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Preface

The first time I cracked open a differential equations text, it was instant love. I
don’t remember the exact title of the book, or the author’s name, but I do remember
that the book was thinner than the ones I have seen selected for use in introductory
courses in recent times. It was a book a student could read from cover to cover,
while taking a course in the subject. I began to write course notes, with the aim
of producing a text more to my liking. After a few years of this, the current book
emerged.

This book has four chapters. I use Chapter 1 and parts of Chapters 2 and 3 for
a first semester introduction to differential equations, and I use the rest of Chapters
2 and 3 together with Chapter 4 for the second semester.

Chapter 1 deals with single differential equations, first equations of order 1,

dx
.0.1 — = f(t
(0.0.1) = It
then equations of order 2,
d’*z

We have a brief discussion of higher order equations. For second order equations,
we concentrate on the case

d’x
(0.0.3) e f(z,2"),
which can be reduced to a first order equation for v = z’, as a function of z.
Newton’s law ' = ma for motion of a particle on a line gives such equations. We
also specialize (0.0.2) to the linear case,

(0.0.4) 2 +bx’ + cx = f(t),

and discuss techniques for solving such equations.

While the study of single equations is the place to start, the subject of differ-
ential equations is and always has been mainly about systems of equations. This

I
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xii Preface

study requires a healthy dose of linear algebra. For a number of good reasons, it
is not desirable to require a course in linear algebra as a prerequisite (or even a
corequisite) for a course in differential equations, but rather the course includes
some basic instruction in linear algebra. Chapter 2 provides the needed minicourse
in linear algebra. We differ from most introductions to differential equations in
providing complete proofs of the relevant results, including material on determi-
nants, eigenvalues and eigenvectors of a linear transformation, and also generalized
eigenvectors.

Chapter 3 deals with linear systems of differential equations. We start with the
n X n system

dx

(0.0.5) i Az, z(0) =o€ C",
where A is an n x n matrix, and define the matrix exponential ¢4, which produces
the solution
(0.0.6) z(t) = e,

Material from Chapter 2 plays a central role in analyzing this matrix exponential.
We proceed from (0.0.5) to the inhomogeneous system

d
(0.0.7) dit? = Az + f(t), x(0)=xo.
We also study variable coeflicient equations
d
(0.0.8) di; = Atz + f(t).

In particular, we study power series expansions for the solution, when A(t) and f(t)
are given by convergent power series. We also consider expansions when (0.0.8) has
a “regular singular point.” These power series topics are usually introduced in the
context of a single second order equation, before the study of systems. Indeed, in
Chapter 1, §1.15 touches on this, and §1.16 goes into some detail in the important
special case of Bessel’s equation. We have saved the general study for Chapter
3, both to speed the introduction to systems and because the presentation in the
system context is both more compact and more general than in the context of a
single, second order equation.

Chapter 4 crowns the text, with a study of nonlinear systems of differential
equations. These can have the form

(0.0.9) C{% = F(t,x), x(to) =y,

which resembles (0.0.1), except that now z(t) and F(t,x) take values in R™. We
begin with general existence and uniqueness results. For this, we convert (0.0.9) to
the integral equation

t
(0.0.10) z(t) =y —|—/ F(s,x(s)) ds.

to
and use the Picard iteration to produce the solution, for |t — to| subject to certain
limitations, as a limit of a certain sequence of approximate solutions. This is
followed by results on how large the interval of existence can be taken. Next, we
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look into results on the smooth dependence of solutions = = z(t,y) to (0.0.9) on
the initial data y. An important role is played by the linearization of (0.0.9).

From here we proceed to some qualitative studies of solutions, particularly in
the autonomous case, F(t,z) = F(z), in which we interpret F as a vector field, and
the solution as the flow ®! generated by this vector field. One useful tool is the
phase portrait, which depicts the behavior of solution curves (also called orbits)
for nonlinear n X n systems. From the point of view of visualization, the portraits
work particularly well for n = 2, and are also quite useful for n = 3.

We study a variety of problems from mathematical physics, including the plan-
etary motion problem, for two bodies interacting by the gravitational force, whose
solution by Newton was a seminal inspiration to the field of ODE. We also bring in
further advances in the study of equations of physics, due to Euler and Lagrange,
involving the variational method. This theory impacts both physical and geomet-
rical applications of ODE, the latter including equations for geodesics on surfaces
in R™.

By this point we are looking at nonlinear systems whose solutions are not
necessarily amenable to formulas. In addition to qualitative studies of the nature
of these solutions, numerical studies arise as an important tool. This is taken up in
§4.11. We introduce difference schemes, with emphasis on the Runge-Kutta scheme,
as a very useful computational tool.

In Sections 4.13—4.14 we turn to some problems arising in mathematical biology.
This is followed with some results on systems with chaotic dynamics, which arise in
dimension > 3. This chapter closes with a number of appendices, some providing
useful background in calculus, and others taking up further topics in nonlinear
systems of ODE.

We follow this introduction with a record of some standard notation that will
be in use throughout the text.






Some basic notation

R is the set of real numbers.

C is the set of complex numbers.

Z is the set of integers.

77 is the set of integers > 0.

N is the set of integers > 1 (the “natural numbers”).

Q is the set of rational numbers.

x € R means z is an element of R, i.e., x is a real number.
(a,b) denotes the set of z € R such that a < z < b.

[a,b] denotes the set of x € R such that a <z <b.

{z € R:a <z <b} denotes the set of z in R such that a <z <b.
[a,b) ={r €eR:a <z <b}and (a,b] ={z €R:a <z <b}.
z=x—yifz=ax+iyeC, z,yeR.

XV



xvi Some basic notation

f A — B denotes that the function f takes points in the set A to points
in B. One also says f maps A to B.

T — xg means the variable z tends to the limit xg.
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Chapter 1

Single differential equations

This first chapter is devoted to differential equations for a single unknown function,
with emphasis on equations of the first and second order, i.e.,

1.0.1 — = f(t

( ) dt f( ,.’L‘),

and
d*z dx

Section 1.1 looks at the simplest case of (1.0.1), namely
dz
1. . —_—=
(1.0.3) priakd

We construct the solution z(¢) to (1.0.3) such that z(0) = 1 as a power series,
defining the exponential function

(1.0.4) x(t) = .

More generally, z(t) = e solves dz/dt = cx, with £(0) = 1. This holds for all
real ¢ and also for complex ¢. Taking ¢ = i and investigating basic properties of
x(t) = e, we establish Euler’s formula,

(1.0.5) e = cost +isint,

which in turn leads to a self-contained exposition of basic results on the trigono-
metric functions.

Section 1.2 treats first order linear equations, of the form

(1.0.6) C;—f +a(t)r =0b(t), x(to) = xo,

and produces solutions in terms of the exponential function and integrals. Section
1.3 considers some nonlinear first order equations, particularly equations for which
“separation of variables” allows one to produce a solution, in terms of various
integrals.

1



2 1. Single differential equations

We differ from many introductions in not lingering on the topic of first order
equations. For example, we do not treat exact equations and integrating factors in
this chapter. We consider it more important to get on to the study of second order
equations. In any case, exact equations do get their due, in §4.4 of Chapter 4.

In §1.4 we take up second order differential equations. We concentrate there on
two special classes, each allowing for a reduction to first order equations. In §1.5
we consider differential equations arising from some physical problems for motion
in one space dimension, making use of Newton’s law F' = ma. The equations that
arise in this context are amenable to methods of §1.4. In §1.5 we restate these
methods in terms that celebrate the physical quantities of kinetic and potential
energy, and the conservation of total energy. Section 1.6 deals with the classical
pendulum, a close relative of motion on a line. In §1.7 we discuss motion in the
presence of resistance, including the pendulum with resistance.

Formulas from §1.6 give rise to complicated integrals, and problems of §1.7 have
additional complications. These complications arise because of nonlinearities in the
equations. In §1.8 we discuss “linearization” of these equations. The associated
linear differential equations are amenable to explicit analysis.

Sections 1.9-1.15 are devoted to linear second order differential equations, start-
ing with constant coefficient equations

d’z dx
aﬁ + ba + CTr = f(t),
first with f = 0 in §1.9, then allowing f to be nonzero. In §1.10 we consider certain
special forms of f(t), including

(1.0.8) e, sinot, cosot, t¥,

(1.0.7)

treating these cases by the “method of undetermined coefficients.” We discuss im-
plications of results here, when f(¢) = Asinot, for the forced, linearized pendulum,
in §1.11. Sections 1.12-1.13 treat other physical problems leading to equations of
the form (1.0.7), namely spring motion problems and models of certain simple elec-
trical circuits, called RLC circuits. In §1.14 we bring up another method, “variation
of parameters,” which applies to general functions f in (1.0.7).

Section 1.15 gives some results on variable coefficient second order linear dif-
ferential equations. Techniques brought to bear on these equations include power
series representations, extending the power series attack used on (1.0.3), and the
Wronskian, first introduced in the constant-coeflicient context in §1.12. In §1.16
we concentrate on a particularly important second-order ODE with variable coef-
ficients, Bessel’s equation, further pushing power series techniques and the use of
the Wronskian. In §1.17 we discuss differential equations of order > 3. In §1.18
we introduce the Laplace transform as a tool to treat nonhomogeneous differen-
tial equations, such as (1.0.7) and higher order variants. Material introduced in
§61.15-1.18 will be covered, on a much more general level, in Chapter 3.

We end this chapter with three appendices. Appendix 1.A explains how Bessel
functions arise in the search for solutions to some basic partial differential equations.
Appendix 1.B has some basic material on Euler’s gamma function, of use in §1.16.
Appendix 1.C establishes that convergent power series can be differentiated term
by term. We also derive the power series of f(¢) = (1 —1¢)~".
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1.1. The exponential and trigonometric functions

We construct the exponential function to solve the differential equation
dx

(1.1.1) ikl z(0) = 1.

We seek a solution as a power series

(1.1.2) x(t) = iaktk.
k=0

If such a power series converges for ¢ in an interval in R, it can be differentiated
term-by-term. (See (1.1.45)—(1.1.50) below, and also §1.C, for more on this.) In
such a case,

Z kaktk 1

(1.1.3) o
= ¢+ 1)az+1t2,
=0
so for (1.1.1) to hold we need
ay
(114) ag = ].7 ag4+1 = m,
ie., ap =1/k!, where k! = k(k —1)---2-1. Thus (1.1.1) is solved by
— 1
ot k
(1.1.5) z(t) =e —kZHt , teR.
=0

This defines the exponential function e

More generally, we can define

(1.1.6) Zkl

The issue of convergence for complex power series is essentially the same as for real
power series. Given z = z + iy, =,y € R, we have |z| = /22 + y2. If also w € C,
then |z +w| < |z| + |w| and |zw| = |z| - |w|. Hence

m—+n m+n

2 = Xt

The ratio test then shows that the series (1.1.6) is absolutely convergent for all
z € C, and uniformly convergent for |z| < R, for each R < co. Note that

ok
u a
(1.1.7) et = ﬁtk
k=0
solves
d
(1.1.8) %e“t = ae™,

and this works for each a € C.
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We claim that e is the only solution to

(1.1.9) 5 =W y(0) = 1.
To see this, compute the derivative of e~ y(¢):
d —a —a —a
(1.1.10) a(e fy(t)) = —ae™"y(t) + e “ay(t) = 0,

where we use the product rule, (1.1.8) (with a replaced by —a) and (1.1.9). Thus
e~ %y(t) is independent of ¢t. Evaluating at t = 0 gives

(1.1.11) e y(t)=1, VteR,
whenever y(t) solves (1.1.9). Since e solves (1.1.9), we have e~ e = 1, hence

1
(1.1.12) e=— VteR, acC.

eat”’
Thus multiplying both sides of (1.1.11) by e* gives the asserted uniqueness:
(1.1.13) y(t) = e, VteR.

We can draw further useful conclusions from applying d/dt to products of ex-
ponential functions. In fact, let a,b € C; then

d
= (e—ate—bte(a+b)t)
(1.1.14) — _qeteVe(atht _ pe—ato=bto(atb)t | (4 | p)eate—btolatd)t

:0’

so again we are differentiating a function that is independent of ¢. Evaluation at
t =0 gives

(1.1.15) e~ Memblelath)t — 1 v e R.
Using (1.1.12), we get
(1.1.16) elattlt — gatebt - wie R a,beC,

or, setting t =1,
(1.1.17) et =%t Va,beC.

We next record some properties of exp(t) = €' for real t. The power series
(1.1.5) clearly gives e! > 0 for ¢t > 0. Since e~ = 1/e’, we see that ¢! > 0 for all
t € R. Since de?/dt = ¢! > 0, the function is monotone increasing in ¢, and since
d%e!/dt? = e' > 0, this function is convex. Note that

1
(1.1.18) 61:1_9_1_|_§_¢_...>27
so ef > 28 7400 as k — 4o00. Hence
(1.1.19) lim ef = +oo.
t——4o0

Since e~ = 1/et,

(1.1.20) lim e’ = 0.

t——o0
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/f/

Figure 1.1.1. Exponential function

As a consequence,
(1.1.21) exp : R — (0,00)

is smooth and one-to-one and onto, with positive derivative, so the inverse function
theorem of one-variable calculus applies. There is a smooth inverse

(1.1.22) L:(0,00) — R.

We call this inverse the natural logarithm:

(1.1.23) logz = L(x).

See Figures 1.1.1 and 1.1.2 for graphs of x = ¢! and t = log x.
Applying d/dt to

(1.1.24) Liet) =t
gives
1
1ot b oty —

(1.1.25) L'(e')e' =1, hence L'(e') = o
ie.,

d 1
(1.1.26) —logz =

dzr
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t=logx

Figure 1.1.2. The logarithm

Since log1 = 0, we get

T dy

Ly

An immediate consequence of (1.1.17) (for a,b € R) is the identity

(1.1.27) logx =

(1.1.28) logzy =logz +logy, z,y € (0,00).
We move on to a study of e* for purely imaginary z, i.e., of
(1.1.29) y(t) =€, teR.

This traces out a curve in the complex plane, and we want to understand which
curve it is. Let us set

(1.1.30) e = c(t) +is(t),
with c(t) and s(t) real valued. First we calculate |e?|? = c(t)? +s(t)%. For x,y € R,
(1.1.31) z=xtiy=Z=1a—iy = 22 =2° +y> = |2%.

It is elementary that

(1.1.32)
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c(t) +is(t)

Figure 1.1.3. Behind Euler’s formula

Hence

— =z
(1.1.33) e :ZH =7

k=0

In particular,
(1.1.34) teR = [e"|* =ee™™ = 1.
Hence t — 7(t) = e has image in the unit circle centered at the origin in C. Also
(1.1.35) V() =it = |y (1) =1,
so y(t) moves at unit speed on the unit circle. We have
(1.1.36) v(0) =1, +/(0)=1.

Thus, for ¢ between 0 and the circumference of the unit circle, the arc from ~(0) to
~(t) is an arc on the unit circle, pictured in Figure 1.1.3, of length

t
(1.1.37) 0t) = / |7/ (s)| ds = t.
0
Standard definitions from trigonometry say that the line segments from 0 to

1 and from 0 to ¥(t) meet at angle whose measurement in radians is equal to the
length of the arc of the unit circle from 1 to (), i.e., to £(t). The cosine of this
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angle is defined to be the z-coordinate of (¢) and the sine of the angle is defined
to be the y-coordinate of v(t). Hence the computation (1.1.37) gives

(1.1.38) c(t) =cost, s(t) =sint.
Thus (1.1.30) becomes
(1.1.39) e = cost +isint,
which is Euler’s formula. The identity
d . ,
(1.1.40) %e” = ie',
applied to (1.1.39), yields
(1.1.41) %cost: —sint, £smt:cost.

We can use (1.1.17) to derive formulas for sin and cos of the sum of two angles.
Indeed, comparing

(1.1.42) e = cos(s + t) + isin(s + t)
with

(1.1.43) e*e" = (coss +isins)(cost + isint)
gives

cos(s +t) = (cos s)(cost) — (sin s)(sint),

(1.1.44) sin(s +t) = (sin s)(cost) + (cos s)(sint).

Returning to basics, we recall that the calculations done so far in this section
were all predicated on the fact that the power series (1.1.7) can be differentiated
term by term. This is a special case of a general result about convergent power
series, established in §1.C. However, making use of the special structure of (1.1.7),
we include a direct demonstration here. To begin, look at

n

k
a _ a” i
(1.1.45) En(t)—k ot
=0

which satisfies

iEa(t) zn: a’k tk—l

a2 k=)

(1.1.46) nol o e41
14

BT (D).

n—1

_

tZ

~
[}

IS

Integration gives

t

(1.1.47) a/ ES_1(s)ds=E(t)— 1.
0

Now we have

(1.1.48) E®_((5) — €™, E%(t) — e,
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uniformly on finite intervals, as n — oo, and then the integral estimate

’/Ot(E(S) - F(S))d8’ < |t| max |E(s) — F(s)|

0<s<t

implies

¢ ¢
(1.1.49) / E;_i(s)ds — / e ds,
0 0

as n — oco. Consequently, we can pass to the limit n — oo in (1.1.47) and get
t
(1.1.50) a/ e ds = e — 1.
0

Applying d/dt to the left side of (1.1.50) gives ae®, by the fundamental theorem
of calculus. Hence this must be the derivative of the right side of (1.1.50), and this
gives (1.1.8).

Having the integral formula (1.1.50), we proceed to obtain formulas for f the?t dt.
In fact, from (1.1.46), (1.1.8), and the product rule, we obtain

d
( : pn (e"™EL(t)) = —ae"“EL(t) + ae" " E%_ (1)
1.1.51
n+1
=L jnemat,
n!

Then the fundamental theorem of calculus gives

|
/t"e_“t dt = — ZlEg(t)e—at +C
(1.1.52) “ bio
_n! 14 at a“t a™t"™N o
=g (Lrat+ G e 0

We have an analogous formula for f t"e? dt, by replacing a by —a.

.|
Exercises

1. As noted, if z = x +iy, x,y € R, then |z| = /22 + y? is equivalent to |2|?> = 2z Z.
Use this to show that if also w € C,

2] = 2] - .

Note that
|z +w|* = (z + w)(Z + W)

= |z]* + |w* + wz + 2w
= |2)? + |w|* + 2Re 2.

Show that Re(2w) < |zw| and use this in concert with an expansion of (|z| + |w])?
and the first identity above to deduce that

|z + w| < |z| + |w].
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x
1/2
Figure 1.1.4. Hexagon
2. Define 7 to be the smallest positive number such that e™ = —1. Show that

. ) 1 \/g
mi/2 _ mi/3 _ = .
e 1, € B + o5 1.

Hint. See Figure 1.1.4, showing a = e™/3.

3. Show that
cos’t +sin’t =1,
and
1+ tan’t = sec? t,
where
sint 1
tant = ——, sect = —.
cost cost
4. Show that

d
atant =sec’t =1+ tan®t,

—sect =sect tant.
dt
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5. Evaluate

/y dx
o 1+a2

Hint. Set x = tant.

6. Evaluate

/y dx
0 \/1—.%2.

Hint. Set x = sint.

7. Show that
T 1/2 dxr

6: 0 \/1—1‘2.

Hint. Show that sin7/6 = 1/2. Use Exercise 2 and the identity e™/¢ = e™/2e=7/3,

8. Set ) )
cosht = i(et +e7 "), sinht= i(et —e ).

Show that

d . d .

— cosht =sinht, — sinht = cosht,

dt dt
and

cosh?t — sinh? ¢t = 1.

9. Evaluate

/y dx
0 \/1+12.

Hint. Set x = sinht.

10. Evaluate

y
/ V14 22dx.
0

11. Using Exercise 4, verify that

d
ﬁ(sect + tant) = sect(sect + tant),

d 3 2
ﬁ(sect tant) = sec”t + sect tan”t,

= 2sec’ t — sect.

12. Next verify that

9 \og sect| — tant
— 10, sec = tan
dt g )

d
pn log | sect + tant| = sect.
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13. Now verify that

/tantdt = log | sect],
/sectdt = log|sect + tant|,

2/sec3tdt:sect tant+/sectdt.

(Here, we omit the arbitrary additive constants.)

14. Here is another approach to the evaluation of [sectdt. We evaluate

I(u) = /“ dv
o V1402
in two ways.
(a) Using v = sinh y, show that

(b) Using v = tant, show that

tan~ ' u
I(u) = / sect dt.
0
Deduce that

T

sectdt =sinh™!(tanz), for |z| < g
0
Deduce from the formula above that also

xr
cosh (/ sect dt) =secuz,
0

xr
exp(/ sectdt) =secx + tanz.
0

Compare these formulas with the analogue in Exercise 13.

and hence that

15. For E%(t) as in (1.1.45), k > 1, 0 < T < oo, show that
laT |+t |aT| laT|?
(1+ ),

_|_

1.1.53 En ik (t) — ER()] <
( ) ma>T<| ik (t) n(t) n+2 (nm+2)(n+3 +

It|< ~ (n+1)!
and that this is

Tn+1
(1.1.54) < 2|&+ o for n 2> 2T
Deduce that
1.1.55 at _ pa(t
( ) max le (0]

satisfies (1.1.54). Show that, for each a, T, (1.1.54) tends to 0 as n — oo, yielding
the assertion made about convergence in (1.1.48).
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16. Show that

< 8] max e — By (s)l,
<[t

¢ ¢
‘/ easdsf/ E;(s)ds
0 0

and observe how this, together with Exercise 15, yields (1.1.49).

17. Show that

o - 24
1.1.56 t|<l=log(l+t)= Mt —
(1.1.56) 1 <1=105(1+1) = Y U 5t 3
k=1
Hint. Rewrite (1.1.27) as
log(1+1t) /t ds
O =
g Tt
expand
1
=1l-s+s—s+---, |s| <1,
1+s

and integrate term by term.

18. Use (1.1.52) with a = —i to produce formulas for

/ t"costdt and / t" sint dt.

19. Figure 1.1.5 (a)—(b) shows graphs of the image of
y(t) =e*, 0<t<6m,

for
1 .
a=——+1,

Match each value of « to (a) or (b).

20. Given t > 0 and a € C, we define t* by
1 = ealogt.
Show that, for ¢t > 0,

d
40 = gt 1
a’
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%

Figure 1.1.5. Spirals

1.2. First order linear equations

Here we tackle first order linear equations. These are equations of the form

(1.2.1) % +a(t)r =0b(t), =z(to) = =0,

given functions a(t) and b(t), continuous on some interval containing ty. As a
warm-up, we first treat

d

(1.2.2) d—f +azx =0, x(0)= o,

with a and b constants. One key to solving (1.2.2) is the identity
d d

(1.2.3) ﬁ(e“t:ﬂ) = e (d—f + ax),

which follows by applying the product formula and (1.1.8). Thus, multiplying both
sides of (1.2.2) by e® gives
d

(1.2.4) %(eatx) = ep,

and then integrating both sides from 0 to ¢ gives

t
(1.2.5) ez(t) = x9 +/ e bds.
0
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We can carry out the integral, using (1.1.45), and get

at __ 1
(1.2.6) eta(t) = 2o+

b,
and finally division by e yields
b
z(t) = e “xo + E<1 —e
b b
BRI G

In order to tackle (1.2.1), we need a replacement for (1.2.3). To get it, note
that if A(t) is differentiable, the chain rule plus (1.1.8) gives

(1.2.7)

d

(1.2.8) ﬁef“(t) = e A1),
Hence
(1.2.9) 4 (e*Mz) = eA® (dic + A’(t)x)

o dt dt '
Thus we can multiply (1.2.1) by e*(®) and get

d
(1.2.10) o (eAWz) = eAWp(1),
provided
(1.2.11) A(t) = a(t).
To arrange this, we can set
¢
(1.2.12) A(t) = / a(s) ds.
to
Then we can integrate (1.2.10) from g to t, to get
t
(1.2.13) A (t) =z +/ eA)p(s) ds,
to
and hence
t
(1.2.14) z(t) = e A Wgy + e_A(t)/ eA)b(s) ds.
to

For example, consider

(1.2.15) o _ tr =0b(t), x(0)= zo.
dt
From (1.2.12) we get
t2
(1.2.16) Al) = —3.
and (1.2.10) becomes
d

(1.2.17)
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hence
t
(1.2.18) e_tZ/Qx(t) =20 +/ 6_82/2[)(5) ds.
0
Let us look at two special cases. First,
(1.2.19) b(t) = t.
Then the integral in (1.2.18) is
t , t2/2 ,
(1.2.20) / e /2sds = / e "do=1—e1/2
0 0
The second case is
(1.2.21) b(t) = 1.
Then the integral in (1.2.18) is
t
(1.2.22) / e 512 ds.
0
This is not an elementary function, but it can be related to the special function
I >
1.2.23 Erf(t) = —/ e /2 ds.
(1.2:23) ==
Namely,
(1.2.24) L /t =5°/2 45 = Exf(t) — Erf(0)
2. — [ e s = Erf(t) — Erf(0).
V2 Jo
Note that
(1.2.25) Erf(0) = 1Erf(oo) = 1LI
- T2 C2yom ]
where
oo
1= / e 2ds = 12 = /e_l“'w2 dx
— 0o
R2
2 00 5
(1.2.26) =/ / e /2rdrdf
o o Jo
= 27r/ e *ds
0
= 27.
Hence we have
1
(1.2.27) Erf(co) =1, Erf(0) = 3

Bernoulli equations
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Equations of the form
d
(1.2.28) d—f +a(t)z = b(t)a"
are called Bernoulli equations. Such an equation is not linear if n # 1 or 0, but in

these cases one gets a linear equation by the substitution
(1.2.29) y=a"
In fact, (1.2.29) gives y' = (1 — n)a~ "2/, and plugging in (1.2.28) gives

W _ (1 - m)[b(t) - a(t)y),

1.2.
(1.2.30) 7

which is linear.

.|
Exercises

Solve the following initial value problems. Do the integrals if you can.

1.

d 1

d—f+¥x:t2, z(1) = 0.
2. i

d—: +t2r =t z(0) = 1.
3. p

d—f +x =cost, x(0)=0.
4. p

d—f o =15 2(0)=1.
5. p

d—f +tr =% 2(0)=1.
6. P

d—gtg + (tant)xr = cost, x(0)=1.

7.

d
d—f + (sect)r = cost, x(0)=1.
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1.3. Separable equations

A separable differential equation is one for which the method of separation of vari-
ables, which we introduce in this section, is applicable. We illustrate this with
another approach to the equation (1.2.2), which we rewrite as

(1.3.1) CC% =b—ax, z(0)=x.
Separating variables involves moving the z-dependent objects to the left and the
t-dependent objects to the right, when possible. In case (1.3.1), this is possible; we
have

dx

= dt.
b—ax

(1.3.2)

We next integrate both sides. A change of variable allows us to use (1.1.27), to
obtain

dx 1 dx 1 b
(1.3.3) /b—a;z:__E/x—b/a__al()g‘m_a‘—i_a

Hence (1.3.2) yields

1 b
(1.3.4) —flog‘x— f‘ =t—-C,
a a
hence
b
(1.3.5) x(t) — o= tem w0 — gemat,

Here K is a constant, which can be found by using the initial condition z(0) = .
We get zp —b/a = K, so (1.3.5) yields

(1.3.6) x(t) = g +e (a:o - g)

consistent with (1.2.7).

Generally, a separable differential equation is one that can be put in the form

dx

1.3. — = t
(13.7) = J@)gl0),
and then separation of variables gives

dx

1.3.8 —— =g(t) dt,
(135) i =9
integrating to

dx /

1.3.9 —— = [ g(t)dt.
(139) i = [ o
Here is another basic example:

d
(1.3.10) d—“;” =22, 2(0) = 1.
We get
d
(1.3.11) —"
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which integrates to
1

(1.3.12) ——=t+C,
x

hence x = —1/(t + C). The initial condition in (1.3.10) gives C' = —1, so the
solution to (1.3.10) is

(1.3.13) a(t) = ——.

Note that this solution blows up as ¢t 1.

The hanging cable

Suppose a length of cable, lying in the (z, y)-plane, is fastened at (—a, 0) and at
(a,0), and hangs down freely, in equilibrium, as pictured in Figure 1.3.1. The force
of gravity acts in the direction of the negative y-axis. We want the equation of the
curve traced out by the cable, which we assume to have length 2L (not stretchable)
and uniform mass density.

To tackle this problem, we introduce 6(z), the angle the tangent to the curve
at (z,y(x)) makes with the z-axis, which is given by

(1.3.14) tan6(z) = y'(z).

We will derive a differential equation for 6(z), as follows.

At each point (z,y(z)), there is a tension on the cable, of magnitude T'(x), and
the physical laws governing the behavior of the cable are the following. First, the
horizontal component of the tension, given by T'(x) cosf(x), is constant. Second,
the vertical component of the tension, given by T'(z) sin 8(x), is proportional to the
weight of the cable lying below y = y(x), hence to the length L(z) of the cable,

from (0,y(0)) to (x,y(x)). In other words, we have
T(z)cosO(x) = Ty,
(13.15) T(x)sinf(z) = kL(z),

where Ty and k are certain constants (whose quotient will be specified below). As
for L(x), we have

L(x):/owx/l—i-y’(t)th
:/wsece(t)dt,

0

(1.3.16)

by (1.3.14) and Exercise 3 of §1.1.
Taking the quotient of the two identities in (1.3.15) yields

K

(1.3.17) tanf(x) = ﬁ/$ secO(t)dt, B = T
0 0
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Yo

Figure 1.3.1. Catenary

Differentiating (1.3.17) with respect to  and using Exercise 4 of §1.1, we get

do
(1.3.18) sec? 0(z) — = Bsech(x),

dx
i.e.,

do

(1.3.19) o = fcosd.
We can separate variables here, to obtain
(1.3.20) /sec9d9 = //J’dx.
Exercise 14 of §1.1 applies to the integral on the left, and we get
(1.3.21) sec(x) = cosh(fx + ).

