the equation is

y = At + Bt/t‘Qe_tz/Zdt O (21.35)
Example 21.3. Find a second solution of
t2y" — 4ty + 6y =0 (21.36)

assuming that ¢ > 0, given that y; = t2 is already a solution.

We look for a solution of the form yy = uy; = ut?. Differentiating

yh = u't? + 2tu (21.37)
vy = u't? 4+ 4tu’ + 2u (21.38)
Substituting in (21.36),
0 = t2(u"t? + 4tu’ + 2u) — 4t(u't? + 2tu) + 6ut? (21.39)
= th + 43U + 26%u — 4t — 8t*u + 6t%u (21.40)
= t*u” (21.41)

Since ¢ > 0 we can never have ¢t = 0; hence we can divide by t* to give
u” = 0. This means u = t. Hence

Y2 = uyr = t* (21.42)
is a second solution. O
Example 21.4. Show that
sint
= — 21.43
Y1 NG ( )
is a solution of Bessel’s equation of order 1/2
1
2y +ty' + (t2 - 4) y=0 (21.44)

and use reduction of order to find a second solution.

Differentiating using the product rule

d
vi= = (t*l/Q sint) (21.45)
1
=t cost — §t_3/2 sint (21.46)

3
Y = —t72sint —t73/2 cost + Zt_5/2 sin ¢ (21.47)
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Plugging these into Bessel’s equation,

t? (—t1/2 sint — ¢t 3/2 cost + zt%/z sin t> +
—1/2 1 59 2 LY\ 12
t|t cost — it sint | + (t“ — 1 t sint =0 (21.48)

3
<—t3/2 sint —t~ Y2 cost + ztl/z sint) +
1/2 L 12 3/2 . L1/
t cost—§t sint | +¢*/“sint — Zt sint =0 (21.49)

All of the terms cancel out, verifying that y; is a solution.

To find a second solution we look for
Yo = Uy = ut~ Y2 gint (21.50)
Differentiating
/ 14—1/2 _; 1 —3/2 4; —-1/2
Yo =u't sint — §ut sint 4 ut cost (21.51)
1
vy =u"t™ % sint — iult_?’/2 sint +u't~/2 cost
1 3 1
— §u’t_3/2 sint + Zut_5/2 sint — §ut_3/2 cost
1
+u't ™2 cost — §ut_3/2 cost —ut ™% sint (21.52)
="t ?sint + ' (—t_3/2 sint + 2t7/2 cos t) +
3 )
u <4t5/2 sint —t~3/2 cost — t /2 sint) (21.53)
Hence
0=¢ [u”t‘l/2 sint + o’ (—t_3/2 sint + 2t71/2 cos t) +
3
u (4t5/2 sint —t 32 cost — t~/?sin t)}

1
+t (1/15_1/2 sint — §ut_3/2 sint + ut~ Y2 cos t)

1
- (t2 - 4) ut™/?sint (21.54)
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All of the terms involving u cancel out and we are left with
0=u"t3%sint + 2u't*? cost (21.55)

Letting z = «’ and dividing through by ¢3/2sint,

0=2 +2zcott (21.56)
d
= —2/cot tdt (21.57)
z
Inz = —2Insint (21.58)
z=sin"?t (21.59)
Since z = v’ this means
du 1
— = ——— = u=cott 21.60
dt  sin’t ( )
Since ya(t) = uy; (t),
cottsint cost
= = 21.61
Thus the general solution is
Asint + B t
y = Ayr + By, = 23t Deost (21.62)

Vit

Method for Reduction of Order. Given a first solution u(t) to
¥+ pt)y’ + q(t)y = 0, we can find a second linearly independent solution
v(t) as follows:

1. Calculate the Wronskian using Abel’s formula,

W(t)=e" I p()dt

2. Calculate the Wronskian directly a second time as
W(t) = u'(t)o(t) — v (t)u(t)
3. Set the two expressions equal; the result is a first order differential
equation for the second solution v(t).
4. Solve the differential equation for v(¢).

5. Then general solution is then y = Au(t) + Bv(t) for some constants
A and B.
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Example 21.5. Find a second solution to the differential equation
ty” + 10y =0 (21.63)
given the observation that y;(¢) = 1 is a solution.

Since p(t) = 10/t, Abel’s formula gives

W (t) = e~ J(10/D)de — 4=10 (21.64)
By direct calculation,
Y1 Y2 1y /
Wi(t) = = = 21.65
) ‘y’l Y ‘Oyé‘yQ (21.6%)
Equating the two expressions for W,
yh =119 (21.66)
Therefore, yo = —(1/9)t~?; the general solution to the homogeneous equa-
tion is
y = Ciy1 + Coyo = C1 + Cat ™. (21.67)

Example 21.6. Find a fundamental set of solutions to

t2y" + 5ty — 5y =0 (21.68)
given the observation that y; = t is one solution.

Calculating the Wronskian directly,

t
W(t) = ‘ L =t e (21.69)
Y2
From Abel’s Formula , since p(t) = a1(t)/a2(t) = 5/t,
W(t) = e JOB/Dd — =5 (21.70)
Equating the two expressions and putting the result in standard form,
yo — (1/t)ys = t° (21.71)
An integrating factor is
u(t) = el (104 — 1 /¢ (21.72)
Therefore
t=6 15
yh = t/(l/t)t’ﬁdt =t {6} = gtﬂ (21.73)

The fundamental set of solutions is therefore {t, t=°}.
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Lesson 22

Non-homogeneous
Equations with Constant
Coefficients

Theorem 22.1. Existence and Uniqueness. The second order linear
initial value problem

0/ (22.1)

—~

has a unique solution, except possibly where a(t) = 0. In particular, the
second order linear initial value with constant coefficients,

ay” + by +cy = f(t)
y(to) = yo (22.2)
y(to) = 1
has a unique solution.
We will omit the proof of this for now, since it will follow as an immediate

consequence of the more general result for systems we will prove in chapter
(26).

Theorem 22.2. Every solution of the differential equation

ay” + by +cy = f(t) (22.3)
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has the form
y(t) = Ay (t) + Byma(t) + yp(t) (22.4)

where yg1 and ygo are linearly independent solutions of
ay” +by +cy=0 (22.5)

and yp(t) is a solution of (22.3) that is linearly independent of yp; and
yu2. Equation (22.4) is called the general solution of the ODE (22.3).
The two linearly independent solutions of the homogeneous equation are
called a fundamental set of solutions.

General Concept: To solve the general equation with constant coeffi-
cients, we need to find two linearly independent solutions to the homo-
geneous equation as well as a particular solution to the non-homogeneous
solutions.

Theorem 22.3. Subtraction Principle. If ypi(t) and ypa(t) are two
different particular solutions of

Ly = f(1) (22.6)

then
yu(t) = ypi(t) — yp2(t) (22.7)

is a solution of the homogeneous equationLy = 0.

Proof. Since

Lyp1 = () (22.8)
Lyps = f(1) (22.9)
Then
L(yp1 — yp2) = Lyp1 — Lyp2 (22.10)
— £(t) = £ (22.11)
=0 (22.12)
Hence ypg given by (22.7) satisfies Lyg = 0. O

Theorem 22.4. The linear differential operator
Ly = aD?y +bDy + cy (22.13)
can be factored as

Ly = (aD* +bD +¢c)y = a(D — r1)(D — 1)y (22.14)
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where 71 and 7y are the roots of the characteristic polynomial

ar’ +br+c=0 (22.15)

Proof. Using the quadratic equation, the roots of the characteristic poly-
nomial satisfy

—b+ Vb2 —4 —b—b2—4 b
ity = 2 a“° w_2 (22.16)
2a 2a a
e —b+ Vb? — dac —b— Vb? — dac _b2—(b2—4ac)_5
e 2a 2a B 4a? a
(22.17)
hence
b= —a(ry +12) (22.18)
c=ariry (22.19)
Thus
Ly = ay’+by' +cy
= ay” —a(ry +r2)y +ariray
= aly’ — (r1 + r2)y’ + riray] (22.20)
= a(D—r)(y —raw)
= a(D—-r1)(D—ra)y
Hence L = a(D — r1)(D — r2) which is the desired factorization. O

Theorem (22.4) provides us with the following simple algorithm for solving
any second order linear differential equation or initial value problem with
constant coefficients.
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Algorithm for 2nd Order, Linear, Constant Coefficients IVP

To solve the initial value problem

ay” +by' 4+ cy = f(t)
y(to) = yo (22.21)
Y (to) =y

1. Find the roots of the characteristic polynomial ar? + br 4+ ¢ = 0.
2. Factor the differential equation as a(D — r1) (D — ro)y = f(t).
—_——
2(t)

3. Substitute z = (D — r9)y =y — roy to get a(D —r1)z = f(¥).
1
4. Solve the resulting differential equation 2z’ — 12z = gf(t) for z(t).

5. Solve the first order differential equation y’ — roy = 2(t) where z(t) is
the solution you found in step (4).

6. Solve for arbitrary constants using the initial conditions.

Example 22.1. Solve the initial value problem

y" — 10y’ + 21y = 3sint

y(0) =1 (22.22)
y'(0)=0
The characteristic polynomial is
r? —10r +21 = (r—3)(r —7) (22.23)

Thus the roots are r = 3,7 and since a = 1 (the coefficient of y”), the
differential equation can be factored as

(D —3)(D—"7)y=3sint (22.24)
z

To solve equation (22.24) we make the substitution
z2=(D-Ty=y —Ty (22.25)
Then (22.24) becomes

(D —3)z = 3sint (22.26)
2/ — 3z = 3sint (22.27)
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This is a first order linear equation.An integrating factor is u = e=3*. Mul-
tiplying both sides of (22.27) by u,

% (ze7%) = 3e ¥ sint (22.28)
Integrating,
ze 3 =3 / e 3t sintdt = %e*?’t(fi’) sint — cost) + C (22.29)
or
z= —1%(3 sint + cost) + Ce ™ (22.30)

Substituting back for z =y’ — Ty from equation (22.25) gives us

y — Ty = —13—0(3 sint + cost) + Ce3’ (22.31)

This is also a first order linear ODE, which we know how to solve. An
integrating factor is u = e~"t. Multiplying (22.31) by p and integrating
over t gives

(y —Ty)(e™™) = {—130(3 sint + cost) + Ce3t] (e™™) (22.32)
i( - S “T(3sint 4 cost) + Ce” " (22.33)
dt ye = 106 Sin COS e .
ye Tt = / |:—1306_7t(3 sint + cost) + Ce_4t] dt (22.34)
3

-7 e~ (3sint + cost)dt + C / e~ Mdt  (22.35)

Integrating the last term would put a —4 into the denominator; absorbing
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this into C' and including a new constant of integration C’ gives

ye Tt = 9 /e*71t sin tdt — 3 e eosttdt + Ce ™ 4O (22.36)

10 10
9 1
ST (—506 T(cost + 7smt))
_3 i(Sint —Tcost) | + Ce ¥ + ' (22.37)
10 \ 50 '
a9 63 3 21
=e ——cost + ——sint — ——sint + —— cost
500 500 500 500
+Ce ¥ 4 ¢’ (22.38)
1
= %6_” (3cost + 6sint) + Ce ™ 4 (22.39)
V=55 (3 cost + 6sint) + Ce® 4+ C'e™ " (22.40)
The first initial condition, y(0) = 1, gives us
3
l=—+C+C 22.41

To apply the second initial condition, y’(0) = 0, we need to differentiate
(22.40)

1
y = %(—3 sint + 6cost) + 3Ce3 — 7C"e™ " (22.42)
Hence p
0= =0 +3C - 7¢C" (22.43)
Multiplying equation (22.41) by 7
21
7= =0 +7C +7C" (22.44)
Adding equations (22.43) and (22.44)
27 323
7T=—+10C C= 22.45
50 7Y T YT 500 (22.45)
Substituting this back into any of (22.41), (22.43), or (22.44) gives
147
= 22.46
500 ( )
hence the solution of the initial value problem is
323 147
3cost +6sint) + ——e* + —e " O 22.47
v= 50( costGsin) + 55567+ 555° (22.47)
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Theorem 22.5. Properties of the Linear Differential Operator. Let

L=aD?+bD+c
and denote its characteristic polynomial by

P(r)=ar’+br+c
Then for any function y(t) and any scalar r,

Ly = P(D)y
Le™ = P(r)e™
Lye™ = ™ P(D +r)y

Proof. To demonstrate (22.50) we replace r by D in (22.49):

P(D)y = (aD* +bD +c)y = Ly
To derive (22.51), we calculate
Lert — ( rt)// +b(e7‘t)l +C(€Tt
= ar?e"™ + bre"t + ce™t

= (ar® + br +c)e™
= P(r)e™

(22.48)

(22.49)

(22.50)
(22.51)
(22.52)

To derive (22.52) we apply the differential operator to the product ye”* and

expand all of the derivatives:

Lye™ = aD?(ye™) + bD(ye") + cye™
a(ye™)" + b(ye™) + cye™
_ (ylert-l-’l"yert)l-i-b( / Tt—l—?"ye )+cyert
— (y//eTt+2Ty/ ’I"t+,r ye )

+b(y'e™ +rye™) + cye™
e"la(y” +2ry" +r?y) + b(y’ +ry) + cy]
e [a(D* +2Dr + r*)y + b(D + 1)y + cy]
e [a(D +1)?y +b(D + 1)y + cy|
e [a(D+71)* +b(D+7)+cly
e”P(D +7)y

(22.58)
(22.59)
(22.60)
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Derivation of General Solution. We are now ready to find a general
formula for the solution of

ay” + by’ + cy = f(t) (22.67)
where a # 0, for any function f(t). We begin by dividing by a,

v + By + Cy = q(t) (22.68)

where B = b/a, C = c/a, and q(t) = f(t)/a. By the factorization theorem
(theorem (22.4)), (22.68) is equivalent to

(D =r1)(D —r2)y = q(t) (22.69)
where
_ 1 2
e = (_B + /B2~ 40) (22.70)
Defining
z=(D=mr)y=y —ray (22.71)

equation (22.69) becomes

(D —r1)z = q(t) (22.72)
or equivalently,
2 —riz=q(t) (22.73)
This is a first order linear ODE in z(¢) with integrating factor
u(t) = exp (/ —rldt> =e Mt (22.74)
and the solution of (22.73) is
al/
z=—— q(t tdt—|—C’) 22.75
i (Jaouta+ e (2275
Using (22.71) this becomes
y —roy = p(t) (22.76)
where )
pt(/qt tdt+C’> 22.77

Equation (22.76) is a first order linear ODE in y(t); its solution is

y(t) = % ( / (O (t)dt + @) (22.78)
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e v(t) = exp (/ rgdt> =e 2t (22.79)
Using (22.77) in (22.78),
W) = oo [+ (22.80)
_ %/ [u?ﬂ (/ a(O)u(t)dt + clﬂ v(t)dt + VC(:) (22.81)
ol ;8 ( / Q(t)u(t)dt> v o [ C;Z()” dt + Vft) (22.83)

Substituting g = e~ and v = e "2¢,

y(t) _ erzt/e(rlfrz)t </ q(t)e”tdt) dtJrC’ler?t/e(rlfrz)tdtJrCzerzt
(22.84)

If 1 # ro, then

1
——e(mmma)t (22.85)

L — T2

elr=r2)tgy —

and thus (when ry # ry),

y(t) = e’ / e(mr2)t < / Q(t)e”tdt) dt + Cre™t + Coe™"  (22.86)

Note that the C; in (22.86) is equivalent to the Cy in (22.88) divided by
(r1 —rg); since C] is arbitrary constant, the 1 —rs has been absorbed into
it.

If r; = ro = 7 in (22.88) (this occurs when B2 = 4C and hence r = —B/2 =
—b/2a), then

/ em=r2ltds — ¢ (22.87)

hence when ry =1y =1,
y(t) = et / ( / q(t)e”dt) dt + (C1t + Cy)e™ (22.88)

Thus the homogeneous solution is

{Cle”t + Coe™t  ifry £y
Y =

22.89
(Cit + Ca)e™ ifri=ro=r ( )
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and the particular solution, in either case, is

yp = erzt/e(”*”)t (/ q(t)e”tdt> dt (22.90)

Returning to the original ODE (22.67), before we defined ¢(t) = f(¢)/a,

yp = Lert / elr=ra)t ( / f(t)e‘”tdt) dt (22.91)
a

We have just proven the following two theorems.

Theorem 22.6. The general solution of the second order homogeneous
linear differential equation with constant coefficients,

y'+by +cy=0 (22.92)
is ) .
O A S L
where 1 and ro are the roots of the characteristic equation
ar’ +br+c=0 (22.94)

Theorem 22.7. A particular solution for the second order linear differen-
tial equation with constant coefficients

ay” +by' +cy = f(t) (22.95)

e L ( / f(t)e”tdt) at (22.96)
a

where 1 and ro are the roots of the characteristic equation

is

ar®* +br+c=0 (22.97)

Example 22.2. Solve the initial value problem

y" — 9y = €2
y(0) = (22.98)

y'(0) =
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The characteristic equation is
7 —9=(r-3)(r+3)=0 = r=4=3 (22.99)
Thus the solution of the homogeneous equation is
yn = Ae® + Be™? (22.100)

From equation (22.96) with @ = 1, r; = 3, ro = =3, and f(t) = €%, a
particular solution is

yp = lerzt/e“l—rzﬁ (/ f(t)e_”tdt) dt (22.101)

a

=e 3 / et ( / theStdt) dt (22.102)
e*3t/e6t (/ etdt) dt (22.103)

= —e_3t/eﬁte_tdt (22.104)
= —e_3t/e5tdt (22.105)
= —ée—?’te“ (22.106)
= —ée% (22.107)

Hence the general solution is
. 1
y = Ae’ + Be 3 — 362t (22.108)
The first initial condition gives

1
1:A—|—B—g:>B:g—A (22.109)

To apply the second initial condition we must differentiate (22.108):
/ 3t 3t 2 o
Yy =3Ae” —3Be " — € (22.110)

hence

2 12
2:3A—3B—5:>€=3A—3B (22.111)
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From (22.109)

12 6
—=34A-3(--A 22.112
- (5-4) (22.112)
18
=64 — = (22.113)
30
5 = 6A (22.114)
A=1 (22.115)
6 1
B=-—-A=- 22.11
3 3 (22.116)
Consequently
1 _. 1
y=et+ ge*‘” - ge% (22.117)

is the solution of the initial value problem. O



Lesson 23

Method of Annihilators

In this chapter we will return to using the D operator to represent the
derivative operator. In particular, we will be interested the general nt"
order linear equation with constant coefficients

an D"y + an_1 D"ty + -+ a1 Dy + apgy = g(t) (23.1)
which we will represent as
Ly = g(t) (2.2)
where L is the operator
L=a,D"+an_1D" '+ - +a1D+ag (23.3)

As we have seen earlier (see chapter 15) the L operator has the useful
property that it can be factored

L=(D-r)(D—=r2)---(D—my) (23.4)
where 71, ...,r, are the roots of the characteristic equation
™ + ap 1" 4 ar +ag =0 (23.5)

Definition 23.1. An operator L is said to be an annihilator of a function

f(t) if Lf = 0.

A solution of a linear homogeneous equation is then any function that can
be annihilated by the corresponding differential operator.

Theorem 23.2. D" annihilates ¢" 1.

199
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Since
D1 =0 = D annihilates 1 (23.6)
D?*t =0 = D? annihilates ¢ (23.7)
D3t? =0 = D? annihilates (23.8)
: (23.9)
D"t""1 =0 = D" annihilates t"~! (23.10)

Theorem 23.3. (D — a)™ annihilates t"~e®.
Proof. (induction). For n = 1, the theorem states that D — a annihilates
e, To verify this observe that

(D — a)e™ = De™ — ae™ = ae™ — ae™ =0 (23.11)
hence the conjecture is true for n = 1.

Inductive step: Assume that (D — a)™ annihilates t"~!e%. Thus

(D —a)"t" te® =0 (23.12)
Consider
(D —a)" "™ = (D — a)™(D — a)t"e™ (23.13)
= (D — a)"(Dt"e™ — at"e) (23.14)
= (D —a)"(nt" e + t"ae™ — at™e™) (23.15)
= (D —a)"nt" te™ (23.16)
=n(D —a)"t" e (23.17)
=0 (23.18)
where the last line follows from (23.12). O

Theorem 23.4. (D?+a?) annihilates any linear combination of cos az and
sin ax

Proof.
(D? + a®)(Asinat + Bcosat) = AD?sinat + Aa®sin at (23.19)
+ BD?cosat +a*Bcosat  (23.20)
= —Aa®sinat + Aa®sinat+ (23.21)
— Ba® cosat + a® B cos at (23.22)
=0 (23.23)



201

Theorem 23.5. (D? — 2aD + (a® + b?))" annihilates t"~e% cosbt and
tn—1e sin bt.

Proof. For n=1.

(D? —2aD + (a® + b)) t' e sin bt
= (D? —2aD + a® + b*) (e sin bt) ( )
(D —a)? + b*) (e sin bt) ( )
D —a)(D — a)(e* sin bt) + b?e® sin bt ( )
D — a)(ae™ sin bt + be® cos bt — ae® sinbt) + b2e sinbt  (23.27)
(23.28)
(23.29)
(23.30)

(
= (
= (
(D — a)(be® cos bt) + b*e™ sin bt

= abe™ cos bt — b%e® sin bt — abe® cos bt + b%e™ sin bt
=0

For general n, assume that (D? — 2aD + (a® + b%))"t"~!e% cos bt = 0 and
similarly for sinbt. Consider first

(D? — 2aD + (a* + b?))t"e cos bt (23.31)
=[(D — a)? + b*](t"e cos bt) (23.32)
= (D — a)*(t"e cos bt) + b*(t"e™ cos bt) (23.33)
= (D — a)[nt" e cos bt + at" e cos bt — bt" e sin bt]
+ b2 (t"e™ cos bt) (23.34)

=n(n — 1)t"2e cos bt + nat™ e cos bt — nbt" e sin bt
+ nat™ te™ cos bt + a’t"e cos bt — abt™e™ sin bt
— bnt" e sin bt — abt™e™ sin bt — b2t e cos bt

— ant™ e cos bt — a’t"e™ cos bt + abt™e® sin bt

+ b%t"e cos bt (23.35)
=n(n — 1)t" 2e™ cos bt + nat™ e cos bt — nbt" e sin bt
— abt™ e sin bt — bnt™ e sin bt (23.36)

The last line only contains terms such as
t"te cos bt (23.37)

t" e sin bt (23.38)
t" e cos bt (23.39)
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But by the inductive hypothesis these are all annihilated by (D? — 2aD +
(a® + b?))". Hence (D? — 2aD + (a® + b?))"*! annihilates t"e% cosbt. A
similar argument applies to the sin bt functions, completing the proof by
induction. O

Example 23.1. To solve the differential equation
y' =6y +8y=t (23.40)
We first solve the homogeneous equation. Its characteristic equation is
r? —6y+8=0 (23.41)
which has roots at 2 and 4, so
yg = Cre*t + Caett (23.42)

Then we observe that D? is an annihilator of t. We rewrite the differential
equation as

(D* - 6D +8)y =t (23.43)
D*(D?* - 6D —8)y=D?=0 (23.44)
(23.45)
The characteristic equation is
r2(r—4)(r—2) =0 (23.46)
so the roots are 4,2,0, and 0, giving us additional particular solutions of
yp = At + B (23.47)
The general solution is
y = C1e’t + Coe*t + At + B (23.48)
To find A and B we differentiate,
yp = A (23.49)
yp =0 (23.50)

Substituting into the original differential equation,
0—6A+8(At+ B) =t (23.51)

Equating coefficients gives A = 1/8 and 8B = 64 = 3/4 — B = 3/32.

Hence 1 3
y = Cre’t + Coet + 3t (23.52)

The constants C; and C3 depend on initial conditions. [
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The method of annihilators is really just a variation on the method of
undetermined coefficients - it gives you a way to remember or get to the
functions you need to remember to get a particular solution. To use it to
solve Ly = g(t) you would in general use the following method:

1. Solve the homogeneous equation Ly = 0. Call this solution yg.

2. Operate on both sides of Ly = ¢ with some operator L’ so that
L'Ly=L'g =0, i.e., using an operator that annihilates g.

3. Find the characteristic equation of L' Ly = 0.

4. Solve the homogeneous equation L'Ly = 0.

5. Remove the terms in the solution of L'Ly = 0 that are linearly de-
pendent on terms in you original solution to Ly = 0. The terms that
remain are your ¥p.

6. Use undetermined coefficients to determine any unknowns in your
particular solution.

7. The general solution is y = yg + y, where Lyg = 0.
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Lesson 24

Variation of Parameters

The method of variation of parameters gives an explicit formula for
a particular solution to a linear differential equation once all of the homo-
geneous solutions are known. The particular solution is a pseudo-linear
combination of the homogeneous equation. By a pseudo-linear combina-
tion we mean an expression that has the same form as a linear combination,
but the constants are allowed to depend on t:

yp = u1(t)y1 + ua(t)y2 (24.1)

where u; (t) and ut) are unknown functions of ¢ that are treated as param-
eters. The name of the method comes from the fact that the parameters
(the functions u; and usy in the linear combination) are allowed to vary.

For the method of variation of parameters to work we must already know
two linearly independent solutions to the homogeneous equations
Suppose that y;(t) and y2(t) are linearly independent solutions of

a(t)y” +b(t)y +c(t)y =0 (24.2)
The idea is to look for a pair of functions u(t) and v(t) that will make

yp = u(t)yr +v(t)y2 (24.3)

a solution of
a(t)y” +b(t)y" + c(t)y = f(1). (24.4)
Differentiating equation (24.3)

yp = u'yr +uy) +v'y2 + vy (24.5)

205
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If we now make the totally arbitrary assumption that

u'yr +0'ys =0 (24.6)
then
Yp = uyy +vys (24.7)
and therefore
yp = w'yy +uyy +0'ys + vy (24.8)
From equation (24.4)
f(t) = a(t)(u'yy +uyy + 'y +vyy)
+ b(t) (uy] + vys) + c(t) (uyy + vys) (24.9)
= a(t) (u'y) +v'ys) +ula(t)yy + b(t)y) + c(t)y]
+ola(t)ys + b(t)ys + c(t)y] (24.10)
= a(t)(u'y; +v'y5) (24.11)

Combining equations (24.6) and (24.11) in matrix form

( zi ZZZ ) ( Z: ) - ( f(t)(;a(t) ) (24.12)

The matrix on the left hand side of equation (24.12) is the Wronskian,
which we know is nonsingular, and hence invertible, because y; and ya
form a fundamental set of solutions to a differential equation. Hence

(V) - (Eﬁ ﬁ)_l(f(t)(/) 0 )0

s}

- Y2  —Y2
= war (% o) oy 219
_ L waf®)/at) )
W(t) \ yif(t)/a(t)
where W (t) = y1y4 — y2y;. Hence
du *ygf(t)
@ AW (24.14)
dv ylf(t)
dt — a(t)W(t) (24.15)
Integrating each of these equations,
u(t) = - / %%8 dt (24.16)
u(t) = / mdt (24.17)
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Substituting into equation (24.3)

yP:_yl/cmdt+y2/mdt (24.18)

which is the basic equation of the method of variation of parameters. It is
usually easier to reproduce the derivation, however, then it is to remember
the solution. This is illustrated in the following examples.

Example 24.1. Find the general solution to 3" — 5y’ + 6y = et

The characteristic polynomial r? — 5r + 6 = (r — 3)(r — 2) = 0, hence a
fundamental set of solutions is y; = e3f, yy = €2!. The Wronskian is

o3t o2t o
W(t) = 363t 2€2t =—¢ (2419)
Since f(t) = €' and a(t) = 1,
2t t 3¢t
gy [ete o [ ete
yp=—e / — dt +e / — 5 dt (24.20)
:e3t/e_2tdt— eZt/e_tdt (24.21)
1 1
=— iet +et = iet (24.22)

(We ignore any constants of integration in this method). Thus the general
solution is

1
y=yp+yn=g5e +Cre¥ +Coc® D (24.23)

Example 24.2. Find a particular solution to y"” — 5y’ +6y = ¢ by repeating
the steps in the derivation of (24.18) rather than plugging in the general
formula.

From the previous example we have homogeneous solutions y; = e and

y2 = 2!, Therefore we look for a solution of the form
y = u(t)e’ +v(t)e* (24.24)
Differentiating,
y' =/ (t)e® 4 3u(t)e® 4+ o' (t)e*! + 2u(t)e (24.25)
Assuming that the sum of the terms with the derivatives of u and v is zero,

u' (1) + ' (t)e* =0 (24.26)
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and consequently
y' = 3u(t)e® + 2vu(t)e (24.27)

Differentiating,
Y = 3u/(t)e3 + Ju(t)ed + 20/ (t)e 4 4v(t)e? (24.28)
Substituting into the differential equation y” — 5y’ + 6y = t,
t =(3u/ (1) + u(t)e® + 20 (t)e?! + dv(t)e®) — 5(3u(t)e® 4 2v(t)e?)

+ 6(u(t)e’ + v(t)e) (24.29)

=3u(t) e + 2u(t)'e* (24.30)
Combining our results gives (24.26) and (24.30) gives

u (1) + ' (t)e* =0 (24.31)

3u(t) €3t + 20/ (t)e* =t (24.32)

Multiplying equation (24.31) by 3 and subtracting equation (24.32) from
the result,
V' (t)e = —t (24.33)

2

We can solve this by multiplying through by e™2* and integrating,

_ ST SR W YR N I g
v(t) = /te dt = < 57 1)¢ = 2+4 e (24.34)

because [ te®dt = [t/a —1/a?] e®.

Multiplying equation (24.31) by 2 and subtracting equation (24.32) from
the result,
o' (t)e3t =t (24.35)

3

which we can solve by multiplying through by e™3! and integrating:

u(t) = /t673tdt = (; - ;) e 3t = — (; + El)) e ¥ (24.36)

Thus from (24.24)

y = u(t)e® +v(t)e* (24.37)
CEs(@ho)e
z—g—%+%+% (24.39)
_ % n % 0 (24.40)
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Example 24.3. Solve the initial value problem

t2y" — 2y =2t
y(1) =0 (24.41)
y'(1)=1

given the observation that y = t? is a homogeneous solution.

First, we find a second homogeneous solution using reduction of order. By
Abel’s formula, since there is no y’ term, the Wronskian is a constant:

W(t)=e /0% = C (24.42)

A direct calculation of the Wronskian gives

2
W(t)z‘ v

42,1
2%y = t"yy — 2tyo (24.43)

Setting the two expressions for the Wronskian equal to one another gives
t2y' — 2ty = C (24.44)

where we have omitted the subscript. This is a first order linear equation
in y;putting it into standard form,

2 C
Ly == 24.45
y-Tu=5 (24.45)
An integrating factor is pu = e/ (-2/0dt — g=2Int — 4=2 hence
dy —4
LY _ oy 24.46
dt 2 ( )

Integrating both sides of the equation over ¢,

C
1 Crsya, (24.47)
Multiplying through by t2,
C
y=Cit? + 72 (24.48)

where Cy = C// — 3. Since y; = 2, we conclude that y, = 1/t. This gives
us the entire homogeneous solution.
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Next, we need to find a particular solution; we can do this using the varia-
tion of parameters formula. Since a(t) = t? and f(t) = 2t, we have

yp =~y (t) / fmdwyg(ﬂ / mdt (24.49)

We previously had W = (; but here we need an exact value. To get
the exact value of C, we calculate the Wronskina from the now-known
homogeneous solutions,

[ I VR >0 I I S V. 2
C_W_‘ g, _‘ o 12 | = 3 (24.50)
Using y; = t2, yo = 1/t, f(t) = 2t, and a(t) = t2,
2t 1 [ 2.2t
=2 | — _adt+> | ——at 24.51
ur /t-t2-—3 +zt/t?-—s (24.51)
212 2
= [ 720t — = [ tdt 24.52
g [ | (2452
22 -1 2 2
=— —— == 24.53
3 ¢t 3 2 ( )
2%t
=——-—-5=-1 24.54
373 ( )
Hence yp = —t and therefore
1
y=yu+yp=Cit +Cot — 5 (24.55)

From the first initial condition we have 0 = C; +Cy — 1 or
Ci+Cy=1. (24.56)

To use the second condition we need the derivative,

Cy
y = 2C1t — 7 1 (24.57)
hence the second condition gives 1 = 2Cy — Cy — 1 or
201 — Cy = 2. (24.58)

Solving for C; and Cy gives C; = 1, hence Cy = 0, so that the complete
solution of the initial value problem is

1
t

y=1t*— O (24.59)



Lesson 25

Harmonic Oscillations

If a spring is extended from its resting length by an amount y then a restor-
ing force, opposite in direction from but proportional to the displacement
will attempt to pull the spring back; the subsequent motion of an object of
mass m attached to the end of the spring is described by Newton’s laws of
motion:

my" = —ky (25.1)
where k is a positive constant that is determined by the mechanical prop-
erties of the spring. The right-hand side of quation (25.1) — that the force
is proportional to the displacement — is known as Hooke’s Law.

Simple Harmonic Motion

Rearranging equation (25.1),

Y +wly=0 (25.2)

where w = y/k/m is called the oscillation frequency. Equation (25.2)
is called the simple harmonic oscillator equation because there are no
additional drag or forcing functions. The oscillator, once started, continues
to oscillate forever in this model. There are no physical realizations of
(25.2) in nature because there is always some amount of drag. To keep a
spring moving we need to add a motor. Before we see how to describe drag
and forcing functions we will study the simple oscillator.

211
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The characteristic equation is 72 + w? = 0, and since the roots are purely
imaginary (r = +iw) the motion is oscillatory,

y = Cy coswt + Cy sinwt (25.3)

It is sometimes easier to work with a single trig function then with two. To
do this we start by defining the parameter

A2 =C}+C3 (25.4)

where we chose the positive square root for A, and define the angle ¢ such
that

— Cl
cos ¢ = " (25.5)
. O
sin ¢ = 1 (25.6)

We know such an angle exists because 0 < |C1] < A and 0 < |Cy| < A and
by (25.4) ¢ satisfies the identity cos? +sin? ¢ = 1 as required. Thus

y = Acos ¢ coswt — Asin ¢sinwt (25.7)
= Acos(¢ + wt) (25.8)

Then ¢ = tan~!(Cy/Cy) is known as the phase of the oscillations and A
is called the amplitude. As we see, the oscillation is described by a single
sine wave of magnitude (height) A and phase shift ¢. With a suitable re-
definition of C; and Cs, we could have made the cos into sin rather than a
cosine, e.g., C1/A = sin ¢ and Cy/phi = cos ¢.