To yield the expected result §(0) = 0 (see Figure 1.3.1 again), we set a = 0.
To get a formula for y(z), use (1.3.14) to write

(1.3.22) y(x) =yo + /Of” tan6(t) dt, yo = y(0).

Now, by Exercises 3 and 8 of §1.1, together with (1.3.21), we have
(1.3.23) tan? 0(x) = sec? (z) — 1 = cosh? Bz — 1 = sinh? Bz,
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so (3.22) gives

y(z) = yo —|—/ sinh St dt
(1.3.24) 0

1 1
=y9 — = + — cosh fSzx.
Yo 373

The graph of such a curve is called a catenary.

If we are given that the endpoints of the cable are at (+a,0) and that the total
length is 2L (necessarily L > a), we can recover § and yo in (1.3.24), as follows.
From (1.3.16) and (1.3.21),

@ 1

(1.3.25) L= / cosh ftdt = 3 sinh Ba,

0
so [ is uniquely determined by the property that

inh L

(1.3.26) ST = g=I>o.

T a a
Note that h(7) = (sinh7)/7 is smooth, h(0) =1, h'(7) > 0 for 7 > 0, and h(r)
+o00 as 7 4+00. Once one has 3, then the identity y(a) = 0 gives

1 1
1.3.27 Yo = = — — cosh fa.

( ) =573

Homogeneous equations, separable in new variables

One can make a change of variable to convert a differential equation of the form

(1.3.28) % = f(t,x)
to a separable equation when f(t,x) has the following homogeneity property:
(1.3.29) flrt,re) = f(t,x), VreR\O.
In such a case, f has the form
(1.3.30) F(t,z) = g(%).
We can set
(1.3.31) y = %
sox =ty, ' =ty +y, and (1.3.28) turns into
d _
(1.3.32) d—i’ - g(y)%,

which is separable.
For example, consider
dr 2?2 —+¢?

x
1.3.33 —_— =+ .
( ) dt oz + 12 * t
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In this case, (1.3.29) applies, and we can take g(y) = (y>*—1)/(y?>+1)+y in (1.3.30),
so with y as in (1.3.31) we have

dy 1y%2-1
1.3.34 — = -
( ) dat  ty2+1’
which separates to
2 dt
1.3, L ) dy = .
(1.3.35) (+y2_1 y=1
To integrate the left side of (1.3.35), write
2 1 1
1.3. = -
(1.3.36) y? -1 y+1 y-—1
to get
2
Tldyzloglyﬂl —log |y — 1|
(1.3.37) 4

o ‘L“
- g y— 1 9
the latter identity by (1.1.28). Thus the solution to (1.3.33) is given implicitly by

x x4+t
1.3.38 T ‘—‘:1 t+C.
( ) ; Hlog|—— | = logt| +

.|
Exercises

Solve the following initial value problems. Do the integrals, if you can.

1.
Z—f =22 +1, z(0)=0.
2.
C;—f: z2+1, z(0)=0.
> dv 2% +1
PSR x(0) = 1.
4.
% = (% - 1e', z(0) =2.
5.
CC% ="t 2(0)=0
6.
dr_ 2 0 =1
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1.4. Second order equations — reducible cases
Second order differential equations have the form
(1.4.1) ' = f(t,x,x"), x(to) = xo, 2'(to) = vo.

There are some important cases, with special structure, which reduce to first order
equations for

dx
1.4.2 t) = —.
(142 o) = &
One such case is
(1.4.3) a” = f(t,2'),
which for v given by (1.4.2) yields
dv
(1.4.4) i ft,v), wv(to) = vp.

Depending on the nature of f(¢,v), methods discussed in §§1.2-1.3 might apply to
(1.4.4). Once one has v(t), then

(1.4.5) z(t) = xo +/ v(s)ds.

to

The following is a more significant special case:

(1.4.6) 2" = f(z,2').

Direct substitution of v, given by (1.4.2), yields
d

(1.4.7) dit’ = f(a,v),

which is not satisfactory, since (1.4.7) contains too many variables. One route to
success is to rewrite the equation as one for v as a function of x, using

dv dvdic dv

dt ~dvdt  dx
Substitution into (1.4.7) gives the first order equation
v f(z,v)

(1.4.9) il v(xg) = vo.

(1.4.8)

Again, depending on the nature of f(x,v)/v, methods developed in §§2.2-2.3 might
apply to (1.4.9).

An important special case of (1.4.6) is

(1.4.10) 2" = f(z),
in which case (1.4.9) becomes

dv _ f(x)
1.4.11 —-— =
( ) dx v’

which is separable:

(1.4.12) vdv = f(z) dx,
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hence

(1.4.13) %UQ =g(z)+C, /f(a;) dr =g(z) + C.
Thus

(1.4.14) ‘;itc — v = +\/29(x) + 20,

which in turn is separable:

(1.4.15) =1+ Ch.

dz
i/ v2g(x) +2C

The constants C and Cy are determined by the initial conditions.

.|
Exercises

Use v = dz/dt to transform each of the following equations to first order equations,
either for v = v(t) or for v = v(x), as appropriate. Solve these first order equations,
if you can.

Eo_ do
dt2 T dt’
2.
Eo_da
dt2 " dt
3.
P do
dt2 T dt’
4,
Po_do
a2 dt ’
5.
d*x 9

dt?
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1.5. Newton’s equations for motion in 1D

Newton’s law for motion in 1D of a particle of mass m, subject to a force F, is

(1.5.1) F =ma,
where a is acceleration:
dv d%x
1.5.2 )= — =~
(15:2) al)) = 5 = 5.

the rate of change of the velocity v(t) = dx/dt. In general one might have F =
F(t,x,2"). If F is t-independent, F = F(z,2’), which puts us in the setting of
(1.4.6).

Frequently one has F' = F(z), which puts us in the setting of (1.4.10). We
revisit this setting, bringing in some more concepts from physics. We set
(1.5.3) F(z) = -V'(z).

V(x), defined up to an additive constant, is called the potential energy. The total
energy is the sum of the potential energy and the kinetic energy, mv?/2:

(1.5.4) E= %mv(t)Q +V(x(t)).
Note that

‘% = mu(t)'(t) + V' (x(t))2’ (t)
(1.5.5) = ma(t)v(t) — F(z(t))v(t)

:0’

the last identity by (1.5.1). This identity celebrates energy conservation. Given
that x solves

d*x , ,
(1.5.6) Mo = —V'(z), x(to) = zo, x'(to) = vo,
one has from (1.5.5) that for all ¢,
(1.5.7) %mx'(t)2 + V(x(t)) = Eo,
where
(1.5.8) Ey = %mv% + V(xp).

The equation (1.5.7) is equivalent to

(1.5.9) CC% =+ %(Eo —V(z)),

which separates to

dx 2
(1.5.10) /m = :I:\/;t—FC’,

or, alternatively,

) dy N
(1.5.11) /wo\/mj:\/;(t to).
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Note that (1.5.7) and (1.5.10) recover (1.4.13) and (1.4.15).

Projectile problem

Let’s look in more detail at a special case, modeling the motion of a projectile
of mass m traveling directly away from (or toward) the earth. In such a case,
Newton’s law of gravity gives

Km Km

(1.5.12) F(z) = — hence V(z) = - %€ (0,00).
In such a case, the conserved energy is

2K
(1.5.13) By = %(1}2 - 7) - %S(x,v).

See Figure 1.5.1 for a sketch of level curves of the function £(x,v). There are three
cases to consider:
E=—-a><0, £€=0, £E=d>>0, ie,

1.5.14
( ) Eoz—%a2<07 Ey =0, E0:%a2>0.

In the first case, x(t) has a maximum at Ty. = 2K/a?. In the other two cases,
x(t) = oo as t — +oo (if vg > 0) or as t — —oo (if vg < 0). Given zg € (0,00),
the velocity vg € (0, 00) for which £(zg, vg) = 0 is called the “escape velocity.”

We investigate the integral on the left side of (1.5.10), i.e

d
(1.5.15) / S —
vV Eo+ Km/x
which in the three cases in (1.5.14) is m times

d d
(1.5.16) / T /,/ / S
V2Kz — a?z?’ V2Kz + a?2?
respectively. The second integral in (1.5.16) is easy; we investigate how to compute
the other two, which we rewrite as

(1.5.17) 1 xdx 1 T dx k—E
o a) 2kx—22 a) \2kzx+ a2 a?’

We can compute these integrals by completing the square:
(1.5.18) a? —2kr = (z—k)? -k, 2% +2kz = (z+k)?>— k%

The respective change of variables y =  — k and y = = + k turn the integrals in
(1.5.17) into the respective integrals

(y+k)d (y—k)d
(1.5.19) /H ﬁ

By inspection,

ydy ydy
1.5.20 —Vk%—y?2+C, =y2—-k24+C.
o200 | e ™ a N
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Figure 1.5.1. Projectile paths

The remaining parts of (1.5.19), after a change of variable y = kz, become

(1.5.21) k;/\/ldjiz2 k;/\/:zlzi_1

To do these integrals, use

. / dz /COSSds s4C
z=sns —= | —— = =
NS cos S ’
(1.5.22) .
dz sinh s

z:coshs:>/ ———ds=s+C.

V22 —1 - sinh s

.|
Exercises

1. Make calculations analogous to (1.5.12)—(1.5.15) for each of the following forces.
Examine whether you can do the resulting integrals.

(a)
F(z) = —-Kuz.
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F(z) = —Kaz*
() .
F(z) = -
(d)
F(z) =2 —2°

2. For such forces as given above, in each case find a potential energy V(z) and
sketch the level curves in the (x, v)-plane of the energy function

E(z,v) = %vz + V(z).
3. Use the substitution

x = k?sin’ 6

to evaluate

and use

to evaluate

Use these calculations as alternatives for evaluating (1.5.15), for Ey < 0 and Ey > 0,
respectively.
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* .

Figure 1.6.1. Pendulum

1.6. The pendulum

We produce a differential equation to describe the motion of a pendulum, which
will be modeled by a rigid rod, of length ¢, suspended at one end. We assume the
rod has negligible mass, except for an object of mass m at the other end. See Figure
1.6.1. The rod is held at an angle 8 = 6, from the downward pointing vertical, and
released at time ¢ = 0, after which it moves because of the force of gravity. We seek
a differential equation for # as a function of ¢.

The end with the mass m traces out a path in a plane, which we identify with
the complex plane, with the origin at the point where the pendulum is suspended,
and the real axis pointing vertically down. We can write the path as

(1.6.1) 2(t) = £e™®,

The velocity is

(1.6.2) w(t) = 2'(t) = itd' (t)e" ™),

and the acceleration is

(1.6.3) a(t) =o' (t) = L0 (t) — 0'()?]eD.

The force of gravity on the mass is mg, where g = 32 ft/sec?, provided the pendulum
is located on the surface of the Earth. The total force F' on the mass is the sum of
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the gravitational force and the force the rod exerts on the mass to keep it always
at a distance £ from the origin. The force the rod exerts is parallel to e??®) | so

(1.6.4) F(t) = mg + ®(t)e?®),

for some real valued ®(t) (to be determined). We can rewrite mg as
(1.6.5) mg = mge~ D™ — mglcos O(t) — isin O(t)]e®),
and hence

(1.6.6) F(t) = [—imgsin0(t) + mg cos O(t) + ®(t)]e0®.
Newton’s law F' = ma applied to (1.6.3)—(1.6.6) gives

(1.6.7) ml[i0” (t) — 0'(t)?*] = —imgsin0(t) + (mgcos O(t) + d(1)).
Comparing imaginary parts gives

(1.6.8) ml0" (t) = —mgsin6(t),

or

(1.6.9) %+%sm9:o.

This is the pendulum equation.
The kinetic energy of this pendulum is
me

(1.6.10) %m|v(t)|2 =,

and its potential energy (up to an additive constant) is given by —mg times the
real part of z(¢), i.e.,

(1.6.11) V() = —mglcos 0.
The total energy is hence

me?

(1.6.12) E= 79’(1&)2 — mgl cos O(t).
Note that
dE 2/ " : /
— =ml<0' ()" (t) + mgl(sin 6(¢))0' (¢)
(1.6.13) dt

= me*0'(t) (9“(16) + % sint‘)(t)),

so the pendulum equation (1.6.9) implies dE/dt = 0, i.e., we have conservation of
energy. Under the initial condition formulated at the beginning of this section,

(1.6.14) 6(0) = 6y, 6'(0)=0,
we have initial energy

(1.6.15) Ey = —mgl cos by,
and the energy conservation gives

(1.6.16) £00,0) = % = Ay,
where

(1.6.17) E(0,¢) =* — % cos .

1
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Figure 1.6.2. Level curves of £(6,v) = 2 — (2g/£) cos 6

Level curves of this function are depicted in Figure 1.6.2. If 6(¢) solves (1.6.9) and
P(t) = 6'(t), then (0(t), 1 (t)) traces out a path on one of these level curves.

Note that

(1.6.18) VE®D, ) = (39 sin 9,21/)),

14

so & has critical points at § = kw, ¥ = 0. The matrix of second order partial
derivatives of & is

29 cos0 0
(1.6.19) D*E(0,7) = (f 0 2),
SO

_1)k2e
(1.6.20) D2S(kz7r,0):(( 13 ¢ g)

We see that at the critical point (k7,0), £ has a local minimum if & is even and a
saddle-type behavior if k is odd, as illustrated in Figure 1.6.2.

Note that if the initial condition (1.6.14) holds, then Ay = —(2g/¢) cos 6y, and
hence Ay < 2g/¢, so the curve traced by (6(t),1(t)) is a closed curve. One might
instead have initial data of the form

(1.6.21) 0(0) = 6o,  0'(0) = %o,
and one could pick ¥y so that £(0y, o) > 2g/¢.
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We proceed to formulas parallel to (1.5.7)—(1.5.11). Starting from the energy
conservation (1.6.16), which we rewrite as

2g

(1.6.22) o' (t)* — = cos 0(t) = Ao,
we have
(1.6.23) 9’(t):i\/2—g\/A +cosf, A :ﬁA _ fo
-O. 1 1 ) 1 29 0 mgga
which separates and integrates to
df 2g
1.6.24 ——— =t/ —t+C.
( ) / A+ cosf / *

In the current set-up, where, by (1.6.12), Ey > —mg{, we have
(1.6.25) Ay > 1.

Note that to achieve A; = —1 requires 6(0) = 0 and ¢'(0) = 0, in which case
(1.6.23) yields the initial value problem

(1.6.26) 0'(t) = :I:\/ijg\/fl+cosc9, 6(0) = 0,
with solution
(1.6.27) 0(t) = 0.

In this case (1.6.24) has no meaning. Indeed, if # > 0 and one considers

0
d
(1.6.28) / . —
o V—14cosp
the integrand is imaginary and furthermore it is not integrable. Nevertheless, 6(t) =
0 is a solution to the original problem.

Let us now assume A; > —1. Write
(1.6.29) B =A4,+1>0,
SO
A1+ cos = By — (1 —cosb)
1.6.30 0
( ) = B; — 2sin® 2

thanks to the identity cos2¢ = cos? ¢ — sin ¢ = 1 — 2sin® . We can rewrite the
left side of (1.6.24) as

/ o / do
VAL + cost By — 2sin20/2

(1.6.31) i ﬁ/

V21— g2sin?e)2
with
(1.6.32) B=1/2 0.
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The last integral in (1.6.31) is known as an elliptic integral when 32 # 1, i.e., when
Ay # 1. Material on such integrals can be found in books that treat elliptic function
theory, including [47].

The case 8 = 1 (i.e., Ay = 1, or Ey = mgl) does give rise to an elementary
integral, namely

/al7(9 = i/secgdtﬁ)
(1.6.33) Viteost V2 2

= v/2sinh ™! (tan g) +C,

for |f| < , the latter identity by Exercise 14 of §1.1.

Further study of the elliptic integral in (1.6.24) — separatrices, periodic
solutions, and their periods

Let us pursue the computations arising from (1.6.24) in more detail, taking the
initial condition

(1634) 9(0) =0, 9/(0) = wOa '(/]0 € (07 OO)
Then (1.6.24) yields, for the solution 6(t),
() 5
(1.6.35) / S R
o VA{+cos? 14
In such a case,
E, 1 4
1.6. Aj=—=—¢{—-1, h By = —¢.
(1.6.36) 1= gl T 2 Y5 —1, hence B % 5
Then (1.6.31) yields
(1.6.37) o J1-pesin?ez PV
= 1p0t7
with
2 2 Jg
1.6.38 =4/ == —4/>.
( ) B=\B ~w\e
Let us specialize (1.6.37) to
(1.6.39) B =1, hence 9y = 2\/§, so Ey = mgl.
By (1.6.33), we get
o) . %o, . g
(1.6.40) tan - = sinh 5 t = sinh 7 t,
or

(1.6.41) 6(t) = 2tan"! sinh \/gt.
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Applying d/dt yields

1
1.6.42 0'(t) = (t :2\/5.
(1.6.42) 0 =i =2/F
In this case,
(1.6.43) 0(t) — +m and ¥(t) -0, as t— Foc.

The curve (6(t),(t)) and its mirror image are called separatrices. They separate
bounded periodic solutions from unbounded solution curves.

We turn to the case

(1.6.44) B >1, hence 0< g < 2\/%, so E < mgt.
In this case,
(1.6.45) 0(t) is periodic, say of period II(¢y),

and we want to find a formula for TI(¢)g). Looking at Figure 1.6.2, we see that

(1.6.46) () =0 at t= inwo).

Comparison with the formula
/ 0
By — 2sin® = 2

(1.6.47) -
= 6\/7 1—2sin® =
2
gives
¢ B
(1.6.48) ¢ =0 when sin®- ==L
2 2
and hence
1 A v
w0 =5 | 7
(1.6.49) 970 \/B1 —2sin®0/2
201 B 1 9
Sln 5:7:@:@1#0
Equivalently,
01
H(tho) = /
7/}0 2 19 2
(1.6.50) ~ B2 sin"b/
2 [0/2 dy
o Jo 1—5251n2cp’
with 0y as in (1.6.49). Making the change of variable x = sin ¢, we get
1 2 U8 dz
1.6.51
(1.6.51) =5 | e
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and finally, setting y = Bz yields

_ 2o dy
Yo /0 VA= 21— a%y?)

_ f [ dy
9Jo VA=yA)1-a?y?)
with
_1_ /B _1 /¢
(1.6.53) a=z=\35 = 2\/;1&07

so 0 < a < 1. Clearly a — 0 when ¥y — 0, so we have

lim TI( =4
Po—0 1)[}0 \/7 0 1/ —

=27
9

This coincides with the period of solutions to
d?o
dt?
which we will identify in §1.8 with the linearization of the pendulum equation about
the zero solution.

(1.6.52)

(1.6.54)

(1.6.55) + %9 —0,

Finally, we examine the case

(1.6.56) 0<p <1, hence ¥g= ﬁ\/7 > 2\/7 so E > mgt.

In such a case, we see from (1.6.47) that 6(¢) is monotone in t. However, it does
possess the “periodicity”

(1.6.57) O(t+s) = 0(t) +2r, with s = II(t),
where, when (1.6.56) holds,

o[ dv
(o) = \/7/ \/Al + cos

2
(1.6.58)
"o / — B2sin? /2

_ 2 /” dip
Yo Jo 1 — B2sin’ ¢

Making the change of variable z = sin ¢, we get

(1.6.59) (¢o) =

wo/ \/1—z 1—[32x2).
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REMARK. The integrals in (1.6.52) and (1.6.59) are called complete elliptic integrals.
One can expand these integrals in convergent power series in o and 82, respectively,
using the formula

oo

1 . .
= E arpu®, for |u| <1, with
(1.6.60) vi—uw 5

wmt (- D)

(see Apendix 1.C), with u = o?2? in (1.6.52) and u = %22 in (1.6.59), and then
integrating term by term. The coefficients in the resulting power series involve

b T ok
——dx = sin d
| F=sda= [ st od

1/71\2k (2™ o\ 2k
1.6.61 _ 1 o i
(1.6.61) 2(2@) /0 (7 =) dg

2k
_ 27219 .
" ( k )

One can also express these complete elliptic integrals in terms of a function known
as the Gauss arithmetic-geometric mean (cf. [47], Chapter 6, §4).

.|
Exercises

1. Let E be given by (6.8). Show that if 6(¢) solves (6.6) and |0(t)| < 7/2 for all ¢,
then E < 0.

2. Show that the level set in Figure 1.6.2 where & = 2¢g/¢ (i.e., E = mg¥) is given

g 0
w—j:2\/> ZCOSi'

3. By (1.6.3), the component of acceleration parallel to % is —¢6'(t) Com-
pute the component of the gravitational force parallel to €Y, and deduce that the
force the rod exerts on the mass to keep it always at a distance ¢ from the origin is
De?®) | with

2,i0(t)

d = —mll'(t)*> — mgcosb.
Deduce that, with E as in (1.6.12),
E 3ml

O(t) = 7 Ta’(t)?

4. Apply the change of variable s = sin ¢ to the last integral in (1.6.31), i.e., to

| s
1 — B2 sin? <p.
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Show that the integral becomes

/ ds

VI=2) - )

Specialize to 8 = 1 and obtain an alternative derivation of the formula for [ sec ¢ dyp
given in Exercise 13 of §1.1.

5. Suppose the mass at the end of the pendulum has a charge ¢; and there is a
charge ¢ fixed at (z,y) = (2¢,0). Then the force F'(¢) is modified to

20 — L)
20— (0O
where K is a positive constant. Use this to produce a modification of the pendulum
equation.

F(t) =mg — Kqiqo + &(t)e?®),
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1.7. Motion with resistance

In many real cases, the force acting on a moving object is the sum of a force
associated with a potential and a resistance, typically depending on the velocity
and acting to slow the motion down. For example, the motion of a ball of mass
m falling through the air near the surface of the earth can be modeled by the
differential equation

2z dx
1.7.1 —_— = —a—
(7. m s =mg -,

where the z-axis points down toward the earth. Here g = 32 ft/sec? and « is an
experimentally determined constant, depending on the size of the ball, and measures
air resistance. We can rewrite (1.7.1) as an equation for v = dz/dt:

dv «
an equation that is both linear and separable. Unless v is small, the formula —av
for the force of air resistance is not so accurate, and a more accurate equation might
be
dv o B 5
This is not linear, but it is separable. For v close to the speed of sound in air, even

this model loses validity.

If the ball is falling from the stratosphere toward the surface of the earth, the
variation in air density, hence in air resistance, must be taken into account. One
might replace the model (1.7.1) by

d*x dz
1. .4 _— = —_— —_—
(1.7.4) Moy =My a(x) o
The method of (1.4.6)—(1.4.9) is applicable here, yielding for v = dz/dt the equation
dv  mg
1.7. o).
(175) DT o)

This, however, is not typically amenable to a solution in terms of elementary func-
tions.

Another example of motion with resistance arises in the pendulum. Between
air resistance and friction where the rod is attached, the pendulum equation (1.6.9)
might be modified to the following damped pendulum equation:

d’0 adf g

1.7.6 — 4+ ——+=sinf0 =0

( ) @ tma e ’
for some positive constant «. Again the method of (1.4.6)—(1.4.9) is applicable, to
yield for ¢ = df/dt the equation
@ _a  gsind

e  m Y
However, this equation is not particularly tractable, and does not yield much insight
into the behavior of solutions to (1.7.6).

(1.7.7)
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.|
Exercises

1. Suppose v(t) solves (1.7.2) and v(0) = 0. Show that

lim v(t) = —2,
t—+o00 «
and m
v(t) < g, vVt € [0,00).
a

What does it mean to call mg/« the terminal velocity?
2. Do the analogue of Exercise 1 when v(t) solves (1.7.3) and v(0) = 0.

3. In the setting of Exercise 1, what happens if, instead of v(0) = 0, we have

mg
0) =vy > —=7
v(0) = vg .

4. Apply the method of separation of variables to (1.7.3). Note that

o B
g——v— =03 = p(v)
m m
has three complex roots (at least one of which must be real). For what values of
a, B, and m does p(v) have one real root and for what values does it have three real

roots? How does this bear on the behavior of
/ dv
—7
p(v)
5. More general models for motion with resistance involve the following modification
of (1.5.6):

Parallel to (1.5.4), set

Show that

One says energy is dissipated, due to the resistance.
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1.8. Linearization

As we have seen, some equations, such as the pendulum equation (1.6.9), which we
rewrite here as

d%x g .
(1.8.1) ﬁ—kzsmx:O,

can be “solved” in terms of an integral, in this case (1.6.24), i.e.,

dx [2g
1.8.2 — =4/ =t +C.
( ) /\/Al +coszx Y4 +

However, the integral is a complicated special function. Meanwhile other equations,
such as the damped pendulum equation (1.7.6), which we rewrite

d’z adr g
1.8.3 — + —— + =sinx =0,
( ) dt?  m dt + 1
are not even amenable to solutions as “explicit” as (1.8.2). In such cases one might
nevertheless gain valuable insight into solutions that are small perturbations of

some known particular solution to (1.8.1) or (1.8.3), or more generally

(1.8.4) 2 (t) = f(t,z(t),2'(t)).
In case (1.8.1) and (1.8.3), z(t) = 0 is a solution. More generally, one might have
a known solution y(t) of (1.8.4); i.e., y(¢) is known and satisfies

(1.8.5) y'(t) = fty(t),y'(1)).
Now take z(t) = y(t) + eu(t). We derive an equation for u(t) so that x(t) satisfies
(1.8.4), at least up to O(e?), i.e.,
(1.8.6) Y1)+ 20 (1) = £(t y(E) + =ult), o' (8) + 20 (1)) + O(2).
To get this equation, write, with f = f(¢, z,v),

0 0
(187) f(ty+euy' +eu') = f(ty0) +e( Sl by ot S (69,9 ) + O,
the first order Taylor polynomial approximation. Plugging this into (1.8.6) and
using (1.8.5), we see that (1.8.6) holds provided u(t) satisfies the equation

(1.8.8) u” (t) = A(t)u(t) + B(t)u'(t),
where
as9)  A0=Layowm). o=y

The equation (1.8.8) is a linear equation, called the linearization of (1.8.4) about
the solution y(t).

In case (1.8.1), f(t,z,v) = —(g/¢) sinz, and the linearization about y(t) = 0 of
this equation is

(1.8.10) — 4+ Zu=0.

In case (1.8.3), f(t,z,v) = (a/m)v+(g/¢) sinz, and the linearization about y(t) = 0
of this equation is

(1.8.11)
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To take another example, consider

(1.8.12) 2" (t) = tx(t) — x(t)>.
One solution is
(1.8.13) y(t) = t.

In this case we have (1.8.4) with f(t,z,v) = tz — 22, hence f,(t,x,v) =t — 2z and
fo(t,z,v) =0. Then f.(t,y,y') = fz(t,t,1) = —t, and the linearization of (1.8.12)
about y(t) =t is

(1.8.14) u”(t) + tu(t) = 0.

.|
Exercises

Compute the linearizations of the following equations, about the given solution y(t).

1.
z” + coshz —cosh1 =0, y(t)=1.
2.
z” + coshx — cosht =0, y(t) =t.
3.
2" +a'sinx =0, y(t)=0.
4.
" /o m
' +a'sine =0, yt) = 5
.

2’ +sinz =0, y(t)=n.
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1.9. Second order constant-coefficient linear equations — homogeneous

Here we look into solving differential equations of the form
d’x dx
1.9.1 — +b— =0
(19.1) “aE O T
with constants a, b, and c¢. We assume a # 0. We impose an initial condition, such
as

(1.9.2) z(0) =, 2'(0)=4.
We look for solutions in the form
(1.9.3) z(t) =€,

for some constant r, which worked so well for first order equations in §1.1. By results
derived there, if x(t) has the form (1.9.3), then 2’/(t) = re™ and 2”(t) = r%e™, so
substitution into the left side of (1.9.1) gives

(1.9.4) (ar? 4+ br + c)e™,
which vanishes if and only if r satisfies the equation
(1.9.5) ar* +br+c=0.

The polynomial p(r) = ar?+br+c is called the characteristic polynomial associated
with the differential equation (1.9.1). Its roots are given by

b 1
(1.9.6) ry = —— + —/b% — 4ac.

2a 2a
There are two cases to consider:

(I)  b? —4dac #0,
(I1) ~ b? —4ac=0.
In Case I, the equation (1.9.5) has two distinct roots, and we get two distinct

solutions to (1.9.1), €™ and e"~*. It is easy to see that whenever x;(t) and xo(t)
solve (9.1), so does Cyz1(t) + Caza(t), for arbitrary constants C; and Cs. Hence

(1.9.7) z(t) = Cye™t + O_e™!
solves (1.9.1), for all constants C; and C_.

Having this, we can find a solution to (1.9.1) with initial data (1.9.2) as follows.
Taking z(t) as in (9.7), so 2/(t) = Cyrye™ + C_r_e"™*, we set t = 0 to obtain

(198) I(O) = C+ —+ C_, 93/(0) = T'+C+ + T_C_7
so (1.9.2) holds if and only if Cy and C_ satisfy

C+ + C, = «,
(1.9.9)

T+C+ +T_C_ = B

This set of two linear equations for C'y and C_ has a unique solution if and only if
ry # r_. In fact, the first equation in (1.9.9) gives

(1.9.10) r_Cy+r_C_=r_a,
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and subtracting this from the second equation in (1.9.9) yields
B —ar_

)
ry —T—

and then the first equation in (1.9.9) yields

(1.9.11) Cy =

(1.9.12) ¢ —a-c, -0
Ty —T—
In Case I, » = —b/2a is a double root of the characteristic polynomial, and we

have the solution x(t) = e to (1.9.1). We claim there is another solution to (1.9.1)
that is not simply a constant multiple of this one. We look for a second solution in
the form

(1.9.13) z(t) = u(t)e™,
hoping to get a simpler differential equation for u(t). Note that then ' = (v’ +
ru)e’™ and 2 = (u” + 2ru’ + r?u)e”, and hence

ar” + bx' + cx = {a(u” + 2ru’ + r?u) 4 b(u' +ru) + cu}eTt

(1.9.14) = {au” + (2ar + b)u’ + (ar? + br + c)u}e”

"
= qu'’e™,

given that (1.9.5) holds with 7 = —b/2a. Thus the vanishing of (1.9.14) is equivalent
to v (t) =0, i.e., to u(t) = Ci + Cat. Hence another solution to (1.9.1) in this case
is te", and, in place of (1.9.7), we have solutions

(1.9.15) x(t) = Cre” + Cote™,
for all constants C7 and Cs.

We can then find a solution to (1.9.1) with initial data (1.9.2) as follows. Taking
x(t) as in (1.9.15), so 2/ (t) = Cyre™ + Corte™ + Coe™, we set t = 0 to obtain

(1.9.16) z(0) =Cy, 2'(0)=C1 + Cy,
so (1.9.2) is satisfied if and only if Cy and Cy satisfy
(1.9.17) Ci=a, C1+Cy=4,
i.e., if and only if

(1.9.18) Ci=a Cy=p-c.

We claim the constructions given above provide all of the solutions to (1.9.1),
in the two respective cases. To see this, let z(t) be any solution to (1.9.1), let
r = r, (which equals r_ in Case II), and consider u(t) = e~ "tx(t), as in (1.9.13).
The computation (1.9.14) holds if r; = r_, and if r; # r_ we get

(1.9.19) az” 4+ bx' + cx = {au" + (2ar + b)u'}ert.

As we have seen, when r, = r_ this forces w’(¢) = 0, which hence forces u(t) to
have the form C; + Cst for some constants Cj, and hence z(t) = Cye™ + Cate™.
When 74 # r_, vanishing of (1.9.19) forces

(1.9.20) av’' + (2ar +b)v =0, with v =14,
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which, by results of §1.1, forces

v(t) = Kge~ 3r+0/at - hence
(1.9.21)

U(t) = Kl + K2€7(2T+b/a)t,

for some constants Ky, K1, and K5. This in turn implies

(1.9.22) 2(t) = Kye't + Ky~ rHb/o)t,
But (1.9.6) gives 4 +r_ = —b/a, hence

b
(1.9.23) T:T+:>—(T+E)=r,,

so (1.9.22) is indeed of the form (1.9.7), with C. = K; and C_ = K.

The arguments given above show that indeed all solutions to (1.9.1) have the
form (1.9.7) or (1.9.15), in Cases I and II, respectively. We say that (1.9.7) (in Case
I) and (1.9.15) (in Case II) provide the general solution to (1.9.1). This analysis of
the general solutions together with the computations giving (1.9.12) and (1.9.18),
establish the following.

Theorem 1.9.1. Given a, b, and ¢, with a # 0, and given o and B, the initial
value problem (1.9.1)-(1.9.2) has a unique solution x(t). In Case I, x(t) has the
form (1.9.7), and in Case II, it has the form (1.9.15).

The results derived above apply whether a, b, and ¢ are real or not. If we
assume they are real, then Case I naturally divides into two sub cases:
(TA) b? — 4ac > 0,
(IB)  b? —4ac < 0.

In Case IA, the roots of the characteristic equation (1.9.5) given by (1.9.6) are real.
In Case IB, we have complex roots, of the form

b 1
(1.9.24) ry =rtio, r=—-—, 0=—+4dac—"b%

2a’ 2a
Hence the solutions (1.9.7) have the form
(1.9.25) z(t) = Cray(t)+C x_(t), zx(t) =Tt
From §1 we have e("+i9)t = ¢rtexiot and also
(1.9.26) et = cosot £ isinot.
Hence
(1.9.27) x4 (t) = e"(cos ot + isinat).
In particular, the following are also solutions to (1.9.1):
1
x1(t) = §(x+(t) +z_(t)) =€ cosot,
(1.9.28) 1
xo(t) = 2—(x+(t) —z_(t)) = " sinot.
i

We can hence rewrite (1.9.25) as x(t) = C1z1(t) + Cax2(t), or equivalently
(1.9.29) z(t) = Cre"" cos ot + Cae™ sinot,
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for some constants C; and Cy, related to C;. and C_ by
(1930) Ci=C.+C_, Cy= Z(C+ — C_)

We can combine these relations with (1.9.11)—(1.9.12) to solve the initial value
problem (1.9.1)—(1.9.2).

We now apply the methods just developed to the linearized pendulum and
damped pendulum equations (1.8.10) and (1.8.11), i.e.,

d’u g
1.9.31 — +>u=
(1.9.31) iz tu=0.
and
d?uv  adu g
1.9.32 — 4+ —— +=u=0.
(1.9.32) a2 Tmar "
Here, g,¢,a, and m are all > 0. Let us set
g «
1.9.33 k=9 =<
(193 I p=2
so b >0,k > 0, and the equations (1.9.31)-(1.9.32) become
d*u 9
(1.9.34) ﬁ—‘rk‘ u:O,
and
d*u du
L.9. — +b— + k*u=0.
(1.9.35) dt2+dt+ u=0

The characteristic equation for (1.9.34) is 72 + k2 = 0, with roots r = +ik. The
general solution to (1.9.34) can hence be written either as u(t) = Cye®*t 4 O_e =kt
or as

(1.9.36) u(t) = C1 cos kt + Cy sin kt.
The resulting motion is oscillatory motion, with period 27 /k.
The characteristic equation for (1.9.35) is 72 + br + k? = 0, with roots

b 1
1.9. = —— 4+ —/b2% — 4k2.
( 9 37) T+ 2 9 b k
There are three cases to consider:
(IB)  b? —4k* <0,
(I)  b? —4k? =0,
(IA)  b* —4k* > 0.

In Case IB, say b® — 4k? = —4k?. Then rL = —(b/2) & ik, and the general solution
to (1.9.35) has the form

(1.9.38) u(t) = Cre™"/2 cos kt + Cye"% sin kt.
These decay exponentially as t  4+o0o. This is damped oscillatory motion. The

oscillatory factors have period

2 2
(1.9.39) T T

ko k2= (0/2)?

which approaches oo as b 7 2k.
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In Case TA, say 8 = vb% — 4k?, so ry = (—b =+ 3)/2. Note that 0 < 8 < b, so
both r; and r_ are negative. The general solution to (1.9.35) then has the form
(1.9.40) u(t) = Crel=0FAY2 L CLe=b=Rt2 4 5 <.

These decay without oscillation as ¢t /* 400. One says this motion is overdamped.
In Case II, the characteristic equation for (1.9.35) has the double root —b/2, and
the general solution to (1.9.35) has the form

(1.9.41) u(t) = Cre b2 4 Coteb1/2,
These also decay without oscillation as t * 400. One says this motion is critically
damped.

The nonlinear damped pendulum equation (1.7.6) can also be shown to manifest
these damped oscillatory, critically damped, and overdamped behaviors.

.|
Exercises

1. Find the general solution to each of the following equations for x = z(t).

2" + 252 = 0.
" —25x = 0.
2 -2z +x=0.
2 +22 +x=0.
'+ 2 +x=0.

2. In each case (a)—(e) of Exercise 1, find the solution satisfying the initial condiiton

z(0) =1, 2'(0)=0.

3. In each case (a)—(e) of Exercise 1, find the solution satisfying the initial condition

z(0) =0, 2'(0)=1.

4. For € # 0, solve the initial value problem
o =22, +(1—eHa. =0, 2.(0)=0, 2.(0)=1.
Compute the limit
z(t) = lim z.(¢),

e—0
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and show that the limit solves

2 =22 + 1 =0,
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1.10. Nonhomogeneous equations | — undetermined coefficients

We study nonhomogeneous, second order, constant coefficient linear +equations,
that is to say, equations of the form

(1.10.1) a—+bd—x+cx:f(t),

with constants a,b, and ¢ (a # 0) and a given function f(¢). The equation (1.10.1)
is called nonhomogeneous whenever f(¢) is not identically 0. We might impose
initial conditions, like

(1.10.2) z(0) =«a, 2'(0)=p.

In this section we assume f(t) is a constant multiple of one of the following functions,
or perhaps a finite sum of such functions:

(1.10.3) ert,
(1.10.4) sin ot,
(1.10.5) cos ot,
(1.10.6) tk.

We discuss a method, called the “method of undetermined coefficients,” to solve
(1.10.1) in such cases. In §1.14 we will discuss a method that applies to a broader
class of functions f.

We begin with the case (1.10.3). The first strategy is to seek a solution in the
form

(1.10.7) x(t) = Ae™.

Here A is the “undetermined coefficient.” The goal will be to determine it. Plugging
(1.10.7) into the left side of (1.10.1) gives

(1.10.8) az” 4 ba’ + cx = A(ar® + bk + c)e™.

As long as & is not a root of the characteristic polynomial p(r) = ar? + br + ¢, we
get a solution to (1.10.1) in the form (1.10.7), with

(1.10.9) N
o ak?2 4 bk
In such a case, the equation
d*x dz it
(1.10.10) QWerEJrcx:Be

has a solution
(1.10.11) zp(t) = ABe",

with A given by (1.10.9). We say x,(t) is a particular solution to (1.10.10). If x(t)
is another solution, then, because the equation is linear, y(t) = x(t) — z,(t) solves
the homogeneous equation

d? d
(1.10.12) P

Y
izl =0
dt? dt tey ’
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which was treated in §1.9. If, for example, p(r) has distinct roots ry and r_, we
know the general solution of (1.10.11) is

(1.10.13) y(t) = Cre™" + C_e .
Then the general solution to (1.10.10) is
B
(1.10.14) z(t) = e+ Cpett + C_e .

ak? + bk +c
In (1.10.14), a,b,¢, B, and k are given by (1.10.10), and Cy and C_ are arbitrary
constants. If the initial conditions in (1.10.2) are imposed, they will determine C
and C_. If r, and r_ are complex, we could rewrite (1.10.13)—(1.10.14), using
Euler’s formula, as in §1.9.

Formulas (1.10.11)—(1.10.14) hold under the hypothesis that r,r_, and « are
all distinct. If the characteristic polynomial has a double root r = ry = r_, distinct
from k, then we replace (1.10.13) by

(1.10.15) y(t) = Cre™ + Cate™,
and the general solution to (10.10) has the form

(1.10.16) z(t) = e + Cre” + Cote™.

ak? + bk +c
Again, the initial conditions (1.10.2) would determine Cy and Cj.

We turn to the case that  is a root of the characteristic polynomial p(r). In
such a case, (1.10.8) vanishes, and there is not a solution to (1.10.1) in the form

(1.10.7). This study splits into two cases. First assume p(r) has distinct roots. Say
k=714 #r_. Then (1.10.1) (with f(¢) = e"*) will have a solution of the form

(1.10.17) x(t) = Ate™.
Indeed, a computation parallel to (1.9.14), with u(t) = At, r = &, gives
(1.10.18) az’ + bx’ + cx = (2ak + b) Ae™,

since in this case u” = 0 and ax?+ bk +c = 0. Then (1.10.1) holds with f(t) = e”t,
provided

(1.10.19) N

2ak + b
and more generally a particular solution to (1.10.10) is given by
(1.10.20) 7,(t) = ABte"™,

with A given by (1.10.19). As above, the general solution to (1.10.10) then has the
form
(1.10.21) x(t) = zp(t) + y(t),
where y(t) solves (1.10.12), hence has the form (1.10.13). (Recall we are assuming
T+ Fro.)

To finish the analysis of (1.10.10), it remains to consider the case k = ry =r_.
Then functions of the form (1.10.15) (with r = k) solve (1.10.12), so there is not a

solution to (1.10.1) (with f(¢) = e"') of the form (1.10.17). Instead, we will find a
solution of the form

(1.10.22) z(t) = At?e".
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In this case, a computation parallel to (1.9.14), with u(t) = At?, r = &, gives
(1.10.23) az” + br' + cx = 2aAe™,

since in this case u” = 2A, 2ak +b =0, and ax? + bk +c = 0. Then (1.10.1) holds
with f(t) = e"* provided

1
1.10.24 = —
( ) 2a’
and more generally a particular solution to (1.10.10) is given by
(1.10.25) z,(t) = ABt?e"™,

with A given by (1.10.24). Then the general solution to (1.10.10) has the form
(1.10.21), where y(t) solves (1.10.12), hence has the form (1.10.15), with r = &.
(Recall we are assuming r, =r_.)

As a slight extension of (1.10.10), consider the equation

d? d
(1.10.26) ade + bd—f +cx = Bre™t + Byetat,
This has a solution of the form
(1.10.27) zp(t) = zp1(t) + xp2(t),

where ,;(t) are particular solutions of (1.10.10), with B replaced by B; and &
replaced by x;. Then the general solution to (1.10.26) has the form (1.10.21), with
xp(t) given by (1.10.27) and y(t) solving (1.10.12).
We move on to cases of f(¢) given by (1.10.4) and (1.10.5), which we combine

as follows:

T2 | 92 4 o — by sinot + by cosot
a— +c— +cx=bysinc cos ot.

a2 T dt ! 2
Via Euler’s formula we can write

by sinot + by cos ot = Bie'?t + Bye 7t

(1.10.28)

(1.10.29) b b b b
Bl == 71 727 BQ == 771 £7
27 2 23 2
and we are back in the setting (1.10.26), with Ky = i0, ko = —io. Thus, for

example, if +io are not roots of the characteristic polynomial p(r) = ar? + br + c,
we have a particular solution of the form
(1.10.30) z,(t) = A1 B1e"" 4+ Ay Bye ",

where By and Bj are as in (1.10.29) and the undetermined coefficients A; and As
can be obtained by plugging into (1.10.28). As an alternative presentation, we can
again use Euler’s formula to rewrite (1.10.30) as

(1.10.31) zp(t) = a1 sinot + ag cos ot,

where the undetermined coefficients a; and as are obtained by plugging into (1.10.28).

If a,b, and ¢ in (1.10.1) are all real, then p(r) will not have purely imaginary
roots if b # 0. If b = 0, the roots will be ry = +4/—c¢/a, which are real if ¢/a < 0
and purely imaginary if ¢/a > 0. In case r+ = +io, considerations parallel to
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(1.10.17)—(1.10.20) apply, with x = +io. Again a further application of Euler’s
formula gives

(1.10.32) zp(t) = artsin ot + ast cos ot,

where the coefficients a; and ag are obtained by plugging into (1.10.28).
We now move to cases of f(t) given by (1.10.6). Take k = 1, so we are looking

at

(1.10.33) az” +bx' + cx =t.
We try

(1.10.34) x(t) = At + B,

for which ' = A, z” = 0, and the left side of (1.10.33) is cAt + (B + bA). The
condition that (1.10.33) hold is

(1.10.35) cA=1, B+bA=0,
solved by

1 b
(1.10.36) A==, B=--,

c c
assuming ¢ # 0. If ¢ = 0, we want to solve (for v = dx/dt)
(1.10.37) av’ +bv =t.

We try
(1.10.38) v(t) = at + B,

for which v = « and the left side of (1.10.37) is aac+ b(at + ). The condition that
(1.10.37) hold is

(1.10.39) ba=1, aa+b8=0,
solved by

1 a
assuming b # 0. In such a case, we can take
(1.10.41) a(t) = %tQ + Bt.
In case ¢ = b =0, (1.10.32) becomes
(1.10.42) ar’ =t,
with solution

1
1.10.43 t)=—t°.

( ) z(t) =

Analogous considerations apply to (1.10.6) with k& > 2. The method can also
be extended to treat f(t) in the form

(1.10.44) thert thsinot, t*cosat.

We omit details. In such cases, it is just as convenient to use the method developed
in §1.14.
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See §1.16 for further insight on why the method of undetermined coefficients
works for functions f(t) of the form (1.10.3)—(1.10.6), and more generally of the
form (1.10.44).

.|
Exercises

1. Find the general solution to each of the following equations for x = x(¢).

x” + 25z = €5,
x” — 25z = €5,
2" —2x 4+ x =sint.
2 422 +x=e.
2 +a' +x = cost.

2. In each case (a)—(e) of Exercise 1, find the solution satisfying the initial conditions
z(0)=1, 2'(0)=0.

3. In each case (a)—(e) of Exercises 1, find the solution satisfying the initial condi-
tions

4. For € # 0, solve the initial value problem
a! — 25z, =T 2 (0)=1, 2.(0)=0.
Compute the limit

and show that the limit solves
2" —25r =€, x(0)=1, 2/(0)=0.
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1.11. Forced pendulum — resonance

Here we study the following special cases of (1.10.28), modeling the linearized
pendulum and damped pendulum, respectively, subjected to an additional periodic
force of the form Fjsinot. The equations we consider are, respectively,

d2
(1.11.1) Wg+%u:Fosinmt,
and

v adu g

— + —— + Zu = Fysinot.

a2 g Tt T rosne

The quantities a, m, g, and £ are all positive, and we take Fj and o to be real. As

in (1.9.33), we set

(1.11.2)

g o
1.11.3 k=4/>, b=—
(1113) A
so b >0, k>0, and the equations (1.11.1)—(1.11.2) become
d2
(1.11.4) F72“”+/rc2u:F0sinmt,
and
d? d
(1.11.5) Fé‘+bdit‘+/€2u=1«})sinm:.

As long as k # +o, we can set u(t) = aysinot and the left side of (1.11.4)
equals a; (k? — 02)sinot, so a solution to (1.11.4) is

Fo .
(1.11.6) up(t) = Wsmat,

in such a case. Note how the coefficient F,/(k? —0?) blows up as o — +k. If 0 = k,
then, as in (1.10.32), we need to seek a solution to (1.11.4) of the form

(1.11.7) up(t) = artsinot + aqt cos ot.

In such a case,

(1.11.8) u;’ + k*u, = 2a;0 cos ot — 2a0 sin ot,
so (1.11.4) holds provided

(1.11.9) —2a00 = Fy, 2a10 =0,

i.e., we have

(1.11.10) up(t) = —%tcosot.

Note that wu,(t) grows without bound as |¢| — oo in this case, as opposed to the
bounded behavior in ¢ given by (1.11.6) when o2 # k2. We say we have a resonance
at 0% = k2.

Moving on to (1.11.5), as in (1.9.37) the characteristic polynomial p(r) = r? +
br + k? has roots

b 1
1.11.11 =——+ —/b% —4k?
(111.11) =g s ,
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and as long as b > 0, +ic # ry. Hence we can seek a solution to (1.11.5) in the
form
(1.11.12) up(t) = a1 sinot + ag cos ot.
A computation gives
(1.11.13) ug—kbu;—I—k‘Qup = (—a10? — agbo + a1 k*) sin ot
o + (—a202 + a1bo + a2k2) cosot,
80 uy is a solution to (1.11.5) if and only if

k* — 0®)ay — (bo)as = Fy,
(1.11.14) ( ) | ( 2) Y
(bo)ar + (k* — 0%)ag = 0.

Solving for a; and as gives

k2 — o2
0= 75 92 510,
(1.11.15) (k* =0 )b+ (bo)
ag — — g Fo.

(= o7 + (b0)?
We can rewrite (1.11.12) as

(1.11.16) up(t) = Asin(ot +6),

for some constants A and 6, using the identity

(1.11.17) Asin(ot + 0) = A(cos0) sinot + A(sin 6) cos ot.
It follows that (1.11.16) is equivalent to (1.11.12) provided
(1.11.18) Acosf =ay, Asinf = as,

i.e., provided

(1.11.19) ay + iay = Ae'.

We take A > 0 such that

F2
1.11.2 A2 =a?+d2 = 0 .
( 0) ay+ a3 (k2 — 02)% 4 (bo)?
Thus
(1.11.21) A= Byl

V7 =07+ (b0 )?
is the amplitude of the solution (1.11.16).

If b, k, and Fy are fixed quantities in (1.11.5) and o is allowed to vary, A in
(1.11.21) is maximized at the value of ¢ for which

(1.11.22) B(o) = (k* — 02)% + (bo)?
is minimal. We have
B (o) = 40® 4 2(b* — 2k?)o

(1.11.23) 2
ol (5]
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Note that o = 0 is a critical point, and $(0) = k*. There are two cases. First,

b2 b2
K= 2> 0= Buin = B [K2 = 5 )
(1.11.24) 2 2

-5

since k* > b%(k% — b?/4). (Indeed, taking £ = k?/b?, this inequality is equivalent to
€2 >¢6—1/4;but €2 —¢+1/4 = (£ —1/2)2.) In the second case,

bQ

(1.11.25) K =5 S0= Buin = B(0) = k*.

In these respective cases, we get
[Fol (10 b2\ =1/

].].].2 Arnax - 7(": - 7) )

( 6) 2 1
and

| Fol
(11127) Amax = ?

In the first case, i.e., (1.11.24), we say resonance is achieved at 0% = k?—b?/2. Recall
from §1.9 that critical damping occurs for k? = b2 /4, for the unforced pendulum,
so in case (1.11.24) the unforced pendulum has damped oscillatory motion.

Exercises
1. Find the general solution to
d? d
(1.11.28) Fg+d—?Jruz?)sinat.

2. For the equation in Exercise 1, find the value of ¢ for which there is resonance.

3. Would the answer to Exercise 2 change if the right side of (1.11.28) were changed
to
10sinot?

Explain.

4. Do analogues of Exercises 1-2 with (1.11.28) replaced by each of the following:

du + du + 3u = sinot
i Wtnd — o
dt2 - dt ’
d? d
ﬁg +2di: + 3u = 2sinot.

5. Do analogues of Exercise 1 with (1.11.28) replaced by the following:

d27u +2d—u +u = 3sinot
dt? dt N '
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Discuss the issue of resonance in this case.
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Figure 1.12.1. Mass on a spring

1.12. Spring motion

We consider the motion of a body of mass m, attached to one end of a spring, as
depicted in Figure 1.12.1. The other end of the spring is attached to a rigid wall,
and the weight slides along the floor, pushed or pulled by the spring. We assume
that the force of the spring is a function of position:

We pick the origin to be the position where the spring is relaxed, so F(0) = 0.
A good approximation, valid for small oscillations, is

(1.12.2) Fi(z) = —Kuz,

with a positive constant K (called the spring constant). This approximation loses
accuracy if |z| is large. Sliding along the floor typically produces a frictional force
that is a function of the velocity v = dx/dt. A good approximation for the frictional
force is

(1.12.3) Fy = Fy(v) = —aw,

where a is a positive constant, called the coefficient of friction. The total force on
the mass is F' = | + F5, and Newton’s law F' = ma yields the differential equation

d? d
x—&—a—x—i—Kx:O.

1.12.4 i
( ) Tz T
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This has the same form as (1.9.35), i.e.,
d*z dz

1.12.5 b4 k=0

( ) dt2+ dt+ v ’
with

K

(1.12.6) b=~ k2=—,

m m

both positive, and the analysis of (1.9.35) applies here, including notions of oscil-
latory damped, critically damped, and overdamped motion.

One can consider systems of several masses, connected via springs. These
situations lead to systems of differential equations, studied in Chapter 3.

.|
Exercises

1. Suppose one has a spring system as in Figure 1.12.1. Assume the mass m is 2
kg and the spring constant K is 6 kg/ sec’. There is a frictional force of a kg/sec.
Find the values of a for which the spring motion is

(a) damped oscillatory,
(b) critically damped,
(¢) overdamped.

2. In the context of Exercise 1, suppose there is also an external force of the form
10sinot  kg-m/sec’.
(Assume z is given in meters.) Take
a=2,
so (12.4) becomes
d*z dz

Find the value of o for which there is resonance.
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1.13. RLC circuits

Here we derive a differential equation for the current flowing through the circuit
depicted in Figure 1.13.1, which consists of a resistor, with resistance R (in ohms),
a capacitor, with capacitance C' (in farads), and an inductor, with inductance L (in
henrys). The circuit is plugged into a source of electricity, providing voltage F(t)
(in volts). As stated, we want to find a differential equation for the current I(¢) (in
amps).

The equation is derived using two types of basic laws. The first type consists
of two rules, which are special cases of Kirchhoff’s laws:

(A) The sum of the voltage drops across the three circuit elements is E(t).
(B) For each ¢, the same current I(¢) flows through each circuit element.

For more complicated circuits than the one depicted in Figure 1.13.1, these rules
take a more elaborate form. We return to this in Chapter 3.

The second type of law specifies the voltage drop across each circuit element:

(a) Resistor: V =1IR,

1
(b) Inductor: V = L%,
(c) Capacitor: V= %

As stated above, V' is measured in volts, I in amps, R in ohms, L in henrys, and
C in farads. In addition, @) is the charge on the capacitor, measured in coulombs.
The rule (c) is supplemented by the following formula for the current across the
capacitor:

_dQ

T

In (b) and (c2), time is measured in seconds.

(c2) I

In Figure 1.13.1, the circuit elements are numbered. We let V; = V;(t) denote
the voltage drop across element j. Rules (A), (B), and (a) give

(1.13.1) Vi+Vo+ Vs =E(t),
(1.13.2) Vi =RI.
Rules (B), (b), and (c)—(c2) give differential equations:
dr
1.13. L— =
(1.13.3) =W
dVa
1.13.4 — =1
(1.13.4) C—

Plugging (1.13.2)—(1.13.3) into (1.13.1) gives

I
(1.13.5) RI+V2+L% = E(t).
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Applying d/dt to (1.13.5) and using (1.13.4) gives

4?1 dl 1
1.13. L— 4+ —I=FE®.
(1.13.6) Rt g (t)

This is the equation for the RLC circuit in Figure 1.13.1. If we divide by L we get

L, Rdl 1 B
a2 Ldt LC L’

(1.13.7)

which has the same form as the (linearized) damped driven pendulum (1.11.5), with

R 1
1.13.8 b=—, k=—
( ) L ) LC )
except that at this point E’(t)/L is not specified to agree with the right side of
(1.11.5). However, indeed, if alternating current powers this circuit, it is reasonable
to take

(1.13.9) E(t) = Eycosat,
SO
1 E
(1.13.10) FE(t) = f% sinot = Fy sin ot.

Then analyses of solutions done in §1.11, including analyses of resonance phe-
nomena, apply in this setting.

Actually, in this setting a different perspective on resonance is in order. The
frequency o /27 cycles/sec of the alternating current is typically fixed, while one
might be able to adjust the capacitance C. Let us assume R and L are also fixed,
so b in (1.13.8) is fixed but one might adjust k. Recalling the formulas (1.11.16)
and (1.11.21), which in this setting take the form

| Fol
V(&2 =02)2+ (bo)?’

(1.13.11) I(t) = Asin(ct +0), A=

we see that for fixed b and o, this amplitude is maximized for k satisfying

(1.13.12) k* = o,
i.e., for

1
(1.13.13) LC = —.

More elaborate circuits, containing a larger number of circuit elements, and
more loops, are naturally treated in the context of systems of differential equations.
See Chapter 3 for more on this.

REMARK. Consistent with formulas (a)-(c) and (c2), the units mentioned above
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are related as follows:

| amp = 1 coulomb
sec
lomb
1 farad =1 %
VO
(1.13.14) volt-sec
1 henry =1
amp
1t
lohm=1 &.
amp

To relate these to other physical units, we mention that
1 volt = 1 joule/coulomb
1 watt = 1 volt-amp = 1 joule/sec

(1.13.15) 1 joule = 1 Newton-meter

1 Newton = 1 kg-m/sec’.

The force of gravity at the surface of the earth on a 1 kg. object is 9.8 Newtons, or,
alternatively, 2.2 pounds. In other words, 1 Newton is about 0.224 pounds. Hence
one joule is about 0.735 foot-pounds.

The Coulomb is a unit of charge with the following property. If two particles,
of charge ¢; and g» Coulombs, are separated by r meters, the force between them
is given by Coulomb’s law:

(1.13.16) F = k2% Newtons, k= 8.99 x 10°.
r
Investigations into the nature of electrons have shown that

(1.13.17) —1 Coulomb = charge of 6.24 x 10'® electrons.

In connection with this, we mention that one gram of water contains 3.3 x 1
electrons.

023

.|
Exercises

1. Consider a circuit as in Figure 1.13.1. Assume the inductance is 4 henrys and
the applied current has the form (1.13.9) with a frequency of 60 hertz, i.e., 60
cycles/sec. Find the value of the capacitance C, in farads, to achieve resonance.

2. Redo Exercise 1, this time with inductance of 1076 henry and applied current
of the form (1.13.9) with a frequency of 120 megahertz.



62 1. Single differential equations

Figure 1.13.1. RLC circuit

1.14. Nonhomogeneous equations Il — variation of parameters

Here we present another approach to solving

d*x dz
1.14.1 — 4+ b— = f(t
(114.1) bt er = (1),
(with constant b and ¢) called the method of variation of parameters. It works
as follows. Let y;(t) and y2(t) be a complete set of solutions of the homogeneous

equation

dy . dy
1.14.2 — +b— =0.
(1.14.2) az T T
The method consists of seeking a solution to (1.14.1) in the form
(1.14.3) a(t) = ur(t)ya(t) + uz(t)y2(1),

and finding equations for u;(t) that are simpler then the original equation (1.14.1).
We have

(1.14.4) &' =iy + ugys + uiyr + upye.