Damped Harmonic Model

In fact, equation (25.2) is not such a good model because it predicts the
system will oscillate indefinitely, and not slowly damp out to zero. A good
approximation to the damping is a force that acts linearly against the mo-
tion: the faster the mass moves, the stronger the damping force. Its direc-
tion is negative, since it acts against the velocity 3y’ of the mass. Thus we
modify equation (25.2) to the following

my” = —-Cy' — ky (25.9)

where C' > 0 is a damping constant that takes into account a force that
is proportional to the velocity but acts in the opposite direction to the
velocity.
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It is standard to define a new constant b = C/m and a frequency w = \/k/m
as before so that we can rearrange our equation into standard form as

y” + by/ + w2y =0 (2510)

Equation (25.10) is the standard equation of damped harmonic motion.
As before, it is a linear second order equation with constant coefficients, so
we can solve it exactly by finding the roots of the characteristic equation

r? 4+ br+w?=0 (25.11)
The roots of the characteristic equation are given by the quadratic equation

as
—b+ Vb? — 4w?
T:‘

5 (25.12)

The resulting system is said to be
e underdamped when b < 2w;
e critically damped when b = 2w; and

e overdamped when b > 2w.

In the underdamped system (b < 2w) the roots are a complex conjugate
pair with negative real part, r = p &+ iz where

w="5/2>0, w=wy1-(b/2w)? (25.13)
and hence the resulting oscillations are described by decaying oscillations
y = Ae M sin(wt + ¢) (25.14)

The critically damped system has a single positive real repeated root r =
w=>/2, so that

y = (Cy + Cat)e M (25.15)

The critically damped systems decays directly to zero without crossing the
y-axis.

The overdamped system has two negative real roots —p =+ |w| (where |w| <
1) and hence

—— (Clelw“ n Oge*|W‘t) (25.16)

The system damps to zero without oscillations, but may cross the y-axis
once. The first term in parenthesis in (25.16) does not give an exponential
increase because |w| < p.
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Figure 25.1: Harmonic oscillations with w = 1 and initial conditions y(0) =
1, ¥’(0) = 0. (a) simple harmonic motion; (b) under-damped system with
b = 0.25; (c) critically damped system with b = 2.0; (d) under-damped

system with b = 0.025.
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-
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Forced Oscillations

Finally, it is possible to imaging adding a motor to the spring that produces
a force f(t). The resulting is system, including damping, called the forced
harmonic oscillator:

my" = —-Cy" — ky + f(t) (25.17)

If we define a force per unit mass F(t) = f(¢)/m and w and the parameter
b as before, this becomes, in standard form,

Y+ by +wiy = F(t) (25.18)
This is the general second-order linear equation with constant coefficients
that are positive. Thus any second order linear differential equation with

positive constant coefficients describes a harmonic oscillator of some sort.
The particular solution is

yp = e”t/e(”*”)“/e*”SF(s)ds (25.19)
t u

where 1 and ro are the roots of the characteristic equation. For example,
suppose the system driven by a force function

F(t) = Fosinat (25.20)
Then
yp =Fpe™* /e(”_""')“/ e "sinas dsdu (25.21)
t u
_ Fo rot —rau .
pPeE: e /te (o cos au + 71 sin ou)du (25.22)
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As with the unforced case, we can define the amplitude and phase angle by

Asinf = —a(r; + 1) (25.23)
Acost = a? — rire (25.24)
Then Fodsin(at + )
oA sin(at +
= 25.25
r (a®+7r2)(a? +1d) ( )
where
A% = [—a(ry +7r2)]* + [0 — riro)? (25.26)
=a?b? + (a? — w?)? (25.27)
because r; + ro = —b and rirs = w?. Furthermore,
(@ +r)(@® +73) = a*+(rF +r3)a’ + (rir2)? (25.28)
and therefore R
ein(at + 6) (25.29)

yp = \/a2b2 + (a% —w?)?

Forcing the oscillator pumps energy into the system; it has a maximum
at @ = w, which is unbounded (infinite) in the absence of damping. This
phenomenon — that the magnitude of the oscillations is maximized when
the system is driven at its natural frequency — is known as resonance. If
there is any damping at all the homogeneous solutions decay to zero and
all that remains is the particular solution — so the resulting system will
eventually be strongly dominated by (25.29), oscillating in synch with the
driver. If there is no damping (b = 0) then

Fysin(at + 6)
% —

y = Csin(wt + ¢) + (25.30)

where C' is the natural magnitude of the system, determined by its initial
conditions.
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Figure 25.2: The amplitude of oscillations as a function of the frequency
of the forcing function, «, as given by (25.29), is shown for various values
of the damping coefficient b = 1, 0.3, 0.1, 0.03, 0.01 (bottom to top) with
w = 1.The oscillations resonate as & — w.
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Lesson 26

General Existence
Theory*™

In this section we will show that convergence of Picard Iteration is the
equivalent of finding the fixed point of an operator in a general linear vector
space. This allows us to expand the scope of the existence theorem to initial
value problems involving differential equations of any order as well systems
of differential equations. This section is somewhat more theoretical and
may be skipped without any loss of continuity in the notes.

Before we look at fixed points of operators we will first review the concept
of fixed points of functions.

Definition 26.1. Fixed Point of a Function. Let f : R+— R. A number
a € R is called a fixed point of f if f(a) = a.

Example 26.1. Find the fixed points of the function f(z) = x* + 222 +

x — 3.
r=x"4222+2-3
0=2a'+22"-3
= (z — 1)(z+ 1)(2* + 3)
Hence the real fixed points are x = 1 and x = —1. O

A function f : R — R has a fixed point if and only if its graph intersects
with the line y = x. If there are multiple intersections, then there are
multiple fixed points. Consequently a sufficient condition is that the range
of f is contained in its domain (see figure 26.1).
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Figure 26.1: A sufficient condition for a bounded continuous function to
have a fixed point is that the range be a subset of the domain. A fixed
point occurs whenever the curve of f(t) intersects the line y = t.

b___[_ _________ - -
S A

| |

|

| |

|

| |
__v__ /L ____ A

| |

| |
a-l- ¥ ______ A

| |

| |

| |

a b

Theorem 26.2 (Sufficient condition for fixed point). Suppose that
f(¢t) is a continuous function that maps its domain into a subset of itself,
ie.,

f(@t) :]a,b] = S C [a,b] (26.1)
Then f(¢) has a fixed point in [a, b].
Proof. It f(a) = a or f(b) = b then there is a fixed point at either a or b.
So assume that both f(a) # a and f(b) # b. By assumption, f(¢) : [a,b] —

S C [a,b], so that
fla) >a and f(b) <b (26.2)

Since both f(a) # a and f(b) # b, this means that
fla) >a and f(b)<b (26.3)

Let g(t) = f(t) —t. Then g is continuous because f is continuous, and
furthermore,

g(a) = f(a) —a>0 (26.4)
gb)=f(b)—b<0 (26.5)
Hence by the intermediate value theorem, g has a root r € (a,b), where

g(r) =0. Then
0=g(r) = f(r) =1 = fl)=r (26.6)

i.e., r is a fixed point of f. O



219

In the case just proven, there may be multiple fixed points. If the derivative
is sufficiently bounded then there will be a unique fixed point.

Theorem 26.3 (Condition for a unique fixed point). Let f be a
continuous function on [a, b] such that f : [a,b] — S C (a,b), and suppose
further that there exists some postive constant K < 1 such that

() < K, Vtela,b] (26.7)

Then f has a unique fixed point in [a, b].

Proof. By theorem 26.2 a fixed point exists. Call it p,

p=f(p) (26.8)
Suppose that a second fixed point ¢ € [a,b], ¢ # p also exists, so that
¢= 1) (26.9)
Hence
|f(p) — f(@)] = p—d (26.10)

By the mean value theorem there is some number ¢ between p and ¢ such
that

/ _ f(p) = f(q)
f'le) = e (26.11)
Taking absolute values,
‘ﬂm_ﬂww:W@N<K<l (26.12)
p—q
and thence
1f(p) = f(@| <lp—dl (26.13)

This contradicts equation 26.10. Hence our assumption that a second,
different fixed point exists must be incorrect. Hence the fixed point is
unique. O

Theorem 26.4 (Fixed Point Iteration Theorem). Let f be as defined
in theorem 26.3, and pg € (a,b). Then the sequence of numbers

p1 = f(po)
p2 = f(p1)

: (26.14)
Pn = f(pnfl)

converges to the unique fixed point of f in (a,b).
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Proof. We know from theorem 26.3 that a unique fixed point p exists. We
need to show that p;, — p as i — oo.

Since f maps onto a subset of itself, every point p; € [a, b].

Further, since p itself is a fixed point, p = f(p) and for each i, since p; =
f(pi—1), we have

\pi —p| = |pz' - f(p>| = |f(pi71) - f(p)\ (26~15)

If for any value of 7 we have p; = p then we have reached the fixed point
and the theorem is proved.

So we assume that p; # p for all i.

Then by the mean value theorem, for each value of ¢ there exists a number
¢; between p;_1 and p such that

|f(pi1) = f(P)| = [f'(c))llpi-1 — p| < K|pi—1 —p (26.16)
where the last inequality follows because f’ is bounded by K < 1 (see
equation 26.7).

Substituting equation 26.15 into equation 26.16,

lpi —pl = f(pi-1) — f(P)| < K|pi—1 — p| (26.17)

Restating the same result with 4 replaced by i — 1,7 —2,.. .,

lpi—1 —p| = |f(pi=2) — f()| < K|pi—2 — p|
lpi—2 — p| = |f(pi-3) — ch(p)} < K|pi—3 — D
~ 1)l <

lpi—s —pl = |f(Pi—a) () Klpi—4 — p|
. (26.18)

P2 — | = |F(1) — F(0)] < Klpr — |
Ip1 —p| = |f(po) — f(p)| < K|po — p

Putting all these together,
Ipi —pl < K?|pi—s —p| < K®|pi—y —p| < -+ < K'[po — p| (26.19)
Since 0 < K < 1,
0 < lim |p; — p| < |po —p| lim K' =0 (26.20)
i—00 i—oo

Thus p; — p as i — oo. O
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Theorem 26.5. Under the same conditions as theorem 26.4 except that
the condition of equation 26.7 is replaced with the following condition:
f(t) is Lipshitz with Lipshitz constant K < 1. Then fixed point iteration
converges.

Proof. Lipshitz gives equation 26.16. The rest of the the proof follows as
before. O

The Lipshitz condition can be generalized to apply to functions on a vector
space.

Definition 26.6. Lipshitz Condition on a Vector Space. Let V be a
vector space and let ¢ € R. Then f(¢,y) is Lipshitz if there exists a real
constant K such that

|f(t7y) - f(t’ Z)| < K|y’ Z| (2621)

for all vectors y,z € V.

Definition 26.7. Let V be a normed vector space, S C V. A contraction
is any mapping 1" : S — V such that

[Ty —T=|| < Klly — 2| (26.22)

where 0 < K < 1, holds for all y,z € S. We will call the number K
the contraction constant. Observe that a contraction is analogous to a
Lipshitz condition on operators with K < 1.

We will need the following two results from analysis:

1. A Cauchy Sequence is a sequence yg,¥1,... of vectors in V such
that ||vy, — vn|| — 0 as n,m — oco.

2. Complete Vector Field. If every Cauchy Sequence converges to an
element of V, then we call ¥V complete.

The following lemma plays the same role for contractions that Lemma (12.6)
did for functions.

Lemma 26.8. Let T be a contraction on a complete normed vector space
V with contraction constant K. Then for any y € V

Kn
1Ty =yl (26.23)

Ty —y|| <
1Ty —yl < 7—5
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Proof. Use induction. For n = 1, the formula gives

1-K
Ty -yl <

Ty —y| = ||Ty — 26.24
< T wTy—vll =Ty -yl (26.24)

which is true.

For n > 1 suppose that equation 26.23 holds. Then

1Ty =yl = Ty = Ty + Ty — y| (26.25)
< || Ty — T™y|| + || Ty — y|| (triangle ineqality) (26.26)

n

K2y — )l (by (26.23)) (26.27)

mn mn 1
< | Tty — Tyl +

1-K
1-K"
=||T"Ty — T"y| + Ty -yl (26.28)
1-K
1— K"
< K"||Ty -yl + T &K ITy — y|| (because T is a contraction)
(26.29)
(1-K)K"+(1-K")
= Ty — 26.30
K 1Ty = yll (26.30)
1— Kl
= WHTZ/ ol (26.31)
which proves the conjecture for n + 1. O

Definition 26.9. Let V be a vector space let T be an operator on V. Then
we say y is a fixed point of T if Ty = y.

Note that in the vector space of functions, since the vectors are functions,
the fixed point is a function.

Theorem 26.10. Contraction Mapping Theorem' Let T be a con-
traction on a normed vector space V. Then T has a unique fixed point
u € V such that Tu = u. Furthermore, any sequence of vectors vy, va, ...
defined by vy = Twvg_1 converges to the unique fixed point Tu = u. We
denote this by vy — u.

Proof. % Let € > 0 be given and let v € V.

1The contraction mapping theorem is sometimes called the Banach Fixed Point The-
orem.

2The proof follows “Proof of Banach Fixed Point Theorem,” Encyclopedia of Math-
ematics (Volume 2, 54A20:2034), PlanetMath.org.
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Since K"/(1 — K) — 0 as n — oo (because T is a contraction, K < 1),

given any v € V, it is possible to choose an integer N such that
K™||Tv — v||
1-K
for all n > N. Pick any such integer N.

Choose any two integers m > n > N, and define the sequence

Vg =0
vy =Tv
vngvl

Uy =Ty 1

Then since T is a contraction,

[vm — vnl| = [[T™v = T"0||
= ||T"T™ " — T™||
< K"|TT ™ — ||

From Lemma 26.8 we have

nl - K"
[vm = vn < K WHTU — |

K" — K™
= WHTU—UH
K?’L

1-K

|Tv—v| <e

(26.32)

(26.33)

(26.34)
(26.35)
(26.36)

(26.37)
(26.38)

(26.39)

Therefore v,, is a Cauchy sequence, and every Cauchy sequence on a com-
b
plete normed vector space converges. Hence v,, — u for some u € V.

Either v is a fixed point of T or it is not a fixed point of T

Suppose that v is not a fixed point of T. Then T'u # u and hence there

exists some ¢ > 0 such that

|Tu —ul| >0

(26.40)

On the other hand, because v,, — u, there exists an integer IV such that

for all n > N,
lvn —u|| < §/2

(26.41)
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Hence

1T =l < T = 1|+ omsr — ul (26.42)
= [[Tw = Tvall + [lu = vnga ] (26.43)

< Kllu— vp || + [Ju — vpta]| (because T is a contraction)
(26.44)

<= wvnll + [Ju — vpya || (because K < 1)
(26.45)
= 2|u — v (26.46)
<90 (26.47)

This is a contradiction. Hence v must be a fixed point of T
To prove uniqueness, suppose that there is another fixed point w # u.
Then ||w — ul| > 0 (otherwise they are equal). But

lu—wll = |Tu - Tw| < Kllu—1w| < lu—w] (26.48)
which is impossible and hence and contradiction.

Thus u is the unique fixed point of T O

Theorem 26.11. Fundamental Existence Theorem. Let D € R? be
convex and suppose that f is continuously differentiable on D. Then the
initial value problem

y = f(t.y), ylto)=wo (26.49)
has a unique solution ¢(t) in the sense that ¢'(t) = f(¢, ¢(v)), ¢(to) = yo.

Proof. We begin by observing that ¢ is a solution of equation 26.49 if and
only if it is a solution of

o(t) = yo + t [z, ¢(x))dx (26.50)

Our goal will be to prove 26.50.

Let V be the set of all continuous integrable functions on an interval (a, b)
that contains tg. Then V is a complete normed vector space with the sup-
norm as norm, as we have already seen. mn

Define the linear operator 7" on V by

T(6) = yo + / F(5,6(s))ds (26.51)
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for any ¢ € V.
Let g, h be functions in V.

|Tg —Th| = sup |T'g— Thl| (26.52)
a<t<b
t t
= sup |yo+ [ f(z,9(x))dr—yo— [ f(z,h(z))dx
a<t<b to to
(26.53)
t
— sup / F(@,g(@)) — f(a,h(@)) d (26.54)
a<t<b | Sty

Since f is continuously differentiable it is differentiable and its derivative
is continuous. Thus the derivative is bounded (otherwise it could not be
continuous on all of (a,b)). Therefore by theorem 12.3, it is Lipshitz in its
second argument. Consequently there is some K € R such that

t

ITg~Thll < L swp [ lgfo) —hie)] de (26.55)
< K(t=to) sup [g(x) = h(z)| (26.56)
<K(b-a) sup |g(a)) - h(@) (26.57)
< K(b—a)llg— hl (26.58)

Since K is fixed, so long as the interval (a, b) is larger than 1/K we have

1Tg = Thllse < K'llg — hlloc (26.59)

where
K =Kb-a)<1 (26.60)

Thus T is a contraction. By the contraction mapping theorem it has a fixed
point; call this point ¢. Equation 26.50 follows immediately. O

This theorem means that higher order initial value problems also have
unique solutions. Why is this? Because any higher order differential equa-
tion can be converted to a system of equations, as in the following example.

Example 26.2. Convert initial value problem
Y 4 4ty + 1y = sin(t)
y(0) =1 (26.61)
y'(0) =1
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to a system.

We create a system by defining the variables

rr =Y

, (26.62)
T2 =Y
Then the differential equation becomes
xhy + 4t3xy + 23 = sint (26.63)
which we can rewrite as
Ty =sint — a3 — 432y (26.64)
We then define functions f, and g,
T1,T9) =sint — 25 — 43z
f@1,z2) ! 2 (26.65)
9(171, 12) = T2
so that our system can be written as
2 = flxg,x
! far,2) (26.66)
zy = g(21,72)
with initial condition
z1(0) =
1(0) (26.67)
It is common to define a vector x = (1, z2) and a vector function
F(X) = (f(xl,xQ),g(l'l,xQ)) (2668)
Then we have a vector initial value problem
x'(t) = F(x) = (sint — 2% — 4t3z0,
() = F(x) = (sint - 2}~ 4t%25,22) 2669
x(0) = (1,1)

Since the set of all differentiable functions on R? is a vector space, our
theorem on vector spaces applies. Even though we proved theorem (26.50)
for first order equations every step in the proof still works when y and f
become vectors. On any closed rectangle surrounding the initial condition
F and OF/0x; is bounded, continuous, and differentiable. So there is a
unique solution to this initial value problem. O



Lesson 27

Higher Order Linear
Equations

Constant Coefficients and the Linear Operator

Generalizing the previous sections we can write the general nth-order linear
equation with constant coefficients as

any™ + a1y Y+ ary + agy = £(t) (27.1)

The corresponding characteristic polynomial is

P,(r)=a,r" + a1V +ag (27.2)
=ap(r—r)(r—ro) - (r—rp) (27.3)
=0 (27.4)

and the corresponding n-th order linear operator is

L,=a,D"+a,_ D" '+ +ag (27.5)
=an(D—r1)(D—12) (D —ry) (27.6)

where ag,...,a, € R are constants and rq,ro,...,7, € C are the roots of
P,(r) = 0 (some or all of which may be repeated). The corresponding

227
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initial value problem is

L,y = f(t)
y(to) = vo
y,(tO) =U (27.7)

¥ (to) = yn
where vy, ..., yn € R are constants.

While the roots of P, (r) = 0 may be complex we will restrict the coefficients
and initial conditions to be real. The linear operator has the following
properties:

Lu(y) = Pu(D)y (27.8)
Ln(e™) =e"P,(r) (27.9)
L,(e"y) =e"P,(D + 1)y (27.10)

Equations (27.8) and (27.9) are straightforward; (27.10) can be proven by
induction.

Proof of (27.10) by induction (inductive step only).* Assume L, (e"ty) =
e" P,(D + a). Then

Lot (€M) = ansr (D —m) - (D —rsr)e’y  (27.11)
=(D—-r1)z (27.12)

where
z2=ap:1(D—712)(D—713) - (D —141)(e™y) (27.13)

Since (27.12) is an nth order equation, the inductive hypothesis holds for
it, namely, that

z=e"a, 1 (D+r—mr)(D+r—713)-(D+r—rpi1)y=ce"u (27.14)

where
u=apnt1(D+r—ro) - (D+7r—rpt1)y (27.15)
Substituting,
Loii(e™y) = (D—r1)z=(D—r1)e"tu
= re"tu+eu’ —reu (27.16)

= e (D+r—r)u

Substituting back for « from (27.15) and applying the definition of P, 11 (x)



229

Loyi(emty) = etan(D+r—r)(D+r—ry)--(D+r—rni1)y
= Py (D 1)y
(27.17)
which proves the assertion for n + 1, completing the inductive proof. [

The general solution to (27.1) is
Y=Ya +Yp (27.18)

where
ya = Crygy + Coyuo + -+ Croymn (27.19)

and the yg ; are linearly independent solutions of the homogeneous equation
L,y = 0. If L is n-th order then there will be n linearly independent
solutions; taken together, any set of n linearly independent solutions are
called a fundamental set of solutions. Note that the set is not unique,
because if y is a solution the differential equation then so is cy for any
constant c.

Superposition and Subtraction

As before with second order equations, we have a principle of superposition
and a subtraction principle.

Theorem 27.1. (Principle of Superposition.) If u(t) and v(t) are any two
solutions of L,y = 0 then any linear combination w(t) = ciu(t) + cav(t) is
also a solution of L,y = 0.

Theorem 27.2. (Subtraction Principle)If u(¢) and v(t) are any solutions
to Lpy = f(t) then w(t) = u(t) — v(t) is a solution to the homogeneous
equation L,y = 0.
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The Homogeneous Equation

The solutions we found for second order equations generalize to higher or-
der equations. In fact, the solutions to the homogeneous equation are the
functions e, te™,..., t*"1e™ where each r is a root of P,(r) with multi-
plicity k, and these are the only solutions to the homogeneous equation, as
we prove in the following two theorems.

Theorem 27.3. Let r be a root of P,(r) with multiplicity k. Then
et tem, ... t*~le are solutions to the homogeneous equation L,y = 0.

Proof. Since r is a root of P,(r), then P,(r) = 0. Hence
Lye™ =e"P,(r) =0 (27.20)
Suppose that r has multiplicity k. Renumber the roots rq,79,...,7, as
1,79, cers Tk, 7y ...y 7. Then
——
k times
Po(z) = an(x — ) (@ —12) - (2 — rp_p)(x —1)F (27.21)

Let s € {0,1,2,...,k—1} so that s < k is an integer. Then by the polynomial
shift property (27.10) and equation (27.21)

rt1s _ rt s
Lo(e"t®) = e"P,(D+r)t (27.22)

because D¥(t%) = 0 for any integer s < k. O

Theorem 27.4. Suppose that the roots of P,(r) = a,m™ + an_17" " +
-+ + ag are rq,...,7, with multiplicities mq, ma, ..., m (where m; + mo +
-+« +my =n). Then the general solution of L,y =0 is

k mi—l
yg =Y €ty Cyt? (27.23)
i=1 =0
Before we prove theorem 27.3 will consider several examples

Example 27.1. Find the general solution of 3"' — 3y"” + 3y’ —y = 0 The
characteristic equation is

=32 +3r—1=(r—-1)>=0 (27.24)

which has a single root » = 1 with multiplicity 3. The general solution is
therefore
y = (Cy + Cot + C3t3)e! O (27.25)
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Example 27.2. Find the general solution of y* —2y” +y =0
The characteristic equation is
0=r*—2r 4r=0?=1)72=(r—1)>%*@r+1)? (27.26)
The roots are 1 and -1, each with multiplicity 2. Thus the solution is
y=e€'(C1+ Caot)+e " (Cs+Cyt) O (27.27)
Example 27.3. Find the general solution of y®* —y =0
The characteristic equation is
0=r'—1=@* -1 +1)=r-D)r+1)(r—ir+i) (27.28)

There are four distinct roots r = 41, +i. The real roots give solutions e*?;
the complex roots r = 0 &= ¢ give terms sint and cost. Hence the general
solution is

y=Cre' + Coe ' + C3cost + Cysint O (27.29)
Example 27.4. Find the general solution of y®* + ¢y =0
The characteristic equation is 74 +1 = 0.

Therefore r = (—1)/%. By Euler’s equation,
— 1 = €' = ¢ilm+2km) (27.30)

hence the four fourth-roots are

(—1)Y* = exp {Z(ﬂ tfkﬂ} (27.31)
T kmw . T kmw
= COS (4+2>+ZSIH (4+2), k—071,2,3 (2732)
Therefore
V22 V2 1
i =t—+i1—=—(F1+1) = —(£1 %1 27.
T 5 Ei 5 ( i) \/5( i) (27.33)

and the general solution of the differential equation is

— ot/V2 C cosL+C si t]
e [ vzl A

+ e~t/V?2 |:03 cos % + Cy sin \;5} O (27.34)
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To prove theorem 27.3' we will need a generalization of the fundamental
identity. We first define a the following norm of a function:

1) Z £ \ (27.35)
SO PO+ i) e
That |- - - || defines a norm follows from the fact that for any two functions

f(t) and g(t), and for and constant ¢, the following four properties are true
for all ¢:
Properties of a Norm of a Function:

L f@ =0
2. F @Ol = ft)=0
3 AF@® + 9@ < IFOI+ llg@

>

AefOI < lellf @l

For comparison to the norm of a vector space, see definition 15.2 which is
equivalent to this for the vector space of functions.

Lemma 27.5. (Fundamental Identity for nth order equations) Let ¢(t) be
a solution of
Lny =0, y(to) = yo, -,y (to) = yn (27.37)

then
lp(to)|| e KN=toll < p(t)|| < [|o(to)]| e™IF~ "ol (27.38)

for all t.
Lemma 27.6. 2|a| |b| < |a® + [b]?

Proof. (la| +1b])* = |a|” + [b]* — 2]a| o] > 0. O

Proof. (of Lemma 27.5.) We can assume that a,, # 0; otherwise this would
not be an nth-order equation. Further, we will assume that a,, = 1; other-
wise, redefine L,, by division through by a,.

Let
u(t) = [|o(t) Z)¢< \ Zw (¢ (27.39)

1This material is somewhat more abstract and the reader may wish to skip ahead to
the examples following the proofs.
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Differentiating,

_ i TS ‘(b(i)(t)F _ ﬂ TS ¢(i)(t)¢(i)*(t) (27.40)
Cdt P Tdt P .

Taking the absolute value and applying the triangle inequality twice

n—1
HOIEDY ’sb(”l)(t)qb(“*(t) + (b(i)(t)qb(”l)*(t)‘ (27.41)
=0
Since |a| = |a*|
n—1
HOIES BRI ERRIOI PRIO] (27.42)
1=0

Isolating the highest order term
' (8) < { > 2ot )| |60 \} +2)6 )| [o V0| (27.43)
Since L,¢(t) =0 and a, =1,

’¢(n) ‘_‘ Z D (1)

Combining the last two results,

i ‘ (t)‘ = ni || ‘¢(i)(t)‘ (27.44)
i=0 i=0

/()] < {Z? (O] ]qs@(t)\} +2 Z ail 6D )| |6V )|
- - (27.45)
By lemma 2,
9 ‘¢(i+1)’ ‘qs(i) < ‘¢(¢+1) 2 (27.46)
Hence
n—2 ) 2 ] 2
' (t)] < {Z (‘¢(Z+1)(t)’ n ‘(ﬁ(%)(t)} )}
=0
2[00 ()| 5l (1) (27.47)
1=0

By a change of index in the first term (let j =4+ 1)

n—2 2 n—1 2
3 ‘¢<i+1> ’ -y ‘d)(j) (t)’ (27.48)
i=0 j=1



234 LESSON 27. HIGHER ORDER EQUATIONS

so that

ol < S 69| S 60| +2|60) S |69
i=1 =0 =0

Since
n—1 n—1
D lel <D el
i=1 i=0

and
n—2 n—1

IES I
=0 1=0

for any set of numbers ¢;, this becomes

n—1 2 n—1 2
OIS RIS S RIO]
i=0 1=0

2o (t)| ol 6]
=0

From equation (27.39),

/()] < 2u(t) + 2| (1) S [0 (0)
=0

From lemma 1,

det M #0
Therefore,
[/ ()] < 2u(t +Z|a1|2u
n—1
= 2u(t 1+Z|al]—2Ku()
=0
Hence

!
—2K§u(t)<2K

Let u(to) = up and integrate from ¢ to ¢

fQK/ ds</ Sds<2K/ ds
S

(27.49)

(27.50)

(27.51)

(27.52)

(27.53)

(27.54)

(27.55)

(27.56)

(27.57)

(27.58)
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Integrating,

— 2K |t — to| < Inlu(t)/u(to)] < 2K |t — to] (27.59)
Exponentiating,

[uo(t)| K100 < Ju(t)] < Jug(t)] 1! (27.60)

By equation (27.39) this last statement is equivalent to the desired result,
which is the fundamental inequality. O

Proof. (Theorem 27.3) By the previous theorem, each term in the sum is a
solution of L,y = 0, and hence by the superposition principle, (27.23) is a
solution.

To prove that it is the general solution we must show that every solution
of L,y = 0 has the form (27.23).

Suppose that u(t) is a solution that does not have the form given by (27.23),
i.e., it is not a linear combination of the y;; = e™'tJ.

Renumber the y;; to have a single index yq, ..., yn, and let ug = u(to),u; =
' (t), ooy 1 = u™ 1V (t,). Then u(t) is a solution of some initial value
problem
Lny =0, y(to) = uo,y (to) = 1, ...y (to) = un 1 (27.61)
and by uniqueness it must be the only solution of (27.61). Let
v=ciy1 + Yo + -+ cuiyn (27.62)
Differentiating n times,
v =y +eayh + o+ ey, (27.63)
We ask whether there is a solution ¢y, cs, ..., ¢, to the system
v(to) = c1y1(to) + caya(to) + - - - + cayn(to) = uo (27.64)

If the matrix

M- : . : (27.65)
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is invertible, then a solution of (27.64) is
c= M1y (27.66)

where ¢ = (¢; ¢ -+ cp)T and ug = (ug uy - up_1)T. But M is
invertible if and only if det M # 0. We will prove this by contradiction.

Suppose that det M = 0. Then Mc¢ = 0 for some non-zero vector c, i.e,

y1(to) y2(to) Yn(to) 1
y1(to) y3(to) Yn(to) Ca
. . =0 (27.67)
p' ) w0 ) ) \ e
and line by line,
v (t) = > ey (te) =0, j=0,1,..,n—1 (27.68)
i=1
Using the norm defined by (27.35),
n—1 . 2
lo(to)ll” = 3 |09 (ko) =0 (27.69)
i=0
By the fundamental inequality, since v(t) is a solution,
[v(to)|| e K11l < Jlu(t)]| < [Jv(to)]| ™1~ *! (27.70)

Hence ||v(t)|| = 0, which means v(¢) = 0 for all . Since all of the y;(t) are
linearly independent, this means that all of the ¢; = 0, i.e., ¢ = 0. But this
contradicts (27.67), so it must be true that det M # 0.

Since det M # 0, the solution given by (27.66) exists. Thus v(¢), which ex-
ists as a linear combination of the y; is a solution of the same initial value
problem as u(t). Thus v(¢) and u(t) must be identical by uniqueness, and
our assumptions that u(t) was not a linear combination of the y; is contra-
dicted. This must mean that no such solution exists, and every solution of
L,y = 0 must be a linear combination of the y;. O

The Particular Solution

The particular solution can be found by the method of undetermined coef-
ficients or annihilators, or by a generalization of the expression that gives
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a closed form expression for a particular solution to L,y = f(¢). Such an
expression can be found by factoring the differential equation as

Loy =an(D —1r1)(D—1r3)---(D—1y)y (27.71)
=an(D —r1)z = f(t) (27.72)

where z = (D —rg) -+ (D —ry,)y. Then
2 —riz=(1/an)f(t) (27.73)
An integrating factor is p = e~"1%, so that
(D—=ry)---(D—rp)y=2 (27.74)

1
= aeﬁt /te_”slf(sl)dsl = fl(t) (2775)

where the last expression on the right hand side of (27.74) is taken as the
definition of fi(t). We have ignored the constants of integration because
they will give us the homogeneous solutions.

Defining a new z = (D —r3) -+ - (D — 1)y gives
2 —roz = fi(t) (27.76)

An integrating factor for (27.76) is p = e~ "2t so that

(D —rg)eee (D 1)y = = = 7t /te_”s?fl(sQ)dsQ — R (2077)

where the expression on the right hand side of (27.77) is taken as the
definition of fa(t). Substituting for fi(s2) from (27.74) into (27.77) gives

1
(D—7r3)-(D—r,)y=e" /6_7"252—6”52 / e "% f(s1)ds1dss
t Qp S2
(27.78)
Repeating this procedure n times until we have exhausted all of the roots,

ernt
up = /e(rn_l—m)sn/ RO PR
an Jit s

n (27.79)
. / e(rl—r2)32 / e—mslf(sl)dsl - dsy,
83 S2
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Example 27.5. Find the general solution to 3"’ + 3" — 6y’ = €’.