It will be convenient to arrange that =" not involve second order derivatives of u;
and ug. To achieve this, we impose the condition

(1.14.5) uiy1 + ubys = 0.
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Then 2" = u}y; +ubys+u1yy +usyy, and using (1.14.2) to replace y by —by’ —cy;,
we get

(1.14.6) 2" = uyy + usys — (byy + cyi)ur — (bys + cyz)us,
hence
(1.14.7) 2" +bx’ + cx = yiul + yhul.

Thus we have a solution to (1.14.1) in the form (1.14.3) provided u} and w}
solve

yruy + yous = 0,
Vih + iy = .

This linear system for u} and u), has the explicit solution

(1.14.8)

(1.14.9) = f%f, uly = yﬁlf’
where W (¢) is the following determinant, called the Wronskian determinant:
(1.14.10) W =y — yoy; = det (y,l y?) .

Y1 Y2

Determinants will be studied in the next chapter. The reader who has not seen
them can take the first identity in (1.14.10) as a definition and ignore the second
identity (for now).

Note that if the roots of the characteristic polynomial p(r) = 72 + br + ¢ are
distinct, ry # r_, we can take

(1.14.11) =€ yp=e"t,
and then
L W(t) = r_emte™=t —r e~ ter+t
S
which is nowhere vanishing. If there is a double root, . = r_ = r, we can take
(1.14.13) yr =€, yy =te",
and then
(1.14.14) W(t) = e (" + tre™) — tere™ = ",

which is also nowhere vanishing.

Returning to (1.14.9), we can take

" ya(s)
w(t)=— | 22 f(s)ds +Cn,
(1.14.15) . ?/)(s)
_ Yils
’Ltg(t) = 0 W(S)f(S) d8+c2’
(1.14.16)  a(t) = Cyys (t) + Coya(t) +/O [y2(t)yl(5) - yl(t)yQ(s)] Iﬁ/((z)) ds.

Denote the last term, i.e., the integral, by x,(¢).
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Note that when the characteristic polynomial r? 4+ br 4+ ¢ has distinct roots
ry #r_ and (1.14.11)—(1.14.12) hold, we get

xp(t) = o /t {e“te”‘g - e”te“‘g] ) ds
0

_ (ry+r_)s
(1.14.17) - 1 e o
= 7/ [er‘(t_s) - e”(t_s)]f(s) ds.

0

r— —Tr4

When the characteristic polynomial has double roots ry = r_ = r and (1.14.13)—

(1.14.14) hold, we get
¢
xp(t) = / [te”erS — 6”56“] f2($) ds
0 e s

= / (t— s)eT(t_s)f(s) ds.
0

(1.14.18)

The next section will continue the study of the Wronskian. Further material
on the Wronskian and the method of variation of parameters, in a more general
context, can be found in Chapter 3.

.|
Exercises

Use the method of variation of parameters to solve each of the following for x = x(t).

1.

2 +x=e.
2.

2" 4+ x =sint.

3.

2+ x=t.
4.

4+ =t%
5.

2" +x =tant.
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1.15. Variable coefficient second order equations

The general, possibly nonlinear, second order differential equation
d’x dx
1.15.1 T _ F(t, ,—),
(1.15.1) a2 ©at
has already been mentioned in §1.4. If F'(¢,z,v) is defined and smooth on a neigh-
borhood of tg, zg, vy, and one imposes an initial condition

(1.15.2) z(to) = wo, ' (to) = vo,

it is a fundamental result that (1.15.1)—(1.15.2) has a unique solution, at least for
t in some interval containing tg. A more general result of this sort will be proven
in Chapter 4.

Linear second order equations have the form

21’ X
(1.15.3) a(t)z? + b(t)z—t +elt)z = f(t).

The existence and uniqueness results stated above apply. There are many specific
and much studied examples, such as Bessel’s equation

d’z  ldz V2
1.15.4 @ (1_7> —0,
(1.15.4) az tiar " )"
whose solutions are called Bessel functions, and Airy’s equation,
d’z

whose solutions are Airy functions, just to mention two examples. Such functions
are important and show up in many contexts. We will take a closer look at Bessel’s
equation in the next section. Linear variable coefficient equations could arise from
RLC circuits in which one has variable capacitors, resistors, and inductors, turning
(1.13.6) into

2
(1.15.6) L(t)% 4 R(t)% + %I — B,

The most frequent source of such equations as (1.15.4)—(1.15.5) comes from the
theory of Partial Differential Equations. One such indication of how (1.15.4) arises
is given in Appendix 1.A, at the end of this Chapter. The reader can find out much
more about these equations in a text on Partial Differential Equations, such as
[45]. Solutions to these equations cannot generally be given in terms of elementary
functions, such as exponential functions, but are further special functions, for which
many analytical techniques have been developed.

As with the exponential function, analyzed in §1.1, power series techniques are
very useful. We illustrate this by producing a power series

(1.15.7) z(t) = i at®
k—0

for the solution to the Airy equation (1.15.5), with initial data
(1.15.8) z(0)=1, 2'(0)=0.
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If (1.15.7) is a convergent power series, then

2 (t) = i k(k — 1)agt*?2

(1.15.9) P
=Y (k+2)(k + aggat”,
k=0
while
(1.15.10) tao(t) = apt*.
k=1

Comparison gives the recursive formula

(1.15.11) ah

Wt = Gkt 3)(k+2)
To get started, we note that
(1.15.12) ap=xz(0)=1, a;=2'(0)=0, azy=-2"(0)=0.

Thus azeq; = 0 for j = 1,2, and we get

(1.15.13) o(t) = opt™,
{=0

where ay = agy is given recursively by
Qg
1.15.14 YRR YCY R
( ) YT 301 3)(30+2)
The ratio test applies to show that the power series (1.15.13) converges for all ¢ € R,
yielding a solution to Airy’s equation (1.15.5), with initial data (1.15.8).

040:1.

A study of power series as a technique for solving ODE in a more general setting
is given in §3.10 of Chapter 3.

Another useful tool is the Wronskian determinant, defined on a pair of functions
y1 and ys by

(1.15.15) W (51, 92)(t) = yavh — vy} = det (i;; Z;) |
1 2

If y; and y2 both solve (1.15.3) with f =0, i.e.,
(1.15.16) at)y” + b)Yy + c(t)y =0,

then substituting for y; in

dw
(1.15.17) — = vy — vyl
yields
daw bt
1.15.18 == =2
( ) dt a(t)

a useful first order linear equation for W. Note that if we have such y; and ys,
solving (15.16) with initial condition

(1.15.19) y(to) = o, y'(to) =B,
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in the form y(t) = C1y1(t) + Caya(t) involves finding Cy and Cy such that
Ciy1(to) + Caya(to) = a,

Chyy (to) + Cays(to) = B,

which uniquely determines C; and Cy precisely when W (y1,y2)(tg) # 0.

(1.15.20)

In light of the existence and uniqueness statement made above (to be proved
in Chapter 4), it follows that if y; and yo solve (1.15.16) and have nonvanishing
Wronskian, on an interval on which a,b, and ¢ are smooth and @ is nonvanishing,
then the general solution to (1.15.16) has the form Cyy; + Cays.

Recall that the Wronskian arose in the previous section, in the treatment of
the method of variation of parameters. This treatment is extended to a much more
general setting in Chapter 3.

.|
Exercises

Equations of the form

2

d“x dx
2 _
(1.15.21) at e + bt 7 +cx=0

are called Euler equations.

1. Show that x(t) = t" = e"1°8! solves (1.15.21) for ¢ > 0 provided r satisfies
(1.15.22) ar(r—1)+br+c¢=0.

2. Show that if (1.15.22) has two distinct solutions 1 and rq, then
Cit"™ 4 Cat™
is the general solution to (1.15.21) on ¢ € (0, 00).

3. Show that if r is a double root of (1.15.22), then
Cyt" + Ca(log t)t"
is the general solution to (1.15.21) for ¢ € (0, 00).

4. Find the coefficients a; in the power series expansion

z(t) = Z at®
k=0

for the solution to the Airy equation

2z
(1.15.23) Tz tr =0,
with initial data
z(0) =0, 2'(0)=1.

Show that this power series converges for all ¢.
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5. Show that the Wronskian of two solutions to the Airy equation (1.15.23) solves
the equation

a_

a



1.16. Bessel’s equation 69

1.16. Bessel’s equation

Here we construct solutions to Bessel’s equation

d’z  1dx v?
(1.16.1) St (1-5)e=0.
This is an important equation, whose roots in partial differential equations are
discussed in Appendix 1.A. Note that if the factor (1 —v?/t?) in front of x had the
term 1 dropped, one would have the Euler equation

(1.16.2) 22" +ta' — v =0,

with solutions

(1.16.3) z(t) = t+,

as seen in (1.15.21)—(1.15.22). In light of this, we are motivated to set
(1.16.4) a(t) = t'y(t),

and study the resulting differential equation for y:

A’y  2w+1dy
dt? TR A

This might seem only moderately less singular than (1.16.1) at ¢t = 0, but in fact it
has a smooth solution. To obtain it, let us note that if y(¢) solves (1.16.5), so does
y(—t), hence so does y(t) + y(—t), which is even in t. Thus, we look for a solution

to (1.16.5) in the form

(1.16.5)

(1.16.6) y(t) = axt®.
k=0
Substitution into (1.16.5) yields for the left side of (1.16.5) the power series
(1.16.7) Z{(2k+2)(2k+2u+2)ak+1 +ak}t2k,
k=0

assuming convergence, which we will examine shortly. From this we see that, as
long as

(1.16.8) vég{-1,-2,-3,...},

we can fix ag = ag(v) and solve recursively for aj1, for each k > 0, obtaining
1 ar

ST Tk Dk v+ 1)

Given (1.16.8), this recursion works, and one can readily apply the ratio test to
show that the power series (1.16.6) converges for all ¢t € R.

(1.16.9)

We will find it useful to produce an explicit solution to the recursive formula
(1.16.9). For this, it is convenient to write

(1.16.10) ak = agBrYk,
with

1 Br Vi
1.16.11 S _ B o
(1.16.11) k41 10k Br+1 el M TR,
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Clearly the first two equations have the explicit solutions

1\ B
(1.16.12) ar = <_Z) a0, ="
We can solve the third if we have in hand a function I'(z) satisfying
(1.16.13) T(z+41) = 2T(2).

Indeed, the Euler gamma function I'(z), discussed in Appendix 1.B, is a smooth
function on R\ {0, —1, —2,...} that satisfies (1.16.13). With this function in hand,
we can write

Yo
1.16.14 S
( ) T T+ +1)

and putting together (1.16.10)—(1.16.14) yields
17k &o

1.16.15 =(—) —/—/77—.

( ) h ( 4) KID(k+ v+ 1)
We initialize this with ag = 27%. There results the solution y(t) = J,(¢) to (16.5),
and z(t) = J,(t) =t 7, (¢t) to (1.16.1), given by

s (—1)k £ 2k+v

1.16.1 L (t) = —_— =
(1.16.16) To(®) kz_ok‘!l“(k—l—y—&-l)(Q)

Supplementing the regularity of I'(z) on R\ {0, —1, -2, ...}, we will see in Appendix
1.B that

is well defined and smooth in 2z € R
(1.16.17) I'(z)

vanishing for z € {0,—1,-2,... }.
Consequently (1.16.16) is a valid solution to (1.16.1) for ¢ € (0, 00), for each v € R.
In fact,
(1.16.18) J, and J_, solve (1.16.1), for v € R.
The function J, is called a Bessel function.
Let us examine the behavior of J,(t) as t \, 0. We have

1 t\V
1.16.1 L) = ——(= gt £\, 0.
(1.16.19) J,(t) r(u+1)<2> +O(EH), as £N\,0
As long as v satisfies (1.16.8), the coefficient 1/T'(v + 1) is nonzero. Furthermore,
1 t\ v
_ v —v+1
(1.16.20) T = 17 (2) FO@E MY, as t\,0,

and as long as v ¢ {1,2,3,...}, the coefficient 1/T'(1 — v) is nonzero. In particular,
we see that

Ifvé¢Z, J, and J_, are linearly independent solutions

(1.16.21) to (16.1) on (0, c0).

In contrast to this, we have the following;:

(1.16.22) IfneZ, J(t)=(—1)"J_n(t).
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To see this, we assume n € {1,2,3,...}, and note that

1
1.16.23 — =0, for 0<k<n-1.
(1.16.23) Tk—n+1) o =8="
We use this, together with the restatement of (1.16.16) that
> (—1)k tN 2k+v
1.16.24 J,(t) = (f) :
( ) ®) kZ:OF(k—Fl)F(k—H/—i—l) 2

which follows from the identity I'(k + 1) = k!, to deduce that, for n € N,

°© (—1)* tN 2k—n
J-nlt) = kz:;l T(k+ 1)D(k—n+1) (5)

> (_1)€+n £\ 20+n
- ; L+ +n+1) (5)
= (=1)"J, ().
Consequently J,(t) and J_, (t) are linearly independent solutions to (1.16.1) as
long as v ¢ Z, but this fails for v € Z. We now seek a family of solutions Y, (t) to

(1.16.1) with the property that J, and Y, are linearly independent solutions, for
all v € R. The key to this construction lies in an analysis of the Wronskian

(1.16.26) Wy () = W(Jy, J-p)(t) = T ()7, (t) = T, (8) - (t).
By (1.15.10), we have

(1.16.25)

(1.16.27) L= =W,
hence

K
(1.16.28) W, (t) = i”)

To evaluate K (v), we calculate

W(Jz/; J*I/) = W(tyju; til’jfu)
(1.16.29) 2

=W(Jo, T) = T T (1),

Since J,(t) and J_,(t) are smooth in ¢, so is W(J,,J-.), and we deduce from
(1.16.28)—(1.16.29) that

(1.16.30) W, () = —%.Z,(O)J,,,(O).
Now, since J,(0) = 1/2"T'(v + 1), we have
v
(1.16.31) e F(V Jrll)r(1 -
T T —v)
An important gamma function identity, stated in Appendix 1.B, is
(1.16.32) Tl —v) = —

sinmy’
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Hence (1.16.30)—(1.16.31) yields

2 si
(1.16.33) W(J,, J,)(t) = —= 2"

T t

This motivates the following. For v ¢ Z, set
Jy(t)cosmv — J_,(t)
sin v '

Note that, by (1.16.25), numerator and denominator both vanish for v € Z. Now,
for v ¢ Z, we have

(1.16.34) Y, (t) =

1
W(J,,Y,)(t) = —— W(J,,J-,)(t)
(1.16.35) ;H”TV
T omt
Consequently, for n € Z, we set
o _110J,(t) nO0J_,(t)
(1.16.36) Ya(t) = lim Y, (t) = ;[7 —(-1) T} .

and we also have (1.16.35) for v € Z. The functions Y, are called Bessel functions
of the second kind.

Another construction of a solution to accompany J,(t) is given in Chapter 3,
(3.11.65)—(3.11.79).

We end this section with the following integral formula for J,(¢), which plays
an important role in further investigations, such as the behavior of J,(t) for large
t.

Proposition 1.16.1. Ifv > —1/2,

v 1
(1.16.37) T (t) = F(1/2§tr/(?+ = [1(1 @it g,

Proof. To verify (1.16.37), we replace e**! by its power series, integrate term by
term, and use some identities from Appendix 1.B. To begin, the integral on the
right side of (1.16.37) is equal to

1.16. — )%k (1 - %)Y 2 ds.
(1.16.38) kzzo (2k)!/ (ist)?* (1 — s?) ds
The identity (1.B.17) implies
1
_ Ik+1/2)L'(v+1/2)
1.16.39 A=) ds = ,
(1.16.39) [y - R
so the right side of (1.16.37) equals
(t/2)" > o D(k+1/2)T (v +1/2)
.16.4 .
(1.16.40) I(1/2)I'(v +1/2) Zo 2k Lk+v+1)

As seen in (1.B.7), we have

(1.16.41) r(%)(%)! = 22k (k + %)



FExercises 73

o0 (1.16.40) is equal to

Y — (—1)* £ 2k
(1.1642) (5) ;0 ED(k+v+1) (5) ’
which agrees with our formula (1.16.16) for J,(t). O

.|
Exercises

1. Show that the Bessel functions J, satisfy the following recursion relations:

S(En®) =00, (T 0) =~ T,

or equivalently
v
Jos1(t) = =J,(t) + sz(t),

Jo_1(t) = J.(t) + %J,,(t).

2. Show that J_y/2(t) = y/2/m cost, and deduce that

2 2
J_1/2(t> = \/;COSt7 Jl/g(t) = \/;snlt.

Deduce from Exercise 1 that, for n € ZT,

Jnt1/2(t) = (_1)n{ﬁ(jt -1 _t1/2)} Si;:f

Jn-1/2(t) = {ﬁl(i = _tl/Z)}\C/(%'

Il
-

<
Il

Hint. The differential equation (1.16.5) for J_;/ is y" +y = 0. Since J_1/5(t)
is even in t, J_1/5(t) = Ccost, and the evaluation of C' comes from J_;/5(0) =

V2/T(1/2) = \/2/7, thanks to (1.B.6).

3. Show that the functions Y, satisfy the same recursion relations as J,, i.e.,

d d

a(t”Yy(t)) — 1Y, (1), %(t_”Yl,(t)) — Y, (1),

4. The Hankel functions H,El)(t) and H,EQ)(t) are defined to be
HD(t) = J,(t) +iY, (1), HP(t) = J,(t) — Y, (t).

Show that they satisfy the same recursion relations as J,,, i.e.,

d | A d | ,
Z(rHD @) = gD SO = v g W)
(D) =ead o, < (rE®) =~ L),

v—1 dt
for j =1,2.



74 1. Single differential equations

5. Show that
HE() = HD (1), HE)(1) = e HP (1),

6. Show that Y;/5(t) = —J_1/2(t), and deduce that

Wy ]2 @)y a2 i
Hl/Q(t) = —1 E@ t, Hl/Q(t) =1 E@ t.
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1.17. Higher order linear equations

A linear differential equation of order n has the form

d"z A"z
If a;(t) are continuous for ¢ in an interval I containing o, and a,,(¢) is nonvanishing
on this interval, one has a unique solution to (1.17.1) given an initial condition of
the form

(1.17.2) z(to) = g, @' (tg) = ay,..., £ D (tg) = an_1.

(As with (1.15.1)—(1.15.2), this also follows from a general result that will be es-
tablished in Chapter 4.) If a;(t) are all constant, the equation (1.17.1) has the
form

+otao(t)r = f(2).

d™x "z
(1173) a,LCﬁ—n+an_1W+-~~+aox:f(t).
It is homogeneous if f = 0, in which case one has
d"z d"tx
1.17.4 —_— At =0.
( 7 ) 29 dtn +an 1dtn71 + + apx 0

We assume a,, # 0.

Methods developed in §§1.9-1.10 have natural extensions to (1.17.4) and (1.17.3).
The function z(t) = e"* solves (1.17.4) provided r satisfies the characteristic equa-
tion
(1.17.5) ™+ a7 4 ag = 0.

The fundamental theorem of algebra guarantees that (1.17.5) has n roots, i.e., there
exist r1,...,r, € C such that
(1.17.6) AT + Q17" ag = an(r—r1) - (r—1y).

A proof of this theorem is given in §2.C of Chapter 2. These roots ry,...,r, may
or may not be distinct. If they are distinct, the general solution to (1.17.4) has the
form

(1.17.7) z(t) = Cre™t + -+ Cpe'™.
If r; is a root of multiplicity k, one has solutions to (1.17.4) of the form
(1.17.8) Cre™t + Cote™' + -+ + CptFtemit,

This observation can be used to yield a fresh perspective on what makes the calcu-
lations in §1.10 work. Consider for example the equation

(1.17.9) az” + bx' + cx = e,
The right side solves the equation (d/dt — k)e™ = 0, so any solution to (1.17.9) also

solves

(1.17.10) (% —/@) (a%;+b%+c>x:0,

a homogeneous equation whose characteristic polynomial is

(1.17.11) q(r) = (r — &) (ar® + br +¢) = (r — &)p(r).
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If % is not a root of p(r), then certainly (1.17.9) has a solution of the form Ae®t. If
k is a root of p(r), then it is a double (or, perhaps, triple) root of ¢(r), and (1.16.8)
applies, leading one to (1.10.17) or (1.10.25).

One can also extend the method of variation of parameters to higher order
equations (1.17.3), though the details get grim.

The equations (1.17.1)—(1.17.4) can each be recast as n x n first order systems
of differential equations, and all the results on these equations are special cases of
results to be covered in Chapter 3, so we will say no more here, except to advertise
that this transformation leads to a much simplified approach to the method of
variation of parameters.

.|
Exercises

1. Assume the existence and uniqueness results for the solution to (1.17.1) stated
in the first paragraph of this section. Show that there exist n solutions u; to

an()uf" (£) + an_y (a0 + - + ao(t)us (¢) = 0

on I such that every solution to (1.17.1) with f = 0 can be written uniquely in the
form

z(t) = Crui(t) + - - + Crun ().
For general continuous f, let =, be a particular solution to (1.17.1). Show that if

x(t) is an arbitrary solution to (1.17.1), then there exist unique constants Cj, 1 <
j < n, such that

x(t) = zp(t) + Crur(t) + - - + Chun(t).
This is called the general solution to (1.17.1).

Hint. Require u;kfl)(to) =0k, 1 <k <mn, where §;;, =1for j =k, 0for j #k.

2. Find the general solution to each of the following equations for x = x(t).

(a)

d*x
(b)
d3x

2" — 22" — 42’ + 8z = 0.

2" — 22" + 42’ — 8z = 0.

1:”/ +.’E — et.
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3. For each of the cases (a)—(e) in Exercise 1 of §1.10, produce a third or fourth
order homogeneous differential equation solved by x(t).

Exercises 4-6 will exploit the fact that if the characteristic polynomial (1.17.6)
factors as stated there, then the left side of (1.17.4) is equal to

ol (e FIGE )

4. Show that

d d
(g i)t = (G =i r)u
and more generally

ﬁ (% - rj) (e"u) = et ﬁ (% —rj+ T)’LL.
j=1 j=1

Jj=

5. Suppose r; is a root of multiplicity k of (1.17.6). Show that x(t) = e"*u solves

(1.17.4) if and only if
d d\Fk
H (% —rz—l—?"j)(%) u=0.
{tre#r;}
Use this to show that functions of the form (1.17.8) solve (1.17.4).

6. In light of Exercise 5, use an inductive argument to show the following. Assume
the roots {r;} of (1.17.6) are

ry, with multiplicity k,, 1<v<m, ki+- -+ kn=n.
Then the general solution to (1.17.4) is a linear combination of

te“e”t, 0</4,<k,—1, 1<v<m.
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1.18. The Laplace transform

The Laplace transform provides a tool to treat nonhomogeneous differential equa-
tions of the form

dr dnfl
(1.18.1) Cnﬁ,{+0n—1dtT_{+'“+COf(t) =g(t),
for ¢ > 0, with initial data
(1.18.2) £(0) =ag,..., " 1(0) = an_1,

for certain classes of functions g. It is defined as follows. Assume f : RT — C is
integrable on [0, R] for all R < oo, and satisfies

(1.18.3) /OOO If(t)|e ™ dt < oo, Va> A,

for some A € R. We define the Laplace transform of f by

(1.18.4) Lf(s) = /000 ft)e st dt, Res> A.

By our hypotheses, this integral is absolutely convergent for each s in the half-plane

Hp = {se€C:Res > A}. For our current purposes, it will suffice to take s real,
in (A, 00). Note that, for such s,

(1.18.5) %Ef(s) =Lg(s), g(t)=—tf(t).
If we assume that f’ is continuous on [0, c0) and
(1.18.6) lFO)] + /(1) < CeeAFE for ¢ >0,
for each € > 0, we can integrate by parts and get
(1.18.7) Lf'(s) = sLf(s) — f(0),
and similar hypotheses for higher derivatives of f gives
(1.18.8) LI®)(s)=sLf(s) —s*71f(0) — - — fED(0).

Hence, if f satisfies an ODE of the form (1.18.1)-(1.18.2) and if £, f/,... f*=1 all
satisfy (1.18.6), and g satisfies (1.18.3), we have
(1.18.9) p(s)Lf(s) = Lg(s) + q(s),
with
p(s) = cns™ + eno18" L+ + ¢,
(1.18.10) (s) o ’
q(s) = cplaps" " 4+ +apn—1) + -+ cra0.

If all the roots of p(s) satisfy Re s < B, we have
_ Lg(s) +q(s)
p(s)

Making use of (1.18.11) to solve (1.18.1)—(1.18.2) brings in two problems, which we
now state.

(1.18.11) Lf(s) , Res>C =max(4, B).
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I. THE RECOGNITION PROBLEM. Given the right side of (1.18.11), i.e., given
Lg(s) +4q(s)

1.18.12 = R(s),
(118.12) e (5
find a function f; : [0,00) — C, such that

(1.18.13) Lfi(s) =R(s), for Res>C.

II. THE UNIQUENESS PROBLEM. Given f and f; : [0,00) — C, both satisfying
(1.18.3), one wants to know that

(1.18.14) Lf(s)=Lfi(s), Vs> A= f= f1 on0,00).

The uniqueness problem has a satisfactory solution. Aslong as f and f; satisfy
the hypotheses just stated, the result (1.18.14) is true. The proof of this can
be found in §3.3 of [47]. In addition there are inversion formulas. Here is one,
established in §3.3 of [47].

Proposition 1.18.1. Assume f and f’ are continuous on [0,0), and
(1.18.15) lf®)]+ |f ()] < e, t>0.

Then, fort >0,

(1.18.16) tf(t) = L %Ef(BJrzf)et(B”f) de,

as long as B > A, with an absolutely convergent integral on the right side.

In light of the uniqueness, if f satisfies (1.18.3), we say
(1.18.17) g=Lf=f=L""g,

and call £~! the inverse Laplace transform.

Generally speaking, for functions R(s) that arise in (1.18.12), calculation of the
integral

(1.18.18) / R'(B +i¢)e"t d¢
is not so easy, though methods of residue calculus, discussed in §4.1 of [47] can be
effective. For the purpose of using (1.18.11) to solve (1.18.1)—(1.18.2), by finding f
that satisfies
(1.18.19) Lf(s) = R(s),
with R(s) as in (1.18.12), it is useful to have a collection of functions that are known
Laplace transforms, in order to solve the recognition problem.

To start our collection, we consider the Laplace transform of e®t:

o0 oo 1
(1.18.20) / ee st dt = / e~ (57t gt —
0 0

Ss—a
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Table 1. Table of Laplace transforms

f(t) Lf(s)
a) sinat a/(s®+a?)
b) cosat s/(s*+a?)
c) sinhat a/(s®—a?)
d) coshat s/(s*—a?)

If @ is real, this is valid for Re s > a. However, using results from §1.1, we find it
useful to note that (1.18.20) holds for complez a, as long as Res > Rea. We can
apply this to

1, . )
(11821) f(t) = cosat = 5(elat + e—zat)’

for a € R, to get

1 1 1
Lf(s) = §(s—ia + s—|—ia)
s

s2 4+ a2’

(1.18.22)

Similar techniques yield the table of Laplace transforms presented in Table 1.

If a € R, the range of validity of (a)—(b) is Res > 0, and that of (¢)—(d) is
Res > |al.

bt

Laplace transforms of other functions, such as e™"* cos at, etc., can be identified

via the identity

(1.18.23) L(e7 " f)(s) = Lf(s+Db).
Also, one can turn (1.18.5) around, to write
d

(1.18.24) L(tf)(s) = —%Ef(s)7
and, inductively,

dn
(1.18.25) L{E"f)(s) = (—1)”@/"]“(3).
For example,

dn

L") (s) = (-1)" (s —a) ™!
(1.18.26) "
=G

for a € C, Res > Rea. In particular,
(1.18.27) ft) =t" = Lf(s) =nls~ (D,

Of course, by (1.18.23), the result (1.18.26) follows from its special case (1.18.27).
A natural generalization of (1.18.16) arises from taking

(1.18.28) L) =t="1 z>0.
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We get
Lf.(s) :/ e St L dt
0
(1.18.29) _ (/ efttzfldosfz
0

=T(z)s7%,
where
(1.18.30) F(z):/ e~ T dt, 2> 1,

0

is the Gamma function, which plays a role in §1.16, via (1.16.13)—(1.16.16), and is
treated in Appendix 1.B. Let us note that (1.18.24) implies

(118.31) Lo f(s) =~ LE),

which in view of (1.18.29) is equivalent to the identity

(1.18.32) D(z+1) = 2T(2).

Also comparison of (1.18.27) and (1.18.29), with z = n + 1, yields

(1.18.33) T'(n+1)=n!

We can obtain another Laplace transform identity by applying d/dz to (18.28),
noting that, since s=* = e~#1085,

(1.18.34) dilzs*’z = —(logs)s™*, s>0,

with an analogous formula for (d/dz)t*~!:

d
—t*71 = (logt)t*~ 1.

1.18.
(1.18.35) e

Hence (18.28) yields
(1.18.36) f(t) = (logt)t*~' = Lf(s) = (I'(z) = T'(2) log s)s™~.
In particular,

f(t) =logt = Lf(s) = (I"(1) — log s)s !

(1.18.37) v tlogs
= —
where v = —T”(1) is known as Euler’s constant. Taking s = 1 in (1.18.37), we have
the formula
(1.18.38) v = —/ (logt)e™" dt.
0

Collecting these results, we complement the table of Laplace transforms compiled
in Table 1 with that in Table 2. Note that (h) follows from (e), via (1.18.23). One
has similar variants of (f)—(g).

Another function to consider is the “impulse function”
X](t) =1, if tel,

(1.18.39) 0 i te 1l
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Table 2. Further Laplace transforms

f(t) Lf(s)
(e) =1 [(z)s™*
(f) logt —(y+logs)/s
(g) (logt)t*~! (I"(z) —I'(z)logs)/s*
(h) ¥~ leat ['(z)(s—a)~*

where I = [a,b] is an interval, with 0 < a < b < co. We have

—as —bs

b —
(1.18.40) £X1(s)=/ estdt =< - <

Let us apply the Laplace transform method to the following initial value prob-
lem. Take k,a,ag, a1 € R, and consider

(1.18.41) () + k2 f(t) = cosat, f(0)=ag, f'(0)=ay.
From (1.18.8),

(1.18.42) Lf"(s) = s*Lf(s) — aps — ay,

and since L(cosat)(s) = s/(s*> + a?), (1.18.11) becomes

(1.18.43) Lf(s) = i o5+ o

(s2 + k2)(s? + a?) 2+ k2
The last term on the right is the Laplace transform of

1.18.44 ag cos kt + “ sin kt.
(1.18.44) :

It remains to write the first term on the right side of (1.18.43) as a Laplace trans-
form. For this, we apply the method of partial fractions. To start, we try
s as+ 5  ys+0

1.18.45 =
( ) (2 +k2)(s2+a2)  $24a2 24k

with unknowns «, 8,7,d. Multiplying through by (s + k2?)(s% + a?) and equat-
ing coefficients of various powers of s leads to four linear equations in these four
unknowns. Two of them yield « = —v and § = —§, and then the other two become
(1.18.46) (k* —a®)a=1, (k*—a?)B=0.

If k% # a2, these are uniquely solvable, for a = (k? — a?)~1, 8 =0, and (1.18.49)
becomes

s 1 s s
1.18.4 = - .
(1.18.47) (82 + k2)(s2 4 a?) k2—a2(52+a2 52+k2>

This is the Laplace transform of

(1.18.48) Pai(t) = pe (cosat — coskt).

k2 —
Then the solution to the differential equation (1.18.41) is

(1.18.49) f(t) = @q.k(t) + agcoskt + % sin kt.
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This approach fails for k> = a2, paralleling the situation we encountered in
examining (1.11.4). One way to treat this exceptional case is to pass to the limit
in (1.18.48), obtaining

ork(t) = lim @, k(1)
a—k

lim 1 cosat — coskt
=1
(118.50) R

t
= % sin kt.

Another approach is to refine the method of partial fractions. In lieu of (1.18.45),

we have
s s

(4R (s ik (s = ih)?

(1.18.51)

SR S
4k \(s+ik)2 (s —ik)2/’
Using (1.18.26), with n = 1, we have

(1.18.52) £t <( L )(t) = teTikt,

s +ik)?
Hence the right side of (1.18.51) is the Laplace transform of
)
4k
and again we obtain the conclusion of (1.18.50), from a different perspective.

) ) t
(1.18.53) (te™ Rt — teikt) = o S kt,

In light of this analysis, and recalling (1.18.12), we are motivated to compute
the inverse Laplace transform of functions of the form ¢(s)/p(s), where p(s) is a
polynomial of degree n, say

(11854) p(s) =3s" +Cn713n_1 +"'+007

and ¢(s) is a polynomial of degree < n — 1. The polynomial p(s) has complex roots
T1,...,Tm, of multiplicity ki, ..., k., and we can write (1.18.54) as

(1.18.55) p(s)=(s—r)* - (s—rm)™, ki+- - +kn=n

This is a consequence of the fundamental theorem of algebra, which is proved in
Appendix 2.C of Chapter 2. The following is an incisive result on the method of
partial fractions.

Proposition 1.18.2. Ifp(s) is a polynomial of the form (1.18.55), with {r1,...,7m}
distinct, and if q(s) is a polynomial of degree < m — 1, then there exist unique
aje €C, for1 <4 <m, 1 <5 < kg, such that

9(5) _ g
(1.18.56) (3 = SN PRTTE

=1 j=1

Proof. We use some concepts developed in Chapter 2. The set of collections (a;¢)
of the form

{ajeeC:1<j<kpl<l<m}
forms a vector space Vy, of dimension ki + --- + k,, = n. Meanwhile, the space
Pr—1 of polynomials ¢(s) of degree < n — 1 is also a vector space of dimension n.
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Now the correspondence in (1.18.56) yields a well defined linear map 7" from Vj to
Pr—1, given by T'(a;r) = ¢(s), the numerator in the left side of (1.18.56), and one
can verify that this map is one-to-one. Hence (cf. Corollary 2.3.7 of Chapter 2),
this map is also onto, and this gives Proposition (1.18.2). O

Given the representation (1.18.56), we deduce from (1.18.26) that

m kg

(1.18.57) o (%)(t) -yy a_ﬂl)!t]’—lewt'

(=1 j=1 (

Taking ¢(s) = 1, we obtain a function ¢(t), of the form (1.18.57), such that
(1.18.58) Lo(s) = —

Then the solution f(t) to (1.18.1)—(1.18.2) is equal to £~ 1(q/p)(t) plus fo(t), sat-
isfying

Lg(s) S Lals
() = Lo(s)Ly(s).

The following result provides a useful integral formula for fy.

(1.18.59) Lfo(s) =

Proposition 1.18.3. Let ¢ and g satisfy (1.18.3), and set

(1.18.60) pxg(t) = /0 ot —T1)g(T)dr.
Then, for s > A,
(1.18.61) L(p*g)(s) = Lo(s)Lyg(s).

Proof. Given (1.18.60), we have
e} t
Lloras)= [ e [ ot -nigrydras
0 0
o] t
= / / e e ot — 7)g(7) dr dt
o Jo

1.18.62 R
( ) = / / e_s(t_T)e_STcp(t —7)g(T)dtdr
0 T
= Eap(s)/ e *Tg(r)dr
0
= Lp(s)Lg(s),
as asserted. O

Recall that the method of variation of parameters, discussed in §1.14, also
leads to an integral formula involving an integral over [0,¢]. In fact, the method of
variation of parameters and the use of the Laplace transform discussed here can both
be understood as special cases of a general method, involving Duhamel’s formula,
arising when the equations are recast as first-order systems. This is explained in
§3.9 of Chapter 3
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.|
Exercises

1. Compute the inverse Laplace transform of the following functions.

1
(@) .

s+1
b T e < o .
(b) s34+ 352 4 25

2. Use the Laplace transform to solve the following initial value problems.
(@) f(&)+3f() +2f(t) =e "sint,  f(0)=0, f'(0) =1,
(b) fO@) - ft)=sint, fO0)=0for0<j<3.
3. Show that it
f(t)= % = Lf(s) = g —tan" ' s.

Hint. By (1.18.5),
d 1
gﬁf(s) =—L(tf)(s) = RCIE

Integrate, and find the constant of integration using
lim Lf(s)=0.
S—00

4. Compute the Laplace transform of
1 —cost
2
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1.A. The genesis of Bessel’s equation: PDE in polar coordinates

Bessel functions, the subject of §1.16, arise in the natural generalization of the
equation

(L.A.1) §§+Wu:m

with solutions sin kx and cos kz, to partial differential equations

(1.A.2) Au + k*u =0,

where A is the Laplace operator, acting on a function v on a domain 2 C R™ by
0%u 0%u

We can eliminate k% from (1.A.2) by scaling. Set u(z) = v(kx). Then equation
(1.A.2) becomes

(1.A4) (A+1)v=0.
We specialize to the case n = 2 and write
u  0%u
1.A5 Au=— + —.
( ) Y 0x? + oy?

For a number of special domains Q C RZ?, such as circular domains, annular do-
mains, angular sectors, and pie-shaped domains, it is convenient to switch to polar
coordinates (r,6), related to (z,y)-coordinates by

(1.A.6) x=rcosf, y=rsind.

In such coordinates,

9% 190 1 92
o vt )"
A special class of solutions to (1.A.4) has the form
(1.A.8) v =w(r)e™?.

By (1.A.7), for such v,

(1.A.7) av=(

dPw  1dw V2 vl
so (1.A.4) holds if and only if
Pw  1dw V2
1.A.1 e e 1- 2 Vw=0.
( 0) dr2+rdr+( r2>w 0

This is Bessel’s equation (1.16.1) (with different variables).

Note that if v solves (1.A.4) on © C R? and if Q is a circular domain or an
annular domain, centered at the origin, then v must be an integer. However, if Q2
is an angular sector or a pie-shaped domain, with vertex at the origin, v need not
be an integer.

In n dimensions, the Laplace operator (1.A.3) can be written

72 n—-10 1
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where Ag is a second-order differential operator acting on functions on the unit
sphere S"~! C R", called the Laplace-Beltrami operator. Generalizing (1.A.8), one
looks for solutions to (1.A.4) of the form

(1.A.12) v(x) = w(r)yp(w),
where 2 = rw, r € (0,00), w € S~ 1. Parallel to (1.A.9), for such v,
dPw n—1ldw V2
(1.A.13) (A + 1) = [W e (1 - T—Q)w}w(w),
provided
(1.A.14) Agp = —v2).
The equation
d®w n—1ldw V2
1.A1 —_—t — 1—-— =
( ) dr2+ r dr+( r2)w 0
is a variant of Bessel’s equation. If we set
(1.A.16) o(r) = "2 Lw(r),
then (1.A.15) is converted into the Bessel equation
d>p  ldp u? n—2\2
LA17 ks (1f—) —0, u2=1° ( )
( ) dr? * r dr * r2)¥ T

The study of solutions to (1.A.14) gives rise to the study of spherical harmonics,
and from there to other special functions, such as Legendre functions.

The search for solutions of the form (1.A.12) is a key example of the method
of separation of variables for partial differential equations. It arises in numerous
other contexts. Here are a couple of other examples:

(1.A.18) (A —|z]* + k*)u =0,
and

K
1Al A+ — +k)u=0.
(1.A.19) ( +|x‘+k)u 0

The first describes the n-dimensional quantum harmonic oscillator. The second (for
n = 3) describes the quantum mechanical model of a hydrogen atom, according to
Schrédinger. Study of these equations leads to other special functions defined by
differential equations, such as Hermite functions and Whittaker functions.

Much further material on these topics can be found in books on partial differ-
ential equations, such as [45] (particularly Chapters 3 and 8).
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1.B. Euler’'s gamma function
We saw in (1.16.13) the need for a function I'(2) satisfying
(1.B.1) T(z+1) = 2I'(2).

Here we produce a function that has this property, namely

(1.B.2) I'(z) :/ e~ 't*tdt, for z>0.
0

To check (1.B.1) for z > 0, we apply integration by parts.

M(z+1) = / et dt
0

> rd

= 7/ (—e*t)tz dt

(1.B.3) o \dt
o° d

= / e*t(—ﬁ) dt

—2T(2),
since dt* /dt = 2t*~ 1.

The integral (1.B.2) is readily evaluated for z = 1, yielding

(1.B.4) ra) =1.
Then repeated use of (1.B.3) gives
(1.B.5) I(k+1)=k!, for keZzZ™.
There is also a useful formula for T'(1/2), given by

N (™ i
F(z)_/o e~t=1/2 gt
o0
(1.B.6) :2/ g
0

_Vr

the last identity by (1.2.26). Then repeated use of (1.B.3) gives
1 2k —1 2k -3 1,1

k+g) =55 50G)

oy (2K)!
=2 2’“%\/%.

Having (1.B.1), we can extend I'(z) to be well defined and smooth on R\
{0,—1,-2,...}. To see this, rewrite (1.B.1) as

(1.B.7)

(1.B.8) I(z) = %F(z +1).

Having T'(z) defined and smooth on z € (0,00), by (1.B.2), we see that the right
side of (1.B.8) is defined and smooth for z € (—1,00), except for a pole at z = 0.
This extends I'(z) to z € (—1,00) \ {0}. Then the right side of (1.B.8) is defined
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and smooth for z € (-2, 00), except for poles at z = 0 and z = —1. This argument
can be continued. Let us further note that, by (1.B.2),
(1.B.9) I'(z) >0 for z>0,
so 1/T'(z) is defined and smooth for z € (0, 00). Rewriting (1.B.8) as
1
(1.B.10) =

M) - Te+D)
and arguing as above, we have 1/T'(z) defined and smooth for all z € R, vanishing
precisely for z € {0,—1,-2,...}.

We derive another identity that is useful for the treatment of Bessel functions
in §1.16, involving the beta function B(x,y), defined for x,y > 0 by

1
B(xz,y) :/ s"7H1—s)v Ll ds
(1.B.11) 0

= / (14 u) """ Yu*! du,
0

the latter identity via the change of variable u = s/(1 — s). Our asserted identity is

I'(x)I'(y)
1.B.12 B(z,y) = .
( : (®39) I'(z+y)
To prove this, note that since
(1.B.13) T(2)p~* :/ Pt gy,
0
we have
1 oo
1.B.14 1 i —(+uw)tz+y—1 g4
(B4 e Tz +y) /0 ‘ ’
SO
B(z,y) = L /Oo ety /Oo e "yt du dt
7 L(z+y) Jo 0
1—‘ oo
(1.B.15) - _P@ / ety dt
Lz +y) Jo
_ I@)I'(y)
Tz+y)’

as asserted.
For closer contact with (1.16.38), note that setting s = ¢? in (1.B.11) gives

1
(1.B.16) B(z,y) = 2/ 12511 — )y gt
0
so,if k € Z* and v > —1/2,
1 1 1
LB.17 B(k+ s, v+ z/ 12k (1 — 2)=1/2 gy
(1B.17) (ktgwrg)=] #a-m

There is much more that can be said about the gamma function, such as that
it extends to C\ {0,—1,-2,...}, with 1/T'(z) defined and smooth for all z € C
(which permits one to define J,(2) for complex v). We refer the reader to [28],
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[47], §4.3, or [45], Chapter 3, Appendix A for further material. We mention the
following identity, of use in (1.16.33), whose proof can be found in these references:

(1.B.18) Tl —v) = —

sinmy’
Note that both sides are defined and smooth for v € R\ Z, with singularities on Z.
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1.C. Differentiating power series

Here we establish continuity and differentiability properties for a power series
oo

(1.C.1) HOED I
k=0

We allow the coefficients a; to be complex numbers. To start, we assume this series
converges for some nonzero ¢t = ty3. This implies that the terms in this series are
uniformly bounded for ¢ = #y:

(1.C.2) lapth| < B < 00, Vk.
The following result establishes convergence for all smaller |¢].

Proposition 1.C.1. Given (1.C.2), the series (1.C.1) converges absolutely for
t] <T = [tol-

Proof. Pick S € (0,7T), and assume || < S. Then
Sk
(1.C.3) lagt®| < \akT"”“|<T) < Brk,

where = S/T € (0,1). Hence, for each n € N, if |¢t| < S,

(1.C.4) > lartf| < B> k.
k=0 k=0

Now we can evaluate the geometrical series on the right:

n n+1
Sn = Zrk =rS, = Zrk
k=0 k=1
1— n+1
PR
1—r
Consequently,
0<r<l=r""1N,0 as n— oo
(1.C.6) 1
=S5, '—— as n— oo
1—r
This establishes the asserted absolute convergence. (Il

Similar arguments also lead to the following.
Proposition 1.C.2. In the setting of Proposition 1.C.1, if 0 < S < T, the series
(1.C.1) converges uniformly on [t| < S.

Proof. For each n € N, write

FO) = ath+ > apth
k=0

k=n+1
= S (t) + Ra(1).

(1.C.7)
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The claim is that S, (t) = f(t), uniformly on |¢t| < S. Indeed, for |t| < S,

oo

RaO] < > Jaxt"]

k=n-+1

<B i rxk

(1.C.8) k=n+1

oo
= Br"t! Z rt
=0

7,.n+1
1—7’
yielding | R, (¢)| — 0 uniformly for |¢| < S. O

=B

Before continuiug our study of the power series (1.C.1), we pause to note that
calculations above involving the geometric series (1.C.8) enable us to establish the
following result, known as the ratio test.

Proposition 1.C.3. Let a € C and assume there exist N < co and r < 1 such
that

(1.C.9) k>N = ‘ <r

Ak+1 ‘
ag

Then the series ), ar is absolutely convergent.

Proof. From (1.C.9) we have, by induction,
(1.C.10) lanie| < rtlan].

Hence

A
El
z

(]

ﬂ&

oo
Z lan1e] <
=0

(1.C.11)

This yields absolute convergence. ]

We now state the main result of this appendix.

Proposition 1.C.4. If the power series (1.C.1) converges for |t| < R, then f is
differentiable in t € (—R, R), and, for such t,

(1.C.12) fl(t) = ikaktk_l.
k=1

Proof. It suffices to show that (1.C.12) holds for [¢| < S, for each S < R. Pick T €
(S, R), and note that the estimate (1.C.3) holds, when [t| < S, with r = S/T < 1.
Hence, for |t| < S,

_ k S k—1
Ikagt=1| < T|aka|(T)
%kjrk_l.

(1.C.13)

IA



1.C. Differentiating power series 93

Now the ratio test applies to Y, kr*=1, given r < 1, so the series

(1.C.14) g(t) = kaptt~!
k=1

is absolutely convergent, and also uniformly convergent, for |[t| < S. It remains to
show that g(t) = f/(¢) for |t| < S, or equivalently that

t
(1.C.15) / o(s)ds = £(t) - £(0).

0
This is a consequence of the following result. |

Proposition 1.C.5. Given by € C, assume
(1.C.16) g(t) => bit*
k=0

is absolutely convergent, for |t| < R. Then, for |t| < R,

o0
by tht1

¢
(1.C.17) /0 g(s)ds = 2 h+1

Proof. It is elementary that the series on the right side of (1.C.17) converges for
|t| < R. Call the sum F(t). As before, pick S <T < R. For n € N, write

g(t) => bt + > byt*
k=0

= k=n+1
= gn(t) + Ru(?).

As in Proposition 1.C.2, we have g, (t) — ¢(t) and R, (t) — 0, uniformly for [¢| < S,
especially

(1.C.18)

.C. < .
(1.C.19) ‘Igllg)é IR, (1) <&, —0

Clearly, for |t| < R,

t n
b k1
.C. n(s)ds = tht F(t),
(1.0.20) [t =3>" ()
as n — 0o. Meanwhile,
< Rey,.

(1.C.21) ‘/Ot Ry (s) ds

Taking n — oo in (1.C.18)—(1.C.21) yields

(1.C.22) /0 g(s)ds = F(t),

as asserted. This proves Proposition 1.C.5, so we have Proposition 1.C.4. ([
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Having (1.C.12), we can iterate, computing the derivative of f’(t), as

(1.C.23) '@t = i E(k — 1)ay t"2,
k=2
and so on,
(1.C.24) () = ik(k— - (k—n+1agth=".
k=n

In particular,

£(0)

(1.C.25) f™(0) =nla,, hence a, = o

We have the following.

Proposition 1.C.6. If f(t) is given by a convergent power series (1.C.1) for [t]| <
T, T >0, then

(1.C.26) ft) = i 1) tk.
k=0

k!

Frequently, one can turn this around, take a function f : (=7, 7) — R, compute
f®)(0), and investigate whether (1.C.26) holds. Here is an important class of
functions for which this works. Take r € R, and set

(1.C.27) f@)=@1Q-t)~".
We have

(1.C.28)

PO =+ 1) (= 1) (1=,
hence
(1.C.29) ™) =r(r4+1)---(r+n-1).

Claim. For r € R, we have

(1.C.30) 1-tr=Y ret D k=D e o <
k=0

k!

In other words, (1.C.1) holds with
rir+1)---(r+k-1)

(1031) ap = %l .
Note that

k
(1.C.32) Ak+1 = Tk ag,
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so the ratio test implies that the right side of (1.C.30) is absolutely convergent for
|t|] < 1, i.e., we have a well defined continuous (and differentiable) function

2 r(r41)---(r+k—1
Z( ) )

k
7l .

(1.C.33) g(t) =

Our claim is therefore that
(1.C.34) gt)y=>01-¢t)"".
One approach to this is to estimate the ramainder R, (¢) in the expansion

(1.C.35) =31 “Z'(O) 4 Ro(0).
k=0 ’

A discussion of this appears in §4.3 of [49]. Here is another approach. We can
apply Proposition 1.C.4 to g(t) to obtain

(1.C.36) (1—t)g'(t) =rg(t),
and then calculate
L= 17g(t) = (=17 (1) — (1 — 1)~ g(1)
(1.C37) = @—tr {1 -0g't) - rg(t)}
=0,

and deduce (1.C.34), hence (1.C.30).
For an application of (1.C.30), with r = 1/2, see (1.6.60).

REMARK. Note the parallel between the use of (1.C.37) to prove (1.C.30) and the
use of (1.1.10) to prove (1.1.13).
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Chapter 2

Linear algebra

The purpose of this chapter is to provide sufficient background in linear algebra for
understanding the material of Chapter 3, on linear systems of differential equations.
Results here will also be useful for the development of nonlinear systems in Chapter
4.

In §2.1 we define the class of vector spaces (real and complex) and discuss some
basic examples, including R™ and C”, or, as we denote them, F", with F =R or C.
In §2.2 we consider linear transformations between such vector spaces. In particular
we look at an m x n matrix A as defining a linear transformation A : F* — F™. We
define the range R(T') and null space N'(T) of a linear transformation 7' : V — W.
In §2.3 we define the notion of basis of a vector space. Vector spaces with finite
bases are called finite dimensional. We establish the crucial property that any two
bases of such a vector space V have the same number of elements (denoted dim
V). We apply this to other results on bases of vector spaces, culminating in the
“fundamental theorem of linear algebra,” that if T : V' — W is linear and V is
finite dimensional, then dim AV (T) + dim R(T) = dim V, and discuss some of its
important consequences.

A linear transformation T : V' — V is said to be invertible provided it is one-
to-one and onto, i.e., provided N (T) = 0 and R(T) = V. In §2.5 we define the
determinant of such T, det T (when V is finite dimensional), and show that T is
invertible if and only if det T" # 0. In §2.6 we study eigenvalues A; and eigenvectors
v; of such a transformation, defined by Tw; = Ajv;. Results of §2.5 imply A; is
a root of the “characteristic polynomial” det(A — T'). Section 2.7 extends the
scope of §2.6 to a treatment of generalized eigenvectors. This topic is connected to
properties of nilpotent matrices and triangular matrices, studied in §2.8.

In §2.9 we treat inner products on vector spaces, which endow them with a
Euclidean geometry, in particular with a distance and a norm. In §2.10 we dis-
cuss two types of norms on linear transformations, the “operator norm” and the
“Hilbert-Schmidt norm.” Then, in §§2.11-2.12, we discuss some special classes of
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linear transformations on inner product spaces: self-adjoint, skew-adjoint, unitary,
and orthogonal transformations.

Some appendices supplement the material of this chapter, with a treatment of
the Jordan canonical form and Schur’s theorem on upper triangularization. This
material is not needed for Chapter 3, but for the interested reader it provides a
more complete introduction to linear algebra. (A great deal more on linear algebra
can be found in [48].) The third appendix gives a proof of the fundamental theorem
of algebra, that every nonconstant polynomial has complex roots. This result has
several applications in §§2.6-2.7.
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2.1. Vector spaces

The reader is most likely familiar with vectors in the plane R? and 3-space R3. More
generally we have n-space R™, whose elements consist of n-tuples of real numbers:

(2.1.1) v=(V1,...,0n).
There is vector addition; if also w = (wy,...,w,) € R",
(2.1.2) v+w= (v +wi,...,0, +wy,).

There is also multiplication by scalars; if a is a real number (a scalar),
(2.1.3) av = (avy, ..., avy).

We could also use complex numbers, replacing R™ by C™, and allowing a € C in
(2.1.3). We will use FF to denote R or C.

Many other vector spaces arise naturally. We define this general notion now.
A vector space over F is a set V, endowed with two operations, that of vector
addition and multiplication by scalars. That is, given v,w € V and a € F, then
v+ w and av are defined in V. Furthermore, the following properties are to hold,
for all u,v,w € V, a,b € F. First there are laws for vector addition:

(2.1.4) Commutative law : ut+v=v+u,

(2.1.5) Associative law  : (u+v)+w=u+ (v+w),
(2.1.6) Zero vector : J0eV, v+0=nv,

(2.1.7) Negative : J—v, v+ (—v)=0.

Next there are laws for multiplication by scalars:

(2.1.8) Associative law  : a(bv) = (ab)v,
(2.1.9) Unit 1-v=w.

Finally there are two distributive laws:

(2.1.10) alu+v) = au+ av,
(2.1.11) (a+bu = au+bu.

It is easy to see that R™ and C™ satisfy all these rules. We will present a number
of other examples below. Let us also note that a number of other simple identities
are automatic consequences of the rules given above. Here are some, which the
reader is invited to verify:
v+w=v=w=0,
v+0-v=(1+0v=uv,
0-v= ,
v4+w=0=w=-v,
v+ (-1)v=0-v=0,

(=)v = —u.

(2.1.12)
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Above we represented elements of F" as row wvectors. Often we represent ele-
ments of F" as column vectors. We write

U1 avy + wq
(2.1.13) v=| |, awtw= :
Up, avy, + Wy
We give some other examples of vector spaces. Let I = [a,b] denote an interval
in R, and take a non-negative integer k. Then C*(I) denotes the set of functions
f : I — F whose derivatives up to order k are continuous. We denote by P the set

of polynomials in z, with coefficients in F. We denote by Pj, the set of polynomials
in x of degree < k. In these various cases,

(2.1.14) (f+9)(@) = f(x) +9(x), (af)(z)=af(z).

Such vector spaces and certain of their linear subspaces play a major role in the
material developed in these notes.

Regarding the notion just mentioned, we say a subset W of a vector space V'
is a linear subspace provided

(2.1.15) w; € w, a; € F—= ajwi + aswy € W.

Then W inherits the structure of a vector space.

.|
Exercises

1. Specify which of the following subsets of R? are linear subspaces:
(@) {(z,y,2): 2y =0},

() {(z,y,2):x+y =0},

( (x,y,2) 12 >0, y=0, z =0},
(d) {(z,y,2):

(d) {(z,y,2):

)

z, Y, x is an integer},

z,Y,

)
) A
) A
) | x =2z, y=—z}

2. Show that the results in (2.1.12) follow from the basic rules (2.1.4)—(2.1.11).
Hint. To start, add —v to both sides of the identity v + w = v, and take account
first of the associative law (2.1.5), and then of the rest of (2.1.4)—(2.1.7). For the
second line of (2.1.12), use the rules (2.1.9) and (2.1.11). Then use the first two
lines of (2.1.12) to justify the third line...

3. Demonstrate that the following results for any vector space. Takea € F, v € V.
a-0=0€eV,
a(—v) = —av.

Hint. Feel free to use the results of (2.1.12).
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Let V be a vector space (over F) and W, X C V linear subspaces. We say

(2.1.16) V=w+X
provided each v € V' can be written

(2.1.17) v=w+z, weW, zelX.
We say

(2.1.18) V=waelX

provided each v € V' has a unique representation (2.1.17).

4. Show that
V=WeX——V=W+X and WNX =0.

5. Take V = R3. Specify in each case (a)—(c) whether V = W + X and whether
V=WweX.

(@) W={(z,y,2):2=0}, X ={(z,y,2) 1z =0},
(b) W:{(m,y,z):z:()}, XZ{(.%‘,y,Z)I.IZQZO},
(¢) W=A{(z,y,2):2=0}, X ={(x,y,2):y=2z=0}.

6. If W1, ..., Wy, are linear subspaces of V, extend (2.1.16) to the notion
(2.1.19) VW, 4+t W,

and extend (2.1.18) to the notion that

(2.1.20) V=W & & Wpy.
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2.2. Linear transformations and matrices

If V and W are vector spaces over F (R or C), a map

(2.2.1) T:V —W

is said to be a linear transformation provided

(2.2.2) T(a1v1 + agv2) = a1Tvr + aeTve, Vaj €F, v; € V.

We also write T € L(V,W). In case V = W, we also use the notation £(V) =
LV, V).

Linear transformations arise in a number of ways. For example, an m X n
matrix A with entries in F defines a linear transformation

(2.2.3) A:F* — F™
by
aip -0 Gin by Yaiebe
(2.2.4) =
Am1 *°  Qmn bn Y ebe

We also have linear transformations on function spaces, such as multiplication
operators

(2.2.5) My : C*(I) — CM(I), Mygg(z) = f(x)g(x),
given f € C*(I), I = [a,b], and the operation of differentiation:
(2.2.6) D:C*NI) — C*(I), Df(x) = f'(x).
We also have integration:

(2.2.7) Z:0%1)— C* (D), If(zx)= / f(y)dy.
Note also that

(2.2.8) D :Pri1 — Pr, I:Pp— Pry1,

where Py denotes the space of polynomials in = of degree < k.
Two linear transformations T € L(V, W) can be added:

(229) TW+T5:V— W, (T1 + Tg)’l) =Tiv+ Thv.
Also T € L(V, W) can be multiplied by a scalar:
(2.2.10) aT :V— W, (aT)v = a(Tv).