The characteristic equation is
0=7r3+7r>—6r=r(r—2)(r+3) (27.80)

which has roots r; = 0, ro = 2, and r3 = —3. The general solution to the
homogeneous equation is

yg = C1 + 0262t + 036_3t (27.81)

From (27.79), a particular solution is

yp =€’ /e r2Ts) 3/ e(”*”)”/ e~ "% f(s1)ds1dsadss  (27.82)
s2

= /6553/ 67282/ e’'dsidsodss (27~83)
52

= /6553/ 6_232 S2d$2d$3 (2784)

= / 5§3/ “52(s5dss (27.85)

= —¢~ / 5‘33@ 33d53 (2786)
t

= —e_3t/e4s3d83 (2787)
t

_ le 31 At (27.88)

_ iet (27.89)

Hence the general solution is
1
y=yp+yn=—7¢" +C+Coc® + Cye™™ (27.90)

In general it is easier to use undetermined coefficients to determine yp
if a good guess for its form is known, rather than keeping track of the
integrals in (27.79). Failing that the bookkeeping still tends to be easier if
we reproduce the derivation of (27.79) by factoring the equation one root
at a time than it is to use (27.79) directly. In general the best "guess” for
the form of a particular solution is the same for higher order equations as
it is for second order equations. For example, in the previous example we

would have looked for a solution of the form yp = cet.
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Example 27.6. Find the general solution of y*) — 5y + 4y =t

The characteristic equation is 0 = 7% — 572 +4 = (r2 — 1)(r? — 4) so the
roots are 1, -1, 2, and -2, and the homogeneous solution is

Yy = C1et + Cge_t + C3€2t + 046_2t (27.91)

Using the factorization method: we write the differential equation as

(D-1)(D+1)(D-2)(D+2)y=(D—-1)z=t (27.92)

where z = (D +1)(D — 2)(D +2)y. Then 2’ — z = t. An integrating factor
is e7t, so that

z=¢l /te_tdt = [-(t+ e ] =—t—1 (27.93)

where we have ignored the constant of integration because we know that
they will lead to the homogeneous solutions. Therefore

2=(D+1)(D-2)(D+2)y=(D+1Nw=—t—1 (27.94)

where w = (D — 2)(D + 2)y. Equation (27.94) is equivalent to w’ 4+ w =
—t — 1, so that

W —et [/ et + 1)@5} (27.95)
= ¢t [/ teldt + /etdt} (27.96)
=—e"[(t—1)e" +¢€'] (27.97)
= —t (27.98)
Therefore
w=(D-2)(D+2)y (27.99)
—(D—2)u=—t (27.100)

where u = (D + 2)y = y' + 2y. Equation (27.99) is v/ — 2u = —t. An
integrating factor is e=2! and the solution for u is

11 1
u= —e2t/te_2tdt = —e* [—t — ] e % = —t+ 1 (27.101)

Therefore 1
y +2y = 1(275 +1) (27.102)
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An integrating factor is e?! so that

1
y = 1e*”/e?t(mf +1)dt (27.103)
1
Ze—% {2 / tet dt + / e2tdt} (27.104)
_ 1 —2t f _ 1 2t 1 2t
=1¢ {2 <2 4> e’ + e (27.105)
t
- - 27.106
1 (27.106)

Therefore yp = t/4.

Alternatively, using the method of undetermined coefficients, we try yp =

ct in the differential equation y® — 5y + 4y = t. Since ¥ = ¢ and y” =
y™® =0 we find 4ct =t or ¢ = 1/4, again giving yp = t/4.

Hence the general solution is
1
y=yp+yn = qt+Cre' + Coc™ + Cae™ + Cae™ O (27.107)

We also have an addition theorem for higher order equations.

Theorem 27.7. If yp;, ¢ =1,2,...,k are particular solutions of L,yp; =
fi(t) then

yp =Yyr1 +ypr2+ - -+ Yprk (27.108)
is a particular solution of
Loy = f1(t) + fo(t) + - + fi(t) (27.109)

Example 27.7. Find the general solution of 4" — 4y’ =t + 3cost + e~ 2!

The general solution is

Y=Y +yty2+ys (27.110)
where
Y — 4y =0 (27.111)
' —dy; =t (27.112)
vy — dybh = 3cost (27.113)
vy —Ayh =e 2t (27.114)
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The characteristic equation is
0=1r—dr=r(?—4)=r@r—2)(r+2) (27.115)
Since the roots are r = 0,42, the solution of the homogeneous equation is
yu = C1 + Coe® 4 Cze (27.116)

To find y;, our first inclination would be to try y = At + B. But €% is
a solution of the homogeneous equation so we try y + 1 = t*(at + b) with
k=1

y1 = t"(a + bt)e® = at + bt? (27.117)

Differentiating three times

Yy = a+2bt (27.118)
o =2 (27.119)
Y =0 (27.120)

Substituting into the differential equation gives
t =y —4y; =0 —4(a+ 2bt) = —4a — 8bt (27.121)

This must hold for all ¢, so equating like coefficients of ¢ gives us a = 0 and
b= —1/8 so that the first particular solution is

y1 = —<t (27.122)

For ys9, since r = £i are not roots of the characteristic equation we try
Yo = acost+ bsint (27.123)

Differentiating three times,

Yy = —asint + bcost (27.124)
yh = —acost — bsint (27.125)
Yy = asint — bcost (27.126)

Substituting into the differential equation for ys

3cost =asint — bcost — 4(—asint + bcost) (27.127)
=asint —bcost + 4asint — 4bcost (27.128)
= basint — bbcost (27.129)
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Equating coefficients gives a = 0 and b = -3/5, and hence

3
y2=—¢ sint (27.130)
For y3, Since r = —2 is already a root of the characteristic equation with
multiplicity one, we will try
ys = ate™ ! (27.131)

Differentiating three times gives

vy =a (e —2te™?") (27.132)
=ae (1 - 2t) (27.133)
Yy =a[-2e72(1 - 2t) + e *(-2)] (27.134)
=ae % (—4 +4t) (27.135)
yy' =a[-2e7 ¥ (—4+4t) + e (4)] (27.136)
= ae?'(12 — 8t) (27.137)

Substituting for y3 into its ODE gives
e ? = [ae™? (12 = 8t)] — 4 [ae (1 — 2t)] = 8ae ™' (27.138)

and therefore a = 1/8, so that
1 —2t

Y3 = gte (27.139)

Combining all of the particular solutions with the homogeneous solution
gives us the general solution to the differential equation, which is given by

1 3 1
y = Oy + Coe® + Cze % — gt2 — g sint + gte_gt. O (27.140)
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The Wronskian

In this section we generalize the definition of Wronskian to higher order
equations. If {y1,...,yx} are any set of functions then we can form the
matrix

yl y2 ... yk
vi Yo Yk
W[yla () yk](t) = : : (27141)
k— k— k—
yg 1) yé N y’(c 1)
We use the square bracket notation [- - -] above to indicate that W depends

on a set of functions enclosed by the bracket, and the usual parenthesis
notation (- --) to indicate that W depends on a single independent variable
t. When it is clear from the context what we mean we will omit the [-- -]
and write W () where we mean (implicitly) W[---](¢).

Denote the general nth order linear differential equation by
Loy = an(t)y"™ + an 1)y + -+ ar(0)y' + ao(t)y = f(t) (27.142)

and let {y1, ..., yx} form a fundamental set of solutions to L,y = 0. Recall
that yi,...,y, form a fundamental set of solutions if they are linearly in-
dependent and every other solution can be written as a linear combination.
If the functions in the W matrix are a fundamental set of solutions to a
differential equation then (27.141) is called the fundamental matrix of
L,y =0.

The determinant of (27.141), regardless of whether the solutions form a
fundamental set, is called the Wronskian, which we will denote by W (t).

Y1 e Yk
Wlyr, ..., yr)(t) = =detW (27.143)
(k—1) (k—1)
Y Yk
Again, we will omit the square brackets [---] and write the Wronskian as

W (t) when the set of functions it depends on is clear as W (t). When the
set of functions {yi, ..., yx} form a fundamental set of solutions to L,y = 0
we will call it the Wronskian of the differential equation.

If we calculate the Wronskian of a set of functions that is not linearly inde-
pendent, then one of the functions can be expressed as a linear combination
of all other functions, and consequently, one of the columns of the matrix
will be a linear combination of all the other columns. When this happens,
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the determinant will be zero. Thus the Wronskian of a linearly dependent
set of functions will always be zero. In fact, as we show in the following
theorems, the Wronskian will be nonzero if and only if the functions form
a complete set of solutions to the same differential equation.

Example 27.8. Find the Wronskian of ¢y — 4y’ = 0.

The characteristic equation is 0 = r® —4r = r(r? —4) = r(r —2)(r +2) and
a fundamental set of solutions are y; = 1, yo = €%, and y3 = e~%*. Their
Wronskian is

Y1 Y2 Y3
W(t)=|vi vo s (27.144)
yi vy s
1 eZt €—2t
=10 2e?" —2¢2 (27.145)

= B =16. O (27.146)

Example 27.9. Find the Wronskian of ¢y — 8y"” + 16y’ = 0.

The characteristic equation is 0 = 73 —8r2+16r = r(r?—8r+16) = r(r—4)2,
so a fundamental set of solutions is y; = 1, 2 = e** and y3 = te**. Therefore

1 e tett
W(t) =0 4dett e (1+4¢t) (27.147)
0 16e*  8e*(1+2t)
= (4e™)[8e* (1 + 2t)] — [ (1 + 4t)](16€) (27.148)
— 163 (27.149)

Theorem 27.8. Suppose that yi,¥y2,...,yn all satisfy the same higher
order linear homogeneous differential equation L,y = 0 on (a,b) Then
Y1, Y2, ..., Y form a fundamental set of solutions if and only if for some

o € (a7b)7 W[yh 7yn](t0) 7é 0.
Proof. Let y1, ..., yn be solutions to L,y = 0, and suppose that Wy, ..., y»](to) #
0 for some number ¢ € (a,b).

We need to show that yi,...,y, form a fundamental set of solutions. This
means proving that any solution to L,y = 0 has the form

o(t) = Cryr + Caya + -+ + Cryn (27.150)

Consider the initial value problem

Loy =0, y(to) = yo, ..., y" V(tg) = yn (27.151)
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Certainly every ¢(t) given by (27.150) satisfies the differential equation; we
need to show that for some set of constants C4,...,C,, it also satisfies the
initial conditions.

Differentiating (27.150) n — 1 times and combining the result into a matrix
equation,

é(to) y1(to) y2(to) o yn(to) C

¢’ (to) B y1(to) y5(to) Yn(to) Cs

¢("_i)(t0) y§"7i)(to) y$"V(tg) - yﬂ"fi)(to) Cn
(27.152)

The matrix on the right hand side of equation (27.152) is Wy, ..., yn](to)-
By assumption, the determinant W{yi,...,yn](t0) # 0, hence the corre-
sponding matrix Wlyi, ..., y»](to) is invertible. Since Wy, ..., yn](to) is
invertible, there is a solution {C1, ..., C,} to the equation

Yo Cl
=Wlyr, .., yn](to) | (27.153)
Yn Cn
given by
i Yo
Do =Wl w0} | (27.154)
C’IL y’ﬂ

Hence there exists a non-trivial set of numbers {C, ..., C},} such that
o) = Cry1 + Caya + -+ + Cryy, (27.155)

satisfies the initial value problem (27.151).

By uniqueness, every solution of this initial value problem must be identical
to (27.155), and this means that it must be a linear combination of the

{y1, - ynt-
Thus every solution of the differential equation is also a linear combination

of the {y1,...,Yn}, and hence {y1, ...,y } must form a fundamental set of
solutions.

To prove the converse, suppose that y1, ..., ¥, are a fundamental set of solu-
tions. We need to show that for some number ¢ € (a,b), W{y1, ..., yn](to) #
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0. Since ¥, ..., y, form a fundamental set of solutions, any solution to the
initial value problem (27.151) must have the form

#(t) = Criy1 + Coya + - + Cryn (27.156)

for some set of constants {C1,...,C,}. Hence there must exist constants
C4,...,C,, such that

Clyl (tO) +-+ Cnyn(tO) =1%o
Cryy(to) + -+ + Cryp(to) = 11

. (27.157)
Cryl™ (o) + -+ + Coy" M (t0) = Y
i.e., there is a solution {C1,...,Cy} to
yilto) -+ wn(to) Ch Yo
: : : = : (27.158)
() o w (k) )\ Yn
This is only true if the matrix
yito) -+ ynlto)
Wy, ..., yn] (to) = : : (27.159)
Vi) e (ko)

is invertible, which in turn is true if and only if its determinant is nonzero.
But the determinant is the Wronskian, hence there exists a number ¢y such
that the Wronskian Wy, ..., yn](to) # 0. O

Theorem 27.9. Suppose y1, ..., Y, are solutions L,y = 0 on an interval
(a,b), and let their Wronskian be denoted by Wiy, ...,ys])(t). Then the
following are equivalent:

1. Wlyr, ..., yn)(t) #0 Vt € (a,b)

2. 3ty € (a,b) such that Wy, ..., yn](to) # 0

3. y1,...,yn are linearly independent functions on (a, b).

4. y1,...,yn are a fundamental set of solutions to L,y = 0 on (a,b).

Example 27.10. Two solutions of the differential equation 2t2y" 4 3ty’ —
y =0 are y; = t'/? and y, = 1/t; this can be verified by substitution into
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the differential equation. Over what domain do these two functions form a
fundamental set of solutions?

Calculating the Wronskian, we find that

t1/2 1/t
W(t) = @) —1/8 (27.160)
t1/2 1
= 27.161
2 t(2t1/2) (27.161)
-3

This Wronskian is never equal to zero. Thus these two solutions form a
fundamental set on any open interval over which they are defined, namely
t>0o0rt<0. O

Theorem 27.10 (Abel’s Formula). The Wronskian of

an ()Y + an_1 Oy + -+ ar(t)y + ag(t) =0 (27.163)
is
W(t) = Ce~ Pt (27.164)
where p(t) = an—1(t)/an(t). In particular, for n = 2, the Wronskian of
Y+ o)y +a(t)y =0 (27.165)

is also given by the same formula, W (t) = Ce~ /P14t

Lemma 27.11. Let M be an n X n square matrix with row vectors m;,
determinant M, and let d(M,¢) be the same matrix with the ith row vector
replaced by dm;/dt. Then

d . .
7 det M = ; det d(M, 1) (27.166)
Proof. For n=2,
dM d
E = g(mumgg — m12m21) (27167)
= mum/22 + m'llmgg — mlgm/ﬂ — m’12m21 (27168)

Now assume that (27.166) is true for any n x nmatrix, and let M be any
n+ 1 x n+ 1 matrix. Then if we expand its determinant by the first row,

n+1
M =" (=1)""my; min(my;) (27.169)
=1
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where min(m;;) is the minor of the ijth element. Differentiating,

dM n+1 n+1 d
_ 144, 1 - 144 .
i > (=1 'ml,;min(mag) + Y (1) my; - min(my;) - (27.170)

i=1 i=1

The first sum is d(M,1). Since (27.166) is true for any n x n matrix, we
can apply it to min(my;) in the second sum.

‘%4 = d(M,1) +Zn+1( 1)*imy; Z?Zl d(min(myq;),7) (27.171)
which completes the inductive proof of the lemma. O

Proof. (Abel’s Formula)
(n = 2). Suppose y; and yo are solutions of (27.165). Their Wronskian is

W(t) = y1y5 — Y2, (27.172)
Differentiating,
W'(x) = y1ys + Y1Ys — VoY1 — Yoyl = Y1¥Ys — Yoyi (27.173)
Since Loy = Lays = 0,
yi = —pt)y1 — a(t)y (27.174)
ys = —p(t)ys — a(t)y2 (27.175)
Hence
W(it) = y(=pt)ys —a)y2) — y2(=pt)y1 — a(t)y1)
= p(t)(ylyz Y211) (27.176)
= —p(O)W(t)

Rearranging and integrating gives W (t) = Cexp [— Ik p(t)dt].

General Case. The Wronskian is

yl PPN yn

Wlyy, ..., yn](t) = : : (27.177)
(n—1) (n—1)
yl oo yn
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By the lemma, to obtain the derivative of a determinant, we differentiate
row by row and add the results, hence

g |
/
av |5 o o i
— I Y Yn | 4| U1 Yn
t
ygnfl) y7(ln71) y§n71) (n—1)
n t Yn
Y Yn,
1 2
T S| Yn (27.178)
gy

Every determinant except for the last contains a repeated row, and since
the determinant of a matrix with a repeated row is zero, the only nonzero
term is the last term.

Vi Y

w Y1 Yn
1 7

= h Yn (27.179)
ORI

(n) anfl(t) (n—1) an72(t) (n—2) aO(t)
o — A — Ly — = i 27.180
y] an (t) yj an (t) yj an(t) y] ( )
1 n—1 @
= - a;(t)y; (27.181)
an(t) i=0 !

Hence
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Y1 Yn
Yy Yn
dW : :
aw _ o L 927.182
dx yg 2) y7(1 2) ( )
1 n—1 @ 1 n—1 ()
- ai(t)y” - — ai(t) Y
o 2 P>

The value of a determinant is unchanged if we add a multiple of one to an-
other. So multiply the first row byag(t)/a,(t), the second row byas(t)/an(t),
etc., and add them all to the last row to obtain

Y1 ce Yn
vh Y,
d . .
717;/ = : : (27.183)
y§n72) 1 ygln72) 1
—p(t)yi" Y —ply Y

where p(t) = an—1(t)/a,(t). We can factor a constant out of every element
of a single row of the determinant if we multiply the resulting (factored)
determinant by the same constant.

Y1 e Yn
o " Yn,
= —p(t) : : = —p(t)W(t) (27.184)
(n-2) (n—2)
o )
y! G

Integrating this differential equation achieves the desired formula for W.
[

Example 27.11. Calculate the Wronskian of 4" — 9y = 0.

Since p(t) = 0, Abel’s formula gives W = Ce~ /04 = C. O

11

Example 27.12. Use Abel’s formula to compute the Wronskian of 3" —
2y —y' =3y =0

This equation has p(t) = —2, and therefore W = Ce~ /(=2 — Ce2t. [

Example 27.13. Compute the Wronskian of 22y(*?) +zy(*?) 4y —4z = 0.

We have p(t) = t/t?> = 1/t. Therefore W = Ce~J(1/dt — Ce=Int — O/t
O
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Example 27.14. Find the general solution of

"

ty" —y —ty +y=0 (27.185)

t

given that y = e and y = e~ are solutions.

From Abel’s formula,

W(t) = exp { /(1/t)dt} =exp{lnt} =t (27.186)
By direct calculation,
et ety
W(t)=|—et ¢ (27.187)
et et y//
et / et et
S W R A R O (27.188)
= ety — ely) + ety —ely) + (g — )] (27.189)
—y 4y —yty —y (27.190)
=2 — 2 (27.191)

—y=- (27.192)

The method of undetermined coefficients tells us that
1

y=Cre " + Cae’ — 5t (27.193)

is a solution ( the first two terms are yy and the third is yp). O
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Variation of Parameters

Theorem 27.12 (Variation of Parameters.). Suppose that y1, ..., y, are a
fundamental set of solutions to

Loy = an(O)y™ + an_1(t)y™ D + -+ ag(t)y =0 (27.194)

Then a particular solution to

Loy = an(®y™ + an (9™ 4 Fag(ly = f(t)  (27.195)
is given by
W) Wa(s)£(s)
P = W (ans) ™ T ) Wishan(s) ™

N Wa(9)f(s)
+ -FZhL]fLV(S)an(S)d (27.196)

where W;(t) is the determinant of W{yi, ..., y,](t) with the jth column
replaced by a vector with all zeroes except for a 1 in the last row. In
particular, for n = 2, a particular solution to a(t)y” + b(t)y" + c(t)y = f(¥)

tW(s)a(s)d +ua2(t) tW(S)a(s)d (27.197)

Yp = —y1(t)
Proof for general case. Look for a solution of the form

This is under-determined so we can make additional assumptions; in par-
ticular, we are free to assume that

whyr 4+ FuLyn =0
uiyy + o+ upy, =0

_ (27.199)
w4 =0
Then
Y =uyy + -+ unyy,
Yy =wyl + - 4 uny;
: (27.200)

y(n—l) = ulygnil) 4. 4+ unygnil)

y(n) — ulygn) + . + «unygln) + u/lygn_l) + e + u;Ly”(Ln_l)
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So that

f) = an®y™ +an_1()y™ Y 4+ ag(t)y

= an(t) [uly@ oot uny™ Y u’nyfz”_”} +

o 1]

ar(t) [uryh + -+ + unyp] + ao(t) [urys + - - + unyyl

= an(®) [uiy" Y Y

(27.201)
Combining (27.201) and (27.199) in matrix form,

0 Yo o Un " 0

Y1 Y5 Yn uh 0

S SR VS I N VA 0

LY S N G uy, f#)/an(t)
(27.202)

The matrix on the left is the fundamental matrix of the differential equation,
and hence invertible, so that

uly (7 o Yn 0 W1y,
ul i Yn 0 Won
_ : : : _ [
Uy, ygn—2) T y7(zn_2) 0 an(f)
Uy, yin_l) e yy(zn_l) f(t)/an(t) W
(27.203)

where W is the fundamental matrix and [W~1];; denotes the ijth element
of WL

1y cof Wl Wi(t)
Wi = gt~ W (t) (27204

Therefore

du;  f)Wi(t)
dt — a,(H)W(t) (27.203)

[ HeWi)
¢ an(s)W (s)

Substitution of equation (27.206) into equation (27.198) yields equation
(27.196). O

u; (1) ds (27.206)
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"

Example 27.15. Solve ¢y’ +y' = tant using variation of parameters.

The characteristic equation is 0 = r® +r = r(r +4)(r — 4); hence a funda-
mental set of solutions are y; = 1, yo = cost, and y3 = sint. From either
Abel’s formula or a direct calculation, W (t) = 1, since

1 cost sint
W=|0 —sint cost |=1 (27.207)
0 —cost —sint
)f s Wa(s)f(s) Ws(s)f(s)
d ———=d ——————ds (27.208
=% / Ws)ass) T2 | Wis)as(s) “ T | Wis)ag(s) ™ 27208
where az(s) =1, f(s) = tans, and
0 cost sint
Wi=|0 —sint cost |=1 (27.209)
1 —cost —sint
1 0 sint
Wo=|0 0 cost |=—cost (27.210)
0 1 —sint
1 cost O
Ws=|0 —sint 0 |=—sint (27.211)
0 —cost 1

Therefore

yp = /tan sds — cost/cosstan sds — sint/sinstan sds  (27.212)
t

t t
Integrating the first term and substituting for the tangent in the third term,

202

yp = —In|cost| — cost/sin sds — sint/Sln % ds (27.213)
' ¢ COS S

The second integral can not be integrated immediately, and the final inte-
gral can be solved by substituting sin®s = 1 — cos® s

1 —cos?s

yp=—1In|cost| + cos® t — sint/ids (27.214)
. Coss

Since the first term (the constant) is a solution of the homogeneous equa-
tion, we can drop it from the particular solution, giving

yp = In|cost| —sintIn |sect + tant| (27.215)
and a general solution of

y =1In|cost| —sintln|sect + tant| + Cy + Cacost + Cysint. O (27.216)
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Series Solutions

In many cases all we can say about the solution of

a(t)y” +b(t)y + c(t)y = f(t)
y(to) = yo (28.1)
Y (to) =0

is a statement about whether or not a solution exists. So far, however, we
do not have any generally applicable technique to actually find the solution.
If a solution does exist, we know it must be twice differentiable (n times
differentiable for an nth order equation).

If the solution is not just twice, but infinitely, differentiable, we call it an
analytic function. According to Taylor’s theorem, any function that is
analytic at a point ¢ = ¢y can be expanded in a power series

y(t) =Y ax(t — to) (28.2)
k=0

where

(*)
YW (to)
=

Because of Taylor’s theorem, the term analytic is sometimes used to mean
that a function can be expanded in a power series at a point (analytic <=
infinitely differentiable <= power series exists).

(28.3)

The method of series for solving differential equations solutions looks
for analytic solutions to (28.1) by substituting equation (28.2) into the
differential equation and solving for the coefficients ag, aq, ...

255
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If we can somehow find a non-trivial solution for the coefficients then we
have solved the initial value problem. In practice, we find the coefficients
by a generalization of the method of undetermined coefficients.

Example 28.1. Solve the separable equation

(28.4)

ty —(t+1)y=0
y(0) =0

by expanding the solution as a power series about the point ¢, = 0 and
show that you get the same solution as by the method of separation of
variables.

Separating variables, we can rewrite the differential equation as dy/y =
[(t + 1)/t]dt; integrating yields

Inlyl=t+In|t|+C (28.5)
hence a solution is
y = cte' (28.6)

for any value of the constant ¢. We should obtain the same answer using
the method of power series.

To use the method of series, we begin by letting

y(t) =Y apt* (28.7)
k=0

be our proposed solution, for some unknown (to be determined) numbers
ag,ai,.... Then

(oo}
y' = Z kajth=t (28.8)
k=0

Substituting (28.7) and (28.8) into (28.4),

O=ty —(t+Dy=tY kapt"* ' = (t+1)> apt* (28.9)
k=0 k=0
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Changing the index of the second sum only to £ =m — 1,

[ee] (oo} oo
0="> kapt" = apt"™t = " ayt* (28.10)
k=0 k=0 k=0
= kaptt =" amat™ = ayt? (28.11)
k=0 m=1 k=1
= (k= Dapt* =Y ap_t* (28.12)
k=1 k=1

[(k — 1)ay, — ap_1]t" (28.13)

M

e
Il
-

In the last line we have combined the two sums into a single sum over k.
Equation (28.13) must hold for all ¢. But the functions {1,¢,¢2,..} are
linearly independent, and there is no non-trivial set of constants {C%} such
that > po, Cxt® =0, i.e., Cy = 0 for all k. Hence

ap =0 (28.14)

(k—1)ap —ap_1 =0, k=1,2,... (28.15)

Equation (28.15) is a recursion relation for ay; it is more convenient to
write it as (k — 1)ax = ax—1. For the first several values of k it gives:

k=1:0-a, =ao (28.16)

k=2:1-as=0a1=a=a (28.17)
1 1

k=3:2-a3=ay = a3 = 5@2 = 5(11 (2818)
1 1

k=43 -a,=a3= a4 = 393 =3 530 (28.19)
1 1

= :4- = = — = 2 .2
k 5 as ay, = as 4&4 4.3.2(11 (8 0)

The general form appears to be a; = a1/(k — 1)!; this is easily proved by
induction, since the recursion relationship gives

ak+1 = ag/k=ai/[k- (k=1 = a1 /k! (28.21)
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by assuming a; = a1/(k — 1)! as an inductive hypothesis. Hence

Yy =ait + a2t2 + a3t3 + - (28.22)
1 1 1
= t+t2 4t P 28.23
a ( Sttt ( )
—at (14t L (28.24)
- 2" T3 T4l '
= ayte (28.25)

which is the same solution we found by separation of variables. We have
not applied the initial condition, but we note in passing the only possible
initial condition that this solution satisfies at to = 0is y(0) =0. O

Example 28.2. Find a solution to the initial value problem

y' —ty —y=0
y(0) =1 (28.26)
y'(0) =1

Letting y = > ,2 cxt® and differentiating twice we find that

kepth1 (28.27)

@\
I
NE

>
Il
o

E(k — 1)cpth=2 (28.28)

QQ:
I
M8

>
Il
<]

The initial conditions tell us that

co =1, (28.29)
=1 (28.30)

Substituting into the differential equation.

oo

0= k(k—1)cxt"” thchktk P ot (28.31)
k=0 k=0

k=0
Let j = k — 2 in the first term, and combining the last two terms into a
single sum,

oo oo

0= (G+2(+ Dejpat! = (k+ eyt (28.32)
Jj==2 k=0
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Since the first two terms (corresponding to j = —2 and j = —1) in the
first sum are zero, we can start the index at j = 0 rather than j = —2.
Renaming the index back to k, and combining the two series into a single

sum,

0= (k+2)(k + Depyat® =Y (k+ 1)ept” (28.33)
k=0 k=0
By linear independence,
(k4+2)(k+ 1)cgyo = (kK + 1)eg (28.34)

Rearranging, cxi2 = ¢/ (k + 2); letting j = k + 2 and including the initial
conditions (equation (28.29)), the general recursion relationship is

co=1¢c1=1, ¢k =cx—2/k (28.35)
Therefore
Co 1 C1 1
= ==: =2z 28.
C2 9 C3 3 3 (836)
e 1 _ ¢ 1
= =15 05757—5.3 (28.37)
C4 1 cs 1
—_ = = — = 2 .
CT 6 T 6.4-2 T T 753 (28.38)

So the solution of the initial value problem is
y=co + c1t + cot® + cgtd + - - - (28.39)

I R a—
2 4-2 6-4-2
iy Ly
3 5-3 7-5-3
Example 28.3. Solve the Legendre equation of order 2, given by

04 (28.40)

th+- O (28.41)

(1—t3)y" =2ty +6y =0
y(0)=1 (28.42)
y'(0)=0
We note that “order 2”7 in the name of equation (28.42) is not related to the

order of differential equation, but to the fact that the equation is a member
of a family of equations of the form

(1-)y" —2ty' +n(n+ 1)y =0 (28.43)
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where n is an integer (n = 2in this case). Expanding as usual we obtain

y=> cxth (28.44)
k=0

v =) kepth! (28.45)

y' = k(k—1)cpt*2 (28.46)
k=0

Substituting into the differential equation,

0=(1-1t% Z erk(k —1)tP=2 — 2t Z crkt* 1 4+ 6 Z etk (28.47)
= erk(k— 1)tF2 chk — 1)t —Qthkkt’“ 1+620kktk
k=0
(28.48)
=" erk(k — 1)tF% — 2thkktk 1y Z (6 — k2 + k)it (28.49)
k=0 k=0 k=0

The first term can be rewritten as

chk — 1)th? chk — 1)th2 (28.50)
= Z Cmaz(m+1)(m + 2)t™ (28.51)

=0
ch+2 (k+1)(k + 2)t* (28.52)

and the middle term in (28.49) can be written as

oo

—2t > okt T = " (<2)kert” (28.53)

k=0 k=0
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Hence

0—20k+2 k+1)(k+2) tMZ kcktk+z (6 — k2 + k)cpt”

k=0 k=0 k=0
(28.54)
= crpalk + 1)k +2)t5 + > (K + k — 6)cgt” (28.55)
k=0 k=0
(oo}
= lexra(k + 1)(k +2) = (k+3)(k — 2)cx] ¥ (28.56)
k=1
By linear independence
k+3)(k—2)
= k=0,1,.. 28.
Ck+42 (k+2)(k+1)ck7 07 ) ( 857)
or
(k+1)(k — 4)
= o, k=23, ... 28.
Ck k(kfl) Ck—2, k 73, ( 858)

From the initial conditions we know that c¢g = 1 and ¢; = 0. Since c3, cs,
.. are all proportional to ¢;, we conclude that the odd-indexed coefficients
are all zero.

Starting with k£ = 2 the even-indexed coefficients are

(241)(2—4)
2 22-1) ° o
_(@+na-4 (28.59)
“="qu-n 20
cg=cs=crp=-"-=0
Hence
y=co+eit+ oot +ogt +-o =1 3¢ (28.60)

which demonstrates that sometimes the infinite series terminates after a
finite number of terms. [
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Ordinary and Singular Points

The method of power series solutions we have described will work at any or-
dinary point of a differential equation. A point ¢ = ¢ is called an ordinary
point of the differential operator

Loy = an()y"™ + an_1 )y + - + ag(t)y (28.61)
if all of the functions 0
ak
(t) = 28.62

are analytic at t = tg, and is called a singular point (or singularity) of
the differential operator if any of the pg(t) are not analytic at t = ¢y. If not
all the py(t) are analytic at t = ¢y but all of the functions

i (t) = (t —to)" "pi(t) (28.63)
namely,
-1(0) = (¢~ t0) =110
— (4 _ 5 Gn—2(t)
qn—2(t) = (t —to) o) (28,64

are analytic, then the point is called a regular (or removable) singular-
ity. If none of the g (¢) are analytic, then the point is called an irregular
singularity. We will need to modify the method at regular singularities,
and it may not work at all at irregular singularities.

For second order equations, we say the a point of t = ¢y is an ordinary
point of
y' +p(t)y +q(t)y =0 (28.65)

if both p(t) and ¢(t) are analytic at ¢ = tp; a regular singularity if
(t — to)p(t) and (t — t9)?q(t) are analytic at t = ty; and an irregular
singularity if at least one of them is not analytic at t = ¢

Theorem 28.1. [Existence of a power series solution at an ordinary point)
If {p;(t)}, j =0,1,...,n — 1 are analytic functions at ¢t = ¢¢ then the initial
value problem

Y™ 4 a1 (YD + ppa By + - po(t)y =0
y(to) = yo,y'(to) = y1, .. y¥" " (to) = yn

} (28.66)
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has an analytic solution at ¢ = ¢, given by

y=> crt—to) (28.67)
k=0
where
ch = % k=0,1,..,n—1 (28.68)

and the remaining ¢, may be found by the method of undetermined coef-
ficients. Specifically, if p(t) and ¢(t) are analytic functions at t = ¢, then
the second order initial value problem

Y +pt)y +qt)y=0

y(to) = yo (28.69)
y'(to) = u
has an analytic solution
y =10 +y(t—to) +ch(t—to)k (28.70)
k=2

Proof. (for n = 2). Without loss of generality we will assume that ¢y = 0.
We want to show that a non-trivial set of {c;} exists such that

y=> cit) (28.71)
j=0

To do this we will determine the conditions under which (28.71) is a solution
of (28.69). If this series converges, then we can differentiate term by term,

y = et (28.72)
§=0

y' =30 - Vet (28.73)
=0

Observing that the first term of the y’ series and the first two terms of the
1y series are zero, we find, after substituting ¥ = 5 — 1 in the first and
k = 7 — 2 in the second series, that

o0

y =Y (k+1)cpth (28.74)
k=0
y' = (k+2)(k+ 1cpsat" (28.75)

k=0
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Since p(t) and ¢(t) are analytic then they also have power series expansions
which we will assume are given by

t)=> pit’ (28.76)
=0

t)=> gt (28.77)
j=0

with some radius of convergence R. Substituting (28.71), (28.74) and (28.76)
into (28.69)

0= Z k’ + 2 k + 1 Ck+2t + ijtj (Z(k’ + I)C]H_ltk)
k=0

7=0 k=0

i ;! (i thk> (28.78)
§=0

k=0

Since the power series converge we can multiply them out term by term:

0=> (k+2)(k+Dexrat® + > > pit? (k + epyat?
k=0 7=0 k=0
[ee] oo ]
+) ) gt ert” (28.79)
7=0 k=0

We next use the two identities,

oo o0 oo k
DD (bt Dewpapgt™ =3 0> (5 + Dejaprt* (28.80)

k=0 j=0 k=0 j=0
and
o0 o0 oo k
DY gttt =3 et (28.81)
k=0 j=0 k=0 j=0
Substituting (28.80) and (28.81) into the previous result

o0

0= (k+2)(k+1)crsot" (28.82)
k=0
Since the t*are linearly independent,
k

(k+2)(k+ Derya = — Y [(G + Dejqpr—j + jar—;] (28.83)
j=0
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By the triangle inequality,

k
|(k +2)(k + Denral < D10+ D lejral lpe—jl + lejllaw—sl] - (28.84)
§=0

Choose any r such that 0 < r < R, where R is the radius of convergence
of (28.76). Then since the two series for p and ¢ converge there is some
number M such that

pj| 7 < M, |gj|r! <M (28.85)

Otherwise there would be a point within the radius of convergence at which
the two series would diverge. Hence

|(k+2)(k + Lepra] < 3 ZJ o G+ 1) |ej] + 1]l (28.86)

where in the second line we are merely adding a positive number to the
right hand side of the inequality. Define Cy = |co|, Ci = |e1], and define
Cg, 04, by

k

(k+2)(k 4+ 1)Chryz = Z Cjs1+ Cjl + MChyir  (28.87)
7=0

Then since |(k + 2)(k + 1)cgy2| < (k+2)(k4+1)Cry2 we know that |cx| < Cy
for all k. Thus if the series > p-, Cxt" converges then the series > po  cxt®
must also converge by the comparison test. We will do this by the ratio
test. From (28.87)

k—1
M Dy
J:

k—2

k(k—1)Cy = I [(j+1)Cjy1 + Cj] + MCy_y7 (28.89)
=0

Tk2
i=

Multiplying (28.88) by r, and writing the last term of the sum explicitly,

k(k + 1)Ck+17“ = ZJ o™ (G +1)Cj11 + Cj) + MCyr?

= m Yo (G + 1)Chgr + Cjl + Mr [kCy + Cry] + MCir?
(28.90)
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Substituting equation (28.89) into equation (28.90)

’I"k(k + I)Ck—l-l = k(k — I)Ck —MCp_1r+ M [k:Ck + Ck_ﬂ T+ MC]J’Q
(28.91)
Dividing by rk(k + 1)Cy, gives

Cry1  k(k—1)+ Mkr + Mr?

= 28.92
Cy, T]C(k? + 1) ( )
Multiplying by ¢ = t**1/t* and taking the limit as k — oo
| CrgatFt? k(k—1)+ Mkr + Mr?
1 = 28.
i [ = [0 (25:95)
Dividing the numerator an denominator by k2,
k+1 1-1 M M 2 /1.2
im | C |y tim [l Mrjk+ MyZ/k7) M o g4
k—o0 Cjtk k—o0 r+ T/k |7’|

Therefore by the ratio test Y, Cyt® converges for |¢t| < r, and hence
by the comparison test Z;":O cit® also converges. Therefore there is an
analytic solution to any second order homogeneous ordinary differential
equation with analytic coefficients. The coefficients of the power series
are given by ¢ = yo, ¢1 = y1 (by Taylor’s theorem) and the recursion
relationship (28.83) for ca, cs, ... O

Many of the best-studied differential equations of mathematical physics
(see table 28.1) are most easily solved using the method of power series
solutions, or the related method of Frobenius that we will discuss in the
next section. A full study of these equations is well beyond the scope of
these notes; many of their most important and useful properties derive from
the fact that many of them arise from their solutions as boundary value
problems rather than initial value problems. Our interest in these functions
is only that they illustrate the method of power series solutions.

Example 28.4. Find the general solutions to Airy’s Equation:
y' =ty (28.95)

Using our standard substitutions,

y=> at" (28.96)

y' =Y k(k— 1)tk (28.97)
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Table 28.1: Table of Special Functions defined by Differential Equations.

Name Differential Equation
of Equation Names of Solutions
Airy Yy =ty
Equation Airy Functions Ai(t), Bi(t)
Bessel 2y +ty + (2 -1y =0, 2v € ZF
Equation Bessel Functions J, (t)
Neumann Functions Y, (t)
Modified 2y 4ty — (2 + 1)y =0, veZT
Bessel Modified Bessel Functions I, (t), K, (x)
Equation Hankel Functions H, (t)
Euler 2y +aty + Py =0, a,3€C
Equation t", where r(r — 1) +ar+8=0
Hermite y' =2ty +2ny =0, ne€Z"
Equation Hermite polynomials Hy, (t)
Hypergeometric | t(1 —¢)y” + (c— (a+ b+ 1)t)y’ — aby = 0,a,b,¢,d € R
Equation Hypergeometric Functions F', o F
Jacobi t1-t)y" +lg— p+t]y +nlp+n)y=0,n € Z,a,beR
Equation Jacobi Polynomicals J,
Kummer ty" + (b—t)y —ay=0,a,b €R
Equation Confluent Hypergeometric Functions | Fy
Laguerre ' + (1 -ty +my=0,meZ"
Equation Laguerre Polynomials L, (t)
Associated ty" +(k+1—1t)y
Laguerre Eqn. Associated Laguerre Polynomials L (t)
Legendre 11—y -2ty +nn+ 1)y =0, n € Z"
Equation Legendre Polynomials P, (¢)
Associated (1 —t2)y" — 2ty + {n(n +1) - %J y=0,m,n¢cZ"

Legendre Eq.

Associate Legendre Polynomials P (t)

Tchebysheff
Equation

(1 =2y —ty’ + n’y =0 (Type I
(1 —t3)y” — 3ty + n(n+2)y = 0 (Type 1)
Tchebysheff Polynomials T,,(t), U, ()
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in the differential equation gives

D k(k = Dath 2 =t apt® = aptht! (28.98)
k=0 k=0 k=0

Renumbering the index to j = k — 2 (on the left) and j = £+ 1 (on the
right), and recognizing that the first two terms of the sum on left are zero,
gives

> G+ + Dajyat! = Zaj 1t (28.99)
7=0
Rearranging,
2a5 + Z i +2)(j + Daji2 —aj_1]t! =0 (28.100)

By linear independence, az = 0 and the remaining a; satisfy
(] + 2)(] -+ 1)(1j+2 = aj—l (28101)
If we let k = j + 2 and solve for ay,
ak—3
k(k—1)

The first two coefficients, ag and ap, are determined by the initial condi-
tions; all other coefficients follow from the recursion relationship.. In partic-
ular, since as = 0, every third successive coefficient as = a5 = ag =--- = 0.
Starting with ag and a; we can begin to tabulate the remaining ones:

ar = (28.102)

as = 3“—02 (28.103)
ag = 6‘% - 65“% (28.104)
ao = 9% - Mﬁ (28.105)
and
as = 4% (28.106)
ar = &6 ﬁ (28.107)
ar = ~2 o (28.108)

109 10-9.7-6-4-3
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Thus

1 1
= T+ =t3 4 — 5 ——— 9 .. 28.109
y=ao ( T TR0 Tien” T ) ( )

-) (28.110)
(28.111)

+ t1+1§+1tﬂwi—ﬁ+
a 2 L .
! 12 504 45360

= aoy1(t) + a1y2(t)
where y; and yo are defined by the sums in parenthesis. It is common to

define the Airy Functions

M) = — () - — ) (28.112)
i(t) = - :
32/37(2/3) "\ T 3181 (1/3) %2

V3 V3
Bi(t) = == v1(t) + 5 u2(t 28.113
Either the sets {y1,y2} or {Ai, Bi} are fundamental sets of solutions to the

Airy equation. [

Figure 28.1: Solutions to Airy’s equation. Left: The fundamental set 1,
(solid) and ya(dashed). Right: the traditional functions Ai(t)(solid) and
Bi(t) (dashed). The renormalization keeps Ai(t) bounded, whereas the un-

normalized solutions are both unbounded.

0.5

i I
.

05 22 !
I

1

1 ;
HH HE f

1 ]

i v ]

! 025 Y

1 1 ! 1 1

I} ¥ A

Ay

~——,

=\

—

=)

il
S

'
Y \/ \| "
L 0.5

=
CZ-::---:_

=

0 5

Example 28.5. Legendre’s Equation of order n is given by
(1—t3)y" =2ty +n(n+1)y=0 (28.114)
where n is any integer. Equation (28.114) is actually a family of differential
equations for different values of n; we have already solved it for n = 2 in
example 28.3, where we found that most of the coefficients in the power
series solutions were zero, leaving us with a simple quadratic solution.
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270
Figure 28.2: Several Legendre Polynomials. P; (Bold); P» (Bold, Dotted);
P; (Bold, Dashed); Py (Thin, Dotted); Ps (Thin, Dashed).
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In general, the solutions of the nth equation (28.114) will give a polynomial

of order n, called the Legendre polynomial P, (t).

To solve equation (28.114) we substitute

y=> apt" (28.115)
k=0
y =Y kapt"! (28.116)
k=0
(28.117)

Yy = z E(k — 1)agt® 2

k=0
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into (28.114) and collect terms,

o0 o
(1 —1t%) Zk -1 aktk Q—QtZkaktk Ly n(n—l—l)Zaktk
k=0 k=0 =

(28.118)

Let j = k — 2 in the first sum and observe that the first two terms in that
sum are zero.

G+ +2ajst’ + > [~k =k +n(n+1)] at®  (28.119)
k=0

o

Il
=]

J

We can combine this into a single sum in t*; by linear independence all of
the coefficients must be zero,

(k+1)(k+2)agye — [k(E+1) —n(n+1)]ar =0 (28.120)
for all k =0,1,2,..., and therefore

E(k+1)—n(n+1)
(k+1)(k+2)

Qopa = am k=0,1,2, ... (28.121)

The first two coefficients, ag and a; are arbitrary. The remaining ones are
determined by (28.121), and generates two sequences of coefficients

a1,0a3,0s5, a7, ...

(28.122)
ag, A2, 04,06, ---

so that we can write

y= > att+ ) aptt (28.123)

k even k odd

These two series are linearly independent. In particular, the right hand side
of (28.121) vanishes when

k(k+1)=n(n+1) (28.124)
so that for £ = n one of these two series will be a finite polynomial of order

n. Normalized versions of the solutions are called the Legendre Polynomials,
and the first few are given in the (28.125) through (28.135).
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w
x
o
|
—
SN—

(
(5¢* —3t)

(35t* — 30t + 3)

(63t> — 70t* + 15¢)

(231¢° — 315t* + 105> — 5)

(429t™ — 693t> + 315t° — 35¢)

ES\**E;\**

(6435¢% — 12012¢° + 6930t* —

\ H\
— N |
0¢]

(12155¢7 — 25740t" + 18018t°

—
— N
oo

[\J
ot
(=2}

1260t* + 35)
— 4620t° + 315t)

(46189t'° — 109395t + 90090t — 30030¢* + 3465¢>

(28.125)
(28.126)

(28.127)
(28.128)
(28.129)
(28.130)
(28.131)
(28.132)
(28.133)
(28.134)

—63)
(28.135)
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Summary of Power series method.
To solve the linear differential equation

Loy = an()y™ + -+ ao(t)y = f(t) (28.136)
or the corresponding initial value problem with

y(to) = 90,y (to) = yn (28.137)

as a power series about the point t = tg

[ee]
L Lety = cx(t—to)"
k=0

2. If initial conditions are given, use Taylor’s theorem to assign the first
n values of ¢, as
e =y®(to) /K = yp/k!, k=0,1,....,n—1 (28.138)
3. Calculate the first n derivatives of y.
4. Substitute the expressions for y,/, ...,y into (28.136).

5. Expand all of the a,(¢)that are not polynomials in Taylor series about
t = tp and substitute these expansions into the expression obtained
in step 4.

6. Multiply out any products of power series into a single power series.

7. By an appropriate renumbering of indices, combine all terms in the
equation into an equation of the form Y, uy(t —t9)* = 0 where each
uy, is a function of some set of the cy.

8. Use linear independence to set the uy = 0 and find a relationship
between the c;.

9. The radius of convergence of power series is ming,y(|to — ¢;)) where
{t;} is the set of all singularities of a(t).
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Lesson 29

Regular Singularities

The method of power series solutions discussed in chapter 28 fails when
the series is expanded about a singularity. In the special case of regular
singularity this problem can be rectified with method of Frobenius, which
we will discuss in chapter 30. We recall the definition of a regular singular
point here.

Definition 29.1. Let
at)y” +b(t)y +ct)y =0 (29.1)

have a singular point at tg, i.e., a(tg) = 0. Then if the limits

. (t—to)b(t)

tlgxtlo ) L (29.2)
_(t—to)2c(t)

thj?() # =L, (29.3)

exist and are finite we say that tg is a regular singularity of the dif-
ferential equation. Note that these limits will always exist when the
arguments of the limit are analytic (infinitely differentiable) at tq. If either
of the limits does not exist or are infinite (or the arguments of either limit
is not analytic) then we say that ¢y is an irregular singularity of the
differential equation. If a(ty) # 0 then we call ¢y an ordinary point of
the differential equation.

Theorem 29.2. The power series method of chapter 28 works whenever the
series is expanded about an ordinary point, and the radius of convergence
of the series is the distance from ¢y to the nearest singularity of a(¢).

275
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Proof. This is a restatement of theorem 28.1. O

Example 29.1. The differential equation (1 + t2)y” + 2ty’ + 4ty = 0 has
singularities at ¢ = 4. The series solution Y axt* about ¢y = 0 has a radius
of convergence of 1 while the series solution >~ by (t — 1)¥ about ¢y = 1 has
a radius of convergence of V2. O

The Cauchy-Euler equation
2y +aty + By =0 (29.4)

where «, 8 € R is the canonical (standard or typical) example of a differ-
ential equation with a regular singularity at the origin. It is useful because
it provides us with an insight into why the Frobenius method that we will
discuss in chapter 30 will work, and the forms and methods of solution
resemble (though in simpler form) the more difficult Frobenius solutions to
follow.

Example 29.2. Prove that the Cauchy-Euler equation has a regular sin-
gularity at t = 0.

Comparing with equation 29.1, we have that a(t) = t2, b(t) = at, and
¢(t) = B. First, we observe that a(0) = 0, hence there is a singularity at
t = 0. Then, applying the definition of a regular singularity (definition
29.1) with ¢ = 0

%%“;m:a (29.5)
2 .
lim ¢ t)2 b_g (29.6)

Since both a and § are given real number, the limits exist and are finite.
Hence by the definition of a regular singularity, there is a regular singularity
att=0. 0O

The following example demonstrates one of the problem that arises when we
go blindly ahead and attempt to find a series solution to the Cauchy-Euler
equation.

Example 29.3. Attempt to find a series solution about ¢ = 0 to the
Cauchy-Euler equation (29.4).

We begin by letting y = >"p, axt® in (29.4), which gives
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0=12) apk(k — D)tF 2+ at > kapt* ™" + 8 apt” (29.7)
k=0 k=0 k=0
= apk(k— D)tF + ) akapt* + ) Baytt (29.8)
k=0 k=0 k=0
= agt"[k(k — 1) + ok + f] (29.9)
k=0

Since this must hold for all values of ¢, by linear independence we require
that

aglk(k—1)+ak+ 8] =0 (29.10)
for all k =0,1,...
Hence either
ar =0 (29.11)
or
k(k—1)+ak+5=0 (29.12)

for all values of k. Since a and [ are given real numbers, it is impossible
for (29.12) to hold for all values of k because it is quadratic k. It will hold
for at most two values of k, which are most likely not integers.

This leads us to the following conclusion: the only time when (29.4) has a

series solution is when

l—a+/(1—a)2—-48
2

T1,2 = (2913)
are both non-negative integers, say p and ¢, in which case the series solution
is really just two terms

y = apt? + agt? (29.14)

When there is not a non-negative integer solution to (29.13) then (29.4)
does not have a seris solution. O

The result we found in example 29.3 does suggest to us one way to solve
the Cauchy-Euler method. What if we relax the restriction on equation
29.10 that k be an integer. To see how this might come about, we consider
a solution of the form

y=a" (29.15)
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for some unknown number (integer, real, or possibly complex) r. To see
what values of r might work, we substitute into the original ODE (29.4):

2r(r— D)t 2 +atrt" 1+ Bt" =0 (29.16)
= t'rr—1)+ar+8]=0 (29.17)

Since this must hold for all values of ¢, the second factor must be identically
equal to zero. Thus we obtain

r(r—1)+ar+5=0 (29.18)

without the restriction that » € Z. We call this the indicial equation
(even though there are no indices) due to its relationship (and similarity)
to the indicial equation that we will have to solve in Frobenius’ method in
chapter 30.

We will now consider each of the three possible cases for the roots

l—a+/1-a)2—48
2

T1,2 = (29.19)

Case 1: Two real roots. If r1,75 € R and r; # ro, then we have found two
linearly independent solutions and the general solution is

Yy = Cltrl + CZth (2920)
Example 29.4. Find the general solution of
2%y + 3ty —y =0 (29.21)

In standard from this becomes

3 1
2y + Sty — —y =0 (29.22)

2 2

The indicial equation is
3 1 2 1 1
OZT(T—l)—§T+§:§T2+§T+§ (2923)
1

0:2r2+7“+1=(27"—1)(r+1):>r:§,—1 (29.24)

Hence C
y=C1vVi+ 72 O (29.25)
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Case 2: Two equal real roots. Suppose r; = ro = r. Then

11—«
T =
2

(29.26)

because the square root must be zero (ie., (1 — a)? — 48 = 0) to give a
repeated root.

We have one solution is given by y; = t" = t(1=®)/2, To get a second
solution we can use reduction of order.

From Abel’s formula the Wronskian is

tdt dt
W = CeXp </Oétz) = C’exp <OL/ t> = C’e*alnt _ t% (2927)

By the definition of the Wronskian a second formula is given by

W = y1ys — 120 (29.28)

= (10772 gy — <1 5 O‘) (112 (29.29)

Equating the two expressions for W,

11—« C

(1—a)/2) P (-1-a)/2) _ Y
(t b — yh ( 5 ) (t ) = (29.30)

1—a) t-1-)/2 C
/ /!
Y2 — ( B ) f-ay/2 Y27 fo(1(1-0)/2) (29.31)
, a-1\ , C

Yo + <2t> Y2 = ira)z (29.32)

This is a first order linear equation; an integrating factor is

-1 -1
wu(t) = exp (/ aﬂdt) = exp (a 5 lnt) = t(a=1/2 (29.33)

If we denote ¢(t) = Ct~(1+®)/2 then the general solution of (29.32) is

1
V= [ / u(t)q(t)dt + Cl} (29.34)
— (1=2)/2 {/ Ha=1)/20y=0+a)/2q; 4 01] (29.35)
dt
=Cy / -t Ciyn (29.36)

=Cy;In |t‘ + Cry1 (2937)
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because y; = t" = t(1=)/2,

Thus the second solution is y» = y; In|¢|, and the the general solution to
the Euler equation in case 2 becomes

y=Cit" + Cot"Inlt| O (29.38)
Example 29.5. Solve the Euler equation t2y” + 5ty’ + 4y = 0.
The indicial equation is
O=r(r—1)+5r+4=r’+4dr+4=(r+2)° = r=-2  (29.39)

This is case 2 with » = —2, so y; = 1/t and yo = (1/t?>)Int|, and the

general solution is
0 Gy

y=—+ gt O (29.40)

Case 3: Complex Roots. If the roots of t2y” + aty’ + By = 0 are a complex
conjugate pair then we may denote them as

r=Atip (29.41)

where A and p are real numbers. The two solutions are given by

T e A (29.42)
= et (29.43)
= theFinint (29.44)
= tMcos(pInt) +isin(ulnt)] (29.45)
Hence the general solution is

y=Cit" + Cot™ (29.46)

= C1t*cos(pInt) + isin(ulnt)]
+ Cot*Mcos(pInt) — isin(pInt)] (29.47)
=M [(C1 4 Cy) cos(ulnt) 4 (C — iCy) sin(p1nt))] (29.48)

Thus for any C; and Cy we can always find and A and B (and vice versa),
where

A=0C1+Cy (2949)
B=C1 —iCy (29.50)

so that
y = At* cos(ulnt) + Bt sin(uInt) (29.51)
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Example 29.6. Solve t2y" + ty’ +y = 0. The indicial equation is
O:r(r—1)+r+1=7‘2+1:>7‘:ii (29.52)

Thus the roots are a complex conjugate pair with real part A = 0 and
imaginary part g = 1. Hence the solution is

y = At%cos(1-Int) + Bt®sin(1-Int) = Acoslnt + Bsinlnt [ (29.53)

Summary of Cauchy-Euler Equation

To solve t?y” + aty’ + By = 0 find the roots of
r(r—1)+ar+p=0 (29.54)
There are three possible case.

1. If the roots are real and distinct, say r1 # r3, then the solution is

y = Cyt™ + Cat™ (29.55)

2. If the roots are real and equal, say r = r; = ro, then the solution is

y = Cit" + Cat" In|t| (29.56)

3. If the roots form a complex conjugate pair r = A+iu, where A\, u € R,
then the solution is

y = C1t* cos(pInt) 4 Cot? sin(pInt) (29.57)

where, in each case, C7 and Cy are arbitrary constants (that may be
determined by initial conditions).
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Lesson 30

The Method of Frobenius

If the equation

Y +b(t)y +c(t)y=0 (30.1)

has a regular singularity at the point ¢t = ¢y, then the functions
p(t) = (¢ — to)b(t) (30.2)
q(t) = (t —to)?e(t) (30.3)

are analytic at t = ¢y (see the discussion following (28.65)). Substituting
(30.2) and (30.3) into (30.1) and then multiplying the result through by
(t —to)? gives

(t —to)*y" + (t — to)p(t)y' + q(t)y =0 (30.4)
Thus we are free to take equation (30.4) as the canonical form any second
order differential equation with a regular singularity at ¢ = ¢tg. By canonical
form, we mean a standard form for describing any the properties of any
second order differential equation with a regular singularity at ¢ = ¢¢.

The simplest possible form that equation (30.4) can take occurs when ¢y = 0
and p(t) = q(t) = 1,
2y 4ty +y=0 (30.5)

Equation (30.5) is a form of the Cauchy-Euler equation
t2y" + aty’ + by =0, (30.6)

where a and b are nonzero constants. The fact that theorem 28.1 fails
to guarantee a series solution around ¢ = 0 is illustrated by the following
example.

283
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Example 30.1. Attempt to find a series solution for equation (30.5).

Following our usual procedure we let y = > ° citk, differentiate twice, and
substitute the results into the differential equation, leading to

0=12) cph(k — )P 2 41> ekt 4> otk (30.7)
k=0 k=0 k=0
= Z crk(l = D)tF +> " cpkt® +> " ept” (30.8)
k=0 k=0
ZE:% k—1)+k+ 1)tk (30.9)
= Z en(k* + 1)t* (30.10)

By linear independence,
(k> +1) =0 (30.11)

for all k. But since k? + 1 is a positive integer, this means ¢; = 0 for all
values of k. Hence the only series solution is the trivial one, y =0. [
Before one is tempted to conclude that there is no non-trivial solution to

equation (30.5), consider the following example.

Example 30.2. Use the substitution = Int to find a solution to (30.5).

By the chain rule
,_dydx 1ldy

12
T dxdt tdo (30-12)
Differentiating a second time,
d (1dy
"=— === 30.13
Y ou (t dm) (30.13)
ldy 1d [d
=—=-"+4+-— (= .14
Zde | Tdi ( > (30-14)
1 dy 1d
=4 -— — 1
wa i (i) @ @019
1dy 1d%
—— =4+ == 1
t2dx 12 da? (30.16)
Substituting (30.12) and (30.16) into (30.5) gives
d2
Sy ry=0 (30.17)
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This is a homogeneous linear equation with constant coefficients; the solu-
tion is

y=Cicosz + Cysinz (30.18)

=Cicoslnt+ Cysinlnt. O (30.19)

The solution we found to (30.5) in example 30.2 is not even defined, much
less analytic at ¢ = 0. So there is no power series solution. However, it
turns out that we can still make use of the result we found in example 30.1,
which said that the power series solution only “exists” when k? +1 = 0,
if we drop the requirement that k£ be an integer, since then we would have
k = 44, and our “series” solution would be

y= Z cpth = c_it7 4 ¢it? (30.20)
kes
where the sum is taken over the set S = {—i,i}.

Example 30.3. Show that the “series” solution given by (30.20) is equiv-
alent to the solution we found in example 30.2.

Rewriting (30.20),
Y= C,Z—t—i + cz-ti

=c_;explnt™ + ¢jexplnt’

(30.21)
(30.22)
=c_;exp(—ilnt) + c;exp(ilnt) (30.23)
= c_qfcos(—ilnt) +isin(—ilnt)] + ¢;[cos(ilnt) + isin(ilnt)] (30.24)
=c_jcos(ilnt) —ic_ysin(ilnt) + ¢; cos(iInt) + ic;sin(ilnt)  (30.25)
= (¢; +c_1)cos(ilnt) +i(c; —c—1)sin(ilnt) (30.26)
= Cyrcos(ilnt) + Cysin(ilnt) (30.27)
where
Ci=c_;+g¢ (30.28)
CQ = Z(CZ — C,Z’) (3029)
Since this is a linear system and we can solve for ¢; and c_;, namely
1
¢ = 5(01 —iCh) (30.30)
1
C_; = 5(01 —+ ZCQ) (3031)

Given either solution, we can find constants that make it the same as the
other solution, hence the two solutions are identical. [J
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Since each term in (30.20) has the form t* for some complex number «,
this led Georg Ferdinand Frobenius to look for solutions of the form

y=(t—1t9)*S(¢t) (30.32)
where S(t) is analytic at ¢y and can be expanded in a power series,
S(t) =Y ekt —to)" (30.33)
k=0

To determine the condition under which Frobenius’ solution works, we dif-
ferentiate (30.32) twice

Y =at—1to)* 'S+ (t—to)*S’ (30.34)
Y’ = ala—1)(t —t0)* 28 + 2a(t — tp)* 1S + (t — to)*S”  (30.35)
and substitute equations (30.32), (30.34), and (30.35) into the differential
equation (30.4):
0=(t — to)? [a(cv — 1)(t — t0)* >S4+ 2a(t — to)* 'S + (t — to)*S"]

+(t —to) [ault — to)* 1S + (t — t0)*S'] p(t) + (t — to)“Sq(t) (30.36)

=(t —to)*"*S" + 2a + p(t)] (t — to)* TS’
+[ala—1) + ap(t) + q@)] (t —to)*S (30.37)

f

For t # tg, the common factor of (t — ty)* can be factored out to and the
result becomes

0= (t—t0)2S" +[2a + p(t)] (t—10)S"+[a(a — 1) + ap(t) + q(t)] S (30.38)

Since p(t), q(t), and S(t) are all analytic at ¢y the expression on the right-
hand side of (30.38) is also analytic, and hence infinitely differentiable, at
to. Thus it must be continuous at tg (differentiability implies continuity),
and its limit as ¢t — to must equal its value at ¢t = t5. Thus

[a(a — 1) 4 ap(to) + q(to)] S(to) = 0 (30.39)
So either S(tp) = 0 (which means that y(t9) = 0) or

Lo — 1) + ap(ty) + qlto) = 0 (30.40)

Equation (30.40) is called the indicial equation of the differential equation
(30.4); if it is not satisfied, the Frobenius solution (30.32) will not work.
The Indicial equation plays a role analogous to the characteristic equation
but at regular singular points.

Before we prove that the indicial equation is also sufficient, we present the
following example that demonstrates the Method of Frobenius.
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Example 30.4. Find a Frobenius solution to Bessel’s equation of order
1/2 near the origin,

2y +ty' + (12 —1/4)y =0 (30.41)
By “near the origin” we mean “in a neighborhood that includes the point
to = 0.

The differential equation has the same form as y” + b(t)y’ + ¢(t)y = 0 with
b(t) = 1/t and c(t) = (> — 1/4)/t?, neither of which is analytic at t = 0.
Thus the origin is not an ordinary point. However, since

p(t) = th(t) =1 (30.42)
and
q(t) =tc(t) =1* — 1/4 (30.43)

are both analytic at ¢ = 0, we conclude that the singularity is regular.
Letting tg = 0, we have p(tg) = p(0) = 1 and ¢(t9) = —1/4, so the indicial
equation is

1 5 1
0—a(a—1)+a—1foz ~1 (30.44)
The roots are o = £1/2, so the two possible Frobenius solutions
[e.¢] o
Y1 = \/%Z ajt* = ZaktkH/Q (30.45)
k=0 k=0
1 oo oo
yo=—= Y bpth =) bpthT1? (30.46)
Vi k=0 k=0
Starting with the first solution,
vi=> an(k+1/2)tF1/2 (30.47)
k=0
Y = Zak —1/4)tk=3/2 (30.48)

Using (30.45) and (30.47) the differential equation gives

O_Zak <k2 )tk+1/2+zak <k+2>tk+l/2

k=0

+ (t2 - 4) > atht? (30.49)
k=0
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Canceling the common factor of v/%,

= 1 St 1
O:Zak (k2—4> tk+zak <k+2> th
k=0

k=0
o0 1 (o]
+) axth T — i Z ath (30.50)
k=0
_Zak (k2—+k+—> Zatk“ (30.51)
k=0
=> ap(F® + k) + > apth? (30.52)

Letting j = k + 2 in the second sum,

0="> ar(k® +k)t" +) a; ot/ (30.53)
k=0

Jj=2

Since the k£ = 0 term is zero and the k = 1 term is 2aqt in the first sum,

0=2a1t+ Y [a;(5>+ )+ aj_2] t/ (30.54)

j=2
By linear independence,

a; =0 (30.55)
s

aA; = —— y

TG+

j>2 (30.56)

Since a; = 0, all subsequent odd-numbered coefficients are zero (this follows
from the second equation). Furthermore,

—ag —as ag —ay ao
= — = — = — = — = —— . 30.57
RES M T T T s T T (30.57)
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Thus a Frobenius solution is

(oo}
y1 = VY apth (30.58)
k=0
= Vt(ag + art + agt? +--) (30.59)
_ Lo 14 1
—aox/f(l—g!t + ot = ot +> (30.60)
ao A 1
—(t—-—=4+=—=+--- 30.61
NG ( TR (3061)
agp .
= —sint 30.62
N (30.62)
Returning to the second solution
b
Yo = —= 4 by VI 4 bot®? 4+ bst®/? 4 - (30.63)
Vit
This series cannot even converge at the origin unless by = 0. This leads to
Yo = bVt + bat®/? 4 bgt®? - (30.64)
= Vi(by + bat + bgt® + - ) (30.65)

which is the same as the first solution. So the Frobenius procedure, in this
case, only gives us the one solution. [

Theorem 30.1. (Method of Frobenius) Let

p(t) = pi(t —to)* and (30.66)
k=0

a(t) = > ault — to)" (30.67)
k=0

be analytic functions at ¢t = ¢y, with radii of convergence r, and let oy, as
be the roots of the indicial equation

aloa— 1) + ap(t) + q(to) = 0. (30.68)
Then

1. If a1, a9 are both real and a = max{ay, as}, there exists some set of
constants {a1, as, ...} such that

y=(t—1t)*> ar(t—to)" (30.69)
k=0
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is a solution of

(t —to)*y" + (t — to)p(t)y' + q(t)y =0 (30.70)

2. If aq, ap are both real and distinct, such that A = a7 — s is not an
integer, then (30.69) gives a second solution with @ = min{ay, as }and
a (different) set of coefficients {a1, as,...}.

3. If a1, ap are a complex conjugate pair, then there exists some sets of
constants {a1,as,...} and {by,bs, ...} such that

y1 = (t —to)® Zak (t —to)* (30.71)
y2 = (t —t0)™ Z br(t — to)* (30.72)

form a fundamental set of solutions to (30.70).