This makes £(V, W) a vector space.
We can also compose linear transformations S € L(W, X), T € L(V,W):

(2.2.11) ST:V— X, (ST)v=S(Tv).
For example, we have
(2.2.12) MyD : C*(1) — CH(I),  M;Dg(x) = f(x)g(x),

given f € C*¥(I). When two transformations
(2.2.13) A:F* —TF™, B:FF —TF"
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are represented by matrices, e.g., A as in (2.2.4) and

bin - bi
(2.2.14) B=1|: s
bpi o bpk
then
(2.2.15) AB :FF — F™
is given by matrix multiplication:
Yarber -+ Baiebey
(2.2.16) AB = : :
Yameber 0 Xameber

For example,

(2.2.17) ailr  a12 b1 b2 _ a11b11 + a12b21  a11b12 + a12b22
- a21 Aa22 bar  boo a21b11 + az2b21  a21b12 + ageba )

Another way of writing (2.2.16) is to represent A and B as
(2218) A= (aij), B = (bij)7

and then we have
n
(2219) AB = (di]‘), d” = Z a,igbgj.
=1

To establish the identity (2.2.16), we note that it suffices to show the two sides have
the same effect on each e; € Fk 1< j < k, where e; is the column vector in Fk
whose jth entry is 1 and whose other entries are 0. First note that

blj
(2.2.20) Bej=| : |,
by

the jth column in B, as one can see via (2.2.4). Similarly, if D denotes the right
side of (2.2.16), De; is the jth column of this matrix, i.e.,

Ya1ebej
(2.2.21) De; =
Eamgsz

On the other hand, applying A to (2.2.20), via (2.2.4), gives the same result, so
(2.2.16) holds.

Associated with a linear transformation as in (2.2.1) there are two special linear
spaces, the null space of T and the range of T'. The null space of T is

(2.2.22) NT)={veV:Tv=0},
and the range of T is
(2.2.23) R(T)={Tv:veV}.
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Note that A/(T') is a linear subspace of V and R(T) is a linear subspace of W. If
N(T) = 0 we say T is injective; if R(T) = W we say T is surjective. Note that T
is injective if and only if T is one-to-one, i.e.,

(2224) Tvi = Tvy = v1 = vs.

If T is surjective, we also say T is onto. If T' is one-to-one and onto, we say it is an
isomorphism. In such a case the inverse

(2.2.25) W —V

is well defined, and it is a linear transformation. We also say 7T’ is invertible, in such
a case.

.|
Exercises

1. With D and Z given by (2.2.6)—(2.2.7), compute DZ and ZD.
2. In the context of Exercise 1, specify N (D), N (Z), R(D), and R(Z).

3. Consider A, B : R?® — R3, given by

01 0 00 0
A=10 0 1|, B=[1 0 0
00 0 01 0

Compute AB and BA.

4. In the context of Exercise 3, specify

N(A), N(B), R(A), R(B).

5. We say two n X n matrices A and B commute provided AB = BA. Note that
AB # BA in Exercise 3. Pick out the pair of commuting matrices from this list:

0 6o G

6. Show that (2.2.4) is a special case of matrix multiplication, as defined by the
right side of (2.2.16).

7. Show, without using the formula (2.2.16) identifying compositions of linear trans-
formations and matrix multiplication, that matrix multiplication is associative, i.e.,

(2.2.26) A(BC) = (AB)C,

where C : F* — F* is given by a k x £ matrix and the products in (2.2.26) are
defined as matrix products, as in (2.2.19).
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8. Show that the asserted identity (2.2.16) identifying compositions of linear trans-
formations with matrix products follows from the result of Exercise 7.
Hint. (2.2.4), defining the action of A on F”, is a matrix product.

9. Let A:F" — F™ be defined by an m x n matrix, as in (2.2.3)—(2.2.4).

(a) Show that R(A) is the span of the columns of A.

Hint. See (2.2.20).

(b) Show that N (A) = 0 if and only if the columns of A are linearly independent.

10. Define the transpose of an m x n matrix A = (a;i) to be the n x m matrix
At = (ay;). Thus, if A is as in (2.2.3)—(2.2.4),

ai; o Ay
(2.2.27) Al =
a1n A
For example,
1 2
A={3 4 :>At=<; ; 2)
5 6

Suppose also B is an n X k matrix, as in (2.2.14), so AB is defined, as in (2.2.15).
Show that

(2.2.28) (AB)! = B'A".

11. Let

2

0

2
Compute AB and BA. Then compute A*B! and Bt A*.

A=(1 2 3), B=
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2.3. Basis and dimension

Given a finite set S = {v1,...,v;} in a vector space V, the span of S is the set of
vectors in V of the form
(2.3.1) c1v1 + -+ CUE,

with ¢; arbitrary scalars, ranging over F = R or C. This set, denoted Span(S) is a
linear subspace of V. The set S is said to be linearly dependent if and only if there
exist scalars ¢y, ..., cg, not all zero, such that (2.3.1) vanishes. Otherwise we say S
is linearly independent.

If {v1,...,vx} is linearly independent, we say S is a basis of Span(S), and that
k is the dimension of Span(S). In particular, if this holds and Span(S) =V, we
say k = dim V. We also say V has a finite basis, and that V is finite dimensional.

By convention, if V' has only one element, the zero element, we say V' = 0 and
dimV = 0.

It is easy to see that any finite set S = {v1,...,v5} C V has a maximal subset
that is linearly independent, and such a subset has the same span as S, so Span(S)
has a basis. To take a complementary perspective, S will have a minimal subset
So with the same span, and any such minimal subset will be a basis of Span(S).
Soon we will show that any two bases of a finite-dimensional vector space V have

the same number of elements (so dim V' is well defined). First, let us relate V to
Fk.

So say V has a basis S = {v1,...,vr}. We define a linear transformation
(2.3.2) Js:FF — Vv
by
(2.3.3) Js(cier + - -+ cpep) = crvr + -+ - + cpup,
where
1 0
0 :
(2.3.4) er=1.1,...... e = | -
: 0
0 1

We say {ei,...,ex} is the standard basis of F¥. The linear independence of S is
equivalent to the injectivity of Js and the statement that S spans V' is equivalent
to the surjectivity of Jg. Hence the statement that S is a basis of V is equivalent
to the statement that Jg is an isomorphism, with inverse uniquely specified by

(2.3.5) ._7§1(01111 + -+ cpvg) =crer + -+ cep.

We begin our demonstration that dimV is well defined, with the following
concrete result.

Lemma 2.3.1. Ifvy,...,vp41 are vectors in F*, then they are linearly dependent.
Proof. We use induction on k. The result is obvious if £ = 1. We can suppose the

last component of some v; is nonzero, since otherwise we can regard these vectors
as elements of F*~! and use the inductive hypothesis. Reordering these vectors, we
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can assume the last component of vy is nonzero, and it can be assumed to be 1.
Form

wj =vj — UgjVk41, 1< <Kk,
where v; = (vyj,. .. ,vkj)t. Then the last component of each of the vectors wy, . . ., wk

is 0, so we can regard these as k vectors in F*¥~!. By induction, there exist scalars
ai,...,a, not all zero, such that

ajwy + -+ + agwy = 0,
so we have
a1v1 + -+ agvy = (@1Vk1 + - -+ QRVkk ) Vkt1,

the desired linear dependence relation on {vq, ..., vg41}- O

With this result in hand, we proceed.

Proposition 2.3.2. IfV has a basis {v1, ..., v} with k elements and {w1,...,ws} C
V' is linearly independent, then ¢ < k.

Proof. Take the isomorphism Js : F¥ — V described in (2.3.2)-(2.3.3). The hy-
potheses imply that {jglwh ey jglwg} is linearly independent in F¥, so Lemma
2.3.1 implies ¢ < k. ]

Corollary 2.3.3. If V is finite-dimensional, any two bases of V have the same
number of elements. If V is isomorphic to W, these spaces have the same dimen-
S50M.

Proof. If S (with #S elements) and T are bases of V, we have #S < #T and
#T < #585, hence #S = #T. For the latter part, an isomorphism of V onto W
takes a basis of V' to a basis of W. O

The following is an easy but useful consequence.

Proposition 2.3.4. If V is finite dimensional and W C V a linear subspace, then
W has a finite basis, and dim W < dim V.

Proof. Suppose {w,...,w,} is a linearly independent subset of W. Proposition
2.3.2 implies ¢ < dim V. If this set spans W, we are done. If not, there is an element
w41 € W not in this span, and {wi,...,wey1} is a linearly independent subset of
W. Again £+ 1 < dim V. Continuing this process a finite number of times must
produce a basis of W. O

A similar argument establishes:

Proposition 2.3.5. Suppose V is finite dimensional, W C V a linear subspace, and
{wi,...,we} abasis of W. ThenV has a basis of the form {w,...,we,u1,..., Um},
and £+ m =dim V.

Having this, we can establish the following result, sometimes called the funda-
mental theorem of linear algebra.
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Proposition 2.3.6. Assume V and W are vector spaces, V' finite dimensional,
and

(2.3.6) AV —W
a linear map. Then
(2.3.7) dimN(4) + dimR(A) = dim V.

Proof. Let {wy,...,we} be a basis of N(A) C V, and complete it to a basis
{wi, ..., we,u1, .. Um}

of V. Set L = Span{uy,...,un,}, and consider

(2.3.8) Ag: L —W, Ag=A4|,.

Clearly w € R(A) = w = A(aqwy + + -+ + apwy + byuy + - -+ + bpptty,) = Ao(brur +
<o+ b U ), SO

(2.3.9) R(Ag) = R(A).

Furthermore,

(2.3.10) N(Ag) =N(A)NL=0.

Hence Ag : L — R(Ap) is an isomorphism. Thus dimR(A) = dimR(4y) =
dim L = m, and we have (2.3.7). O

The following is a significant special case.

Corollary 2.3.7. Let V be finite dimensional, and let A:V — V be linear. Then

(2.3.11) A injective <= A surjective <= A isomorphism.

We mention that these equivalences can fail for infinite dimensional spaces. For
example, if P denotes the space of polynomials in x, then M, : P — P (M, f(z) =
af(x)) is injective but not surjective, while D : P — P (D f(x) = f'(z)) is surjective
but not injective.

Next we have the following important characterization of injectivity and sur-
jectivity.

Proposition 2.3.8. Assume V and W are finite dimensional and A :V — W is
linear. Then

(2.3.12) A surjective <= AB = Iy, for some B € L(W,V),
and
(2.3.13) A injective <= CA = Iy, for some C € LIW,V).

Proof. Clearly AB = I = A surjective and CA = I = A injective. We establish
the converses.

First assume A : V — W is surjective. Let {w1,...,w¢} be a basis of W. Pick
v; € V such that Av; = w;. Set

(2.3.14) B(ajwy + -+ 4+ agwy) = ayvy + - - + apvq.
This works in (2.3.12).
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Next assume A : V. — W is injective. Let {vy,...,vx} be a basis of V. Set
w; = Avj. Then {wy,...,ws} is linearly independent, hence a basis of R(A), and

we then can produce a basis {wq, ..., wg, u1,...,un} of W. Set
(2.3.15) Claywy + -+ + apwg + brug + -+ 4+ bpuy) = av1 + - - + agvg.
This works in (2.3.13). O

An m x n matrix A defines a linear transformation A : F* — F™, as in (2.2.3)—
(2.2.4). The columns of A are

ai;
(2.3.16) aj=| :

Amj
As seen in §2.2,
(2.3.17) Aej = aj,
where eq,...,e, is the standard basis of F". Hence
(2.3.18) R(A) = linear span of the columns of A,
SO
(2.3.19) R(A) =F" <= ay,...,a, span F™.
Furthermore,
(2.3.20) A eies) =0 =3 ¢ja; =0,

j=1 j=1

SO
(2.3.21) N(A) =0<«={ay,...,a,} is linearly independent.

We have the following conclusion, in case m = n.
Proposition 2.3.9. Let A be an n x n matriz, defining A : F* — F"™. Then the
following are equivalent:
A is invertible,
(2.3.22) The columns of A are linearly independent,
The columns of A span F".

.|
Exercises

1. Suppose {v1,...,vx} is a basis of V. Show that
w1y =01, W2 =014V, .. W5 =Vt F U L WE =V Vg

is also a basis of V.

2. Let V be the space of polynomials in x and y of degree < 10. Specify a basis of
V and compute dim V.
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3. Let V be the space of polynomials in x of degree < 5, satisfying p(—1) = p(0) =
p(1) = 0. Find a basis of V and give its dimension.

4. Assume the existence and uniqueness result stated at the beginning of §1.17
in Chapter 1. Let a; be continuous functions on an interval I, with a,, nowhere
vanishing. Show that the space of functions = € C'")(I) solving

an ()™ (1) + -+ a1 ()2’ () + ao(t)z(t) = 0

is a vector space of dimension n.

5. Denote the space of m x n matrices with entries in F (as in (2.2.4)) by

(2.3.23) M(m x n,TF).
If m = n, denote it by

(2.3.24) M(n,F).
Show that

dim M (m x n,F) = mn,

especially ,
dim M (n,F) = n*.

6. If V and W are finite dimensional vector spaces, n = dim V', m = dim W, what
is dim L(V, W)?

Let V be a finite dimensional vector space, with linear subspaces W and X. Recall
the conditions under which V =W+X or V = W& X, from §2.1. Let {wy, ..., wi}
be a basis of W and {z1,...,2,} a basis of X.

7. Show that
V=W+X << {wy,...,wg,x1,...,2¢} spans V
V=WaoX << {wy,...,wg,x1,...,2¢} is a basis of V.

8. Show that
V=W+X—=dmW +dimX > dimV,

V=WoepX<—WnNX=0 and dimW +dim X = dim V.

9. Produce variants of Exercises 7-8 involving V. = W; 4+ --- + W,,, and V =
Wi @ @ Wy, as in (2.1.19)—(2.1.20).
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2.4. Matrix representation of a linear transformation

We show how a linear transformation
(2.4.1) T:V —W

has a representation as an m x n matrix, with respect to a basis S = {vy,...,v,}
of V and a basis ¥ = {wn,...,wy,} of W. Namely, define a;; by

m
(2.4.2) Tv; =Y ajw;, 1<j<n.
i=1

The matrix representation of T' with respect to these bases is then

a11 o A1n
(2.4.3) A=
Gm1 e Amn

Note that the jth column of A consists of the coefficients of Tw;, when this is
written as a linear combination of wy, ..., w,,. Compare (2.2.20).

If we want to record the dependence on the bases S and X, we can write
(2.4.4) A=M3(T)=J5'TTs : F" — F™,

given the isomorphism Jg : F* — V as in (2.3.2)—(2.3.3) (with n instead of k) and
its counterpart Jy : F™ — W, and with the identification of A with a matrix as in
(2.2.3)-(2.2.4).

The definition of matrix multiplication is set up precisely so that, if X is a vector
space with basis I = {x1,... 2} and U : X — V is linear, then TU : X — W has

matrix representation

(2.4.5) ME(TU) = AB, B = MZ(U).
Indeed, if we complement (2.4.4) with

(2.4.6) B=Js'UJr = M{(U),

we have

(2.4.7) AB = J; N (TU) Ir.

As for the representation of AB as a matrix product, see the discussion around
(2.2.15)-(2.2.21).

For example, if
(2.4.8) T:V —YV,

and we use the basis S of V as above, we have an n x n matrix Mg (T). If we pick
another basis S = {01,...,0,} of V, it follows from (2.4.5) that

(2.4.9) ME(T) = MEI)MET)IME(D).
Here

(2.4.10) Mg(I) =J5 ' Ts=C = (ciy),
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where

(2.4.11) U= cyu, 1<j<n,
i=1

and we see (via (2.4.5)) that

(2.4.12) ME(I) =1,

To rewrite (2.4.9), we can say that if A is the matrix representation of T with
respect to the basis S and A the matrix representation of 7" with respect to the
basis S, then

(2.4.13) A=CAC.

REMARK. We say that n x n matrices A and A, related as in (2.4.13), are similar.

ExXAMPLE. Consider the linear transformation

(2.4.14) D:Py— Pa, Df(x) = f'(2).
With respect to the basis

(2.4.15) vm=1 wvy=uz v3=z1>

D has the matrix representation
0 1 0
(2.4.16) A=10 0 2},
0 0 O

since Dvy; = 0, Dvy = vy, and Dvg = 2v5. With respect to the basis
(2.4.17) =1, Dy=14x, v3=1+z+2?

D has the matrix representation
0 1

(2.4.18) A={(0 0 2],
0 0

since Dv; = 0, Dvs = v1, and Dv3 = 1 + 2z = 205 — 1. The reader is invited to
verify (2.4.13) for this example.
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.|
Exercises

1. Consider T : Py — Pa, given by Tp(z) = 271 fox p(y) dy. Compute the matrix
representation B of T with respect to the basis (2.4.15). Compute AB and BA,
with A given by (2.4.16).

2. In the setting of Exercise 1, compute D7 and 7D on Py and compare their
matrix representations, with respect to the basis (2.4.15), with AB and BA.

3. In the setting of Exercise 1, take a € R and define

1 T
(2.4.19) Tap(x) = /p(y)dy, To : Po — Pa.

r—a

Compute the matrix representation of 7, with respect to the basis (2.4.15).

4. Compute the matrix representation of 7, given by (2.4.19), with respect to the
basis of Pz given in (2.4.17).

5. Let A: C% — C? be given by

=4

(with respect to the standard basis). Find a basis of C? with respect to which the
matrix representation of A is

~ 0 1

i-(5 o)

6. Let V = {acost + bsint : a,b € C}, and consider

DZE:V—>V.
dt

Compute the matrix representation of D with respect to the basis {cost,sint}.

7. In the setting of Exercise 6, compute the matrix representation of D with respect
to the basis {e't, e},
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2.5. Determinants and invertibility

Determinants arise in the study of inverting a matrix. To take the 2 x 2 case, solving
for x and y the system

051 axr + by = u,

(25.1) cx+dy=v
can be done by multiplying these equations by d and b, respectively, and subtracting,
and by multiplying them by ¢ and a, respectively, and subtracting, yielding

(ad — be)x = du — bo,

2.5.2
( ) (ad — bc)y = av — cu.
The factor on the left is

a b
(2.5.3) det (c d) = ad — be,
and solving (2.5.2) for z and y leads to

_fa b 1 d —b

ooy a=(t oo (4 )

provided det A # 0.

We now consider determinants of n X n matrices. Let M (n,F) denote the set
of n x n matrices with entries in F = R or C. We write

aip -+ Qin
(2.5.5) A=| : : =(a,...,an),
an1 QAnn
where
aij
(2.5.6) aj = :
anj

is the jth column of A. The determinant is defined as follows.
Proposition 2.5.1. There is a unique function

(2.5.7) 9: M(n,F)—F,

satisfying the following three properties:

(a) ¥ is linear in each column a; of A,
(b) ¥(A) = —09(A) if A is obtained from A by interchanging two columns,
(c) 9(I)=1.

This defines the determinant:
(2.5.8) 9(A) = det A.
If (¢) is replaced by

(¢) 9(I) =r,
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then
(2.5.9) Y(A) = rdet A.

The proof will involve constructing an explicit formula for det A by following
the rules (a)—(c). We start with the case n = 3. We have

3
(2.5.10) det A = Z a;1 det(ej, az,as),

Jj=1

by applying (a) to the first column of A, a1 = }_;ajie;. Here and below, {e; :
1 < j < n} denotes the standard basis of F", so e; has a 1 in the jth slot and Os
elsewhere. Applying (a) to the second and third columns gives

3
det A = Z ajiai2 det(ej, ex, ag)
j k=1
(2.5.11) "
= Z a;10k20¢3 det(e;, e, eq).
4 k=1

This is a sum of 27 terms, but most of them are 0. Note that rule (b) implies
(2.5.12) det B =0 whenever B has two identical columns.

Hence det(e;, ex,e¢) = 0 unless j, k, and ¢ are distinct, that is, unless (j, k,¢) is a
permutation of (1,2,3). Now rule (c) says

(2513) det(el,eg,eg) = 1,

and we see from rule (b) that det(e;,er,e,) = 1 if one can convert (ej,ex, e;) to
(e1,e2,e3) by an even number of column interchanges, and det(e;, e, e) = —1if it
takes an odd number of interchanges. Explicitly,

det(e1,eq,e3) =1, det(er,es, e2) = —1,
(2.5.14) det(eg, e3,e1) =1, det(eq, e1,e3) = —1,
det(es,er,e2) =1, det(es, ez, e1) = —1.
Consequently (2.5.11) yields
det A = ay1a32a33 — a11a32023
(2.5.15) + (21032013 — 421012033
+ as1012a23 — a31022013.

Note that the second indices occur in (1,2,3) order in each product. We can
rearrange these products so that the first indices occur in (1,2, 3) order:

det A = ajjazass — ajrazzass
(2.5.16) + a13a21a32 — 12621033

+ ai2a23a31 — 13022031 -
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Now we tackle the case of general n. Parallel to (2.5.10)—(2.5.11), we have
det A = Z&jl det(ej,ag,...,an) =

(2.5.17) '

= Z Q51 Qjn det(ejl, ce ejn),

by applying rule (a) to each of the n columns of A. As before, (2.5.12) implies
det(ej,,...,ej,) = 0 unless (ji,...,Jn) are all distinct, that is, unless (ji,...,jn)

is a permutation of the set (1,2,...,n). We set

(2.5.18) Sp = set of permutations of (1,2,...,n).

That is, S,, consists of elements o, mapping the set {1,...,n} to itself,
(2.5.19) o:{L,2,....,n} — {1,2,...,n},

that are one-to-one and onto. We can compose two such permutations, obtaining
the product o7 € S, given ¢ and 7 in S,,. A permutation that interchanges just
two elements of {1,...,n}, say j and k (j # k), is called a transposition, and
labeled (jk). It is easy to see that each permutation of {1,...,n} can be achieved
by successively transposing pairs of elements of this set. That is, each element
o € 5, is a product of transpositions. We claim that

(2.5.20) det(ey(1)15- - -»€o(n)n) = (sgno)det(er, ..., e,) = sgno,

where

(2.5.21) sgno = 1 if o is a product of an even number of transpositions,

—1 if o is a product of an odd number of transpositions.
In fact, the first identity in (2.5.20) follows from rule (b) and the second identity
from rule (c).

There is one point to be checked here. Namely, we claim that a given o € S,
cannot simultaneously be written as a product of an even number of transpositions
and an odd number of transpositions. If o could be so written, sgn o would not
be well defined, and it would be impossible to satisfy condition (b), so Proposition
2.5.1 would fail. One neat way to see that sgn o is well defined is the following. Let
o € S, act on functions of n variables by

(2.5.22) (0f) (@1, 20) = f(Zo(1) -+ s Ta(n))-

It is readily verified that if also 7 € S,,,

(2.5.23) g=of = r1g=(10)f.

Now, let P be the polynomial

(2.5.24) P(zy,...oxn) = [ (zj— k)
1<j<k<n

One readily has

(2.5.25) (oP)(x) = —P(z), whenever o is a transposition,
and hence, by (2.5.23),
(2.5.26) (oP)(z) = (sgno)P(x), VYo €Sy,

and sgn o is well defined.
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The proof of (2.5.20) is complete, and substitution into (2.5.17) yields the
formula

(2.5.27) det A = Z (sgno)ag(1)1 - Go(nyn-
oceS,

It is routine to check that this satisfies the properties (a)-(c). Regarding (b), note
that if 9(A) denotes the right side of (2.5.27) and A is obtained from A by applying

a permutation 7 to the columns of A, so A = (a,(1),...,ar(n)), then
I(A) =) (5810)ao(1)r(1) * Ao(nyr(n)
ocESy,
= Z (Sgn U)ao"r_l(l)l ©Qor—1(n)n
(2.5.28) eyl
= Z (Sgn WT)a’w(l)l C o Qy(n)n
wEeSy
= (sgn7)d(A),

the last identity because
(2.5.29) sgnwr = (sgnw)(sgnr), Yw,T € S,.

As for the final part of Proposition 2.5.1, if (¢) is replaced by (c¢’), then (2.5.20)
is replaced by

(2530) 19(60(1), ey ea(n)) = r(sgn O'),
and (2.5.9) follows.

REMARK. The formula (2.5.27) is taken as a definition of the determinant by some
authors. While it is a useful formula for the determinant, it is a bad definition,
which has perhaps led to a bit of fear and loathing among math students.

REMARK. Here is another formula for sgn o, which the reader is invited to verify.
If o €5,,

(2.5.31) sgno = (—1)"(),
where
k(o) = number of pairs (j, k) such that 1 < j <k <n,
(2:5.32) but o(j) > o(k).
Note that
(2.5.33) Qo)1 Qo(n)n = G17(1) " Cnr(n)s with 7= U_l,

and sgno = sgno 1, so, parallel to (2.5.16), we also have
(2.5.34) det A = Z (sgno)ais(1) " Ang(n)-
o€S,

Comparison with (2.5.27) gives
(2.5.35) det A = det A,
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where A = (aj) = A' = (ag;). Note that the jth column of A’ has the same
entries as the jth row of A. In light of this, we have:

Corollary 2.5.2. In Proposition 2.5.1, one can replace “columns” by “rows.”

The following is a key property of the determinant.
Proposition 2.5.3. Given A and B in M(n,F),

(2.5.36) det(AB) = (det A)(det B).
Proof. For fixed A, apply Proposition 2.5.1 to
(2.5.37) ¥1(B) = det(AB).

If B= (bi,...,b,), with jth column b;, then

(2.5.38) AB = (Aby, ..., Ab,).

Clearly rule (a) holds for ;. Also, if B = (bo(1), - -+ bs(n)) is obtained from B

by permuting its columns, then AB has columns (Abg(1), .-, Aby(n)), obtained by
permuting the columns of AB in the same fashion. Hence rule (b) holds for ¥;.
Finally, rule (¢’) holds for ¢;, with r = det A, and (2.5.36) follows, O

Corollary 2.5.4. If A € M(n,TF) is invertible, then det A # 0.

Proof. If A is invertible, there exists B € M (n,F) such that AB = I. Then, by
(2.5.36), (det A)(det B) =1, so det A #£ 0. O

The converse of Corollary 2.5.4 also holds. Before proving it, it is convenient to
show that the determinant is invariant under a certain class of column operations,
given as follows.

Proposition 2.5.5. Ifﬁ is obtained from A = (ai,...,a,) € M(n,F) by adding
cay to ay, for some c € F, L # k, then

(2.5.39) det A = det A.

Proof. By rule (a), det A = det A + cdet A?, where A is obtained from A by
replacing the column ay by ay. Hence A® has two identical columns, so det A® = 0,
and (2.5.39) holds. O

We now extend Corollary 2.5.4.
Proposition 2.5.6. If A € M(n,F), then A is invertible if and only if det A # 0.

Proof. We have half of this from Corollary 2.5.4. To finish, assume A is not

invertible. As seen in §3, this implies the columns ai,...,a, of A are linearly
dependent. Hence, for some k,
(2.5.40) ap + Z ceay =0,

1k

with ¢, € F. Now we can apply Proposition 2.5.5 to obtain det A = detNE, where
A is obtained by adding > ceay to ar. But then the kth column of A is 0, so
det A = det A = 0. This finishes the proof of Proposition 2.5.6. O
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Further useful facts about determinants arise in the following exercises.

Exercises
1. Show that
1 ai12 s QA1n 1 0 e 0
0 az - aoy 0 ap -+ a2
(2.5.41) det | . . | =det | .. ) = det A1q
O an2 e Ann O an2 et Ann

where A1 = (ajk)2<;k<n-

Hint. Do the first identity using Proposition 2.5.5. Then exploit uniqueness for
det on M(n — 1,F).

2. Deduce that det(e;, as, ..., a,) = (—1)77! det A;; where Ay; is formed by delet-
ing the kth column and the jth row from A.

3. Deduce from the first sum in (2.5.17) that
n .
(2.5.42) det A = Z(—l)j_lajl det Alj.
j=1
More generally, for any k € {1,...,n},
(2.5.43) det A= (~1)/Fa i det Ay;.
j=1

This is called an expansion of det A by minors, down the kth column.

4. Let ¢ = (—1)7 "% det Ay;. Show that
(2.5.44) > ajeck; =0, if (#£F.
j=1

Deduce from this and (2.5.43) that C' = (¢;i) satisfies

(2.5.45) CA = (det A)].

Hint. Reason as in Exercises 1-3 that the left side of (2.5.44) is equal to
det (a1,...,ae,...,G0,...,Gp),

with a; in the kth column as well as in the ¢th column. The identity (2.5.45) is
known as Cramer’s formula. Note how this generalizes (2.5.4).
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5. Show that
aix a2 - QGip
a2z - Q2p
(2.5.46) det . . = 11022 " * Apnp-
ann

Hint. Use (2.5.41) and induction. Alternative: Use (2.5.27). Show that o €
Sny o(k) <kVk=o(k)=k.

The next two exercises deal with the determinant of a linear transformation. Let
V be an n-dimensional vector space, and

(2.5.47) T:V—>V

a linear transformation. We would like to define

(2.5.48) detT = det A,

where A = MZ2(T) for some basis S = {vy,...,v,} of V.

6. Suppose S = {@1,...,7,} is another basis of V. Show that
det A = det Z,

where A = Mg(T) Hence (2.5.48) defines det T', independently of the choice of
basis of V.
Hint. Use (2.4.13) and (2.5.36).

7. If also U € L(V), show that
det(UT) = (det U)(det T)).

Row reduction, matrix products, and Gaussian elimination

In Exercises 8-13, we consider the following three types of row operations on

an n X n matrix A = (a;x). If o is a permutation of {1,...,n}, let
(2.5.49) po(A) = (a5yp)-

If c=(c1,...,¢pn), and all ¢; are nonzero, set

(25.50) pe(4) = (Va0

Finally, if ¢ € F and p # v, define

(2.5.51) Euve(A) = (bjr),  buk = avr — capu, bjp = aj, for j#wv.