Example 30.5. Find the form of the Frobenius solutions for

20%y" + Tty +3y =0 (30.73)
The differential equation can be put into the standard form
t2y" +tp(t)y +q(t)y =0 (30.74)

by setting p(t) = 7/2 and ¢(¢) = 3/2. The indicial equation is

0=a’+(po—Da+qo (30.75)
=a?+(5/2)a+3/2 (30.76)
=(a+3/2)(a+1) (30.77)

Hence the roots are a3 = —1, ag = —3/2. Since A = a3 —ap =1/2 ¢ Z,
each root leads to a solution:

1
y1=¥Zaktk:%+a1+a2t+a3t2+~-~ (30.78)
k=0
g e bo by
yp =132 " hth = aEtast bot'/2 + b3t3/2 .. O (30.79)



291

Example 30.6. Find the form of the Frobenius solutions to
2y —ty+2y=0 (30.80)

This equation can be written in the form t2y” + tp(t)y’ + q(t)y = 0 where
p(t) = —1 and ¢(t) = 2. Hence the indicial equation is

0=a’+(po—Da+qgo=a®>—2a+2 (30.81)

The roots of the indicial equation are a = 1 + ¢, a complex conjugate pair.
Since Aa = (1+414) — (1 —1i) = 2i € Z, each root gives a Frobenius solution:

yr =t Z ayt" (30.82)
= (cosInt + isinlnt) (aot +ait? +astd+--- ) (30.83)
oo
yo =ty byt (30.84)
k=0
= (coslnt — isinlnt) (bot +b1t% 4+ byt 4 - - ) O (30.85)

Example 30.7. Find the form of the Frobenius solution for the Bessel
equation of order -3,

2y +ty' + (2 +9)=0 (30.86)

This has p(t) = 1 and ¢(t) = t2 49, so that py = 1 and g = 9. The indicial
equation is

a?+9=0 (30.87)

The roots are the complex conjugate pair oy = 3i, as = —3i. For a
complex conjugate pair, each root gives a Frobenius solution, and hence we
have two solutions

= ¢ Z apt® = [cos(31nt) + isin(31nt)] Z at® (30.88)
k=0
=13 Z bit* = [cos(31Int) — isin(3Int)] Z btk (30.89)
k=0

where we have used the identity
i = @It — cos(xInt) + isin(zInt) (30.90)

in the second form of each expression. [
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Proof. (of theorem 30.1). Suppose that
y=(t—1to)*S(x) (30.91)

is a solution of (30.70), where

oo

Z (t —to)™. (30.92)

We will derive formulas for the cy.
For n = 1, we start by differentiating equation (30.38)
0=2(t — t0)S" + (t — tg)*S"”"
+ [p(t) +2a] S" + (t — to)p' ()" + (t — to) [p(t) + 2a] 8"
+[¢'(t) + ap' ()] S + [q(t) + a(a — 1) + ap(t)] S (30.93)

Everything on the right hand side of this equation is analytic, and hence
continuous. Taking the limit as t — tp, we have,

0= [p(to) +2a] S'(to)
T[4/ (to) + ap/(t0)] S + [a(to) + ol — 1) + ap(to)] S'(to)  (30.94)

By Taylor’s Theorem ¢, = S (tq)/n! so that ¢g = S(to) and ¢; = S'(to);
similarly, p(to) = po, p'(to) = p1, q(to) = qo, and ¢'(to) = q1 in (30.66), and
therefore

0= (po + 2a)cr + [q1 + api]co + [go + (o — 1) + apoler (30.95)
The third term is zero (this follows from (30.68)) and hence

@1 +apr
- ¢

30.96
bt e, (30.96)

Cc1 = —

For n > 1, we will need to differentiate equation (30.38) n times, to obtain
a recursion relationship between the remaining coeflicients, starting with

0= D™ [(t —19)*S"] + D™ {[2a + p(t)] ( — t)S"}
+ D™ {[a(a — 1) + ap(t) + q(t)] S} (30.97)

We then apply the identity

D™ (uv) =Y <Z> (DFu)(D" *v) (30.98)
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term by term to (30.97). Starting with the first term,
DMt — 1028 = 3 (j) (DIt — t)?2] [D"5"] (30.99)
3=0

= (g‘) (t —tg)?D"S" + 2 (T) (t —to)D" 18"
+2 (g‘) D28 (30.100)

Even for n > 2 there are only 3 terms because D"(t — tg)? = 0 for n > 3.
Hence

D™ [(t —t0)%S"] = (t — t0)2S ") +2(n — 1)(t — o) STV
+n(n—1)sM™ (30.101)
At t = tg,

D™ [(t —t9)?S"] =n(n—1)S™(tg) =n(n —1)e,n!  (30.102)

-

Similarly, the second term in (30.97)

D™ {(t — to)[2a + p(t)] S (1)}

_ zn: (Z) D*(t — to)D"* {S'(1)[2a + p(1)]} (30.103)

k=0
= (t —to) D" {S'(1)[2c + p(t)]} + nD"* {S'(t)[2a + p(t)]} (30.104)

At t =t
D™ {(t — to)[2a-+ p(t)]S"(t)} (to)

=nD" {8 (t)[2a + p(t)]} (to) (30.105)
- nni (” . 1) {[2a -l—p(t)](k)(to)} S (1) (30.106)

k=0

= n[2a + p(to)]S™ (to)

+ nnf (” N 1) {120+ pI P (to) } S M (k) (30.107)

n[2a + p(te)]S™ (to) +nz< ) ") (t6)S =R (£5)  (30.108)
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By Taylor’s theorem p()(to) = klpp and S"=F)(ty) = (n — k)¢, _k, where
pr and ¢ are the Taylor coeflicients of p(t) and S(t), respectively,

Similarly, the third term in (30.97) is
D {[a(a — 1) + ap(t) + q(t)] S} (o)

= Z ( ) { o — 1) +ap(t) + q()| ™ (to)} SR (45)  (30.109)

Extracting the first (k = 0) term,

D™ {[a(a — 1) + ap(t) + q(t)] S} (to)
= [a(a — 1) + apo + q0] S™ (to)

+ Z ( > 0™ (to) + 4P (t)| S (ko) (30.110)

By the indicial equation, the first term is zero. Substituting the formulas
for the Taylor coefficients and simplifying,

n

D {fata = 1)+ ap(t)+ a(0]8) (o) = 3 () loklpn + Ko (n-)cn-s

k=1
(30.111)
Substituting (30.111) and (30.102) into (30.97),
0 =n(n — 1)cyn! +nn!(2a + po)cn
n—1 n
+ Z nl(n — k)prcn—i + Z n! [apr + qx) Cn—k (30.112)
k=1 k=1
Rearranging and simplifying,
n—1
n(n — 1+ 2a+ po)e, + Z[(n —k+a)pr + qxlen—r =0 (30.113)
k=1

Letting 7 > 0 be the radius of convergence of the Taylor series for p and
¢, then there is some number M such that |py|r¥ < M and |g| 7% < M.
Then

n—1

[n(n — 14 2a + po)en| < MZ [n—k+4+a|+1]|car|  (30.114)
k=1
Define the numbers Cy = |¢o|, C1 = |e1], and, for n > 2,

n—1

M1
|n—1—|—2a—|—p0|Cn:;;r—an—k—f—a\—f—l}Cn,k (30.115)
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Let j =n — k. Then

n—1

M 4

—1+2 Cp=— iy 11C; 30.116

[n— 1+ 2a + po| m«n;:r 15 +al+11¢ (30.116)
Evaluating (30.116) for n + 1,

Therefore

I+ 20+ po| Cousar(n + 1) = {nln — 14 2a + po| + M [[n+a| + 1} C,

(30.118)
so that
Onsr(t —to) _mln—1+ 20+ po| + Mln+al + 1] (E—to) 5,
C, [n+2a +po|(n+1) r '
| el MR (- 1) 30.120
- [n+2a+po[(nt1) r (30.120)
TL2
Hence c ( )
. n t—to t_tO

1 +1 — 1 30.121
Jim | Cef =t = |2 < (0120

Therefore by the ratio test > -, Ci(t — to)® converges; by the compari-
son test, the sum Y ¢, (t — to)" also converges. Equations (30.96) and
(30.113) give formulas for the ¢,

o = %c (30.122)
and
n—1

Cp = [(n—k+ a)pr + qi] cn— 30.123
(n_1+2a+p0 k; e+ g enr (30.123)

so that -
y=(t—to)* Y calt —to)" (30.124)

n=0

is a solution of (30.70) so long as

n—1+2a+py#0. (30.125)
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By the indicial equation, o + a(py — 1) + ¢o = 0, so that
a= % {1 —pot /(I —po)® — 4q0] (30.126)
Designate the two roots by ay and a_ and define
A=a;—a_=+/(1—-po)?—4q (30.127)
If they are real, then the larger root satisfies 2ay > 1 — pg, so that
n—142ar+ps>n—1+1—py+po=n>0 (30.128)

Therefore (30.124) gives a solution for the larger of the two roots. The
other root gives

n—1+2a_+py = n—1+1—py—+/(po—1)% —4q + po

(30.129)
This is never zero unless the two roots differ by an integer. Thus the smaller
root also gives a solution, so long as the roots are different and do not differ
by an integer.

If the roots are complex, then

1
a=g [1—po £iA] (30.130)

where A # 0 and therefore
n—14+2a+ps=n—1+1—py+iA+py=n+iA (30.131)
which can never be zero. Hence both complex roots lead to solutions. [

When the difference between the two roots of the indicial equation is an
integer, a second solution can be found by reduction of order.

Theorem 30.2. (Second Frobenius solution.) Suppose that p(t) and ¢(t)
are both analytic with some radius of convergence r, and that oy > s are
two (possibly distinct) real roots of the indicial equation

a® + (po — 1)+ o = 0 (30.132)

and let A = oy — aa. Then for some set of constants {cg, c1, ...}

yi(t) = (t—10)™ Y cxlt —to)* (30.133)
k=0
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is a solution of
(t—1t0)*y" + (t —to)p(t)y' + q(t)y =0 (30.134)

with radius of convergence r (as was shown in theorem 30.1), and a second
linearly independent solution, also with radius of convergence r, is given by
one of the following three cases.

1. If 4 = a9 = @, then
[ee]
yo = ayr () In [t —to| + (¢t —t0)* > an(t — to)" (30.135)
k=0

2. If A € Z, then

o0

yo = ayr () In [t —to| + (t —0)** > an(t — to)* (30.136)
k=0
3. f A ¢Z, then
Y2 = (t—10)™ > an(t — to)" (30.137)
k=0

for some set of constants {a, ag, ay,...}.

Proof. We only give the proof for ¢ty = 0; otherwise, make the change of
variables to x = t — tg and the proof is identical. Then the differential
equation becomes

2y +tp(t)y’ +q(t)y =0 (30.138)
and the first Frobenius solution (30.133) is

u(t) =t cpt? (30.139)
k=0

where « is the larger of the two roots of the indicial equation. By Abel’s
formula the Wronskian of (30.138)

W (t) = exp {—/p(;)dt} = exp {— ipk /tk—ldt} (30.140)
k=0

where {po,p1,...} are the Taylor coefficients of p(t). Integrating term by
term

W(t):exp{—poln It — pkkt’“} = [t exp{— p]:t"”} (30.141)
k=1 k=1
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Since
e =1+ z:(—l)’“H (30.142)
k=1
we can write
Pk | k
exp { ot } =1+ axt (30.143)
k=1 k=1
for some sequence of numbers aj,as,.... We do not actually need to know
these numbers, only that they exist. Hence
W(t) = [¢] 7 {1 + Zaktk} (30.144)
k=1

By the method of reduction of order, a second solution is given by

o(t) = u(t) / uwggt) dt = u(t)/ {1 + i aktk} dt (30.145)
k=1

|t‘7p0
u?(t)

t)

From equation (30.139), since v is analytic, so is 1/u, except possibly at its
zeroes, so that 1/u can also be expanded in a Taylor series. Thus

-2

1 —92 > k -2 —2 . k
=t t E 1 bt 30.146
20 {Z } Gy (01

for some sequence by, by, ... Letting K = 1/c3,

o(t) = Kul(t) / |t P02 {1 + ibktk} {1 + iaktk} dt  (30.147)
k=1 k=1

for some sequence dy, do, ...

By the quadratic formula

1 1

@ =3 (1 —po+ V(L —po)* — 4%) =50-po+4) (30.148)
1 1

az =3 (1 —po— /(1 —po)2— 4q0) =3 (1—po—A4) (30.149)

and therefore
2a0+py =1+ A (30.150)

since we have chosen o = max(ay, as) = . Therefore

o(t) = Ku(t) / i {1 + idktk} dt (30.151)

k=1
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Evaluation of the integral depends on the value of A. If A = 0 the first term
is logarithmic; if A € Z then the k = A term in the sum is logarithmic;
and if A ¢ Z, there are no logarithmic terms. We assume in the following
that ¢ > 0, so that we can set |t| = t; the ¢t < 0 case is left as an exercise.

Case 1. A = 0. In this case equation (30.151) becomes

v(t) = Ku(t) {/1dt+idk/tkldt} (30.152)
k=1

= Ku(t) {m It| +det]:} (30.153)
k=1

Substitution of equation (30.139) gives

v(t) = Kt} jeit® |t + > dj— (30.154)
k=0 j=1

titk

= Kt® ln\t|icktk —i—Ktaiickdj

- (30.155)
k=0 k=0 j=1 J

Since the product of two differentiable functions is differentiable, then the

product of two analytic functions is analytic, hence the product of two

power series is also a power series. The last term above is the product

of two power series, which we can re-write as a single power series with

coefficients e; as follows,

v(t) = Kt Inft] > cxth + Kt eyt (30.156)
k=0 k=0
= Kn[tlu(t) +t* ) ept® (30.157)
k=0

for some sequence of numbers {eg, ey, ...}. This proves equation 30.135.

Case 2. A = a positive integer. In this case we rewrite (30.151) as

v(t) = Ku(t)»  dy / th=(+8) gy (30.158)
k=0
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Integrating term by term,

v(t) = Ku(t) da/t‘ldtJr > dk/tk_(l+A)dt (30.159)

k=0,k#A
> d

= Ku(t) |dalnft + > ﬁt’“ﬂ (30.160)
k=0k#AA

Substituting equation (30.139) in the second term,

o0 o0
d
U(t) = au(t) In |t‘ + Kt* § thk E ﬁtkiA (30.161)
k=0 k=0k#£A

where @ is a constant, and we have factored out the common ¢2 in the
second line.

Since the product of two power series is a power series, then there exists a
sequence of numbers {ag, ai, ...} such that

o(t) = au(t) In [t + %2 apt® (30.162)
k=0

where we have used the fact that ag = o — A. This proves (30.136).
Case 3. A # 0 and A is not an integer. Integrating (30.151) term by term,

=8 X d
o(t) = Ku(t) | =+ > - _kAt’“’A (30.163)
k=1
=u(t)t 2> fit® (30.164)
k=0

where fo = —K/A and fi, = Kdi/(k — A), for k = 1,2,.... Substitution
for u(t) gives

oo oo
o(t) =t eth Y fit? (30.165)
k=0 j=0

Since s = a — A, and since the product of two power series is a power
series, there exists some sequence of constants {ag, a1, ...} such that

v(t) =) at? (30.166)
k=0

which proves (30.137). O
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Example 30.8. In example 30.4 we found that one solution of Bessel’s
equation of order 1/2, given by

t2y" +ty + (12 —1/4)y =0 (30.167)

near the origin is
sint

ylzw

Find a second solution using the method of Frobenius.

(30.168)

In example 30.4 we found that the the roots of the indicial equation are
oy =1/2 and ay = —1/2 (30.169)
Since the difference between the two roots is
A=a;—ay=1 (30.170)

We find the result from theorem 30.2, case 2, which gives a second solution

ya(t) = ayr (t) In |t + 22> aytk (30.171)
k=0

The numbers a and ag, aq, ... are found by substituting (30.171) into the
original differential equation and using linear independence. In fact, since
we have a neat, closed form for the first solution that is not a power series,
it is easier to find the second solution directly by reduction of order.

In standard form the differential equation can be rewritten as

1 t2—1/4
v+ gy’ + T/y =0 (30.172)

which has the form of y” + py’ + ¢ = 0 with p(t) = 1/y. By Abel’s formula,
one expression for the Wronskian is

~1 c
W= Cexp/ —dt = (30.173)

According to the reduction of order formula, a second solution is given by

Y2 = y1(t) W) dt = y/l ( Vi )2dt: w/csc% (30.174)

2" " Vi)t \sint Vi
sint cost
Vit Vit ( )
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Example 30.9. Find the form of the Frobenius solutions to Bessel’s equa-

tion of order 3,
2y +ty+ (> -9y =0 (30.176)

Equation (30.176) has the form t2y” + tp(t)y’ + q(t)y = 0, where p(t) = 1
and ¢(t) = t> — 9 are both analytic functions at ¢t = 0. Hence py = 1,
go = —9, and the indicial equation a? + (po — 1)a+ go = 0 is

a’?-9=0 (30.177)
Therefore oy = 3 and ag = —3. The first Frobenius solution is
y =1t apth = agt® + art* + ant® + - - (30.178)

k=0

Since A = a1 — ag = 6 € Z, the second solution is
yo = a(nt)t® Y " apth +17°3 " bith (30.179)
k=0 k=0

The coefficients a, ap and by are found by substituting the expressions
(30.178) and (30.179) into the differential equation. O



Lesson 31

Linear Systems

The general linear system of order n can be written as

Yy =anyr + azye + -+ ai, + f1(t)
: (31.1)
Yn = @p1y1 + an2y2 + -+ + ann + fa(t)

where the a;; are either constants (for systems with constant coefficients) or
depend only on ¢ and the functions f;(¢) are either all zero (for homogeneous
systems) or depend at most on t.

We typically write this a matrix equation

Y1 ai; a2 o Qip Y1 fi(?)
=1 . : N s : (31.2)
y;z an1l T Qnn Yn fn (t)

We will write this as the matrix system
y =Ay+f (31.3)

where it is convenient to think of y,f(¢) : R — R™ as vector-valued func-
tions.

In analogy to the scalar case, we call a set of solutions to the vector equation
{¥1, ..., ¥n} to the homogeneous equation

y = Ay (31.4)

303



304 LESSON 31. LINEAR SYSTEMS

a fundamental set of solutions if every solution to (31.4) can be written
in the form

y=Ciy: (t) +-- 4+ CnYn(t) (315)
for some set of constants C,...,C,. We define the fundamental matrix
as

W=(y1 -+ yn) (31.6)
and the Wronskian as its determinant,
W(t) = det W (31.7)

The columns of the fundamental matrix contain the vector-valued solutions,
not a solution and its derivatives, as they did for the scalar equation.

However, this should not be surprising, because if we convert an nth order
equation into a system by making the change of variables u; =y, us = ¥/,
ug =y", ..., up, = y" Y, the two representations will be identical.

Homogeneous Systems

Theorem 31.1. The fundamental matrix of the system y’ = Ay satisfies
the differential equation.

Proof. Let y1, ..., yn be a fundamental set of solutions. Then each solution
satisfies y, = Ay;. But by definition of the fundamental matrix,

W=(yi - yu) (31.8)

= (Ay1 -+ Alyn) (31.9)

=A(yr - ¥n) (31.10)

= AW (31.11)

Thus W satisfies the same differential equation. O

For n = 2, we can write equation the homogeneous system as

/: +b
v (31.12)

v =cu+dv

where u = y1, v = yo, and a, b, ¢, and d are all real constants.

the characteristic equation of the matrix

A= (CCL Z) (31.13)
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is
M —TA+A=0 (31.14)

where

T=a+d= trace(A)} (31.15)

A = ad — bec = det(A)
The roots A; and g of (31.14) are the eigenvalues of A; we will make use
of this fact shortly.

By rearranging the system (31.12) it is possible to separate the two first
order equations into equivalent second order equations with the variables
separated.

If both b=0 and ¢ = 0, we have two completely independent first order
equations,

v =au, v =dv (31.16)
If b # 0, we can solve the first of equations (31.12) for v,
1
v=o [u' — aul (31.17)
Substituting (31.17) into both sides of the second of equations (31.12),
1 " / !/ d /!
E[u —au]zv:cu—&—dv:cu—&—g[u—au] (31.18)

Rearranging,
v — (a+d)u + (da —be)u =0 (31.19)

If b = 0 and ¢ # 0 the first of equations (31.12) becomes
v = au (31.20)

and the second one can be solved for wu,
1 /
U=z [v" — dv] (31.21)

Substituting (31.21) into (31.20),
1 1 !/ ! a !
[ =du]=u =au=—[v — dv] (31.22)
c u

Rearranging,
v — (a+ d)v' + adv =0 (31.23)

By a similar process we find that if ¢ # 0
v — (a+d)v' + (ad — be)v =0 (31.24)
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and that if ¢ =0 but b # 0,
' — (a+d)u +adu=0 (31.25)

In every case in which one of the equations is second order, the character-
istic equation of the differential equation is identical to the characteristic
equation of the matrix, and hence the solutions are linear combinations of
eM? and e*2?, if the eigenvalues are distinct, or are linear combinations of
e and te* if the eigenvalue is repeated. Furthermore, if one (or both) the
equations turn out to be first order, the solution to that equation is still
e where ) is one of the eigenvalues of A.

A= (Cc‘ Z) (31.26)

Then the solution of 3y’ = Ay is given be one of the following four cases.

Theorem 31.2. Let

1. If b = ¢ = 0, then the eigenvalues of A are a and d, and

Y1 = C1€“t}

31.27
Yo = Coet ( )

2. If b # 0 but ¢ = 0, then the eigenvalues of A are a and d, and
) Cre + Coe™ a#d
B2V 0+ Cat)er a=d (31.28)
yz = Cae?

3. If b =0 but ¢ # 0, then the eigenvalues of A are a and d, and

y1 = Cre™
| Cae + Cse™ a#d (31.29)
27V (Co+ Cst)et a=d

4. If b # 0 and ¢ # 0, then the eigenvalues of A are
1
A= 3 [T + /T2 — 44 (31.30)

and the solutions are

(a) If)\1:>\2:>\
yi = (Ci1 + Cz‘2t)€/\t (31.31)
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(b) If A\ # Ao € R, ie., T2 > 4A,
yi = Cine™' + Cipe* (31.32)
(c) It T? < 4A then A\; 2 = pu +io, where yu,0 € R, and

Y; = e"t(C’“ cos ot + Cyo sin O't) (3133)

Example 31.1. Solve the system

y' = Ay, y(0)= (g) (31.34)

A= <i _12> (31.35)

To eliminate variables means we try to reduce the system to either two
separate first order equations or a single second order equation that we can
solve. Multiplying out the matrix system gives us

where

by elimination of variables.

v =u+v, up="6 (31.36)
v =4du—2v, vg=5 (31.37)

Solving the first equation for v and substituting into the second,

v =du —2v = 4u — 2(u' — u) = 6u — 2u/ (31.38)
Differentiating the first equations and substituting

u =u +v =u +6u—2u =—u +6u (31.39)

Rearranging,
u +u —6u=0 (31.40)

The characteristic equation is 72 +7r — 6 = (r — 2)(r + 3) = 0 so that
u = Cre* 4 Cre™3 (31.41)
From the initial conditions, uy = ug + vo = 11. Hence

Ci+Cy = 6

90, —3C, — 11 (31.42)

Multiplying the first of (31.42) by 3 and adding to the second gives 5C; = 29
or C1 =29/5, and therefore Co = 6 —29/5 = 1/5. Thus
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29 1
u = Ee% + ge_3t (31.43)

We can find v by substitution int (31.36):

v=u —u (31.44)
o8 3 29 1
= €e2t — ge_gt - €€2t - 56_3t (3145)
29 4
= Ee% — ge_?’t O (31.46)

The Matrix Exponential

Definition 31.3. Let M be any square matrix. Then we define the expo-
nential of the matrix as

1 1 1
expM)=eM=T+M + 5M2 + §M3 + IM4 SR (31.47)

assuming that the series converges.

Theorem 31.4. The solution of y’ = Ay with initial conditions y(ty) = yo
is y = eAlt—to)y,.

Proof. Use Picard iteration:

t
‘bk(t) =Yoo+ A@k,l(s)ds (3149)
to
Then
t
P, =yo+ Ad((s)ds (31.50)
t
y
=yo+ [ Ayods (31.51)
to
=yo + Ayo(t —to) (31.52)
= [I + A(t - to)]yo (3153)
and in general
k
1
Bp= T+ HAk(t —t0)*| vo (31.54)
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We will verify (31.54) by induction. We have already demonstrated it for
k =1 (equation 31.53). We take (31.54) as an inductive hypothesis and
compute

t
Boi(1) = yo + / Ay (5)ds (31.55)
:}’0+/ A IJerlAk s —t0)"| yods (31.56)

=Yoo +/ AIyOd8+/ Z k'l&kJrl S — to) yOdS (3157)

Oj 1

= yo + Alyo(t — to) +Zk'A’“+1/ (s —to)*yods  (31.58)
Jj=1 fo

= Yo + Alyo(t —to) + Z AkH( —t0)"'yo  (31.59)
k+1 ) ‘
= yo + Alyo(t —to) + » EAJ (t —to)yo (31.60)
j=27
k+1 1 4 4
=Yo +ZFA](15—750)JYO (31.61)
j=17"
k+1 1
= [T+ ANt —t)"| yo (31.62)
j=1

which completes the proof of equation (31.54). The general existence the-
orem (Picard) then says that

=1
y = I—i—ZHA’“(t—to)k Yo (31.63)
j=1

If we define a matrix M = A(t — ty) and observe that MY = I, then

— 1
y= M+ M yo =eMyg = A0y, (31.64)

Jj=1

as required. O
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Example 31.2. Solve the system

y' = Ay where y(0) = (g) (31.65)
1 1
A= <4 _2> (31.66)
From theorem 31.4

y = Aty = {eXp K i _12 )t]} ( g ) (31.67)

The problem now is that we don’t know how to calculate the matrix expo-
nentiall We will continue this example after we have discussed some of its
properties. [

and

Theorem 31.5. Properties of the Matrix Exponential.

1. If 0 is a square n X n matrix composed entirely of zeros, then

e® =1 (31.68)
2. If A and B are square nxn matrices that commute (i.e., if AB = BA),
then
eATB — (AB (31.69)
3. e? is invertible, and
(A) T =eA (31.70)

4. If A is any n X n matrix and S is any non-singular n X n matrix, then
S 'e®S =exp (ST'AS) (31.71)
5. Let D = diag(z1, ..., z,) be a diagonal matrix. Then
eP = diag(e™, ..., "), (31.72)
6. If ST'AS = D, where D is a diagonal matrix, then e = SePS~1.

7. If A has n linearly independent eigenvectors xi,...,X, with corre-
sponding eigenvalues Aj,...,\,, then e = UEU™!, where U =
(X1, ..,X,) and E = diag (e)‘l, - eA").

d
8. The matrix exponential is differentiable and $6At = AeAt,
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The Jordan Form

Let A be a square n X n matrix.
A is diagonalizable if for some matrix U, U"!AU = D is diagonal.

A is diagonalizable if and only if it has n linearly independent eigenvectors
V1, ..., Vp, in which case U = (v1 e vn) will diagonalize A.

If Ay, ..., A are the eigenvalues of A with multiplicities my,...,my (hence
n =m + ---+ my) then the Jordan Canonical Form of A is

B, 0 --- 0

g—| 0 B (31.73)
0
0 0 By

where (a) if m; = 1, B; = A\; (a scalar or 1 x 1 matrix; and (b) if m; # 1,
B, is an m; x m; submatrix with \; repeated in every diagonal element, the
number 1 in the supra-diagonal, and zeroes everywhere else, e.g., if m; = 3
then

Ao 10
0 0 XN

The B; are called Jordan Blocks.

For every square matrix A, there exists a matrix U such J = U™'AU
exists.

If J is the Jordan form of a matrix, then

eBr 0 0
d=o . o (31.75)
0 0 eBr

Thus e® = Uel UL,

Example 31.3. Evaluate the solution

y = etitoly, = {exp K i _12 )t]} ( g ) (31.76)

found in the previous example.
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1 1
4 -2
the the characteristic equation. Let x; and x5 be the eigenvectors of A.
From the last theorem we know that

A= (x1 x2) (6(? eogt) (2) (31.77)

where x7 is the eigenvector with eigenvalue 2 and x5 is the eigenvector with
eigenvalue -3.

Let X; = (UIL) .
U

Then since Ax; = \;x;,

< _12> <Zi) =2 (Zi) = u; = (31.78)

< = vy = —4usy (3179)

Since one component of each eigenvector is free, we are free to choose the

following eigenvectors:
1 1
X] = <1> and xg = (_4) (31.80)

The eigenvalues of A = ) are A = 2, —3, which we find by solving

N

B~ =
I =
[\
~
RN
SER
NN
~_
Il
\
w
RN
(SER
NN
~

Let
U= (x1 Xz) = <1 14> (31.81)
Then ) .
_ —4 -1
e detU[cof(U)]T = <_1 ) ) (31.82)
Therefore
1/1 1 e?t 0 4 1
A = : (1 4> (0 e3t) (1 1) (31.83)
1/1 1 4e?t 2t
= g <1 _4) (eBt _63t> (3184)
1 [ 4e2 4 ¢=3t 2t _ =3t
= g <4€2t — 4e~3t G2t +4e—3t (31-85)
1 _
=2 Kj 1) 2 4 (_14 41) eﬂ (31.86)

Hence the solution is
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6 Yer (D)) o
A )] e
2 ()

Aot

Yy =

We observe in passing that the last line has the form y = ax;e? +bxqe
O

Properties of Solutions

Theorem 31.6. y = e v is a solution of the system y’ = Ay if and only
if v is an eigenvector of A with eigenvalue .

Proof. Suppose that {)\, v} are an eigenvalue/eigenvector pair for the ma-
trix A. Then
Av = )\v (31.90)

and
% (eMv) = AeMv = eMAv = A (ev) (31.91)

At

Hence y = e*v is a solution of y’ = Ay.

To prove the converse, suppose that y = e*v for some number A € C and
some vector v, is a solution of y/ = Ay. Then y = eMvmust satisfy the
differential equation, so

AeMv =y = Ay = AeMv (31.92)

Dividing by the common scalar factor of e*, which can never be zero, gives
Av = )\v. Hence )\ is an eigenvalue of A with eigenvector v. O

Theorem 31.7. The matrix eA? is a fundamental matrix of y/ = Ay.

Proof. Let W = eA*. From the previous theorem,

W = %eAt = At = AW (31.93)
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Let y1,...,y» denote the column vectors of W. Then by (31.93)

(y’l y;) =W’ (31.94)
AW (31.95)
=A (y1 yn) (31.96)
= (Ay1 Ayn) (31.97)
Equating columns,
yi=Ay;, i=1,...,n (31.98)

hence each column of W is a solution of the differential equation.

Furthermore, by property (3) of of the Matrix Exponential, W = eA? is
invertible. Since a matrix is invertible if and only if all of its column vectors
are linearly independent, this means that the columns of W form a linearly
independent set of solutions to the differential equation. To prove that they
are a fundamental set of solutions, suppose that y(t) is a solution of the
initial value problem with y(¢9) = yo.

We must show that it is a linear combination of the columns of W. Since
the matrix W is invertible, the numbers C, Cs, ..., C,,, which are the com-
ponents of the vector

C = [W(to)] " yo (31.99)
exist. But
¥ = WC (31.100)
Ch
=(y1 - ya) | : (31.101)
Ch
=Ciy1+--+Cryn (31.102)

is a solution of the differential equation, and by (31.99), ®(ty) = W (ty)C =
Yo, so that W(t) also satisfies the initial value problem. By the uniqueness
theorem, y and ¥(¢) must be identical.

Hence every solution of y = Ay is a linear combination of the column
vectors of W, because any solution can be considered a solution of some
initial value problem. Thus the column vectors form a fundamental set of
solutions, and hence W is a fundamental matrix. [J
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Theorem 31.8. (Abel’s Formula.) The Wronskian of y’ = Ay, where A

is a constant matrix, is

W (t) = W (tg)elt ~to)traceld) (31.103)
If A is a function of ¢, then
¢
W(t) = W(to)exp/ [trace(A(s))]ds (31.104)
to

Proof. Let W be a fundamental matrix of y’ = Ay. Then by the formula

for differentiation of a determinant,

yil ?/21 ?J%l Yii Y21

, Y12 Y22 Yn2 Yia  Yho
wW't) =1 . . +1.

Y13 Yon Ynn Y13 Yon

Y11 Y21

Y2 Y22
+ - .

y/13 y/2n

Yn1
Yno

Ynn
Yni

(31.105)

’
Ynn

But since W satisfies the differential equation, W/ = AW, so that

aip -0 Qip

W' = AW = (v1
an1 crc Gpn
ai-yr - A1°Yn
an "Y1 - Ap - Yn

Yn) (31.106)

(31.107)

where a; is the ith row vector of A, and the a; - y; represents the vector
dot product between the ¢ th row of A and the jth solution vector y;.
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Comparing the last two results,

a;-y:r ar-y2 - a1°yYn Y11 Y21 Yn1
, Y12 Y22 Yn2 az-yir az-y2 az - yn
w (t) = + .
Y13 Yan Ynn Y13 Yon Ynn
Y11 Y21 s Ynl
Y12 Y22
NI ] ) (31.108)
anpy1 anp-y2 an " Yn

The first determinant is

ap-y:r -+ a1 yn
Y12 Yn2
. . (31.109)
Y13 e Ynn
a11Y11 + -+ @1p¥Y1n  G11Y21 + - F Q1pY2n 0 A11Ynl T C1nYnn
Y12 Y22 Yn2
Y13 Yon Ynn

We can subtract as; times the second row, az; times the third row, ...,
an1 times the nth row from the first row without changing the value of the
determinant,

ar-y:r ar-y2 -+ a1-ya a11Y11 G11Y21 - G11Yni
Y12 Y22 Yn2 Y12 Y22 Yn2
Y13 Yon Ynn Y13 Yon Ynn
(31.110)
We can factor out a;; from every element in the first row,
ai-y:r ar-yz2 - ar-ya Y11 Y21 0 Ynl
Y12 Y22 Yn2 Y12 Y22 Yn2
. =ai . . =aW(t)
Y13 Yan Ynn Y13 Y2n Ynn

(31.111)
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By a similar argument, the second determinant is a2 W (t), the third one
is agsW (t), ..., and the nth one is a,, W (t). Therefore

W'(t) = (a11 + agz + -+ - + apn)W(t) = (traceA)W (t) (31.112)
Dividing by W (t) and integrating produces the desired result. O
Theorem 31.9. Let y1,...,y¥, : I — R™ be solutions of the linear system

y' = Ay, where A is an n X n constant matrix, on some interval I C R,
and let W (t) denote their Wronskian. Then the following are equivalent:

1. W(t) #£0forallt el
2. For some tg € I, W(ty) #0
3. The set of functions y1(t), ...,y (t) are linearly independent.

4. The set of functions y; (¢), ..., y» (¢) form a fundamental set of solutions
to the system of differential equations on I.

Proof. (1) = (2). Suppose W (t) # 0 for all ¢ € I (this is (1)). Then pick
any to € I. Then 3ty € I such that W (tg) # 0 (this is (2)).

(2) = (1). This follows immediately from Abel’s formula.

(1) = (3). Since the Wronskian is nonzero, the fundamental matrix is in-
vertible. But a matrix is invertible if and only if its column vectors are
linearly independent.

(3) = (1). Since the column vectors of the fundamental matrix are linearly
independent, this means the matrix is invertible, which in turn implies that
its determinant is nonzero.

(3) = (4). This was proven in a previous theorem.

(4) = (3). Since the functions form a fundamental set, they must be linearly
independent.

Since (4) <= (3) <= (1) <= (2) all four statements are equivalent.
O

Theorem 31.10. Let A be an n x n matrix with n linearly independent
eigenvectors vy, ..., v,, with corresponding eigenvalues A1, ..., A,,. Then

y1 =vieMt Ly, = vetnt (31.113)

form a fundamental set of solutions for y’ = Ay.
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Proof. We have show previously that each function in equations (31.113) is
a solution of y’ = Ay. Since the eigenvectors are linearly independent, the
solutions are also linearly independent. It follows that the solutions form a
fundamental set. O

Generalized Eigenvectors

As a corollary to theorem 31.10, we observe that if A is diagonalizable
(i.e. it has n linearly independent eigenvectors) then the general solution
of y/ = Ay is

y =Y CivieM! (31.114)
=1

If the matrix is not diagonalizable, then to find the fundamental matrix we
must first find the Jordan form J of A, because

e =UdUu! (31.115)

where J = U7!AU for some matrix U that we must determine. If A were
diagonalizable, the columns of U would be the eigenvectors of A. Since the
system is not diagonalizable there are at least two eigenvectors that share
the same eigenvalue.

Let J = U AU be the Jordan Canonical Form of A. Then since A = UJU™ 1,
we can rearrange the system of differential equations y’ = Ay as

y =Ay =UJU 'y (31.116)

Let z=U"'y. Then
Uz =y =UJz (31.117)

Multiplying through by U~! on the left, we arrive at the Jordan form of
the differential equation,
z' =Jz (31.118)

where J is the Jordan Canonical Form of A. Hence J is block diagonal,
with each block corresponding to a single eigenvalue \; of multiplicity m;.
Writing

B, 0 - 0

(31.119)
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we can replace (31.118) with a set of systems

A1 0 0
0 0 X\

where B; is an m; X m; matrix (m; is the multiplicity of \;). Starting with
any block, denote the components of z; as (1, (s, ..., Gm, and (for the time
being, at least) omit the index ¢. Then in component form,

G =M+ G (31.121)
G =AC2 + (3 (31.122)
Cn—1 =ACn-1+(n (31.123)
G =Aikn (31.124)

We can solve this type of system by “back substitution” — that is, start
with the last one, and work backwards. This method works because the
matrix is upper-triangular. The result is

(m = ame™ (31.125)

where aq, ..., a,, are arbitrary constants. Rearranging,

tm,—l

G1 ar+agt+ -+ am—r
C (m—1)!
2 .
7 = . = . e/\t (31.126)
: Am—1 + a'mt
Cm [07%%%
hence
t e
(1) 1 (m—1)!
z=aeM| | tae |0+ +a,,eM : (31.127)
: : t
0 0 1

Denoting the standard basis vectors in R™ as ey, ..., €.,
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1
z = ajeMe; + ase™ (e2 + e1t) + aze™ (93 + eqt + 2e1t2) +

m—1
+"'+am€)‘t (em+em1t+"'+e1(7n1)|) (31.128)

Definition 31.11. Let (A, v) be an eigenvalue-eigenvector pair of A with
multiplicity m. Then the set of generalized eigenvectors of A corre-
sponding to the eigenvalue A are the vectors wy, ..., w,, where

(A= \D)’w, =0, k=1,2,...m (31.129)

For k = 1, equation (31.129) gives
0= (A - )\I)Wl = AW1 - )\Wl (31130)
ie.,
Wi =V (31.131)

So one of the generalized eigenvectors corresponding to the eigenvector v is
always the original eigenvector v itself. If m = 1, this is the only generalized
eigenvector. If m > 1, there are additional generalized eigenvectors.

For k = 2, equation (31.129) gives

0= (A —\I)*w, (31.132)
= (A = AI)(A — AX)wo (31.133)
=A(A - AN)wy — MA — A\D)wy, (31.134)
Rearranging,
A(A - A)wz = A(A — AD)wy (31.135)

Thus (A — AI)ws is an eigenvector of A with eigenvalue A. Since w; = v is
also an eigenvector with eigenvalue A, we call it a generalized eigenvector.
Thus we also have, from equation 31.135 and 31.129

(A — )\I)Wg = Wi (31.136)
In general, if the multiplicity of the eigenvalue is m,

(A — AD)w; =0 (31.137)
(A — AD)wy = wy (31.138)

(A= AND)wy, = Wiy (31.139)
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Corollary 31.12. The generalized eigenvectors of the m x m matrix

A1 0 0
B-= 9 A (31.140)
0 0 A

are the standard basis vectors eq, es, ..., €,,.

Proof.
(B — /\I)e1 = )\el - /\e1 =0 (31141)
(B — )\I)eg = Be2 — )\eg (31 142)
=(1,1,0,...,007 —(0,),0,...,0,) " =e; (31.143)
(B—ADe3 = (0,1,1,0...,0)7 —(0,0,),0,...,007 =ey (31.144)

(B—Me,, = (0,...,0,1,A\))T —(0,...,0,1,00T =e,,_1 (31.145)

Returning to equation (31.128), which gave the solution z of the ith Jordan
Block of the Jordan form z’ = Jz of the differential equation, we will now
make the transformation back to the space of the usual y variable, using
the fact that y = Uz

y =Uz (31.146)

A

= ajeMw; + age (

Wo + Wlt)

tm_l
_|_...+ame)\t (Wm+Wm_1t++W1(7’n—]_)'> (31147)

where

are the generalized eigenvectors of A. This establishes the following theo-
rem.
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Theorem 31.13. Let Ai, Ag,...,A; be the eigenvalues of A correspond-
ing to distinct, linearly independent, eigenvectors vi,...,v;. Denote the
multiplicity of eigenvalue A; by k;, for i = 1,2,...,5 (i.e., > ki = n). Let
Wi, -, W;; be the generalized eigenvectors for \;, with w;; = v;. Then a
fundamental set of solutions to y’ = Ay are

yir = wiett’ (31.149)
Vio = (twiy + wig)eti’ (31.150)
t2
yi3 = (QWﬂ + twis + Wi3> etit (31.151)
oL gk At
ij = —Wpe’ 31.152
YT 2 —my e (31.152)
Example 31.4. Solve
, (3 3
y = < 0 3 >y (31.153)
The characteristic polynomial is
0—‘36’\ BEA‘_(:’,A)? (31.154)

which has A = 3 as a solution of multiplicity 2. Letting (Z) denote the

(D)) e

which can be decomposed into the following pair of equations

eigenvector,

3a + 3b = 3a

o 3 (31.156)

Hence there is only one eigenvector corresponding to A = 3, namely (any
multiple of) (1 0)”. Therefore one solution of the differential equation is

y1=veM = ( (1) ) e (31.157)

and a second, linearly independent solution, is

Y2 = (tV + W2)63t (31158)
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where (A — AI)ws = wy, i.e.,

(31) (2 ()

), this simplifies to

(63)(5)=(s) sram

which gives d = 1/3 and leaves ¢ undetermined (namely, any value will do,

c

Letting wo = <d

so we choose zero). Hence wy = (1?3):

wt b (1) ()] ()

The general solution is then
Yy = c1y1 + c2y2 (31.162)
_ LY s t\ st
= (O) e +co <1/3) e (31.163)

where ¢; and co are arbitrary constants. ged

Variation of Parameters for Systems

Theorem 31.14. A particular solution of
y = Ay +g(t) (31.164)
is

yp = Al /e*Atg(t)dt (31.165)

Proof. Let W be a fundamental matrix of the homogeneous equation
y’ = Ay, and denote a fundamental set of solutions by y1,...,y,. We will
look for a particular solution of the form

yp =Y yilbui(t) = Wu (31.166)
=1
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for some set of unknown functions uy (t), ..., u, (t), and u = (u(t) ua(t)
Differentiating (31.166) gives

yp = (Wu) = Wu+ Wu' (31.167)
Substitution into the differential equation (31.164) gives
Wu+ Wu' = AWu + g (31.168)

Since W/ = AW,
AWu + Wu' = AWu + g (31.169)

Subtracting the commong term AWu gives
Wu' =g (31.170)

Multiplying both sides of the equation by W~ gives

—=u =W 31.171
prials g ( )

Since W = e, W1 = ¢=A% and therefore

u(t) :/%‘dt: /e‘Atg(t)dt (31.172)

Substition of (31.172) into (31.166) yields the desired result, using the fact
that W = eAt. O

Example 31.5. Find a particular solution to the system

"=z+3y+5
rorTey (31.173)

y =4z — 3y + 6t

The problem can be restated in the form y’ = Ay + g where

A= ( L ) and g(t) = ( o ) (31.174)

We first solve the homogeneous system. The eigenvalues of A satisfy
0=(1-=-X)(-3-X)—12 (31.175)

=\ +2)2-15 (31.176)
=A=3)(A+5) (31.177)

: Un(t))T‘



325

so that A = 3, —5. The eigenvectors satisfy

(i 33)(Z>:3<Z>:>2a:3b:>V3=(§> (31.178)
and
(i _33><2>=—5(2):>d:—26:>v5:< 12> (31.179)
Hence yu = cie” ( g ) + cae < _12 ) (31.180)

where ¢y, co are arbitrary constants. Define a matrix U whose columns are
the eigenvectors of A. Then

(3 1 [ 1/4 18
U—(2 _2>andU —(1/4 —3/8) (31.181)
Then
Al = UePIU! (31.182)
where D = diag(3, —5). Hence
A (3 1\ [ 0 1/4 1/8
© = <2 —2> <o e5t)\1/4 -3/8 (31.183)
(3 1 e3t/4 e3t/8
- <2 —2> (e‘5t/4 —3e7%/8 (31.184)
§63t + lefm o3t _ §675t
- th 3t le —5t % 3t § —5t (31.185)
56 — 56 Ze + Ze
Since
e At = (UL UYL = Ue PIU! (31.186)
we have
_Aar (3 1\ (et 0 [/1/4 1/8
c = (2 —2> ( 0 ) \1/4 —3/8 (31.187)
8y L 3w 3w
=1 { $ 8 (31.188)
Ze=8t _ bt =8t 4 05t



326 LESSON 31. LINEAR SYSTEMS

By the method of variation of parameters a particular solution is then

y;>::eAtj[eA¢ga)dt (31.189)
=3t 4 15t 3,3t _ 3.5 5
= eAt/ (16_& _ %em ;e—l}t + Ze5t 6t dt (31.190)

Using the integral formulas [ e*dt = Le and [tedt = (t/a —1/a?) e
we find

15 -3t 5 5t 9( t _ 1) _ -3t _ 9 (t __ 1\ ,5¢
y At -3¢ ~ tame +4<73 9)6 1(E—m)e
P = —3t
5 5 5t 3 (.t _ 1\ ,-3t, 9(t __ 1Y 5t
2(—3) ¢ 3576 T3 (—3 9)6 +35(f—a5)e
3,3t 17,5t _ 3t _ 9t 5¢
— At 3¢ "t 5¢ 1€ 20¢
_S-3t _ 17,5t _ t -3t , 9t 5t
€ 25°¢ 3¢ 7 T 1€
(31.191)
Substituting equation (31.183) for eAt
33t 4 lo—5t 3,3t 3,5t 7%67& T 1%6515 _ %67315 _ 3465t
ypr = i3t7i75t iSt 275,5 773t717755t7§73t 9t 5t
5€ 5¢€ 7¢” + e e e 5€ + 1€
(%es i ieg_&) (E%e—gt n %651& _1$€—3t . %em 5
B + (geSt _ §6—5t> (_e—3t _ %65:& — et o T€5t>
= 1.3t _ 1.-5t\ (_3,—53t 175t _ 3t ,—3t _ 9t 5t
2¢ 2? 3t 32e't +50§t 1%ert t 2032 9t 5t
4 9,9 —p— il 0 U ,— JU 50
+(3€% + 3e7) (e 25¢ 3¢ 7 T 1€ )
29 6
- (Z874)
25 7 5
(31.192)
Hence

:CleSt< :23 ) +C2e—5t< _12 ) +( §§+§i ) (31.194)

In terms of the variables x and y in the original problem,

29 6
T =3c1e® + cpe P — % gt (31.195)
( 42 2
y=2c13 — 2% — — + 2t O (31.196)

)
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Non-constant Coefficients

We can solve the general linear system
y' =A)y(t) +g(t) (31.197)

where the restriction that A be constant has been removed, in the same
manner that we solved it in the scalar case. We expect

M(t) = exp {— / A(t)dt] (31.198)
to be an integrating factor of (31.197); in fact, since
M'(t) = —M(t)A(t) (31.199)
we can determine
4 (M(r)y) = M)y + M 1)y (31.200)
= M(t)y' — M(t)A(t)y (31.201)
=M(@)(y' - A)y(t)) (31.202)
_ M(t)g(t) (31.203)
Hence
M(t)y — / M(t)g(t)dt + C (31.204)

and therefore the solution of (31.197) is

y =M"(1) {/M(t)g(t)dt + c] (31.205)

for any arbitrary constant vector C.

Example 31.6. Solve y' = A(t)y +g(t), y(0) = yo, where

A:(Ot Ot),g(t):<3tt>,y0:<;l> (31.206)

To find the integrating factor M = exp [ —A(t)dt, we first calculate

P(t)=- Atdt——1 0 & 31.207
The eigenvalues of P are

AM=——, Adp=— (31.208)
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The corresponding eigenvectors are

v1=<_11>, V2:(i> (31.209)

The diagonalizing matrix is then

S=(vi va) = ( o ) (31.210)
and its inverse is given by
1/ -1 1
-1 _ *
ST = 3 ( 11 ) (31.211)
so that ) )
D=S""PS= 5 ( 0 £ ) (31.212)

is diagonal. Hence M = P = SePS~!, which we calculate as follows.

Moo (11 e 0\ (-1 1
1 1 0 et’/2 | 2 1 1
_ 1 ( -1 1 ) ( 767t2/2 e*t2/2 )
- 2 t2/2 t2/2
t ¢ € (31.213)
o e—t2/2 +et2/2 _e—t/2 +€t2/2
= 3

—et/2 p ot?/2 omt?/2 4 ot7)2

_ (cosh(t2/2) Sinh(t2/2))
sinh(#2/2) cosh(t?/2)

and (using the identity cosh? z — sinh?z = 1),

o (S O

Furthermore,
_( cosh(t?/2) sinh(t?/2) t
M(t)e() = < sinh(2/2) ~cosh(?/2) ) ( 3t ) (31:215)
[ tcosh(t?/2) + 3tsinh(t?/2)
- ( tgiorfh(tQ/Q) +3t:osh(t2/2) > (31.216)
Using the integral formulas
/tcosh(t2/2)dt = sinh(t?/2) (31.217)

/tsinh(tQ/Q)dt = cosh(t?/2) (31.218)
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we find that
[outon = (3SR
hence
M~L(t) / M(t)g(t)dt (31.220)

—sinh(t?/2)  cosh(t?/2) cosh(t?/2) + 3sinh(t?/2)
(31.221)

= (i’) (31.222)

Since y = M~1(¢) [ [ M(t)g(t)dt + C], the general solution is

y= (1) + (Comil, e () e

_ ( cosh(t2/2) —sinh(t2/2)) <3cosh(t2/2) +sinh(t2/2))

{3+ C1cosh(t?/2) — Cysinh(t?/2) (31.224)
~ \1 - Csinh(t?/2) + Cq cosh(t?/2) '
The initial conditions give
4\ [ 3+C4
(2>_<1+02) (31.225)
Hence C7 =Cy =1 and
{3+ cosh(t?/2) — sinh(?/2)
y= ( 1 — sinh(f2/2) + cosh(2/2) (31.226)
Since
coshz — sinhz = & tel e e ” (31.227)

2 2

we have the solution of the initial value problem as

—t2)2
y= ( 3te ) 0 (31.228)

14 e /2
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Lesson 32

The Laplace Transform

Basic Concepts

Definition 32.1 (Laplace Transform). We say the Laplace Transform
of the function f(¢) is the function F(s) defined by the integral

CIf(t)] = F(s) = / T et iyt (32.1)

provided that integral exists.

The notation L[f(t)] and F(s) are used interchangeably with one another.

Example 32.1. Find the Laplace Transform of f(t) = t.

Solution. From the definition of the Laplace Transform and equation A.53

L:[t]:/ te”Stdt (32.2)
0
t 1) I
=(-——=)e*® (32.3)
(3 52 0
1
-5 O (32.4)

Example 32.2. Find the Laplace Transform of f(t) = 2.

331
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Solution. From the definition of the Laplace Transform

E[e%] = / e2lestdt = / =9t gy (32.5)
0 0
R (32.6)
2—-s 0
1
= 5 50 longas s >2 O (32.7)

Remark. As a generalization of the last example we can observe that

Lle™] = L, s>a (32.8)

s—a

Definition 32.2 (Inverse Transform). If F'(s) is the Laplace Transform of
f(t) then we say that f(¢) is the Inverse Laplace Transform of F(s) and
write

f(t) = L7 [F(s)] (32.9)

Example 32.3. From the example 32.1 we can make the following obser-
vations:

1. The Laplace Transform of the function f(t) = ¢ is the function
LIf(#)] =1/s%

2. The Inverse Laplace Transform of the function F(s) = 1/s? is the
function f(t) =t.

In order to prove a condition that will guarantee the existence of a Laplace
transform we will need some results from Calculus.

Definition 32.3 (Exponentially Bounded). Suppose that there exist some
constants K > 0, a, and M > 0, such that

f(1)] < Ke' (32.10)

for all t > M. Then f(t) is said to be Exponentially Bounded.

Definition 32.4 (Piecewise Continuous). A function is said to be Piece-
wise Continuous on an interval (a,b) if the interval can be partitioned
into a finite number of subintervals

a=tyg<t1 <ta<---<tp,=0> (32.11)

such that f(¢) is continuous on each sub-interval (¢;,t;41) (figure 32).
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Figure 32.1: A piecewise continuous function. This function is piecewise
continuous in three intervals [—1,1/2],[1/2,3/2],[3/2,2] and the function
approaches a finite limit at the endpoint of each interval as the endpoint is
approached from within that interval.

2-

LN

1w

)=
o=

o=
T

Theorem 32.5 (Integrability). If f(t) is piecewise continuous on (a,b)
and f(t) approaches a finite limit at the endpoint of each interval as it is

approached from within the interval then fab f(t)dt exists, i.e., the function
is integrable on (a,b).

Theorem 32.6 (Existence of Laplace Transform). Let f(¢) be defined for
all ¢ > 0 and suppose that f(t) satisfies the following conditions:

1. For any positive constant A, f(t) is piecewise continuous on [0, A].

2. f(t) is Exponentially Bounded.
Then the Laplace Transform of f(t) exists for all s > a.

Proof. Under the stated conditions, f is piecewise continuous, hence inte-
grable; and |f(¢)| < Ke* for some K, a, M for all t > M. Thus

LIF(t)] = /OO e St f(t)dt (32.12)

0

M 0
= / e St f(t)dt +/ e Stf(t)dt (32.13)
0 M
Since f is piecewise continuous, so is e *! f(£), and since the definite integral
of any piecewise continuous function over a finite domain exists (it is the

area under the curves) the first integral exists.
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The existence of the Laplace Transform therefore depends on the existence
of the second integral We must show that this integral converges. But

le st f(t)] < Ke *te™ = Kelo™®)t (32.14)

Thus the second integral is bounded by

[ erwans [Tl
M M

< / Kelo=9tqy
M

T
= lim Kela=9)tgt

T—oo Jpr
T
= lim ela=s)t
T—oo a4 — S M
= lim [e(a—s)T o 6(a—s)M]
T—ooa— S
0 ifa<s
Tl o ifa>s

Thus when s > a, the second integral in (32.13) vanishes and the total
integral converges (is defined). O

Theorem 32.7 (Linearity). The Laplace Transform is lineary, e.g., for any
two functions f(¢) and g(t) with Laplace Transforms F(s) and G(s), and
any two constants A and B,

LIAf(t) + Ag(t)] = AL[f ()] + BLg(t)] = AF(s) + BG(s)  (32.15)

Proof. This property follows immediately from the linearity of the integral,
as follows:

LIAS(E) + Ag(t)] = /Oo(Af( ) + By(t))e *'dt (32.16)

—A/ f(t) *Stdt—i—B/ Ye Stdt (32.17)
= AL[f(t)] + BL[g(t)] = AF(s) + BG(s)  (32.18)

O
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Example 32.4. From integral A.107,

L[cos kt] = / cos kt e dt
0

e~ (ksinkt — scos kt) |
k2 + s2 0

s
T2 k2
Example 32.5. From integral A.105,

L[sin kt] = / sin kt e~ 5t dt
0

oo

e~ %t (—ssinkt — k cos kt)
k2 + s2

0
k
= [
52 + k2
Example 32.6.
o e(a—s)t e 1
Lle] z/ ete stdt = = ,s>a O (32.19)
0 a—s |, s—a

Example 32.7. Using linearity and example 32.6,

L[coshat]dt = L B(e“t + eat)} (32.20)
= 2 (C[e) +£[e)) (32.21)
;<sia+s—&1-a) (32.22)
=5 O (32.23)

Example 32.8. Using linearity and example 32.6,

L[sinhat]dt = L [;(6“ — eat)} (32.24)
= % (L[e™] = L[e™]) (32.25)
:;(Sia_sia) (32.26)

= O (32.27)
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Example 32.9. Find the Laplace Transform of the step function

ft)= { g ?5; =3 (32.28)

Using the definition of L[f(t)], we compute

9] _
3e 2s

=—— O (32.29)
2

clsen = [ S

Laplace Transforms of Derivatives

The Laplace Transform of a derivative is what makes it useful in our study
of differential equations. Let f(t) be any function with Laplace Transform
F(s). Then

L[dj;(m = /OOO #T(tt)e*“dt (32.30)

We can use integration by parts (which means we use equation A.3) to solve
this problem; it is already written in the form [ udv with

u=e 5 (32.31)
dof'(t)dt (32.32)

Since this gives v = f and du = —se~*!dt, we obtain
LIf')] = e f(1)|, + s/w ft)etat (32.33)

0
= —f(0) + sF(s) (32.34)
which we will write as

|LIf' ()] = sF(s) — £(0) ] (32.35)

Thus the Laplace Transform of a Derivative is an algebraic func-
tion of the Laplace Transform. That means that Differential equations
can be converted into algebraic equations in their Laplace representation,
as we will see shortly.

Since the second derivative is the derivative of the first derivative, we can
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apply this result iteratively. For example,

clr o) = £ 5110 (3230
= —f(0) + sLLf' (1) (32.37)
= —f'(0) + s(—f(0) + sF(s)) (32.38)
= —f"(0) — sf(0) + s°F(s) (32.39)

Theorem 32.8. Let f, f',...,f(» 1 be continuous on [0,00), of expo-
nential order, and suppose that f(™)(t) is piecewise continuous on [0, 0).
Then

L[fW)] = s"F(s) = "L (0) = 5" 72f1(0) - = [0 (0) - (32.40)
where F(s) = L[f(t)].
Proof. This can be proven by mathematical induction. We have already

proven the cases for n = 1 and n = 2. As an inductive hypothesis we will
assume (32.40) is true for general n > 1. We must prove that

L[] = s HE(s) = 5" £(0) = 87 f0) = o = f(0) (32.41)

follows directly from (32.40).

Let g(t) = f™. Then ¢/(t) = f"+1(#) by definition of derivative notation.
Hence

L[| = cig 0] (32.42)
= sG(s) — ¢(0) (32.43)
_ [ f(”)(t)} — ) () (32.44)

Substitution of (32.40) yields (32.41) as required. O
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The Gamma Function

Definition 32.9. The Gamma Function is defined by

F(J:)z/ u" e du (32.45)
0

for z € R but x not equal to a negative integer.

Figure 32.2: The Gamma function I'(¢).

10

]

If we make a change of variable u = st for some constant s and new variable
t in (32.57), then du = sdt and

I(z) = / (st)* test sdt = sm/ t*temst dt (32.46)
0 0
Thus IS
[(z+1)=s"T! / tPe St dt = L[t] (32.47)
0
or
o Dle+1)

The gamma function has an interesting factorial like property. Decreasing
the argument in (32.49) by 1,

I(z)=L[t""] (32.49)
But since

tm—l — 77t<77 32.50
x dt ( )
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A=« [ijﬁr} = iﬁ{iﬂ (32.51)
Let f(t) =t*. Then
£ L(iittx} = L[f'()] = sF(s) = f(0) = sF(s) (32.52)

since f(0) = 0, where F(s) is given by the right hand side of (32.57)
Substituting (32.52) into (32.51) gives

_ 1.[d s[(z+1)
] = 2| =t = 2 2.
£l xﬁ{dt } x  sotl (32.53)
But from (32.51) directly
_ ['(z)
el = 2 2.54
el =1 (32.54)

Equating the last two expressions gives

P(z) sT(z+1)
= — 2.
o ] (32.55)

which after cancellation gives us the fundamental property of the Gamma
function:

D@ +1)=al(z)| (32.56)

Now observe from (32.57) that
1) = ; uw e tdu :/0 e tdu=1 (32.57)

From (32.56)

@) =1-I1)=1-1=1=1l (32.58)
I(3)=2-I2)=2-1=2=2 (32.59)
I(4)=3-T(3)=3-2=6=3] (32.60)
I(5)=4-T(4)=4-6 =24 = 4! (32.61)
T(6)=5-T(5) =54 = 5! (32.62)
(32.63)
I'(n)=(n-1)! forneZ" (32.64)

hence for n an integer

Lt = SZ’ (32.65)
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Using Laplace Transforms to Solve Linear Differential
Equations

The idea is this: the Laplace Transform turns derivatives into algebraic
functions. So if we convert an entire linear ODE into its Laplace Transform,
since the transform is linear, all of the derivatives will go away. Then we
can solve for F(s) as a function of s. A solution to the differential equation
is given by any function f(t) whose Laplace transform is given by F(s).
The process is illustrated with an example.

Example 32.10. Solve 3 + 2y = 3, y(0) = 1, using Laplace transforms.

Let Y (s) = L[y(t)] and apply the Laplace Transform operator to the entire
equation.

y'(t) + 2y(t) = 3t (32.66)
Ly (t) +2y(t)] = L[3t] (32.67)
LIy (1)] + 2L]y(0)] = 3L1] (32.68)

From example 32.1, and equation 32.35,
S (s) — y(0) + 2V (s) = S% (32.69)

2
(s+2)Y(s) = s% +y(0) = s% +1= 3172 (32.70)
(32.71)
Solving for Y'(s),
3+ 52

Y(s) = I (32.72)

The question then becomes the following: What function has a Laplace
Transform that is equal to (3 + s2)/(s%(s +2))? This is called the inverse
Laplace Transform of Y(s) and gives y(t):

— 2.
s+ 2)s? (82.73)

We typically approach this by trying to simplify the function into smaller
parts until we recognize each part as a Laplace transform. For example, we
can use the method of Partial Fractions to separated the expression:

34 s° _A+Bs C+Ds
(s4+2)s2 52 s+2
(A+ Bs)(s+2) (C+ Ds)s?

BT Ty (32.75)

(32.74)




Equating numerators and expanding the right hand side,

3+ 5% =(A+ Bs)(s+2)+ (C+ Ds)s?
= As+2A+ Bs* + 2Bs + Cs*> + Ds®
=24+ (A+2B)s+ (B +C)s* + Ds®

Equating coefficients of like powers of s,

3=124 :A_g
0=A+2B :>B:;A:—Z
1=B+C :>C':1—B:£
0=D
Hence
3+ s? _%*%54_ g
(s+2)s? 52 s+2
31 31 7 1
= . — .4 .
2 s2 4 s 4 s+2

From equations (32.4) and (32.8)

we see that

3+s2 3 3 .
a2 =g Ll £l
A3, 3T
E{Qt 4+4 e ]
3+s2 7 3. 3 71
_ -1 _2,_ 2 0 %
y(t) =L {(s+2)s2} pi ity

which gives us the solution to the initial value problem. [
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(32.76)
(32.77)
(32.78)

(32.79)
(32.80)

(32.81)
(32.82)

(32.83)

(32.84)

(32.85)
(32.86)

(32.87)

Here is a summary of the procedure to solve the initial value problem for

y'(t):

1. Apply the Laplace transform operator to both sides of the differential

equation.
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2. Evaluate all of the Laplace transforms, including any initial condi-
tions, so that the resulting equation has all y(t) removed and replaced
with Y'(s).

3. Solve the resulting algebraic equation for Y (s).

4. Find a function y(¢) whose Laplace transform is Y(s). This is the
solution to the initial value problem.

The reason why this works is because of the following theorem, which we
will accept without proof.

Theorem 32.10 (Lerch’s Theorem!). For any function F(s), there is at
most one continuous function function f(¢) defined for ¢ > 0 for which

LIfB)] = F(s).

This means that there is no ambiguity in finding the inverse Laplace trans-
form.

The method also works for higher order equations, as in the following ex-
ample.

Example 32.11. Solve y”" — 7y’ + 12y = 0, y(0) = 1, y'(0) = 1 using
Laplace transforms.

Following the procedure outlined above:

0=L[y" -7y + 12y
Lly"] = 7Ly ] + 12L]y]
sY (s) — sy(0) — /' (0) = 7(sY (s) — y(0)) + 12Y (s)
=52Y(s) — s — 1 —TsY(s) + 7+ 12Y(s)
(s> —Ts +12)Y(s) + 6 — 5
5—6 5—6 3 2

2—Ts+12 (s—3)(s—4) s-3 s-4

Y(s) =

where the last step is obtained by the method of partial fractions. Hence

3 2

s—3 s—4

y(t) = L1 { } =3¢’ — 2¢O (32.94)

INamed for Mathias Lerch (1860-1922), an eminent Czech Mathematician who pub-
lished more than 250 papers.
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Derivatives of the Laplace Transform

Now let us see what happens when we differentiate the Laplace Transform.
Let F(s) be the transform of f(¢).

%F(s) - dils /0 T eyt (32.95)
_ /O h %e*“ F()dt (32.96)
. /O T ettt (32.97)
— _Ltf(D)] (32.98)

By a similar argument, we get additional factors of —t for each order of
derivative, so in general we have

dm)
FO(s) = S-S LI (0] = (~1)" [t £ (1) (3299)
Thus we have the results
LItf(t)] = F'(s) (32.100)
L[E"f)] = (=1)"F(n)(s) (32.101)

Example 32.12. Find F(s) for f(t) = tcoskt.
From (32.19) we have L[coskt] = s/(s? + k?). Hence

L[t coskt] = %C[COS kt) (32.102)
d s
= 2.1
ds s% + k? (32.103)
(s* +K2)(1) — s(2s)
= - 2.104
(2 + K2)2 (32.104)
52 — k2
- g O (32.105)

Step Functions and Translations in the Time
Variable

Step functions are special cases of piecewise continuous functions, where the
function “steps” between two different constant values like the treads on
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a stairway. It is possible to define more complicated piecewise continuous
functions in terms of step functions.

Definition 32.11. The Unit Step Function with step at origin, U/(t)
is defined by

0, t<0
Ut) _{ Lo (32.106)
The Unit Step Function with Step at ¢y, U(t — to) is then given by
o 0, t<ty
Ut —ty) = { 1>t (32.107)

The second function is obtained from the first by recalling that subtraction
of tg from the argument of a function translates it to the right by g units
along the z-axis.

Figure 32.3: A Unit Step Function U (t — ty) with step at ¢ = to.

Unit step functions make it convenient for us to define stepwise continu-
ous functions as simple formulas with the need to list separate cases. For
example, the function

0, t<1
fH)=<1, 0<t<?2 (32.108)
0, t>2

can also be written as (figure 32.3)

fO)=Ut-1)-Uit-2) (32.109)
while the function
0 t<-1
fy=qe? —1<t<1 (32.110)

0 t>1
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can be written as
) =e T Ut +1) = Ut —1) (32.111)

as illustrated in figure 32.4.

Figure 32.4: A piecewise continuous function defined with step functions.

5t
0.5t

0.25}

Q
p

We can also use the combination to produce piecewise continuous transla-
tions, for example,

ft) = {S_@_g) ’ ﬁ i ; =U(t—2)f(t—3) (32.112)

The second factor (f(t—3)) translates the bell curve to the right by 3 units,
while the first factor cuts off the part to the left of ¢t = 2 (figure 32.5).

Figure 32.5: A piecewise continuous function defined by a translation mul-
tiplied by a step functions.

L.}
0.75}
0.5}

0.25}
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The Laplace Transform of the step function is easily calculated,

LUt - a)] = /Ooo U(t — a)e~*tdt (32.113)
= /Oo e *tdt (32.114)
e (32.115)

We will also find the Laplace Transforms of shifted functions to be useful:

LIfOUt — a)) / FOUt — a)e s dt (32.116)
= / f(t)e =tdt (32.117)
Here we make a change of variable
r=t—a (32.118)
so that
LIFOU(t —a)] = / b [z +a)e™ @+ gy (32.119)
0
=e % /Oo flz+a)e*%dx (32.120)
0
= e L[f(t + a)] (32.121)
A similar result is obtained for
LU — aU(t —a)] = / T bt — Ut — a)etdt (32.122)
0
= /OO f(t —a)e dt (32.123)
Now define
r=t—a (32.124)
so that
LIf(t —a)U(t —a)] = /OO f(t)e @+ dy (32.125)
/ ft)e *Fdx (32.126)

= e “F(s (32.127)
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Translations in the Laplace Variable
If F(s) is the Laplace Transform of f(t),
F(s)/ooo F(t)estdt (32.128)

What happens when we shift the s-variable a distance a? Substituting
S =s—a,

Fls —a) = F(S) = / T reStat (32.129)
0
= /Oo ft)e = Diat (32.130)
0
= /OC e f(t)e *tdt (32.131)
0
=L[e"f(1)] (32.132)

which is often more useful in its inverse form,

L7YF(s —a)] = e f(t) (32.133)
. 542
Example 32.13. Find f(¢) such that F(s) = Go2)e
Using partial fractions,
542 A B
= 2.134
5-2° s—2 (s—2p (32.134)
A(s —2) B
= 2.1
22 (s_2p (32.135)
s+2=As+ (B —24) (32.136)
Hence
A=1 (32.137)
B-24=2 = B=14 (32.138)
Therefore
2 1 4
F(s)= 12— + (32.139)

(s—2)2 s—-2 (5—2)2
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Inverting the transform,

e
=etL! E] +de? L [1}

t2
=e? .14 4e* ¢
= (1+1t)e* O

(32.140)
(32.141)

(32.142)

(32.143)
(32.144)

Example 32.14. Solve ¢/ +4y = e~*, y(0) = 2, using Laplace Transforms.