Note that a major part of this section dealt with the effect of such row operations
on the determinant of a matrix. More precisely, they directly dealt with column
operations, but as remarked after (2.5.35), one has analogues for row operations.
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We want to relate these operations to left multiplication by matrices P,, M.,
and E,,., defined by the following actions on the standard basis {e1,...,e,} of F™:

(2552) Poej = ea(j)7 Mcej = Cj¢ty,

and

(2.5.53) Eycen =€, +ce,, E,ce;=e; for j#p.

These relations are established in the following exercises.

8. Show that

(2'5'54) A= PU/)U(A)7 A= MC:U/C(A>7 A= Euucguuc(A)~

9. Show that P,y = P ..
10. Show that, if 4 # v, then E,,. = Pg_lEglcPU, for some permutation o.

11. If B = p,(A) and C = pu.(B), show that A = P,M.C. Generalize this to
other cases where a matrix C is obtained from a matrix A via a sequence of row
operations.

12. If A is an invertible n X n matrix, with entries in F = R or C (we write
A € Gl(n,F)), then the rows of A form a basis of F™. Use this to show that A can
be transformed to the identity matrix via a sequence of row operations. Deduce
that any A € Gl(n,F) can be written as a finite product of matrices of the form
Py, M. and E,,..

13. Suppose A is an invertible n x n matrix, and a sequence of row operations is
applied to A, transforming it to the identity matrix I. Show that the same sequence
of row operations, applied to I, transforms it to A~!. This method of constructing
A~ is called the method of Gaussian elimination.

ExXAMPLE. We take a 2 x 2 matrix A, write A and I side by side, and perform the

same sequence of row operations on each of these two matrices, obtaining finally I
and A~! side by side.

=13)

(o
(

)
)

Hint. Turning around (2.5.54), we have

(2.5.55) po(A)

P;lA,

He(A) = MM A, pe(A) = LA,
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Thus applying a sequence of row operations to A yields

(2.5.56) St STTA,

where each §; is of the form (2.5.52) or (2.5.53). If (2.5.56) is the identity matrix,
then

(2.5.57) At =51 800

REMARK. The method of Gaussian elimination is computationally superior to the
use of Cramer’s formula (2.5.45) for computing matrix inverses, though Cramer’s
formula has theoretical interest.

A related issue is that, for computing determinants of n x n matrices, for n > 3,
it is computationally superior to utilize a sequence of column operations, applying
rules (a) and (b) and Proposition 2.5.5 (and/or the corresponding row operations),
rather than directly using the formula (2.5.27), which contains n! terms. This
“Gaussian elimination” method of calculating det A gives, from (2.5.55)—(2.5.56),

(2.5.58) det A = (det Sy) - - - (det Sk),
with
(2.5.59) det P, =sgno, detM.=ci---cp, detEy,.=1
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2.6. Eigenvalues and eigenvectors

Let T : V — V be linear. If there is a nonzero v € V such that
(2.6.1) Tv = Ajv,

for some A\; € IF, we say \; is an eigenvalue of T, and v is an eigenvector. Let
E(T, \j) denote the set of vectors v € V such that (2.6.1) holds. It is clear that
E(T, A;) is a linear subspace of V' and

(2.6.2) T:E(T,\;) — E(T,\)).

The set of \; € F such that £(T, ;) # 0 is denoted Spec(T'). Clearly \; € Spec(T')
if and only if 7' — A;I is not injective, so, if V' is finite dimensional,

(2.6.3) Aj € Spec(T) <= det(N\;I —T) = 0.

We call K7(A) =det(AI —T) the characteristic polynomial of T

If F = C, we can use the fundamental theorem of algebra, which says every
non-constant polynomial with complex coefficients has at least one complex root.
(See Appendix 2.C for a proof of this result.) This proves the following.

Proposition 2.6.1. If V is a finite-dimensional complex vector space and T €
L(V), then T has at least one eigenvector in V.

REMARK. If V is real and K7()) does have a real root \;, then there is a real
Aj-eigenvector.

Sometimes a linear transformation has only one eigenvector, up to a scalar

multiple. Consider the transformation A : C3 — C? given by
210

(2.6.4) A=10 2 1
0 0 2
We see that det(A\ — A) = (A — 2)3, so A = 2 is a triple root. It is clear that
(2.6.5) E(A,2) = Span{e; },
where e; = (1,0,0)? is the first standard basis vector of C3.

If one is given T' € L(V), it is of interest to know whether V has a basis of
eigenvectors of T'. The following result is useful.

Proposition 2.6.2. Assume that the characteristic polynomial of T € L(V) has
k distinct roots, Ai,..., A\, with eigenvectors v; € E(T,\j), 1 < j < k. Then

{v1,...,vi} is linearly independent. In particular, if k = dim V', these vectors form
a basis of V.
Proof. We argue by contradiction. If {vq,...,vr} is linearly dependent, take a

minimal subset that is linearly dependent and (reordering if necessary) say this set
is {v1,...,vm}, with Tv; = A\jv;, and

(2.6.6) cv1 + -+ vy =0,
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with ¢; # 0 for each j € {1,...,m}. Applying T'— \,,,I to (2.6.6) gives

(267) Cl(>\1 - )\m)vl + -+ Cmfl()\mfl - )\m)’l)m,1 = 0,
a linear dependence relation on the smaller set {v1,...,v;,—1}. This contradiction
proves the proposition. ([l

Further information on when T' € £(V') yields a basis of eigenvectors, and on
what one can say when it does not, will be given in the following sections.

.|
Exercises

1. Compute the eigenvalues and eigenvectors of each of the following matrices.
0 1 0 -1 0 1
1 0/’ 1 0)’ 0 0/’
11 1 4 i1
0 0)° i 1)’ 0 1/°

In which cases does C? have a basis of eigenvectors?

2. Compute the eigenvalues and eigenvectors of each of the following matrices.

0 -1 1
1 o -2,
-1 2 0

1 0 1

0 -1 0

1 0 1

3. Let A € M(n,C). We say A is diagonalizable if and only if there exists an
invertible B € M(n,C) such that B~'AB is diagonal:

A1
B 'AB =
An

Show that A is diagonalizable if and only if C™ has a basis of eigenvectors of A.
Recall from (2.4.13) that the matrices A and B~1AB are said to be similar.

4. More generally, if V' is an n-dimensional complex vector space, we say T € L(V)
is diagonalisable if and only if there exists invertible B : C* — V such that B~!'T'B
is diagonal, with respect to the standard basis of C™. Formulate and establish the
natural analogue of Exercise 3.

5. In the setting of (2.6.1)—(2.6.2), given S € L(V, V), show that
ST =TS = S:E(T,\j) = E(T, Aj).
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2.7. Generalized eigenvectors and the minimal polynomial

As we have seen, the matrix

2 1 0
(2.7.1) A=|0 2 1
00 2

has only one eigenvalue, 2, and, up to a scalar multiple, just one eigenvector, e;.
However, we have

(2.7.2) (A—20)%e; =0, (A—2I)%3=0.

Generally, if T € £(V'), we say a nonzero v € V' is a generalized \;-eigenvector if
there exists k € N such that

(2.7.3) (T — M\ 1)Fv = 0.

We denote by GE(T, \;) the set of vectors v € V such that (2.7.3) holds, for some
k. It is clear that GE(T, A;) is a linear subspace of V' and

(2.7.4) T:GE(T, \;) — GE(T, \).

The following is a useful comment.

Lemma 2.7.1. For each A\; € F such that GE(T, \;) # 0,
(2.7.5) T —pl : GE(T, N;) — GE(T, \j) is an isomorphism, ¥ pu # A;.

Proof. If T'— uI is not an isomorphism in (2.7.5), then Tv = pv for some nonzero
v € GE(T, \j). But then (T — \;I)*v = (u — Aj)*v for all k € N, and hence this
cannot ever be zero, unless pu = A;. (I

Note that if V' is a finite-dimensional complex vector space, then each nonzero
space appearing in (2.7.4) contains an eigenvector, by Proposition 2.6.1. Clearly
the corresponding eigenvalue must be A;. In particular, the set of A; for which
GE(T, Xj) is nonzero coincides with Spec(T), as given in (2.6.3).

We intend to show that if V' is a finite-dimensional complex vector space and
T € L(V), then V is spanned by generalized eigenvectors of T. One tool in this
demonstration will be the construction of polynomials p(A) such that p(T) = 0.
Here, if

(2.7.6) p(A) = ap A" + AN 4 a X + ao,
then
(2.7.7) p(T) = anT" + an 1T 4+ -+ a1 T + apl

Let us denote by P the space of polynomials in A.

Lemma 2.7.2. IfV is finite dimensional and T € L(V'), then there exists a nonzero
p € P such that p(T') = 0.

Proof. If dimV = n, then dim £(V) = n?, so {I,T,... 7T”Z} is linearly dependent.
O
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Let us set
(2.7.8) Ir ={p € P :p(T) = 0}.
We see that Z = Zp has the following properties:

p,q€ELl —=—=p+qcl,

2.7.
(2.7.9) peEl, qgeP=pqecl.

A set 7 C P satistying (2.7.9) is called an ideal. Here is another construction of a
class of ideals in P. Given {pi,...,pr} C P, set

(2.7.10) Z(p1,---sok) ={piqx + - + peqi : ¢ € P}

We will find it very useful to know that all nonzero ideals in P, including Zr, have
the following property.

Lemma 2.7.3. Let Z C P be a nonzero ideal, and let py € Z have minimal degree
amongst all nonzero elements of L. Then

(2.7.11) T =17(p).

Proof. Take any p € Z. We divide p;(A) into p(A) and take the remainder, obtain-
ing

(2.7.12) p(A) = a(N)p1(A) +r(N).
Here ¢, € P, hence r € Z. Also r()\) has degree less than the degree of p;(A), so
by minimality we have r = 0. This shows p € Z(p1), and we have (2.7.11). O

Applying this to Zry, we denote by mp(A) the polynomial of smallest degree in
Zr (having leading coefficient 1), and say

(2.7.13) mp(A) is the minimal polynomial of T.
Thus every p € P such that p(T) = 0 is a multiple of mr(X).

Assuming V' is a complex vector space of dimension n, we can apply the fun-
damental theorem of algebra to write

K
(2.7.14) mr(A\) = [T =)k,
j=1
with distinct roots A1,...,Ax. The following polynomials will also play a role in
our study of the generalized eigenspaces of T. For each ¢ € {1,..., K}, set
2.7.15 M=l =3r = ——=—.
(27.15) ) = [J0 =) = 250

We have the following useful result.

Proposition 2.7.4. IfV is an n-dimensional complez vector space and T € L(V),
then, for each ¢ € {1,...,K},

(2.7.16) GE(T, Ae) = R(pe(T)).
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Proof. Givenv e V,

(2.7.17) (T — Xo)**po(T)v = mp(T)v = 0,

so pe(T) : V — GE(T, \). Furthermore, each factor

(2.7.18) (T — X\)* = GE(T, \e) — GE(T, \o), §#Y,

in pg(T) is an isomorphism, by Lemma 2.7.1, so pe(T) : GE(T, Ae) — GE(T, \¢) is
an isomorphism. O

REMARK. We hence see that each A; appearing in (2.7.14) is an element of SpecT.

We now establish the following spanning property.

Proposition 2.7.5. If V is an n-dimensional complez vector space and T € L(V),
then

(2.7.19) V=G&(T M)+ - +GET, Ak).

That is, each v € V' can be written as v = vy + - - - + v, with v; € GE(T, \j).
Proof. Let mp()) be the minimal polynomial of T, with the factorization (2.7.14),
and define py(A) as in (2.7.15), for £ =1,..., K. We claim that

(2.7.20) Z(p1,...,pr) =P.

In fact we know from Lemma 2.7.3 that Z(p1,...,px) = Z(po) for some py € P.
Then any root of po(A) must be a root of each ps(A), 1 < £ < K. But these
polynomials are constructed so that no u € C is a root of all K of them. Hence
po(A) has no root so (again by the fundamental theorem of algebra) it must be
constant, i.e., 1 € Z(py,...,px), which gives (2.7.20), and in particular we have
that there exist g € P such that

(2.7.21) PN (A) + -+ pr(N)gr(A) = 1.

We use this as follows to write an arbitrary v € V as a linear combination of
generalized eigenvectors. Replacing A by T in (2.7.21) gives

(2.7.22) pi(D)qu(T) + -+ pr(T)ax(T) = I.

Hence, for any given v € V,

(2.7.23) v=p1(T)q(T)v+ - +px(T)ax(T)v =v1 + -+ + vk,

with v = pe(T)qe(T)v € GE(T, A¢), by Proposition 2.7.4. O

We next produce a basis consisting of generalized eigenvectors.

Proposition 2.7.6. Under the hypotheses of Proposition 2.7.5, let GE(T, Ag), 1 <
¢ < K, denote the generalized eigenspaces of T (with Ay mutually distinct), and let

(2.7.24) Sg = {Ugh [N ,’Ug,de}, dz = dim gé’(T, )\f)7
be a basis of GE(T, A¢). Then
(2.7.25) S=5U---USk

is a basis of V.
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Proof. It follows from Proposition 2.7.5 that S spans V. We need to show that S is
linearly independent. To show this it suffices to show that if w, are nonzero elements
of GE(T, A¢), then no nontrivial linear combination can vanish. The demonstration
of this is just slightly more elaborate than the corresponding argument in Propo-
sition 2.6.2. If there exist such linearly dependent sets, take one with a minimal
number of elements, and rearrange {\¢}, to write it as {wy, ..., wp,}, so we have

(2.7.26) crwy + -+ + Wy, = 0,
and ¢; # 0 for each j € {1,...,m}. As seen in Lemma 2.7.1,
(2.7.27) T —pl : GE(T, \e) — GE(T, A\¢) is an isomorphism, V p # Ay.

Take k € N so large that (T — A, I)* annihilates each element of the basis S,,
of GE(T, \,n), and apply (T — A\, I)¥ to (2.7.26). Given (2.7.27), we will obtain a
non-trivial linear dependence relation involving m — 1 terms, a contradiction, so
the purported linear dependence relation cannot exist. This proves Proposition
2.7.6. O

EXAMPLE. Let us consider A : C3 — C3, given by

2 3 3
(2.7.28) A=[0 2 3
0 0 1
Then Spec(A4) = {2,1}, so ma(\) = (A —2)%(\ — 1)® for some positive integers a

and b. Computations give

0
(2.7.29) (A-2D)(A-I)= [0 , (A=2D*(A-T1)=0,
0

O O W
o O ©

hence ma(\) = (A —2)%(A — 1). Thus we have
(2.7.30) pi(AN) =A—1, pa(A) = (A -2)?%

using the ordering Ay = 2, Ay = 1. As for g¢(\) such that (2.7.21) holds, a little
trial and error gives g1 (A) = —(A —3), ¢2(A) =1, i.e,

(2.7.31) ~A=DA=3)+(1-2?%=1.
Note that
1 3 3 00 6
(2.7.32) A-I=(0 1 3], (A-2D)*=10 0 -3
000 00 1
Hence, by (2.7.16),
1 6
(2.7.33) GE(A,2) = Span 0,11 , GE(A,1) = Span -3
0 1

REMARK. In general, for A € M(3,C), there are the following three possibilities.
(I) A has 3 distinct eigenvalues, A1, A2, A3. Then Aj-eigenvectors v;, 1 < j < 3,
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span C3.
(IT) A has 2 distinct eigenvalues, say A1 (single) and A2 (double). Then

maA\) =A=X)A—=X)* k=1 or 2.
Whatever the value of k, po(\) = A — A1, and hence
GE(A,No) = R(A — MI),
which in turn is the span of the columns of A — A;I. We have
GE(A ) \) =E(A, N) <=k =1.

In any case, C? = E(A, A1) ® GE(A, \a).
(III) A has a triple eigenvalue, A;. Then Spec(A — A1) = {0}, and

GE(A, ) = C3.

Compare results of the next section.

Exercises
1. Consider the matrices
1 0 1 1 0 1 1 2 0
Ai=10 2 0], A=|0 2 0], A3=1(3 1 3
-1 0 -1 0 0 1 0 -2 1

Compute the eigenvalues and eigenvectors of each A;.

2. Find the minimal polynomial of A; and find a basis of generalized eigenvectors
of Aj.

3. Consider the transformation D : Py — P5 given by (2.4.14). Find the eigenvalues
and eigenvectors of D. Find the minimal polynomial of D and find a basis of P,
consisting of generalized eigenvectors of D.

4. Suppose V is a finite dimensional complex vector space and T : V' — V. Show
that V has a basis of eigenvectors of T if and only if all the roots of the minimal
polynomial mz(\) are simple.

5. In the setting of (2.7.3)—(2.7.4), given S € L(V'), show that
ST =TS = S: GE(T, \;) — GE(T, \;).

6. Show that if V' is an n-dimensional complex vector space, S,T € L(V), and ST =
TS, then V has a basis consisting of vectors that are simultaneously generalized
eigenvectors of T and of S.

Hint. Apply Proposition 2.7.6 to S : GE(T, A\;) — GE(T, Aj).
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7. Let V be a complex n-dimensional vector space, and take T € L(V), with
minimal polynomial mr()), as in (2.7.13). For £ € {1,..., K}, set
mT(/\)
P\ = .
d(A) =3 e
Show that, for each £ € {1,..., K}, there exists wy € V such that vy = Pp(T)w, # 0.

Then show that (T'— A\¢I)vy = 0, so one has a proof of Proposition 2.6.1 that does
not use determinants.

8. Show that Proposition 2.7.6 refines Proposition 2.7.5 to
V=GET, )& dGET, Ak).

9. Given A, B € M(n,C), define La, Rg : M(n,C) — M(n,C) by
L.X = AX, RpX = XB.
Show that if Spec A = {\;}, Spec B = {yu} (= Spec B*), then
GE(La, A;) = Span{ow'’ : v € GE(A, \j),w € C"},
GE(Rp, k) = Span{vw' : v € C",w € GE(B', uy)}.
Show that
GE(La — Rp,0) = Span{vw’ : v € GE(A, \)),w € GE(B, i), 0 = N\j — ui.}.

10. In the setting of Exercise 9, show that if A is diagonalizable, then GE(L 4, \;) =
E(La, A;). Draw analogous conclusions if also B is diagonalizable.

11. In the setting of Exercise 9, show that if Spec A = {)\;} and Spec B = {u},
then
Spec(LA — RB) = {)\j — /,Lk}.
Deduce that if C4 : M (n,C) — M (n,C) is defined by
CaX = AX — XA,
then
SpecCa = {\; — A}
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2.8. Triangular matrices

We say an n x n matrix A = (a;j) is upper triangular if a;, = 0 for j > k, and
strictly upper triangular if a;, = 0 for j > k. Similarly we have the notion of lower
triangular and strictly lower triangular matrices. Here are two examples:

11 2 01 2
(2.8.1) A=|0 1 3|, B=[0 0 3];
00 2 000

A is upper triangular and B is strictly upper triangular; A? is lower triangular and
B? strictly lower triangular. Note that B3 = 0.

We say T € L(V) is nilpotent provided T* = 0 for some k € N. The following
is a useful characterization of nilpotent transformations.

Proposition 2.8.1. Let V be a finite-dimensional complex vector space, N € L(V).
The following are equivalent:

(2.8.2) N s nilpotent,

(2.8.3) Spec(N) = {0},

(2.8.4) There is a basis of V' for which N is strictly upper triangular,
(2.8.5)

2.8.5 There is a basis of V' for which N is strictly lower triangular.

Proof. The implications (2.8.4) = (2.8.2) and (2.8.5) = (2.8.2) are easy. Also
(2.8.4) implies the characteristic polynomial of N is A" (if n = dim V'), which is
equivalent to (2.8.3), and similarly (2.8.5) = (2.8.3). We need to establish a couple
more implications.

To see that (2.8.2) = (2.8.3), note that if N¥ = 0 we can write

(2.8.6) (NfuI)*l:7f(]7fN)_1:,,Z%Ne,

whenever p # 0.

Next, given (2.8.3), N : V. — V is not an isomorphism, so V; = N(V) has
dimension < n — 1. Now Ny = N|y, € L(V4) also has only 0 as an eigenvalue, so
Ny (V1) = Va has dimension < n — 2, and so on. Thus N* = 0 for sufficiently large
k. We have (2.8.3) = (2.8.2). Now list these spaces as V=V D Vi D -+ D Vj_q,
with Vi_1 # 0 but N(Vi—1) = 0. Pick a basis for Vj._1, augment it as in Proposition
2.3.5 to produce a basis for Vj;_s, and continue, obtaining in this fashion a basis
of V, with respect to which N is strictly upper triangular. Thus (2.8.3) = (2.8.4).
On the other hand, if we reverse the order of this basis we have a basis with respect
to which N is strictly lower triangular, so also (2.8.3) = (2.8.5). The proof of
Proposition 2.8.1 is complete. O

REMARK. Having proven Proposition 2.8.1, we see another condition equivalent to
(2.8.2)—(2.8.5):

(2.8.7) Nk =0, Vk>dimV.
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ExaAMPLE. Consider

0 2 0
(2.8.8) N=1[3 0 3
0 -2 0
We have
6 0 6
(2.8.9) N =0 0 0], N*=o0.
-6 0 -6
Hence we have a chain V =V D Vi D V5 as in the proof of Proposition 2.8.1, with
1 1 0
Vo=Span| O |, V;=Span 01, (1 ,
-1 -1 0
(2.8.10)
1 0 1
Vo = Span o, 1], 10 = Span{vy, v, v3},
-1 0 0

and we have
(2.8.11) Nvi =0, Nuvy=—v1, Nuvg= 309,
so the matrix representation of N with respect to the basis {v1,va,v3} is

0 -1 0
(2.8.12) 0 0 3

0 0 O

Generally, if A is an upper triangular n x n matrix with diagonal entries
di,...,d,, the characteristic polynomial of A is
(2.8.13) det(AMl —A) = (A—d1)---(A=d,),
by (2.5.46), so Spec(A) = {d;}. If di,...,d, are all distinct it follows that F"™ has
a basis of eigenvectors of A.

We can show that whenever V' is a finite-dimensional complex vector space and
T € L(V), then V has a basis with respect to which T is upper triangular. In
fact, we can say a bit more. Recall what was established in Proposition 2.7.6. If
Spec(T) = { A :1 <€ <K} and S = {vs,...,v04,} is a basis of GE(T, Ag), then
S =5,U---USk is a basis of V. Now look more closely at

(2.8.14) Tp:Ve— Vi, Ve=GE(T,N), Te=T|,.

The result (2.7.5) says Spec(Ty) = {A¢}, i.e., Spec(Ty — A¢I) = {0}, so we can apply
Proposition 2.8.1. Thus we can pick a basis Sy of V; with respect to which T, — A\, 1
is strictly upper triangular, hence in which T; takes the form

A¢ *
(2.8.15) Ay = .
0 hY)
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Then, with respect to the basis S = S; U---U Sk, T has a matrix representation
A consisting of blocks Ay, given by (2.8.15). It follows that

K
(2.8.16) Kr(A) =det(\I = T) = [J(A = A)™,  d¢ = dim V.

=1
This matrix representation also makes it clear that Kr(T)|y, = 0 for each ¢ €
{1,..., K} (cf. (2.8.7)), hence
(2.8.17) Kr(T)=0 on V.

This result is known as the Cayley-Hamilton theorem. Recalling the characteriza-
tion of the minimal polynomial my(\) given in (2.7.11)—(2.7.13), we see that

(2.8.18) Kp()\) is a polynomial multiple of mp(A).

.|
Exercises

1. Consider
1 92 0 0 -1 1 2 3
A1:<2 1), A,=10 1 0|, A3=12 1 2
1 0 0 3 2 1

Compute the characteristic polynomial of each A; and verify that these matrices
satisfy the Cayley-Hamilton theorem, stated in (2.8.17).

2. Let Py denote the space of polynomials of degree < k in x, and consider
D: Py — Py, Dp(z)=p(2).

Show that D**! =0 on P and that {1,z,...,2"} is a basis of P}, with respect to
which D is strictly upper triangular.

3. Use the identity
k+1

(I-D)"' =) D' on P,
£=0

to obtain a solution v € Py to

(2.8.19) u —u=z"

4. Use the equivalence of (2.8.19) with

%(e‘mu) = 2%e

/x’“(fz dx.

For an alternative approach, see (1.1.45)—(1.1.52) of Chapter 1; see also exercises
at the end of §3.4 of Chapter 3.

—T

to obtain a formula for
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5. The proof of Proposition 2.8.1 given above includes the chain of implications
(2.8.4) = (2.8.2) = (2.8.3) = (2.8.4).
Use Proposition 2.7.4 to show directly that
(2.8.3) = (2.8.2).

6. Establish the following variant of Proposition 2.7.4. Let Kr(\) be the charac-
teristic polynomial of T, as in (2.8.16), and set

_ yd B (Y
P@()‘) _E(A >\J) (A*)\g)d['
Show that
GE(T, A\e) = R(Pu(T)).
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2.9. Inner products and norms

Vectors in R™ have a dot product, given by

(2.9.1) Vew = viwy + -+ Uy Wy,

where v = (vy,...,0,), w = (w1,...,wy,). Then the norm of v, denoted |lv]], is
given by

(2.9.2) oI =v-v=0v]4 - +0v2.

The geometrical significance of ||v|| as the distance of v from the origin is a version
of the Pythagorean theorem. If v, w € C", we use

(2.9.3) (vyw) =v -W=v1W1 + -+ + VL Wp,
and then
(2.94) 012 = (v,0) = Jor|* + - + |vn|%;

here, if v; = ; + iy;, with z;,y; € R, we have v; = z; — iy;, and |v;|* = x? + y?
The objects (2.9.1) and (2.9.3) are special cases of inner products. Generally,

an inner product on a vector space (over F = R or C) assigns to vectors v,w € V
the quantity (v, w) € I, in a fashion that obeys the following three rules:

(295) (alvl + asVa, w) = al(vl, w) + asg ('UQ, ’lU),
(2:9.) (v,w) = (wo),
(2.9.7) (v,v) > 0, wunless v=0.

If F =R, then (2.9.6) just means (v, w) = (w,v). Note that (2.9.5)—(2.9.6) together
imply
(2.9.8) (v, brwy + baws) = b1 (v, w1) + by (v, ws).

A vector space equipped with an inner product is called an inner product space.
Inner products arise naturally in various contexts. For example,

b
(2.9.9) (f,9) = / f(@)g(x) dz

defines an inner product on C([a,b]). It also defines an inner product on P, the
space of polynomials in x. Different choices of a and b yield different inner products
on P. More generally, one considers inner products of the form

b PR
(2.9.10) mmszuwwwwm

on various function spaces, where w is a positive, integrable “weight” function.
Given an inner product on V', one says the object ||v|| defined by

(2.9.11) loll = v/, 0)

is the norm on V associated with the inner product. Generally, a norm on V is a

function v — ||v|| satisfying

(2.9.12) ||lav]]

(2.9.13) |lv]]

(2.9.14) v+ wl|

lal - |lv]l, Va€eF, veV,
0, wunless v =0,
[oll + [lwll.

IN V
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Here |a| denotes the absolute value of a € F. The property (9.14) is called the
triangle inequality. A vector space equipped with a norm is called a normed vector
space.

If ||v]| is given by (2.9.11), from an inner product satisfying (2.9.5)—(2.9.7), it is
clear that (2.9.12)—(2.9.13) hold, but (2.9.14) requires a demonstration. Note that

[o+w|* = (v +w, v+ w)
(2.9.15) = [[v[|* + (v, w) + (w,v) + |w|]?
= [[v[” + 2Re (v, w) + [[w]|?,
while
(2.9.16) (loll + lwl)? = 1[0l + 2[|v| - [[w]| + [lw]>.

Thus to establish (2.9.14) it suffices to prove the following, known as Cauchy’s
inequality:

Proposition 2.9.1. For any inner product on a vector space V, with ||v|| defined
by (2.9.11),

(2.9.17) (v, w)| < ||o|| [|Jw], V¥ v,weW.

Proof. We start with
(2.9.18) 0 < [lv—w|? = |jv]|* = 2Re (v,w) + |Jw|?,
which implies
2Re (v, w) < [[v]]® + |w|?, Y ov,weV.
Replacing v by av for arbitrary a € F of absolute value 1 yields 2 Re (v, w) <
|v]|? + ||w||?. This implies
(2.9.19) 2|(v,w)| < ||| + |lw|?, Vov,weV.
Replacing v by tv and w by t~1w for arbitrary ¢ € (0, 00), we have
(2.9.20) 2|(v, w)| < ol + 172 lwl?, ¥ v,w eV, t e (0,00).

If we take t> = ||w]||/||v||, we obtain the desired inequality (2.9.17). (This assumes
v and w are both nonzero, but (2.9.17) is trivial if v or w is 0.) O

There are other norms on vector spaces besides those that are associated with
inner products. For example, on F", we have

(2.9.21) vlls = vi] 4+ +[val,  [[v]leo = max |ugl,
1<k<n

and many others, but we will not dwell on this here.

If V is a finite-dimensional inner product space, a basis {u1,...,u,} of V is
called an orthonormal basis of V' provided

(2.9.22) (ujsup) =6k, 1<jk<mn,
i.e.,

(2.9.23) lusll =1, j#k= (uj,ur) =0.
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(When (uj,,ur) = 0, we say u; and u are orthogonal.) When (2.9.22) holds, we
have

(2.9.24) v = ajuy+- - +aptn, W=>biui+-- +byu, = (v,w) = a1by+- - +a,by,.

It is often useful to construct orthonormal bases. The construction we now describe
is called the Gramm-Schmidt construction.