Applying the transform,

Ly +4L[y) = L[]
1
s+4

sY(s) —y(0) +4Y (s) =
1
s+4

(s+4)Y(s) =2+

Solving for Y'(s),

2 1
YO =t e
y(t) = L7HY (s)]

[ 2 1
=L [s+4+(s+4)2

o ey
cane 1] e 1]

s2
=2 M. 14 ¢
= (24 t)e O

(32.145)
(32.146)

(32.147)

(32.148)
(32.149)

(32.150)
(32.151)

(32.152)

(32.153)
(32.154)
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Summary of Translation Formulas

LUt —a)] = . (32.155)
LIfOUE —a)] = e **L[f(t + a)] (32.156)
LIft—a)U(t—a)] =e *F(s) (32.157)
Lle"f(t)] =F(s—a) (32.158)
L7YF(s —a)] = e f(t) (32.159)

Convolution

Definition 32.12 (Convolution). Let f(¢) and g(t) be integrable functions
n (0,00). Then the convolution of f and g is defined by

(f % g)(t / Fw)g(t —u)d (32.160)

Som Useful Properties of the Convolution

1. fxg=gx*f (commutative)

2. fx(g+h)=fxg+ f=h (distributive)

3. fx(g*h)=(f*g)xh (associative)

4. f*x0=0x% f =0 (convolution with zero is zero)

Example 32.15. Find sint * cost

¢
sint * cost = / sin z cos(t — x)dx (32.161)
0
¢
= / sin z(cost cos x + sintsin x)dx (32.162)
0
¢ ¢
= cost/ sin x cos xdx + sint/ sin? zdx (32.163)
0 0
1 K z  sin2z)[
=cost —sin®z| +sint | = — (32.164)
2 . 2 4 )|,
1 t in 2t
=3 costsin®t +sint (2 — SH; ) (32.165)
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Using trig substitution,
. 1 . 9 1. .
sint % cost = 3 costsin”t + 5 sint (¢ — sint cost) (32.166)
1
= itsint O (32.167)

Theorem 32.13 (Convolution Theorem). Let f(t) and g(t) be piecewise
continuous functions on [0,00) of expnonential order with Laplace Trans-
forms F(s) and G(s). Then

L[f =gl =F(s)G(s) (32.168)

The Laplace transform of the convolution is the product of the transforms.
In its inverse form, the inverse transform of the product is the convolution:

LTF(s)G(s)] = [ * g (32.169)

Proof.
F(s)G(s) = (/000 f(t)e_tsdt> (/000 g(x)e‘”dx) (32.170)
= /OOO /OOO f@®)g(z)e " "dtdx (32.171)

- /O f(t) ( /O g(x)es(t”)dx) dt (32.172)

In the inner integral let w =t + . Then

F(s)G(s) = / N ( / ~ gu— t)e““‘du) dt (32.173)
0 t
Interchanging the order of integration:
F(s)G(s) = /OO e (/tg(u - t)f(t)dt) du (32.174)
0 0
= /OO e (f x g)(u)du (32.175)
0
= L[f *¢] (32.176)
as expected. O

Example 32.16. Find a function f(t) whose Laplace Transform is

1
s(s+1)

F(s) = (32.177)
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The inverse transform is

flt)y =L L(Si 1)} (32.178)
=Lt [ﬂ/:l L i J (32.179)
=1.-¢ M (32.180)
—et O (32.181)

Example 32.17. Find a function f(¢) whose Laplace Transform is

S

F(s) = ——= 2.182
() (s 4+4s —5)? (82.182)
The inverse transform is
1 [ S
= S 2.1
) =L [Cryns= 5)2] (32.183)
T s 1
= . 2.184
£ |s24+4s—5 82+48—5:| (32.184)
[ s 1
=r1! . 32.185
[ (s+5)(s—1) (8+5)(8—1):| ( )
[ 1
=L S R— L1 [} 32.186
_(s+5)(s—1)] (s+5)(s—1) ( )
Using partial fractions,
1 1 1 1 1
- =__. —. 2.1
GEo)—1 6 5+5 6 s-1 (32.187)
1 1 1
° _2. 4 (32.188)

(s+5)(s—1) 6 s+5 6 s—1
The inverse transforms of (32.187) and (32.188) are thus

£ [Ml(s_l)] = —éﬁ*l L Jlr 5} + %ﬁ’l [5_11} (32.189)

RS -
=g e (32.190)
1 S _§ _1 1 1 1 1
£ [(54—5)(5—1)] N 6£ L—!—5] +6£ [s—l (32.191)
_ Dt + Lo (32.192)

6 6
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Substituting back into (32.186),
1 1 1
f) = (—66_5t + Get) (ZeSt + 6et) O (32.193)

Periodic Functions

Definition 32.14. A function f(¢) is said to be periodic with period T
if there exists some positive number such that

fE+T)=f(t) (32.194)

for all values of t.

To find the transform of a periodic function we only have to integrate over
a single interval, as illustrated below. Let f(¢) be a periodic function with
period T'. Then its transform is

F(S)= /Ooo ft)e 5dt (32.195)
_ /O ")t + /T T Fetuat (32.196)

In the second integral make the substitution u = ¢ — 7', so that
F(S) = /(th(t)e_Stdt+ /00o flu+T)e” @3 gy (32.197)
= /t ft)e stdt + e /00 flu)e™*du since f(u+T) = f(u)
’ ’ (32.198)
= /(th(t)e_Stdt+e_STF(s) (32.199)

Rearranging and solving for F'(s),

F(s)(1—e°T) = /Ot ft)e stdt (32.200)

which gives us the following result for periodic functions:

F(s)=L[f(t)] = ﬁ/o f(t)e=tdt (32.201)
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Example 32.18. Find the Laplace transform of the full-wave rectification

of sint,

sint 0<t<m
f(t):{f(tﬁ) t>m

Using the formula for the transform of a periodic function,

1 ™
F(s)= 7/ sinte”s'dt
1 —e TS 0
1 1 , "
g e %' (—ssint — cost) .
using (A.105) to find the integral. Hence
F(s) = Tl ™ (s )
= — 11N —_
)= o2l ssinm — cosm

—e%(—ssin0 — cos 0)]

1 1 —Ts
=ﬁ1+82[6 (1) + (1)]
1+e7 78 1

1l—e 7™ 1+s2

Example 32.19. Solve " + 9y = cos 3t,y(0) = 2,y'(0) = 5.

The Laplace Transform is

2 / S
Y (s) —sy(0) —y'(0) +9Y (s) = ——
sV () —sy(0) —y'(0) + 9 (s) = 5
Substituting the initial conditions and grouping,
S
9+ s)Y(s)—25— 5= ——
0+ (s) =25 5= "
rearranging terms and solving for Y (s),
S
9+ s°)Y(s) =25 +5+ ———
(9+ 7)Y (s) =25 45+ 575
2s+5 s
Yis) =
() 9+ s2 + (94 s2)2
S 1 S
—9. 5.
9152 9+82+(9+82)2

(32.202)

(32.203)

(32.204)

(32.205)
(32.206)

(32.207)

(32.208)

(32.209)

(32.210)

(32.211)

(32.212)



354 LESSON 32. THE LAPLACE TRANSFORM

The inverse transform is

y(t) = 2-5—1{9582] +5~/L‘1{9_:82] +£_1[(9+852)2] (32.213)

2 L 1 s 1 1
:gcos3t—|—§sm3t+£ [9+52] * L [9+52} (32.214)
2 5 . 1 .
= g cos 3t + gsm?)t—l— §c053t* sin 3¢ (32.215)
The convolution is
¢
cos 3t * sin 3t = / cos 3z sin 3(t — x)dx (32.216)
0
1
= Stsin(30) (32.217)
hence
(6) = 2cos3t+ 2sin3t + —tsin3t O (32.218)
y(t) = 5 cos 3 sin Tgtsin .
Impulses

Impulses are short, sudden perturbations of a system: quickly tapping on
the accelerator of your car, flicking a light switch on and off, injection of
medicine into the bloodstream, etc. It is convenient to describe these by
box functions — with a step on followed by a step off. We define the Unit
Impulse of Width a at the Origin by the function

0 t<-—a
0o(t)=q2a —a<t<a (32.219)
0 t>a
In terms of the unit step function,
1
0o(t) = —(U(t +a) —U(t — a)) (32.220)

2a

As the value of a is decreased the width of the box gets narrower but
the height increases, making it much more of a sudden spike, but in each
case, the area of the box is unity. In the limit, a sequence of narrower
and narrower boxes approaches an infinitely tall spike which we call the
Dirac-delta function®

§(t) = lim 04 (t) (32.221)

a—0

2For Paul Dirac (1902-1982), one of the founders of quantum mechanics.
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Similarly, we can express a unit impulse centered at ty by a right shift, as
do(t — to), and an infinite unite spike as §(t — o).

Figure 32.6: Unit impulse of width a at the origin (left). Sequence of
sharper and sharper impulses on the right, with smaller and smaller a
values.

1 2a 5 T
al
3
2 |
\ I
a a "2 1 0 1 2

The Laplace transform of the unit impulse is

1
L[0a(t — to)] = L | 5= Ut +a —to) —U(t —a~ to))] (32.222)
1

=2, (LUt + a—to)] — LUt —a—to)]] (32.223)

ela—to)s e—(atto)s
= - 2.224
2as 2as 3 )
— e tos & ;az (32.225)
= etooHRAS (32.226)

as

To get the Laplace transform of the delta function we take the limit as
a— 0,

sinh as
0S

L[o(t — to)] = lim et (32.227)

as
Since the right hand side — 0/0 we can use L‘Hopital’s rule from calculus,

acoshas

L[5t —tg)] = e " lim ———— (32.228)
a—0 a
= e~ '% lim cosh as (32.229)
a—0

= e t0s (32.230)
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Since when tg =0, e %% =0 =1,
L) =1
Example 32.20. Solve the initial value problem
y'+y=0d(y—m), y(0)=y'(0) =0

The Laplace transform gives us

s2Y (s) — sy(0) — 3/ (0) + Y(S) = e~ "¢
(2 +1)Y(s) =e ™
Y(s) = 1: . -

But recall that (see (32.156))
LIf(t—a)U(t —a)] = e F(s)
= f(t—a)U(t —a) = L7 [ F(s)]
= ft—mUt—7)=L"[e " F(s)]
If we let F(s) = 1/(1 + s?) then f(t) = sint. Hence

) o e TS
Ut —m)sint =L [1 +82}

and therefore
y(t) =U(t — m)sint

(32.231)

(32.232)

(32.233)
(32.234)

(32.235)

(32.236)

(32.237)
(32.238)

(32.239)

(32.240)
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Figure 32.7: Solution of example in equation 32.232. The spring is initially
quiescent because there is neither any initial displacement nor velocity,
but at ¢ = 7 there is a unit impulse applied causing the spring to begin
oscillations.




358 LESSON 32. THE LAPLACE TRANSFORM



Lesson 33

Numerical Methods

Euler’s Method

By a dynamical system we will mean a system of differential equations
of the form )
Y = fl(tvylva) e 7yn)

yl2 = fQ(tvylvaa"'ayn)

(33.1)
y;z = fn(t; Y1,Y92,--- ayn)
and accompanying initial conditions
y1(to) = Y10, y2(to) = ¥2,05 - - s Yn(to) = Yno (33.2)

In the simplest case we have a single differential equation and initial con-
dition (n=1)
y' = f(t.y), y(0)=yo (33.3)

While it is possible to define dynamical systems that cannot be expressed in
this form, e.g., they have partial derivatives or depend on function values
at earlier time points, we will confine our study to these equations. In
particular we will look as some of the techniques to solve the single equation
33.3. The generalization to higher dimensions (more equations) comes from
replacing all of the variables in our methods with vectors.

Programming languages, in general, do not contain methods to solve dif-
ferential equations, although there are large, freely available libraries that
can be used for this purpose. Analysis environments like Mathematica and
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Matlab have an extensive number of functions built in for this purpose, so
in general, you will never actually need to implement the methods we will
discuss in the next several sections if you confine yourself to those envi-
ronments. Sometimes, however, the built-in routines don’t provide enough
generality and you will have to go in and modify them. In this case it helps
to understand the basics of the numerical solution of differential equations.

By a numerical solution of the initial value problem

y' = f(ty), ylto) =m0 (33.4)
we mean a sequence of values
Yo, Y1,Y25 -3 Yn—1,Yn; (335)

a corresponding mesh or grid M by
M = {to <t i <t < - <th1 < tn}; (336)

and a grid spacing as
hj =tjv1 =t (33.7)

Then the numerical solution or numerical approrimation to the solution is
the sequence of points

(t07y0)7 (tlu y1)7 R (tnfla ynfl)ﬂ (tnayn) (338)

In this solution the point (t;,y;) represents the numerical approximation
to the solution point y(¢;). We can imagine plotting the points (33.8) and
then “connecting the dots” to represent an approximate image of the graph
of y(t),tg <t <t,. We will use the convenient notation

Yn = y(tn) (33.9)

which is read as “y, is the numerical approximation to y(t) at ¢t =¢,,.”

Euler’s Method or the Forward Euler’s Method is constructed as
illustrated in figure 33.1. At grid point ¢, y(¢) = y,, and the slope of the
solution is given by exactly v’ = f(t,,y(t,)). If we approximate the slope
by the straight line segment between the numerical solution at t,, and the
numerical solution at ¢,,4; then

y;(tn) s Yn+1 — Yn _ Yn+1 — Yn (3310)
tn+1 - tn hn
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Figure 33.1: Illustration of Euler’'s Method. A tangent line with slope
f(to,yo) is constructed from (¢, yo) forward a distance h = ¢ —tq in the t—
direction to determined y;. Then a line with slope f(¢1,y1) is constructed
forward from (¢1,y1) to determine yo, and so forth. Only the first line is
tangent to the actual solution; the subsequent lines are only approximately
tangent.

V2
V1

Yo

Since ¥/ (t) = f(t,y), we can approximate the left hand side of (33.10) by

Yn(tn) = f(tn, yn) (33.11)

and hence

’yn+1 =Yn + hnf(tm yn) ‘ (33.12)

It is often the case that we use a fixed step size h = t;41 —t;, in which case
we have

t; = to+ jh (33.13)

In this case the Forward Euler’s method becomes

Ynt+1 = Yn + hf(tn, yn) (33.14)

The Forward Euler’s method is sometimes just called Fuler’s Method.

An alternate derivation of equation (33.12) is to expand the solution y(t)
in a Taylor Series about the point t = ¢,,:

2

Y(tnt1) = y(tn + hn) = y(tn) + hny' (L) + %y”(tn) + (33.15)
Y(tn) + ha f(tn, y(n)) + -+ (33.16)
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We then observe that since vy, ~ y(t,) and yn41 =~ y(tn41), then (33.12)
follows immediately from (33.16).

If the scalar initial value problem of equation (33.4) is replaced by a systems
of equations

y' =£(t,y), y(to) =yo (33.17)
then the Forward Euler’s Method has the obvious generalization
Yn+1 =yn+ hf(tn, yn) (33.18)

Example 33.1. Solve y' = y,y(0) = 1 on the interval [0, 1] using h = 0.25.

The exact solution is y = e®. We compute the values using Euler’s method.
For any given time point ¢, the value y; depends purely on the values of
tk, and yi,. This is often a source of confusion for students: although the
formula yx1+1 = yx + hf(tk, yr) only depends on ¢, and not on ¢4 it gives
the value of yx11.

We are given the following information:
(to,yo) = (0,1)

fty) =y (33.19)
h=0.25

We first compute the solution at ¢t = ¢;.

ty =tg+h=040.25=0.25 (33.21)
(t1,y1) = (0.25,1.25) (33.22)
Then we compute the solutions at ¢t = ¢,t2,... until x4 = 1.

y2 =41 +hf(ts, 1) ( )
—1.25 + (0.25)(1.25) = 1.5625 (33.24)

ts =t +h=025+025=0.5 (33.25)
(t2,y2) = (0.5,1.5625) ( )

ys = y2 + hf(ta,y2) ( )

= 1.5625 + (0.25)(1.5625) = 1.953125 (33.28)

ts =ts+h =0.5+0.25 = 0.75 (33.29)
(t3,3) = (0.75,1.953125) (33.30)



Ya =y3 + hf(ls, y3) (33.31)

= 1.953125 + (0.25)(1.953125) = 2.44140625 (33.32)
ty=ts +0.25 = 1.0 (33.33)
(ta,y4) = (1.0,2.44140625) (33.34)

Since t4 = 1 we are done. The solutions are tabulated in table ?? for this
and other step sizes. O

t h=1/2 | h=1/4 | h=1/8 | h=1/16 | exact solution
0.0000 | 1.0000 1.0000 1.0000 1.0000 1.0000
0.0625 1.0625 1.0645
0.1250 1.1250 1.1289 1.1331
0.1875 1.1995 1.2062
0.2500 1.2500 1.2656 1.2744 1.2840
0.3125 1.3541 1.3668
0.3750 1.4238 1.4387 1.4550
0.4375 1.5286 1.5488
0.5000 | 1.5000 1.5625 1.6018 1.6242 1.6487
0.5625 1.7257 1.7551
0.6250 1.8020 1.8335 1.8682
0.6875 1.9481 1.9887
0.7500 1.9531 2.0273 2.0699 2.1170
0.8125 2.1993 2.2535
0.8750 2.2807 2.3367 2.3989
0.9375 2.4828 2.5536
1.0000 | 2.2500 2.4414 2.5658 2.6379 2.7183
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The Backwards Euler Method
Now consider the IVP

5 1
y = =5ty + s v =1 (33.35)

2’

The exact solution is y = 1/¢. The numerical solution is plotted for three
different step sizes on the interval [1,25] in the following figure. Clearly
something appears to be happening here around h = 0.2, but what is it?
For smaller step sizes, a relatively smooth solution is obtained, and for

larger values of h the solution becomes progressively more jagged (figure
?7).

Figure 33.2: Solutions for equation 33.35 for various step sizes using Euler’s
method.

0.4
0.3
0.2

0.1

5 10 15 20 25

This example illustrates a problem that occurs in the solution of differential
equations, known as stiffness. Stiffness occurs when the numerical method
becomes unstable. One solution is to modify Euler’s method as illustrated
in figure 33.3 to give the Backward’s Euler Method:

The problem with the Backward’s Euler method is that we need to know the
answer to compute the solution: y,, exists on both sides of the equation, and
in general, we can not solve explicitly for it. The Backwards Euler Method
is an example of an implicit method, because it contains y, implicitly.
In general it is not possible to solve for ¥, explicitly as a function of ¥, _1
in equation 33.36, even though it is sometimes possible to do so for specific
differential equations. Thus at each mesh point one needs to make some
first guess to the value of y,, and then perform some additional refinement
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Figure 33.3: Hlustration of the Backward’s Euler Method. Instead of con-
structing a tangent line with slope f(to, yo) through (¢o, yo) a line with slope
f(t1,y1) is constructed. This necessitates knowing the solution at the ¢; in
order to determine y; (¢1)

2
Y1

Yo

to improve the calculation of y,, before moving on to the next mesh point.
A common method is to use fixed point iteration on the equation

y=k+hf(t,y) (33.37)

where k£ = y,_1. The technique is summarized here:

e Make a first guess at y, and use that in right hand side of 33.36. A
common first guess that works reasonably well is
) = yn 1 (33.38)

e Use the better estimate of y, produced by 33.36 and then evaluate
33.36 again to get a third guess, e.g.,

YD =g+ hf (n, y ) (33.39)

e Repeat the process until the difference between two successive guesses
is smaller than the desired tolerance.

It turns out that Fixed Point iteration will only converge if there is some
number K < 1 such that |0g/0y| < K where g(t,y) = k+hf(t,y). A more
stable method technique is Newton’s method.
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Figure 33.4: Result of the forward Euler method to solve y' = —100(y —
sint), y(0) = 1 with A = 0.001 (top), h = 0.019 (middle), and A = 0.02
(third). The bottom figure shows the same equation solved with the back-

ward Euler method for step sizes of h = 0.001,0.02,0.1,0.3, left to right
curves, respectively

0.8
0.6
0.4
0.2

Improving Euler’s Method
All numerical methods for initial value problems of the form

y'(t) = f(t.y), ylto) =wo (33.40)
variations of the form

Yn+1 = Yn + O(tn, Yn, - - ) (33.41)

for some function ¢. In Euler’s method, ¢ = hf(t,,yn); in the Backward’s
Euler method, ¢ = hf(tn+1,Yn+1)- In general we can get a more accurate
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result with a smaller step size. However, in order to reduce computation
time, it is desirable to find methods that will give better results withou
a significant decrease in step size. We can do this by making ¢ depend
on values of the solution at multiple time points. For example, a Linear
Multistep Method has the form

Yn+1 + QYn + CG1Yn—1+ - = h(bofn—i-l + blfn + b2fn—1 + - ) (3342)
For some numbers ag,a1,... and by, b1,.... Euler’s method has ay =
—1,a1:a2:-~-:Oandb1:1,b0:b2263:~-~20

Here we introduce the Local Truncation Error, one measure of the
“goodness” of a numerical method. The Local truncation error tells us
the error in the calculation of y, in units of h, at each step ¢, assuming
that there we know y,,_1 precisely correctly. Suppose we have a numerical
estimate y,, of the correct solution at y(t,). Then the Local Truncation
Error is defined as

LTE = %(y(tn) ~ Yn) (33.43)
= %(y(tn) —y(tn—1) + y(tn-1) — yn) (33.44)

Assuming we know the answer precisely correctly at ¢, 1 then we have

Yn—1=Y(tn-1) (33.45)
so that
LTE = Yn) “¥(nm1) 4 Yn1 — 4 (33.46)
h h
y(tn) —y(tn-1) 1
== —D(tn, Yn, - -- 4
. 6ty ) (33.47)
For Euler’s method,
¢ =hf(t,y) (33.48)

hence

LTE(Euler) = — f(tn,yn) (33.49)
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If we expand y in a Taylor series about ¢,,_1,

h2 1
Y(tn) = Y(tnr) + 0y (taa) + " (bnr) + -+ (33.50)
h2
= y(tnfl) + hf(tnfl»ynfl) + 73//,(1571*1) +oee (33'51)
Thus 4
LTE(Euler) = 5y”(tn,l) +coh® +cgh® + - - (33.52)

for some constants cy, ¢, ... Because the lowest order term in powers of h
is proportional to h, we say that

LTE(Euler) = O(h) (33.53)

and say that Euler’s method is a First Order Method. In general, to
improve accuracy for a given step size, we look for higher order methods,
which are O(h™); the larger the value of n, the better the method in general.

The Trapezoidal Method averages the values of f at the two end points.
It has an iteration formula given by

hy
Yn = Yn—1 + 7 (f(tmyn) + f(tn—la yn—l)) (33'54)

We can find the LTE as follows by expanding the Taylor Series,

LTE(Trapezoidal) = M = f(tn,yn) (33.55)
2 3
= % (y(tn_1) + hy' (tn—1) + 73/”(15”_1) + %y”’(tn_l) 4o y(tn_1)>
- (f(tn,yn) + f(tn—1,Yn-1)) (33.56)

2

Therefore using ¢/ (tn—1) = f(tn-1,Yn—1);

. 1 h h? 1
LTE(Trapezoidal) = 3 ftn—1,Yn—1) + §y"(tn_1) + Ey”’(tn_l) g f(tn,yn)
(33.57)
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Expanding the final term in a Taylor series,

ftn,yn) =y (tn) (33.58)
h2
= y’(tn_1) + hy”(tn—l) + ?y”/(tn—l) 4+ . (33.59)
h2
= fltn-1:yn—1) + hy" (tn1) + 4" (tn) +--- (33.60)

Therefore the Trapezoidal method is a second order method:

"

1 h h?
LTE(Trapezoidal = ifnﬂ + =yl +—y

2 6 n—1 + PN
1 1 1
— S =5y - Zth;{’,l +--- (33.61)
1
= -l (33.62)
=0(h?) (33.63)

The theta method is given by

Yn =Yn—1+h [ef(tn—ly yn—l) + (1 - o)f(tn, yn)] (3364)

The theta method is implicit except when 6 = 1, where it reduces to Euler’s
method, and is first order unless § = 1/2. For § = 1/2 it becomes the trape-
zoidal method. The usefulness of the comes from the ability to remove the
error for specific high order terms. For example, when 6 = 2/3, there is no
h? term even though there is still an h2 term. This can help if the coefficient
of the h3 is so larger that it overwhelms the the h? term for some values of h.

The second-order midpoint method is given by

1
Yn = Yn—1+hnf <tn—1/27 E[yn + yn—l]) (3365)

The modified Euler Method, which is also second order, is

hy,
Yn = Yn—-1 + 7 [f(tnflvyn—l) + f(tn7 Yn—1 + hf(tnflvynfln] (3366)



370 LESSON 33. NUMERICAL METHODS

Heun’s Method is

%ha Yn—1 + ghf@nfh yn1)>:|
(33.67)

Both Heun’s method and the modified Euler method are second order and

are examples of two-step Runge-Kutta methods. It is clearer to implement

these in two “stages,” eg., for the modified Euler method,

hn
Yn = yn71+z f(tnflvyn71> + 3f (tnl +

gn =Yn-1+ hf(tn—la yn—l) (3368)
hn -
Yn = Yn—1 + ?[f(tn—la yn—l) + f(tny yn)] (3369)

while for Heun’s method,

- 2

Un = Yn-1+ 3hf(tn-1,yn-1) (33.70)
hn 2.

Yn = Yn—1 1 I f(tn—hyn—l) + S.f tp—1 + ghayn (3371)

Runge-Kutta Fourth Order Method. This is the “gold standard” of
numerical methods - its a lot higher order than Euler but still really easy
to implement. Other higher order methods tend to be very tedious — even
to code — although once coded they can be very useful. Four intermediate
calculations are performed at each step:

k1 =hf(tn,yn) (33.72)
ko = hf(t, + .5h,yn + .5k1) (33.73)
ks = hf(t, + .Bh,yn + .Bka) (33.74)
ks =hf(tn + h,yn + k3) (33.75)
Then the subsequent iteration is given by
1
Yn+1 = Yn + é(kl + 2ko + 2k3 + k4) (3376)

Example 33.2. Compute the solution to the test equation y' = y,y(0) =1
on [0,1] using the 4-stage Runge Kutta method with h = 1/2.

Since we start at ¢ = 0 and need to compute through t = 1 we have to
compute two iterations of RK. For the first iteration,

k?1 = Yo = 1 (3377)



371

ba = o + 5 (1o, ) (33.78)
— 14 (0.25)(1) (33.79)
—1.25 (33.80)

h
ks = yo + §f(t1/27 ko) (33.81)
— 11 (0.25)(1.25) (33.82)
=1.3125 (33.83)
ki=1yo+ hf(tl/g, k3) (33.84)
=1+ (0.5)(1.3125) (33.85)
— 1.65625 (33.86)

Y1 ="% + %(f(to, k1) +2f(t1)2, k2) +2f(t1/2, k3) + f(t1,ks))  (33.87)

h

= yo + 5 (K + 2ks + 2ks + ka) (33.88)
5

=1+ 51 +2(1.25) +2(1.3125) +1.65625 (33.89)

= 1.64844 (33.90)

Thus the numerical approximation to y(0.5) is y; ~ 1.64844. For the second
step,

k1 =1y = 1.64844 (33.91)

h
ko =y + Ef(th k1) (33.92)
= 1.64844 + (0.25)(1.64844) (33.93)
= 2.06055 (33.94)

h
ks =1y + §f(t1A5, kig) (3395)
= 1.64844 + (0.25)(2.06055) (33.96)

= 2.16358 (33.97)
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ks =y1+ hf(tis, ks) (33.98)
= 1.64844 + (0.5)(2.16358) (33.99)
= 2.73023 (33.100)
h
Y2 =1+ g(kl + 2ko + 2k3 + ka) (33.101)

5
= 1.64844 + 7 1.64844 + 2(2.06055) + 2(2.16358) + 2.73023  (33.102)
=2.71735 (33.103)

This gives us a numerical approximation of y(1) ~ 2.71735, and error of
approximately 0.034% (the exact value is e = 2.71828. By comparison, a
forward Euler computation with the same step size will yield a numerical
result of 2.25, an error approximately 17%. O

Since it is an explicit method, the Runge-Kutta 4-stage method is very easy
to implement in a computer, even though calculations are very tedious to
do by hand



Lesson 34

Critical Points of
Autonomous Linear
Systems

Definition 34.1. A differential equation (or system of differential equa-
tions) is called autonomous if it does not expressly depend on the in-
dependent variable ¢, e.g., the equation 3y’ = f(t,y) can be replaced with
y' = g(y) for some function g.

Example 34.1. The function 3’ = sin y is autonomous, while the function
y' = tcosy is not autonomous. The system

z' = cosy + x? (34.1)
y =sinx (34.2)

is autonomous, while the system

x' = cosy + x? (34.3)
y =sinz + e (34.4)
is not autonomous. O

When we talk about systems, we do not loose any generality by only focus-
ing on autonomous systems because any non-autonomous system can be
converted to an autonomous system with one additional variable. For ex-
ample, the system 34.3 to 34.4 can be made autonomous by defining a new

373



374 LESSON 34. CRITICAL POINTS

variable with differential equation z = ¢, with differential equation 2’ = 1,
and adding the third equation to the system:

z' = cosy + x? (34.5)
y =sinz + e** (34.6)
S =1 (34.7)

We will focus on the general two dimensional autonomous system

' = f(z,y) x(to) = xo
Y =g(z,y)  ylto) =wo

where f and g are differentiable functions of x and y in some open set
containing the point (zg,yp). From the uniqueness theorem, we know that
there is precisely one solution {z(t),y(t)} to (34.8). We can plot this solu-
tion as a curve that goes through the point (z¢,yo) and extends in either
direction for some distance. We call this curve the trajectory of the solu-
tion. The zy-plane itself we will call the phase-plane.

(34.8)

We must take care to distinguish trajectories from solutions: the trajec-
tory is a curve in the zy plane, while the solution is a set of points that
are marked by time. Different solutions follow the same trajectory, but at
different times. The difference can be illustrated by the following analogy.
Imagine that you drive from home to school every day on certain road, say
Nordhoff Street. Every day you drive down Nordhoff from the 405 freeway
to Reseda Boulevard. On Mondays and Wednesdays, you have morning
classes and have to drive this path at 8:20 AM. On Tuesdays and Thurs-
days you have evening classes and you drive the same path, moving in the
same direction, but at 3:30 PM. Then Nordhoff Street is your trajectory.
You follow two different solutions: one which puts you at the 405 at 8:20
AM and another solution that puts at the 405 at 3:30 PM. Both solutions
follow the same trajectory, but at different times.

Returning to differential equations, an autonomous system with initial con-
ditions x(tg) = a, y(to) = b will have the same trajectory as an autonomous
system with initial conditions z(¢1) = a,y(t1) = b, but it will be a differ-
ent solution because it will be at different points along the trajectory at
different times.

In any set where f(z,y) # 0 we can form the differential equation

dy _ g(z,y)
dz  f(z,y)

(34.9)
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Since both f and g are differentiable, their quotient is differentiable (away
from regions wheref = 0) and hence Lipshitz; consequently the initial value
problem

dy  g(v,y) _
&= fey) y(z0) = Yo (34.10)

has a unique solution, which corresponds to the trajectory of equation
(34.8) through the point (zg,yo). Since the solution is unique, we con-
clude that there is only one trajectory through any point, except possibly
wheref(z,y) = 0. A plot showing the one-parameter family of solutions to
(34.9), annotated with arrows to indicate the direction of motion in time,
is called a phase portrait of the system.

Example 34.2. Let {z1,y1} and {x2,y2} be the solutions of

2 =—y, x(0)=1 (34.11)
y =, y(0)=0 (34.12)
and
¥ =—y, x(r/4) =1 (34.13)
y =z, y(n/4) = (34.14)
respectively.

The solutions are different, but both solutions follow the same trajectory.

To see this we solve the system by forming the second order differential
equation representing this system: differentiate the second equation to ob-
tain " = z’; then substitute the first equation to obtain

Yy =—y (34.15)

The characteristic equation is 7241 = 0 with roots of #-i; hence the solutions
are linear combinations of sines and cosines. As we have seen, the general
solution to this system is therefore

y = Acost+ Bsint (34.16)
x = —Asint + Bcost (34.17)

where the second equation is obtained by differentiating the first (because
/
xz=1y").
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The initial conditions for (34.11) give

0=Acos0+ Bsin0=A4 (34.18)
1=—-Asin0+ Bcos0 =B (34.19)
hence the solution is
y =sint (34.20)
x = cost (34.21)

The trajectory is the unit circle because
Py =1 (34.22)

for all ¢, and the solution is the set of all points starting at an angle of 0
from the z axis.

The initial conditions for (34.13), on the other hand, give

0= A£ + B£ (34.23)

- _A£ + B£ (34.24)

adding the two equations

V2 1 V2
1=2B— =BvV2 — B=—=— 34.25
hence
2
A=-B= —g (34.26)
which gives a solution of
2 2
= —g cost + %Sint (34.27)
2
2= g nt+ g cost (34.28)
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Using the cos /4 = v/2/2 and angle addition formulas,

y = —cosgcost—i—sin%sint (34.29)
= —cos (% + t) (34.30)
x = cos%sint%—sin%cost (34.31)

sin (% +1) (34.32)

The trajectory is also the the unit circle, because we still have 2 492 = 1,
but not the solution starts at the point 45 degrees above the z-axis.

The two solutions are different, but they both follow the same trajectory.
O

Definition 34.2. A Critical Point of the system o’ = f(z,v),y = g(z,y)
(or fixed point or local equilibrium) is a any point (z*,y*) such that
both of the following conditions

fl@*,y*)=0 (34.33)
g(z",y")0 (34.34)

hold simultaneously.

A critical point is a unique kind of trajectory: anything that starts there,
stays there, for all time. They are thus zero-dimensional, isolated trajec-
tories. Furthermore, no other solution can pass through a critical point,
because once there, it would have to stop.!

If there is an open neighborhood about a critical point that does not contain
any other critical points, it is called an isolated critical point. Certain
properties (that we will discuss presently) of linear systems at isolated criti-
cal points determine the global geometry of the phase portrait; for nonlinear
systems, these same properties determine the local geometry.

We will classify a critical point P based on the dynamics of a particle
placed in some small neighborhood N of P, and observe what happens as
t increases. We call P a

1. Sink, Attractor, or Stable Node if all such points move toward P;

IThis does not prevent critical points from being limit points of solutions (ast — F00)
and thus appearing to be part of another trajectory but this is an artifact of how we
draw phase portraits.
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Figure 34.1: Varieties of isolated critical points of linear systems. The
circles represented neighborhoods; the lines trajectories; the arrows the
direction of change with increasing value of ¢ in a solution.

HOBE

Sink Source Saddle Center

2. Source, Repellor, or Unstable Node if all such points move away
from P;

3. Center, if all trajectories loop around P in closed curves;

4. Saddle Point or Saddle Node if some solutions move toward P
and some move away.

Let us begin by studying the linear system

(34.35)

2’ =ax + by
y =cx+dy

where the matrix
A= ( “ Z ) (34.36)

c

is nonsingular (i.e., its determinant is non-zero and the matrix is invertible).
To find the critical points we set the derivatives equal to zero:

0 = az™ + by* (34.37)

0=caz” +dy* (34.38)
The only solution is («*,y*) = (0,0). Hence (34.35) has a single isolated
critical point at the origin.

The solution depends on the roots of the characteristic equation, or eigen-
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values, of the matrix. We find these from the determinant of A — \I,

a—A b
0= . d— )\‘ (34.39)
=(a—A)(d—X) —bec (34.40)
=X~ (a+d)\+ad - be (34.41)
Writing
T = trace(A) =a+d (34.42)
A =det(A) = ad — be (34.43)
the characteristic equation becomes
0=\ -TA+A (34.44)

There are two roots,

A= % (T +/T? 4A) (34.45)
Ao = % (T T2 = 4A) (34.46)

(34.47)

If there are two linearly independent eigenvectors v and w, then the general
solution of the linear system is

<Z) = AveM' + Bwet! (34.48)

This result holds even if the eigenvalues are a complex conjugate pair, or if
there is a degenerate eigenvalue with multiplicity 2, so long as there are a
pair of linearly independent eigenvectors.

If the eigenvalue is repeated but has only one eigenvector, v then

(;) = [Av + B(tv + w)] e (34.49)

where w is the generalized eigenvector. In the following paragraphs we will
study the implications of equations (34.48) to (34.49) for various values of
the eigenvalues, as determined by the values of the trace and determinant.
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Figure 34.2: Topology of critical points as determined by the trace and
determinant of a linear (or linearized) system.

N
! I
! I
I I
! I
I I
! I

unstable

\degenerate node  Unstable Star
-

=T2/4

\
|
|
| - -~
=t -

| Unstable Spiral N1 2~ i_ )
| 1 =it , o0
II ............. 1,1,>0

Sinks
(@0, T<0)
Unstable Node

- \
1 1=0, ! 2=T/2

=0 Singular Matrices
Non-isolated fixed points



381

Distinct Real Nonzero Eigenvalues of the Same Sign

If T2 > 4A > 0 both eigenvalues will be real and distinct. Repeated
eigenvalues are excluded because T2 # 4A.

IfT > 0, both eigenvalues will both be positive, while if T' < 0 both eigenval-
ues will be negative (note that 7' = 0 does not fall into this category). The
solution is given by (34.48); A and B are determined by initial conditions.

The special case A = B = 0 occurs only whenz(tg) = y(tg) = 0, which
gives the isolated critical point at the origin. For nonzero initial conditions,
the solution will be a linear combination of the two eigensolutions

yp = ver! (34.50)
Yo = we 2! (34.51)

By convention we will choose A; to be the larger of the two eigenvalues
in magnitude; then we will call the directions parallel to v and vthe fast
eigendirection and the slow eigendirection, respectively.

If both eigenvalues are positive, every solution becomes unbounded as t —
oo (because et — oo as t — 00) and approaches the origin as ¢t — —oo
(because ettt 5 0ast — —00), and the origin is called a source, repellor,
or unstable node.

If both eigenvalues are negative, the situation is reversed: every solution
approaches the origin in positive time, as ¢ — 0o, because e! — 0 as
t — 0o, and diverges in negative time as t — —oo (because e — oo at
t — —o0), and the origin is called a sink, attractor, or stable node.

The names stable node and unstable node arise from the dynamical
systems interpretation: a particle that is displaced an arbitrarily small
distance away from the origin will move back towards the origin if it is a
stable node, and will move further away from the origin if it is an unstable
node.

Despite the fact that the trajectories approach the origin either as t —
oo or t = —oo, the only trajectory that actually passes through the
origin is the isolated (single point) trajectory at the origin. Thus the only
trajectory that passes through the origin is the one with A = B = 0. To
see this consider the following. For a solution to intersect the origin at a
time ¢ would require

AveM! + Bwert =0 (34.52)
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This means that we could define new constants at any fixed time ¢
a(t) = AeMt and b(t) = Be*?! (34.53)

such that
a(t)v+b(t)w =0 (34.54)

Since mathbfv and w are linearly independent, the only way this can hap-
pen is when a(t) = 0 and b(t) = 0 at the same same time. There is no ¢
value for which this can happen because

e #£0 (34.55)

for all possible values of A. Thus the only way for (34.54) to be true is for
A = B = 0. This corresponds to the solution (z,y) = (0,0), which is the
point at the origin.

Figure 34.3: Phase portraits typical of an unstable (left) and stable (right)

node.
slow eigendirection \\
Jast eigendirection
“fast eigendirection
\ slow eigendirection

Unstable Node Stable Node

)/

/

The geometry is illustrated in figure 34.3. The two straight lines passing
through the origin correspond to A = 0,B # 0 and B = 0, A # 0 respec-
tively, namely the two eigendirections. The solutions on the eigendirections
are Ae*? and Beat, with different initial conditions represented by differ-
ent values of A and B. If the eigenvalues are positive, a particle that starts
along one of these eigendirections (i.e., has initial conditions that start the
system on an eigendirection) moves in a straight line away from the origin
as t — oo and towards the origin as t — —oo. If the eigenvalues are nega-
tive, the particle moves in a straight line away from the origin as t — —oo
and towards the origin ast — oo. Trajectories that pass through other
points have both A # 0 and B # 0 so that y = Ave*! + Bwe*?t. If both
eigenvalues are positive, then for large positive time (as ¢ — o0) the fast
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eigendirection {\;, w1 }dominates and the solutions will approach lines par-
allel to vy, while for large negative time (¢ — —o0) the solutions approach
the origin parallel to the slow eigendirection. The situation is reversed for
negative eigenvalues: the trajectories approach the origin along the slow
eigendirection as ¢ — oo and diverge parallel to the fast eigendirection as
t — —o0.

Figure 34.4: Phase portrait for the system (34.56).
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Example 34.3. Classify the fixed points and sketch the phase portrait of
the system

¥ =x+
, Y (34.56)
y = —2x + 4y.
The matrix of coefficients is
1 1
A= (_2 4> (34.57)
so that T'=5 and A = 6. Consequently the eigenvalues are
1
A= (T +/T2 - 4A> (34.58)
1
=3 (5+ 25— 24) (34.59)

=3,2 (34.60)
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The eigenvalues are real, positive, and distinct, so the fixed point is a
source. The fast eigenvector, corresponding to the larger eigenvalue, A = 3,

. 1 . . .
isv= <2 . The slow eigenvector, corresponding to the smaller eigenvalue

1 . . S .
L Near the origin, the slow eigendirection dominates,
while further away, the fast eigendirection dominates. The trajectories
mostly leave the origin tangentially to the line y = x, which is along the
slow eigendirection, then bend around parallel the fast eigendirection as
one moves away from the origin. The phase portrait is illustrated in figure
344. 0O

A=2 isw=

Repeated Real Nonzero Eigenvalues

If T? = 4A # 0, the eigenvalues are real and repeated (we exclude the case
with both eigenvalues equal to zero for now because that only occurs when
the matrix of coefficients has a determinant of zero). In this case we are
not required to have two linearly independent eigenvectors.

If there are two linearly independent eigenvectors v and w, then the solution
is
y = (Av + Btw)e™ (34.61)

and if there is only a single eigenvector v then

y = [Av + B(tv + w)]eM (34.62)
where w is the generalized eigenvector satisfying (A — A)w = v.

In the first case (linearly independent eigenvectors) all solutions lie on
straight lines passing through the origin, approaching the origin in posi-
tive time (¢ — oo) if A > 0, and in negative time (¢ — —o0) if A < 0.
The critical point at the origin is called a star node: a stable star if
A =T/2 <0 and an unstable star if A =7/2 > 0.

If there is only a single eigenvector then the trajectories approach the origin
tangent to v; as one moves away from the origin, the trajectories bend
around and diverge parallel to v (see figure 34.5). The origin is called either
a stable degenerate node (A = T/2 < 0) or an unstable degenerate
node (A =T/2 > 0).
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Figure 34.5: Phase portraits typical of an unstable star node (left) and an
unstable degenerate node (right). The corresponding stable nodes have the
arrows pointing so that the solutions approach the origin in positive time.

A

< >/
/
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Real Eigenvalues with Opposite Signs

If A < 0, one eigenvalue will be positive and one eigenvalue will be negative,
regardless of the value of T. Denote them as A and —pu, where A > 0 and
> 0. The solution is

y = AveM + Bwe (34.63)

Solutions that start on the line through the origin with direction v (A # 0
but B = 0) diverge as t — oo and approach the origin as ¢ — —oo; the
corresponding trajectory is called the stable manifold of the critical
point.

Solutions that start on the line through the origin with direction w ((A =0
with B # 0) diverge as t — —oo and approach the origin as ¢t — oo; the
corresponding trajectory is called the unstable manifold of the critical
point. Besides the stable manifold and the unstable manifold, no other
trajectories approach the origin. The critical point itself is called a saddle
point or saddle node (see figure 34.6).

Example 34.4. The system

!/ — 4
vy y} (34.64)

y =11z — 6y
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Figure 34.6: Topology of a saddle point (left) and phase portrait for example
34.4 (right).

N

stable manifold

saddle
point

unstable manifold

TN

has trace
T=4—-6=-2 (34.65)

and determinant
A=(4)(-6)—(1)(11) = -244+ —-11=-35 (34.66)

Thus

VT2 —4A = V(=2)2 —4(=35) = V144 = 12 (34.67)
and the eigenvalues are

—2+12

A= % (T +/T2 - 4A) - =5,-7 (34.68)

Since the eigenvalues have different signs, the origin is a saddle point. Eigen-
vectors are (1) (for 5) and (_11> (for -7). The stable manifold is the line

y = x (corresponding to the negative eigenvalue), and the unstable mani-
fold is the line y = —11z (corresponding the positive eigenvalue). A phase
portrait is shown in figure 34.6. O
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Complex Conjugate Pair with nonzero real part.

If 0 < T? < 4A the eigenvalues will be a complex conjugate pair, with real
part T. T may be either positive or negative, but T = 0 is excluded from
this category (if T = 0, the eigenvalues will either be purely imaginary,
whenA > 0, or real with opposite signs, ifA < 0).
Writing

p="T/2,w* =4A — T? (34.69)

the eigenvalues become A = p+iw, p,w € R. Designating the correspond-
ing eigenvectors as v and w, the solution is

y = e [Ave™' + Bwe '] (34.70)
= e [Av (coswt + isin wt) + Bw (coswt — i sin wt)] (34.71)
= e [p coswt + qsin wt] (34.72)
where
p = Av+ Bw (34.73)
q =i(Av — Bw) (34.74)

are purely real vectors (see exercise 6) for real initial conditions. The factor
in parenthesis in (34.70) gives closed periodic trajectories in the zy plane,
with period 27 /w; the exponential factor modulates this parameterization
with either a continually increasing (u > 0) or continually decreasing (u <
0) factor.

When p > 0, the solutions spiral away from the origin as ¢ — oo and in
towards the origin as t — —oco. The origin is called an unstable spiral.

When p < 0, the solutions spiral away from the origin as t — —oo and in
towards the origin as ¢ — oo; the origin is then called a stable spiral.

Example 34.5. The system

¥ =—-z+2
, Y (34.75)
y =—2x —3y
has trace T' = —4 and determinant A = 7; hence the eigenvalues are

1
A= 3 [T + /T2 - 4A} =—2+iV/3 (34.76)
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Figure 34.7: An unstable spiral node.

[ )
&

which form a complex conjugate pair with negative real part. Hence the
origin is a stable spiral center. [

Example 34.6. The system

L —
oo y} (34.77)
Y =x+ay

where a is a small real number, has a spiral center at the origin. It is easily
verified that the eigenvalues are A = a £ 4. To get an explicit formula for
the spiral we use the following identities:

rr’ =zx’ 4+ yy (34.78)
20 = xy —ya' (34.79)

to convert the system into polar coordinates. The radial variation is

rr’ =z’ + yy (34.80)
= z(ax —y) + y(z + ay) (34.81)
= a(2? +y?) (34.82)
= ar? (34.83)

and therefore (canceling a common factor of r from both sides of the equa-
tion),
r'=ar (34.84)
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The angular change is described by

20 = xy — ya' (34.85)
=z(x + ay) — y(ax — y) (34.86)
=a? 49?2 (34.87)
=72 (34.88)

so that (canceling the common 72 on both sides of the equation),

9 =1 (34.89)
Dividing 7’ by 0’ gives
dr 1’
=m=ar (34.90)
and hence
r = roe®@=0%) (34.91)

which is a logarithmic spiral with r(tg) = ro and 6(tg) = 09. O

Purely Imaginary Eigenvalues

If T'=0 and A > 0 the eigenvalues will be a purely imaginary conjugate
pair A = +4A. The solution is

y = vcoswt + wsinwt (34.92)

The origin is called a center. Center’s have the unusual property (unusual
compared to the other types of critical points we have discussed thus far)
of being topologically unstable to variations in the equations, as illustrated
by the following example. A system is topologically unstable if any small
change in the system changes the geometry, e.g., the systems changes from
one type of center to another.

Example 34.7. The system

"~ 249
o (34.93)

y' =3z —y

has a trace of T'= 0 and determinant of A = 5. Thus

|
A= [T + /T2 - 4A} = +iV5 (34.94)
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Since the eigenvalues are purely imaginary, the origin is a center.

If we perturb either of the diagonal coefficients, the eigenvalues develop a
real part. For example, the system

(34.95)

/

2’ =101z + 2y
Yy =-3z—-y

has eigenvalues A ~ 0.005 & 2.23383¢, making it an unstable spiral; and the
system

(34.96)

/

2’ =0.99z + 2y
y =-3r—-y
has eigenvalues A ~ —0.005 £ 2.23834, for a stable spiral.

The magnitude of the real part grows approximately linearly as the pertur-
bation grows. In general, the perturbed system

(34.97)

will have eigenvalues

1
A= {5 +/220 1 4e + 52} (34.98)

g, . e €2
_§izx/5 l-2-55 (34.99)

The results for perturbations of € = +0.05 are shown in figure 34.8. O

Non-isolated Critical Points

When the matrix A in equation (34.36) is singular, the critical points will
not, in general, be isolated, and they will not fall into any of the categories
that we have discussed so far.

Set A = ad—bc = 0, and suppose that all four of a, b, ¢, and d are nonzero.
Then we can solve for any one of the four coefficients in terms of the others,
e.g., d = be/a, so that the trajectories are defined by

dy _ cr + dy _ o+ (bc/a)y _c_ d (34.100)
dx  ax+by ax + by a b

The trajectories are parallel lines with slope ¢/a. There is only one critical
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Figure 34.8: Topological instability of center nodes. Solutions to equations
(34.97) are plotted for epsilon=0.05, -0.05, -.25, 0.5, with initial conditions
of z,y = 1,0 (black dot). The bounding box is [-2, 2] x [-2, 2] in each case.

9

point, at the origin as usual. The nullclines are y = —bx/a (for z) and
y = —(¢/d)x for y (figure 34.9). At the other extreme, if all the coefficients
are zero, then every point in the plane is a critical point and there are
no trajectories — wherever you start, you will stay there for all time. If
precisely one of a,b,c or d is zero, but the others are nonzero, the matrix
will be nonsingular so the only remaining cases to consider have one or two
coefficients nonzero.

Ifa=b=0and ¢ # 0 and/or d # 0, we the system becomes

7= 0} (34.101)

y =cx+dy

so the solutions are all vertical lines, and every point on the line y = —cz/d
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Figure 34.9: Phase portraits of singular linear system where all coefficients
are nonzero for ¢/a > 0.

is a critical point (when d # 0), or on the line z = 0 (when d = 0). The
directions of motion along the trajectories switch along the critical line. A
good analogy is to think of the critical line as the top of a ridge (or the
bottom of a valley), compared to a single apex for a nonsingular system
(Figure 34.9). We essentially have a whole line of sources or sinks.

By a similar argument, if ¢ = d = 0 and a # 0 and/or b # 0, the system

becomes
2 =axr+b
, y} (34.102)
y =0

The solutions are all horizontal lines, and there is a ridge or valley of critical
points along the line y = az/b (if b # 0) or along the line x = 0 (if b = 0).
If a =c=0 with b # 0 and d # 0, the system is
¥ =b
Y (34.103)
y =dy

The x-axis (the line y = 0) is a critical ridge (valley) and the trajectories
are parallel lines with slope d/b. Similarly, if b = d = 0 with ¢ # 0 and

d # 0 the system is

¥ =ax

, (34.104)
y =ay

so that the trajectories are parallel lines with slope ¢/a and the y-axis is a
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Figure 34.10: phase portraits for the system (34.101); every point on the
entire “ridge” line is a critical point.

critical ridge (valley).



394 LESSON 34. CRITICAL POINTS



Appendix A

Table of Integrals

Basic Forms

/udv:uv—/vdu

1 1
/ dx = = ln|az + b|
ar +b a

Integrals of Rational Functions

/ 1 1
. dr=——
(x4 a)? r+a

/(a: +a)"dx = (@ :L_i)?— +en#E -1
' n, _ (@t+a)"((n+ 1)z —a)
/x(z+a) dr = CESCE)
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1
/md.ﬁ = tan_l X

1 1
/7dx =~ tan! z
a? + 2 a a

1
/ﬁdngln‘a2+x2l+c

2
T G
ﬁdac:m—atan L=z

a“ +x a

3 1 1
/xida? = —2? — —d®In|a® + 27|

a? 4 x2 2 2
1 2 _1 2ax+b
5 dr = tan” " ——
ax? +bxr + ¢ Viac — b2 Vdac — b2
1 1 a+x
dr = 1 b
/(m—l—a)(a;—l—b)x b—oznb—&—sc’a7é

T a
/7da::7+ln|a+z|
(x + a)? a+zx

T 1 9
/mdm—%h’l‘aw +bx+c|

b tan—1 2ax +b
7 ggpl T
aviac — b2 Vdac — b2

Integrals with Roots

2
/\/de = g(x —a)3/?

1
/ dr =2v/x +a
r+a

/ ! dr = —-2v/a—=x
-

a

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)
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-a

/J;\/x—ada:: 3

2
(x —a)®? + g(a: —a)®/?

2 2
/\/&J:—!—bdx: (32—1—;) var+b

2
/(ax + )% 2dx = 5—@(@30 + b)>/?

/\/%dm = ;(mq:2a)\/x:|:a

a—x Tr—a

[t = ) - aan YO0

/\/a-f—Txdx_\/m—aln[\/E+\/m]

2
/x\/ ax + bdx = @(—sz + abz + 3a*z*)Vax + b

/\/de = Kiﬁ [(2@90 + b)y/ax(ax + b)
—bgln‘a\/nf—i- \/(mu

/\/xi‘(ax—l—b)dx: b i +I x3(ax +b)
12  8a?zx 3
3
—&-ﬁln‘aﬁ—&—\/a(ax—&—b)‘

1 1
/\/x2:ta2dx: ix\/x2:ta2:|:§a21n‘x+\/x2:|:a2’
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(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)
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1
/\/aQ—xQd:ﬂ: fx\/a2—x2+1a2tan_1 (A.30)
2 2 a2 — 22
1
/x\/ij:a%lx: . (2% £ a?)*? (A.31)
/\/Tdmfln‘er\/x?:l:aZ’ (A.32)
z2 £ a?
L dr=sint2 A.33
\/ﬁ T = SIn a ( . )
/\/%dl‘: V $2ia2 (A34)
22 ta
x
/ﬁdm’— a? — x? (A.35)
a’—z
T 1 1
dr — =/ 22 2,2’ /72 2‘ )
/\/mx 5% x:i:a:F2alnx+ x?+ta (A.36)

b+ 2
/\/ax2+bm+cdx= + ax\/axQ—i—bx—l—c
429 b 12aw + b+ 2y/alan® + bate A
~Sai2 n‘ axr +b+ a(az? + bz ‘ (A.37)

18a5/2
— (3% + 2abz + 8a(c + az?))

+3(b* — 4abc) In ‘b + 2az + 2v/a/ az? + b + x’) (A.38)

/x\/ax2+bx+c—7 (Zﬁ\/ax2+bx+c

1 1
/\/ﬁdx*%ln’2a:c+b+2\/a(az2+bx+c)’ (A.39)
ax z+c



1
/#dtx: “VarZ+br+c
var? +br+c a

b
- / 2
B 3/2 ln‘2ax+b+2 a(ax +b£L’+C)‘

/ dx B T
(a2 4+ 22)3/2  g2\/a2 + 22

Integrals with Logarithms

/lnaxdz =zlnazr —z

1 1
/ n;m dzx = 3 (Inaz)®

b
/ln(ax + b)dx = (w + ) In(az +b) —z,a #0
a
/ln (x2 + az) dr = xIn (m2 + a2) — 22+ 2atan™! %

T+ a

Tr—a

/ln (x2 —b2) dr =zln (332 —b2) —2x +aln

1 2 b
/1n (a$2 +bx + C) dz = ~\/4ac — b tan~! —% +
a

b
2x+<2+x>ln(ax2+bx+0)
a

b 1, 1, b?
/xln(ax—&—b)dac—% 1° +2<m )ln(ax—i—b)

a2

Vdac — b?
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(A.40)

(A.41)

(A.42)

(A.43)

(A.44)

(A.45)

(A.46)

(A.47)

(A.48)
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1 1 2
/a:ln (a® — b*2?) dz = —5172 + 3 <x2 — (;2> In (a* — b%2?) (A.49)

Integrals with Exponentials

/e‘”dac = 1e‘“J (A.50)
a

1 .
/\/Ee‘””da: = g\/Ee‘w + W erf (iv/az),

2q3/2
here erf(z) = — /z — (A.51)
where erf(z) = — [ e .
VT Jo
/a:ezdx = (x —1)e” (A.52)
ax € 1 ax
/xe dx = <a — a2) e (A.53)
/xQezdx = (2 -2z +2)€" (A.54)
/zze’”dx (22 + 2 e (A.55)
\ae a2 a3 ’
/xgemdx = (2* — 32" + 62— 6) e” (A.56)
n ,ax
/ac"e‘“’dm =2 2 — g/x"_le‘wdx (A.5T)

n ax (_1)n
/:c e dx = Wf[l +n, —azx],
o (A.58)
where I'(a,z) = / t2tet dt

x
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/e‘m2 do = — ;\\//Zierf (izv/a) (A.59)

/e*anc2 dz = 2\{/gerf (z+/a) (A.60)

2 1 2
o gy = —— e A61
/xe b'e 5 ( )

2 1 s T 2
2 _—ax / —az
/x e dx = Z gerf(x\/a) — %6 (A62)

Integrals with Trigonometric Functions

1
/sin ardr = —— cos ax (A.63)
a
/sin2 ardr = = — sin 2az (A.64)
2 4a '
1 1 1-n 3
/sin" axdr = —_cosaz oF [2, Tn7 5’COS2 ax (A.65)
3cosar = cos3ax
.3
dr = — A.66
/sm axdz 1a + %a ( )
1.
/cos axdr = — sinax (A.67)
a
in 2ax
2 apdr = = + 22 A.68
/cos ardx 5 + 1a ( )

1 1 13
/cosp ardr = ————cos' TP az x o Fy ﬂ, -, ﬂ,cos2 ax
a(l+ p) 2 7’27 2

(A.69)

3sinaxr  sin3ax
3 axdr = A.
/cos axdx ” + 50 (A.70)
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) cos[(a —b)z]  cos[(a + b)x]
= — A.71
/cosaacsmbxdx a1 2@t ,a#Db (A.71)
) in[(2a — b)x]  sinbx  sin[(2a + b)x]
2 badz = — 0 = AT2
/sm az cos bxdx (20 =) + 5 1205 D) ( )
1 ..
/ sin® z cos xdr = 3 sin® (A.73)
/cos2 ax sinbrdr = cos|(2a = b)a] _ cosbe
4(2a —b) 2b
cos[(2a + b)z]
- .74
4(2a +b) (A.74)
1
/ cos? ax sin axdr = ~3 cos® ax (A.75)
/sin2 iz cos bady — & S0 2ax  sinf2(a — b)z]
4 8a 16(a — b)
sin2bx  sin[2(a + b)z]
— A.76
TR 16(a + b) (A.76)
/sin2 az cos? azdy = = — sin daz (A.77)
8 32 '
1
/tan axdr = ——Incosax (A.78)
a
1
/tan2 ardr = —r + —tanax (A.79)
a

t n+1 1 3
/tan” axdr = H x o Fy (TL;—, 1, n—2|— , — tan? ax) (A.80)



1 1
/tan3 axdr = = Incosax + — sec? ax
a 2a

/secxdx = In|secz + tan x| = 2tanh ™! (tan g)

1
/sec2 ardr = — tanax
a
3 1 1
sec® x dx = §secxtan:1:+ §1n|secx+tanx\
/secxtanxdx =secx
2 I 5
sec” x tan xdx = isec T
n 1 n
sec" xtanxdr = —sec" x,n # 0
n
T
/csc:cd;z: =In ’tang‘ =In|cscx — cot x|
9 1
csc’ axdr = —— cot ax
a
5 1 1
csc” xdr = —5 cot x cscx + §ln|csc33 — cot x|

1
/csc”xcotxdm =——csc"z,n#0
n

/secxcscxdx = In|tan z|
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(A.81)

(A.82)

(A.83)

(A.84)

(A.85)

(A.86)

(A.87)

(A.88)

(A.89)

(A.90)

(A.91)

(A.92)
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Products of Trigonometric Functions and Monomials

/ICOS(Edl’ZCOS(E+£L’SiH$

1 T .
rcosaxdr = — cosar + — sinax
a? a

/1:2 cosxdx = 2x cosx + (332 — 2) sinx

9 2zcosaxr ax?-—2 |
z° cos axdr = + sin ax

a? as

(A.93)

(A.94)

(A.95)

(A.96)

/x”cosxdaz = —%(z’)"+1 C(n+1,—iz)+ (=1)"T'(n+ 1,iz)]  (A.97)

/x"cosaxdm = %(ia)k" [(-1)"T'(n+ 1, —iax) —T'(n + 1,iza)] (A.98)

/zsinxdz = —xcosx +sinx

. rcosar sinar
rsinardr = — + 3
a a

/ar:2 sinxzdr = (2 — xz) cosT + 2x sinx

9 . 2 — a2z? 2x sin ax
z°sinardr = —————cosar + ————
a3 a?

/x” sin zdx = —%(z)" [C(n+1,—ix) — (-1)"T'(n+ 1, —iz)]

(A.99)

(A.100)

(A.101)

(A.102)

(A.103)
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Products of Trigonometric Functions and Exponentials

1
/ez sin xdx = iez(sinz —cosx)

1

bx :
——e’*(bsinax — acos ax
a? + b2 ( )

/ e’ sin axdr =
x 1 x 3
e’ cosxdxr = ¢ (sinz + cosx)
bx 1 bx :
e’ cosardr = ———=e’"(asinax + bceosax)
a? + b2
T L3 1 x :
xe” sinxdr = ¢ (cosz —xzcosx + xsinx)

1 . .
/mez coszdxr = iez(xcosa: —sinz + zsinx)

Integrals of Hyperbolic Functions

1
/cosh axrdr = — sinh ax
a

ax

5|
/ € cosh brdr = %Qa; b?
e x

4a 2

1
/ sinh axdx = — cosh ax
a

eaw

[
/e‘” sinh brdr = { %,z 0
e T

5[—bcosh bz + asinh bz]

4a 2

acoshbr —bsinhbxr] a#b

+ = a=>b

(A.104)

(A.105)

(A.106)

(A.107)

(A.108)

(A.109)

(A.110)

(A.111)

(A.112)

(A.113)
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(a+2b)z
e a a
s _,F [1 S R 2’”}
arap) U oy ity
/e(”C tanh bzdr = 716(“:2}71 g’ 1,1E, —ewa} a#b
ar _ 9¢ —17,ax
e an~'[e”] web
a
(A.114)
1
/tanh az dr = —Incosh ax (A.115)
a
1 . .
/COS ax coshbrdr = ——— [asinax cosh bz + bcos ax sinh bx] (A.116)
a? + b?
. 1 . .
/cos ax sinh brdx = ——— [bcosax cosh bz + asinazxsinhbz] (A.117)
a? + b2

1
/ sin ax cosh brdx = ——— [—acos ax cosh bz + bsin ax sinh bz] (A.118)
a? + b2
: . 1 . .

/ sin ax sinh bxdxr = ——— [bcoshbrsinax — acosaxsinhbx] (A.119)

a? + b2
-2 inh 2
/ sinh ax cosh azdx = W (A.120)
sh bz sinh _ sh sinh
/sinh az cosh brdr = beoshbe sin C;:; G;Ob ax sinh br (A.121)
—a
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Table of Laplace

Transforms

1) LI(®) = F(s)
1 1

e f(t) F(s—a)

Ut — a) 6:3

£t — au(t - a) e F (s)

5(1) 1

6(t — to) e~ st

710 -yt
7 SF(s) — (0)
() SF(s) — 50D f(0) = - — fD(0)

407



408 APPENDIX B. TABLE OF LAPLACE TRANSFORMS

t

i f(2)g(t — z)dz F(s)G(s) (10)
" (n€Z) S;% (11)
t* (z>—1€R) F(:mjll) (12)
sin kt MLI# (13)
cos kt ﬁ (14)
— (15)
v b "
cosh kt ﬁ (17)
S eI .
e ey 19)
pent 5 ja)2 (20)
et (s—na')”“ (21)
e sin kt (s—a)ﬁ (22)
e cos kt G _sa;2a+ 2 (23)
e sinh kt S (24)



e cosh kt

tsin kt

tcoskt

tsinh kt

t cosh kt

s—a

2ks
(82 + k2)2

52 _ k2
(82 + k2)2

2ks
(52 — k2)2

2 — k2
(52 — k2)2

a
arctan —
s

e~avs
N

efa\/g

e—a\/g
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Appendix C

Summary of Methods

First Order Linear Equations
Equations of the form y’ + p(t)y = ¢(t) have the solution
0= (+ [ nontos)
u(t)

utt) = eon ([ pts)as)

where

Exact Equations

An differential equation

M(t,y)dt + N(t,y)dy =0

is exact if
oM _on
oy Ot
in which case the solution is a ¢(t) = C' where
99 99
M= N=2
ot’ Oy

¢(t,y):/Mdt+/<N—/é;\jdt) dy

411
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Integrating Factors

An integrating factor p for the differential equation

M(t,y)dt + N(t,y)dy =0

satisfies
t Ot ) M(t,) _ Olult,y)N(t,y)
oy ot
If o N

is only a function of ¢ (and not of y) then pu(t) = e/ P9 i an integrating

factor.If

Q Ny — My

t = —
(t.9) M

is only a function of y (and not of ¢) then u(t) = e/ QWA ig an integrating
factor.

Homogeneous Equations

An equation is homogeneous if has the form

y' =fy/t)

To solve a homogeneous equation, make the substitution y = tz and rear-
range the equation; the result is separable:

Bernoulli Equations

A Bernoulli equation has the form

y'(t) +p(t)y = q(t)y"”

for some number n. To solve a Bernoulli equation, make the substitution

u=1y
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The resulting equation is linear and

v =1 (o [uon - maoa)] e

) =exp (1= ) [ atoyar)

Second Order Homogeneous Linear Equation with Con-
stant Coefficients

where

To solve the differential equation
ay” +by +cy=0
find the roots of the characteristic equation
ar’ +br+c¢=0
If the roots (real or complex) are distinct, then
y = Ae’tt 4 Beret
If the roots are repeated then

y= (A+ Bt)e"

Method of Undetermined Coefficients

To solve the differential equation
ay” +by' +cy = f(t)

where f(t) is a polynomial, exponential, or trigonometric function, or any
product thereof, the solution is

Y=Yyg +yp
where yg is the complete solution of the homogeneous equation

ay” +by +cy=0
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To find yp make an educated guess based on the form form of f(¢). The
educated guess should be the product

yp = P(t)S()E()

where P(t) is a polynomial of the same order as in f(t). S(t) = r"(Asinrt+
B cosrt) is present only if there are trig functions in 7t in f(t), and n is the
multiplicity of r as a root of the characteristic equation (n = 0 if r is not a
root). E(t) = r"e" is present only if there is an exponential in rt in f(t).
If f(t) = fi(t) + f2(t) + - - - then solve each of the equations

ay” +by' +cy = fi(t)

separately and add all of the particular solutions together to get the com-
plete particular solution.

General Non-homogeneous Linear Equation with Con-
stant Coefficients

To solve
ay” + by +cy = f(t)

where a, b, ¢ are constants for a general function f(t), the solution is

rit
y = Ae™' + Be™? /err’”lsds + £ /errrls/e*’“?“f(u)duds
t

t a s

where 1, and 79 are the roots of ar? + br + ¢ = 0.

An alternative method is to factor the equation into the form
(D =r)(D = r2)y = f(t)
and make the substitution
z=(D—ra)y

This reduces the second order equation in y to a first order linear equation
in z. Solve the equation

(D —r1)z = f(t)

for z, then solve the equation

(D=ra)y=2
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for y once z is known.

Method of Reduction of Order
If one solution y; is known for the differential equation

y' +pt)y +qt)y=0

then a second solution is given by

wlt) =m(e) [ T

)

where the Wronskian is given by Abel’s formula

W (g1, 42)(t) = Ceap (— / p(S)ds)

Method of Variation of Parameters
To find a particular solution to

Y+ pt)y + )y =r(t)

when a pair of linearly independent solutions to the homogeneous equation

y" +p(t)y +q(t)y =0
are already known,

ya(s)r(s)

yuls)r(s)
¢+ W(y1,y2)(s)

dstu2) | ()

Yp = —1(t)

Power Series Solution

To solve
v +pt)y +q(t)y = g(t)

expand y, p, ¢ and g in power series about ordinary (non-singular) points
and determine the coefficients by applying linear independence to the pow-
ers of t.
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To solve
a(t)y” +b(t)y +c(t)y = g(t)
about a point ¢y where a(t) = 0 but the limits b(¢)/a(t) and ¢(t)/a(t) exist
as t — 0 (a regular singularity), solve the indicial equation
7‘(7“— 1)+Tpo+Q0 =0
for r where py = limy_,0 b(to)/a(to) and and o = lim;_,o ¢(tg)/a(tp). Then
one solution to the homogeneous equation is

oo

y(t) = (¢ — 1) eult — to)*

k=0

for some unknown coefficients c;.Determine the coefficients by linear inde-
pendance of the powers of ¢. The second solution is found by reduction of
order and the particular solution by variation of parameters.

Method of Frobenius

To solve
(t—t0)%y" + (t —to)p(t)y +q(t)y =0

where p and ¢ are analytic at g, let pg = p(0) and go = ¢(0) and find the
roots a1 > g of
o+ (po— Da+qo =0

Define A = a; — a. Then for some unknowns ¢, a first solution is
oo
yi(t) = (t—t0)* Y cxlt —to)"
k=0
If A € R is not an integer or the roots are complex,

ya(t) = (t —10)** Y an(t —to)"*
k=0

If o = ag = «, then yo = ayy (¢) In|t — to] + (¢ — to)® Zak(t — to)k
k=0

If A € Z, then yo = ay1(t) In|t — to| + (t — tg)? Zak(t —to)"
k=0
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