Proposition 2.9.2. Let {vy,...,v,} be a basis of V', an inner product space. Then
there is an orthonormal basis {uy,...,u,} of V such that

(2.9.25) Span{u; : j < ¢} =Spanf{v; : j < ¢}, 1<{<n.
Proof. To begin, take

1
= ——u;.
[|v1]]

Now define the linear transformation P, : V' — V by Pyv = (v, u1)u; and set

(2.9.26) U

Uy = Vg — Piug = vg — (v2,u1)uy.

We see that (02,u1) = (ve,u1) — (ve,u1) = 0. Also 0o # 0 since u; and v are
linearly independent. Hence we set

1
(2.9.27) U = ~7’52.
|02
Inductively, suppose we have an orthonormal set {ui,...,um,} with m < n and

(2.9.25) holding for 1 < ¢ < m. Then define P,, : V' — V (the orthogonal projection
of V onto Span(uy,...,un)) by

(2.9.28) Prv = (vur)ug + - 4 (0, Uy )i,
and set
(2929) ’6m+1 = Um+1 — vaerl = Um+1 — (Um+17u1)u1 - (Um+1aum)um-
We see that
(2930) j <m = (’l~1m+17Uj) = (Um+17Uj) — (Um+1,u]') =0.
Also, since vy, 41 ¢ Span{vy, ..., v} = Span{uy, ..., U}, it follows that 0,41 # 0.
Hence we set
1

(2931) Um+1 = ~71~)m+1~

[
This completes the construction. [l

EXAMPLE. Take V = Py, with basis {1, 2, 2%}, and inner product given by

1
(2.9.32) v.0) = [ ple)aia) da.

-1
The Gramm-Schmidt construction gives first

(2.9.33) up(x) =

-

Then
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since by symmetry (z,u;) = 0. Now fil 22 dr = 2/3, so we take

3
(2.9.34) ug(x) = 2%
Next
1
U3(x) = o (;vQ,ul)ul =22 - 3

since by symmetry (22, uz) = 0. Now f_ll(xg —1/3)% dx = 8/45, so we take

(2.9.35) us(z) = 1| 2 (332 - 1).

Exercises

1. Let V be a finite dimensional inner product space, and let W be a linear subspace
of V. Show that any orthonormal basis {ws,...,ws} of W can be enlarged to an
orthonormal basis {wy, ..., wg,u1,...,ue} of V, with k + ¢ =dim V.

2. As in Exercise 1, let V' be a finite dimensional inner product space, and let W
be a linear subspace of V. Define the orthogonal complement

(2.9.36) Wt={veV:(v,w)=0VweW}.

Show that
W+ = Span{uy,...,uc},

in the context of Exercise 1. Deduce that

(2.9.37) WHt =w.

3. In the context of Exercise 2, show that

dimV =n, dmW =k = dim W+ =n — k.

4. Construct an orthonormal basis of the (n — 1)-dimensional vector space

(%1
V:{ ER":’U1+"‘+UTL:O}‘

Un
5. Take V = Py, with basis {1, 2,22}, and inner product

1 PR
(pq) = / p(x)q(@) de,

in contrast to (2.9.32). Construct an orthonormal basis of this inner product space.
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6. Take V, with basis {1,cosx,sinx}, and inner product

(f.9) = / " w)g (@) de.

Construct an orthonormal basis of this inner product space.
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2.10. Norm, trace, and adjoint of a linear transformation

If V and W are normed linear spaces and T' € L(V, W), we define

(2.10.1) 1T = sup {[|To] = [lv]| < 1}.
Equivalently, | T|| is the smallest quantity K such that
(2.10.2) [Tv]| < K|jv]l, VwveV.

We call || T|| the operator norm of T. If V and W are finite dimensional, it can be
shown that ||T|| < oo for all T € L(V,W). We omit the general argument, but we
will make some estimates below when V and W are inner product spaces.

Note that if also S : W — X, another normed vector space, then

(2.10.3) [STol < IS|HIToll < ISHITHoll, VeV,
and hence

(2.10.4) ST < IS

In particular, we have by induction that

(2.10.5) T:V->V=|T"<|T|"

This will be useful when we discuss the exponential of a linear transformation, in
Chapter 3.

We turn to the notion of the trace of a transformation T' € L(V), given dim V' <
oo. We start with the trace of an n X n matrix, which is simply the sum of the
diagonal elements:

(2.10.6) A= (ajr) € M(n,F) = TrA=>a;.
j=1
Note that if also B = (b,i) € M (n,F), then

AB =C = (¢ji), ¢k = Zajzbm
¢

(2.10.7)
BA=D = (djk), dji, = Z bjear,
l
and hence
(2.10.8) TrAB = ajeby; = Tr BA.

3.t
Hence, if B is invertible,
(2.10.9) TrB~'AB=TrABB™' = Tr A.

Thus if T € L(V'), we can choose a basis S = {v1,...,v,} of V, if dimV = n, and
define

(2.10.10) TrT =TrA, A=MZ(T),
and (2.10.9) implies this is independent of the choice of basis.

Next we define the adjointof T € L(V, W), when V and W are finite-dimensional
inner product spaces, as the transformation 7% € L(W, V') with the property

(2.10.11) (Tv,w) = (v, T*w), YveV, weW.
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If {v1,...,v,} is an orthonormal basis of V' and {wy, ..., w.,,} an orthonormal basis
of W, then
(2.10.12) A= (ai), ay = (Tvj,w;),

is the matrix representation of T', as in (2.4.2), and the matrix representation of
T* is

(2.10.13) A* = (aj).

Now we define the Hilbert-Schmidt norm of 7' € L(V, W) when V and W are
finite-dimensional inner product spaces. Namely, we set

(2.10.14) ITN3s = Te T*T.

In terms of the matrix representation (2.10.12) of T', we have

(2.10.15) T*T = (bji), bjk =D arjaun,
0

hence

(2.10.16) IT13s = bjs = lajl*.
J J,k

Equivalently, using an arbitrary orthonormal basis {v1,...,v,} of V, we have
n
(2.10.17) ITN7s =D I Tl
j=1

Using (2.10.17), we can show that the operator norm of T' is dominated by the
Hilbert-Schmidt norm:

(2.10.18) ITI < IT)las-
In fact, pick a unit v; € V' such that ||Tv;| is maximized on {v : [[v]| < 1}, extend
this to an orthonormal basis {vy,...,v,}, and use
ITI? = |1 Toal® < D I Tl = 1T f3rs-
j=1

Also we can dominate each term on the right side of (2.10.17) by ||T]|?, so
(2.10.19) ITgs < VnlT||, n=dimV.

Another consequence of (2.10.17)—(2.10.18) is
(2.10.20) 15T lrs < IS T1ms < I1Slms|IT|lws,
for S as in (2.10.3). In particular, parallel to (2.10.5), we have

(2.10.21) T:V—=V=|T"gs < |T[fs-
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.|
Exercises

1. Suppose V and W are finite dimensional inner product spaces and T' € L(V, W).
Show that
T =T.

2. In the context of Exercise 1, show that
T injective <= T™ surjective.

More generally, show that
N(T) = R(T*)™ .

(See Exercise 2 of §2.9 for a discussion of the orthogonal complement W+.)

3. Say A is a k x n real matrix and the k& columns are linearly independent. Show
that A has k linearly independent rows. (Similarly treat complex matrices.)

Hint. The hypothesis is equivalent to A : R*¥ — R” being injective. What does
that say about A* : R® — RF?

4. If Ais a k x n real (or complex) matrix, we define the column rank of A to be
the dimension of the span of the columns of A. We similarly define the row rank of
A. Show that the row rank of A is equal to its column rank.

Hint. Reduce this to showing dimR(A) = dimR(A*). Apply Exercise 2 (and
Exercise 3 of §2.9).

5. Suppose A is an n x n matrix and ||A|| < 1. Show that
(I—A)T=T4+A+ A%+ A ...

a convergent infinite series.

6. If A is an n X n complex matrix, show that

X € Spec(4) = [A] < [|4].

7. Show that, for any real €, the matrix
A= (G i)
has operator norm 1. Compute its Hilbert-Schmidt norm.
8. Given a > b > 0, show that the matrix
(s )

has operator norm a. Compute its Hilbert-Schmidt norm.
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9. Show that if V is an n-dimensional complex inner product space, then, for
T e L(V),
det T" = det T

10. If V is an n-dimensional inner product space, show that, for T € L(V),
1T = sup{|(Tw, v)| : [[ull, [[v]] < 1}.

Show that
T[] = |||
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2.11. Self-adjoint and skew-adjoint transformations

If V is a finite-dimensional inner product space, T' € L(V) is said to be self-adjoint
if T =T* and skew-adjoint if T = —T*. If {u,...,u,} is an orthonormal basis of
V and A the matrix representation of 7' with respect to this basis, given by

(2.11.1) A= (aij), Qq5 = (Tuj,ui)7

then T is represented by A* = (@;;), so T is self-adjoint if and only if a;; = @;;
and T is skew-adjoint if and only if a;; = —aj;.

The eigenvalues and eigenvectors of these two classes of operators have special
properties, as we proceed to show.

Lemma 2.11.1. If \; is an eigenvalue of a self-adjoint T € L(V'), then \; is real.

Proof. Say Tv; = A\jv;, v; # 0. Then

(2.11.2) Mllosll? = (Twg,v5) = (v5,Tvg) = Ajllog 1%,

S0 Aj = Xj. (]
This allows us to prove the following result for both real and complex vector

spaces.

Proposition 2.11.2. If V is a finite-dimensional inner product space and T €
L(V) is self-adjoint, then V' has an orthonormal basis of eigenvectors of T

Proof. Proposition 2.6.1 (and the comment following it in case F = R) implies
there is a unit v; € V such that Tv; = A\jv1, and we know A\; € R. Say dim V' = n.
Let

(2.11.3) W={weV: (v,w) =0}

Then dim W = n — 1, as we can see by completing {v1} to an orthonormal basis of
V. We claim

(2.11.4) T=T"=T:W—>W.
Indeed,
(2.11.5) weW = (v, Tw) = (Tvy,w) = A\ (v1,w) =0=Tw € W.

An inductive argument gives an orthonormal basis of W consisting of eigenvalues
of T, so Proposition 2.11.2 is proven. ([

The following could be deduced from Proposition 2.11.2, but we prove it di-
rectly.
Proposition 2.11.3. Assume T € L(V) is self-adjoint. If Tv; = A\jv;, Tu, =
AUk, and Aj # i, then (v;,vi) = 0.
Proof. Then we have

Aj(vj,vk) = (Tvj,vg) = (v;, Tok) = Ai(vy, vg).
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If F = C, we have
(2.11.6) T skew-adjoint <= T self-adjoint,

so Proposition 2.11.2 has an extension to skew-adjoint transformations if F = C.
The case F = R requires further study.

For concreteness, take V' = R™, with its standard inner product, and consider
a skew-adjoint transformation A : R®™ — R™. In this case, skew-adjointness is
equivalent to skew-symmetry:

(2117) A= (aij), Qij = —Qaj;. (We say Ace€ Skew(n))
Now we can consider
(2.11.8) A:Ct—C",

given by the same matrix as in (2.11.7), which is a matrix with real entries. Thus
the characteristic polynomial K4(A) = det(Al — A) is a polynomial of degree n
with real coefficients, so its non-real roots occur in complex conjugate pairs. Thus
the nonzero elements of Spec(A) are

(2.11.9) Spec’(A) = {iXi, ..., i\, —iA1, ..., —iAm )},
with \; # Ay if j # k; for the sake of concreteness, say each A\; > 0. By Proposition
2.11.2, C™ has an orthonormal basis of eigenvalues of A, and of course each such

basis element belongs to £(A,i\;) or to £(A, —i);), for some j € {1,...,m}, or to
E(A,0) = N(A). For each j € {1,...,m}, let

(2.11.10) {vjl,...,vjvdj}

be an orthonormal basis of £(A,i);). Say

(2.11.11) Vik = ik + Nk, &k, ik € R™.

Then we can take

(2.11.12) T = &1 — inyp € CT,

and

(2.11.13) {Tj1,, 05,0, }

is an orthonormal basis of £(A, —i);). Note that

(2.11.14) A = —Nins Ange = N&jry 1<k < dj.
Note also that

(2.11.15) Spanc{&k, mjk 1 1 <k < d;} = E(A,i)j) + E(A, —iN)),
while we can also take

(2.11.16) Spang{&r,nix : 1 <k <d;} =H(A, \;) CR",

a linear subspace of R", of dimension 2d;. Furthermore, applying Proposition 2.11.3
to 1A, we see that

(2.11.17) (ks Ujk) = 0 = [|&kll® = Imjill®, and (&, mjk) =0,
hence

1

(2.11.18) 161 = lIngell = 7
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Making further use of

(21119) (’Uij,ﬂkg) = 0, (’Uij,’ng) = 5ik5j€7
we see that
(2.11.20) {ﬁfjk, Vo 1<k<d;,1<j< m}

is an orthonormal set in R™, whose linear span over C coincides with the span of
all the nonzero eigenspaces of A in C™.

Next we compare Ng(A4) € C™ with Ng(A) C R™. It is clear that, if v; =
&+, &,my € RY,
(2.11.21) Vj GN@(A) <:>§j,’f]j ENR(A),
since A is a real matrix. Thus, if {£1,...,£,} is an orthonormal basis for Ng(4), it

is also an orthonormal basis for Ng(A). Therefore we have the following conclusion:

Proposition 2.11.4. If A : R® — R" is skew-adjoint, then R™ has an orthonormal
basis in which the matrix representation of A consists of blocks

0 A
(2.11.22) (Aj 0>,

plus perhaps a zero matriz, when N(A) # 0.

Exercises
1. Verify Proposition 2.11.2 for V = R? and
1 0 1
T=10 1 0
1 0 1
2. Verify Proposition 2.11.4 for
0o -1 2
A=(1 0 -3
-2 3 0

3. In the setting of Proposition 2.11.2, suppose S,T € L(V) are both self-adjoint
and suppose they commute, i.e., ST = TS. Show that V' has an orthonormal basis
of vectors that are simultaneously eigenvectors of S and of T'.

4. If V is a finite dimensional inner product space, we say T € L(V) is positive
definite if and only if T'=T* and

(2.11.23) (Tw,v) >0 for all nonzero v € V.

Show that T' € L(V) is positive definite if and only if ' = T* and all its eigenvalues
are > 0. We say T is positive semidefinite if and only if "= T* and

(Tv,v) >0, VvelV.
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Show that T € L(V) is positive semidefinite if and only if 7 = T* and all its
eigenvalues are > 0.

5. f T € L(V) is positive semidefinite, show that
IT|| = max{\: X € SpecT}.

6. If S € L(V), show that S*S is positive semidefinite, and
151 = 115* 5]
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2.12. Unitary and orthogonal transformations

Let V be a finite-dimensional inner product space (over F) and T' € L(V'). Suppose
(2.12.1) T =1
IfF = C we say T is unitary, and if F = R we say T is orthogonal. We denote by

U(n) the set of unitary transformations on C™ and by O(n) the set of orthogonal
transformations on R™. Note that (2.12.1) implies

(2.12.2) |det T|? = (det T)(det T*) = 1,
i.e., det T' € F has absolute value 1. In particular,
(2.12.3) T €O(n) = detT = £1.
We set

SO(n) ={T € O(n) : det T = 1},

(2.12.4) SU(n) ={T € U(n) : det T = 1}.

As with self-adjoint and skew-adjoint transformations, the eigenvalues and
eigenvectors of unitary transformations have special properties, as we now demon-
strate.

Lemma 2.12.1. If \; is an eigenvalue of a unitary T € L(V), then |\;| = 1.

Proof. Say Tv; = A\jv;, v; # 0. Then
(2.12.5) [0 ll? = (T*Tvj,05) = (Twy, Tvy) = [N [Jos]|.
|
Next, parallel to Proposition 2.11.2, we show unitary transformations have
eigenvectors forming a basis.
Proposition 2.12.2. IfV is a finite-dimensional complex inner product space and

T € L(V) is unitary, then V has an orthonormal basis of eigenvectors of T.

Proof. Proposition 6.1 implies there is a unit v; € V such that Tv; = A\jv;. Say
dimV =n. Let

(2.12.6) W={weV:(v,w)=0}

As in the analysis of (2.11.3) we have dim W =n — 1. We claim

(2.12.7) T unitary = T : W — W.

Indeed,

(2.12.8) weW = (v, Tw) = (T vy, w) = A\ (v, w) =0 = Tw € W.

Now, as in Proposition 2.11.2, an inductive argument gives an orthonormal basis
of W consisting of eigenvectors of T, so Proposition 2.12.2 is proven. O
Next we have a result parallel to Proposition 2.11.3:

Proposition 2.12.3. Assume T € L(V) is unitary. If Tv, = \jv; and Tv, =
AUk, and A; # A, then (vj,v) = 0.
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Proof. Then we have

Aj(vj,v) = (Twj, o) = (05, T~ o) = A(vy,vk),
since X,Zl = Ak ]

We next examine the structure of orthogonal transformations, in a fashion
parallel to our study in §2.11 of skew-adjoint transformations on R™. Thus let

(2.12.9) A:R" —R"
be orthogonal, so
(2.12.10) AA* =1,

which for real matrices is equivalent to AA* = I. Now we can consider

A:C"— C",
given by the same matrix as in (2.12.9), a matrix with real entries. Thus the
characteristic polynomial K 4(\) = det(AI — A) is a polynomial of degree n with
real coefficients, so its non-real roots occur in complex conjugate pairs. Thus the
elements of Spec(A) other than +1 are given by
(2.12.11) Spec#(A) ={wi,..., W, W1, .., W}, ;= wj_l,
with the various listed eigenvalues mutually distinct. For the sake of concreteness,
say Imw; > 0 for each j € {1,...,m}. By Proposition 2.12.2, C" has an orthonor-
mal basis of eigenvectors of A, and of course each such basis element belongs to
E(A,wj), or to E(A,w;), for some j € {1,...,m}, or to £(A4,1) or £(A,—1). For
each j € {1,...,m}, let

(2.12.12) {vjt, .. v54,}

be an orthonormal basis of £(A,w;). Say

(2.12.13) vik = &k + i, Ers ik € R
Then we can take

(2.12.14) Uik = & — ik € C",

and

(2.12.15) {Tj1,. 054, }

is an orthonormal basis of £(A,w;). Writing

(2.12.16) wj =c¢;+1is5, c¢j,5; €R,
we have

A&k = ¢i&ik — Sk,

2.12.17
( ) Anjx = 55&k + ¢injk,

for 1 <k < d;. Note that

(2.12.18) Spanc{&;x, mjx : 1 <k < d;} = E(A,wj) + E(A,W5),
while we can also take
(2.12.19) Spangp{&r,nix : 1 <k <d;} = H(A w;) CR",

a linear subspace of R", of dimension 2d;.
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Parallel to the arguments involving (2.11.17)—(2.11.20), we have that
1 3 I
\/§ gk \/Qn]k
is an orthonormal set in R™, whose linear span over C coincides with the span of

all the eigenspaces of A with eigenvalues # +1, in C".

(2.12.20) { :1§k§dj,1§jgm}

We have the following conclusion:

Proposition 2.12.4. If A: R™ — R" is orthogonal, then R™ has an orthonormal
basis in which the matrix representation of A consists of blocks

(2.12.21) (Cj 8j>, At =1,

—Sj ¢

plus perhaps an identity matriz block, if E(A,1) # 0, and a block that is —1I, if
E(A,—1)#0.

EXAMPLE 1. Picking ¢, s € R such that ¢ + s? = 1, we see that

5= %)

is orthogonal, with det B = —1. Note that Spec(B) = {1,—1}. Thus there is an
orthonormal basis of R? in which the matrix representation of B is

b5

EXAMPLE 2. If A : R? — R? is orthogonal, then there is an orthonormal basis
{u1,ug,u3} of R® in which

c ¢
(2.12.22) A=|s ¢ or 5 ¢ ,
1 -1

depending on whether det A = 1 or det A = —1. (Note we have switched signs on
s, which is harmless. This lines our notation up with that used in §3.2 of Chapter
3.) Since ¢ + 5% = 1, it follows that there is an angle 6, uniquely determined up to
an additive multiple of 2m, such that

(2.12.23) c=cosf, s=sind.

(See §1.1 of Chapter 1, and also §3.2 of Chapter 3.) If det A = 1 in (2.12.22) we
say A is a rotation about the axis ug, through an angle 6.
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.|
Exercises

1. Let V be a real inner product space. Consider nonzero vectors u,v € V. Show
that the angle 6 between these vectors is uniquely defined by the formula

(u,0) = Jull - o] cos0, 0<6 <.
Show that 0 < # < 7 if and only if u and v are linearly independent. Show that
lu+ol* = [|ull® + [[o]|* + 2]|u] - ||v]| cosé.

This identity is known as the Law of Cosines.

For V as above, u,v,w € V, we define the angle between the line segment from w
to u and the line segment from w to v to be the angle between v — w and v — w.
(We assume w # u and w # v.)

2. Take V = R?, with its standard orthonormal basis i = (1,0), j = (0,1). Let
u=1(1,0), v=/(cosp,siny), 0<p<2m.

Show that, according to the definition of Exercise 1, the angle 6 between u and v
is given by
0=y if 0<p <,

2r — ¢ if ™ < < 2m.

3. Let V be a real inner product space and let R € £(V') be orthogonal. Show that
if u,v € V are nonzero and u = Ru, v = Rv, then the angle between v and v is
equal to the angle between @ and ¥. Show that if {e;} is an orthonormal basis of
V, there exists an orthogonal transformation R on V such that Ru = |julle; and
Ruv is in the linear span of e; and es.

4. Consider a triangle as in Figure 2.12.1. Show that
h=csin A,
and also
h=asinC.
Use these calculations to show that
sinA  sinC  sinB

a c b

This identity is known as the Law of Sines.

Exercises on cross products

Exercises 5-8 deal with cross products of vectors in R3.
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Figure 2.12.1. Law of sines

5. If u,v € R3, show that the formula

wp Ur V1
(2.12.24) w-(uxv)=det | we uz vy
w3 U3 U3

for u x v = II(u,v) defines uniquely a bilinear map II : R* x R?® — R3. Show that
it satisfies

ixj=k, jxk=1i kxi=j
where {i, j, k} is the standard basis of R3.
Note. To say II is bilinear is to say II(u,v) is linear in both u and v.

6. Recall that T' € SO(3) provided that T is a real 3 x 3 matrix satisfying T*T = I
and det T > 0, (hence det T'=1). Show that

(2.12.25) TeSOB)= TuxTv=T(uxv).
Hint. Multiply the 3 x 3 matrix in Exercise 5 on the left by T.

7. Show that, if 6 is the angle between v and v in R?, then
(2.12.26) [lu x o] = |Jul| - ||| - | sin 6.
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Hint. Check (2.12.26) for u = i, v = ai + bj, and use Exercise 6 to show this
suffices.

8. More generally, show that for all u, v, w,z € R3,

(2.12.27) (ux ) (wxz) = det (" e w) .

u-r v-x
Hint. Using Exercise 6, show that it suffices to check this for

w=14, x=ai+bj, so wxx=>bk.
Then the left side of (2.12.27) is equal to

0 w-i wv-1e
(uxv) -bk=det |0 w-j7 v-j
b u-k vk

:bdet<“”. ”".)
’U,j ’U'j

— det Ut v
B u-(ai+bj) v-(ai+bj))’
which is equal to the right side of (2.12.27).

9. Show that x : R® — Skew(3), the set of antisymmetric real 3 x 3 matrices, given
by

0 —ys Y1
(2.12.28) ky)= 1| ys 0 —uw), v=\|v],
—Y2 Y1 0 Y3
satisfies
(2.12.29) k(y)r =y x x.

Show that, with [A, B] = AB — BA,
Kz % y) = [r(2), K(y)],

(2.12.30) T (k(2)i(y)') = 20 - 1.

10. Demonstrate the following result, which contains both Proposition 2.11.2 and
Proposition 2.12.2. Let V be a finite dimensional inner product space. We say
T:V — V is normal provided T and T™ commute, i.e.,

(2.12.31) TT* = T*T.

Proposition. If V is a finite dimensional complex inner product space and T €
L(V) is normal, then V has an orthonormal basis of eigenvectors of T.

Hint. Write T = A+ iB, A and B self adjoint. Then (2.12.31) = AB = BA.
Apply Exercise 3 of §2.11.
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2.A. The Jordan canonical form

Let V be an n-dimensional complex vector space, and suppose 7' : V. — V. The
following result gives the Jordan canonical form for T

Proposition 2.A.1. There is a basis of V' with respect to which T is represented

as a direct sum of blocks of the form

A1

(2.A.1) Ay
1
Aj

In light of Proposition 2.7.6 on generalized eigenspaces, together with Proposi-
tion 2.8.1 characterizing nilpotent operators and the discussion around (2.8.14), to
prove Proposition 2.A.1 it suffices to establish such a Jordan canonical form for a
nilpotent transformation N : V' — V. (Then A; = 0.) We turn to this task.

Given vy € V, let m be the smallest integer such that N™vy = 0; m < n.
If m = n, then {vg, Nvg,..., N™ 1oy} gives a basis of V putting N in Jordan
canonical form, with one block of the form (2.A.1) (with A\; = 0). In any case, we
call {vg,..., N™ lug} a string. To obtain a Jordan canonical form for N, it will
suffice to find a basis of V' consisting of a family of strings. We will establish that
this can be done by induction on dim V. It is clear for dim V < 1.

So, given a nilpotent N : V — V| we can assume inductively that V, = N(V)
has a basis that is a union of strings:

(2.A.2) {vj, Nvj,...,N%v;}, 1<j<d.

Furthermore, each v; has the form v; = Nw; for some w; € V. Hence we have the
following strings in V:

(2.A.3) {wj,vj:ij7ij,...,N€fvj}, 1<j<d.

Note that the vectors in (2.A.3) are linearly independent. To see this, apply N to
a linear combination and invoke the independence of the vectors in (2.A.2).

Now, pick a set {(1,...,(,} C V which, together with the vectors in (2.A.3)
form a basis of V. Then each N(; can be written N(; = NCJ’» for some C;» in the
linear span of the vectors in (2.A.3), so

(2.A.4) a=0-Ch 2z =0-C

also together with (2.A.3) forms a basis of V, and furthermore z; € N'(N). Hence
the strings

(2.A.5) {wj,vj,...,Nbv;}, 1<j<d, {z1},...,{z}

provide a basis of V, giving IV its Jordan canonical form.

There is some choice in producing bases putting 7" € £(V) in block form. So
we ask, in what sense is the Jordan form canonical? The answer is that the sizes
of the various blocks is independent of the choices made. To show this, again it
suffices to consider the case of a nilpotent N : V' — V. Let 8(k) denote the number
of blocks of size k x k in a Jordan decomposition of N, and let 3 =3, (k) denote
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the total number of blocks. Note that dim N(N) = 3. Also dim N(N?) exceeds
dim NM(N) by 8 — B(1). In fact, generally,

dim N(N) = 8,

dim NV (N?) = dim N (N) + 8 — B(1),
(2.A.6)

dim N(N*) = dim N(N®) + 8 — B(1) — --- — B(k).

These identities specify 3 and then inductively each (k) in terms of dim A(N7), 1 <
j<k+1
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2.B. Schur’s upper triangular representation

Let V be an n-dimensional complex vector space, equipped with an inner product,
and let T € L£(V). The following is an important alternative to Proposition 2.A.1.

Proposition 2.B.1. There is an orthonormal basis of V' with respect to which T
has an upper triangular form.

Note that an upper triangular form with respect to some basis was achieved in
(2.8.15), but there the basis was not guaranteed to be orthonormal. We will obtain
Proposition 2.B.1 as a consequence of

Proposition 2.B.2. There is a sequence of vector spaces V; of dimension j such
that

(2.B.1) V=V,DoV,.1D---DW
and
(2.B.2) T:V; = V.

We show how Proposition 2.B.2 implies Proposition 2.B.1. In fact, given
(2.B.1)-(2.B.2), pick u,, L V;,_1, a unit vector, then pick a unit u,—1 € V,_1
such that u,_1 L V,_o, and so forth, to achieve the conclusion of Proposition
2.B.1.

Meanwhile, Proposition 2.B.2 is a simple inductive consequence of the following
result.

Lemma 2.B.3. Given T € L(V) as above, there is a linear subspace V1, of
dimension n — 1, such that T : V,,_1 — V,_1.

Proof. We apply Proposition 2.6.1 to T to obtain a nonzero v; € V such that
T*v; = Avy, for some A € C. Then the conclusion of Lemma 2.B.3 holds with
Vn—l = (Ul)L. O
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2.C. The fundamental theorem of algebra

The following result is known as the fundamental theorem of algebra. It played a
crucial role in §2.6, to guarantee the existence of eigenvalues of a complex n x n
matrix.

Theorem 2.C.1. If p(z) is a nonconstant polynomial (with complex coefficients),
then p(z) must have a complex Toot.

Proof. We have, for some n > 1, a, # 0,

p(z) =apz"+ - +a1z+ag

2.C.1
( ) =an2" (14 R(2)), |2] = oo,
where

c

|R(z)] < =k for |z| large.

z
This implies
(2.C.2) lim |p(z)| = oc.

|z| =00

Picking R € (0,00) such that
2.C.3 inf 0
(2.C.3) Jnf, () > p(0)],
we deduce that
(2.C.4) it ()| = i [p(o).

Since Dp = {z : |2|] < R} is closed and bounded and p is continuous, there exists
zo € Dp such that

2.C. = inf .
(2.C.5) [p(20)] = inf [p(2)]
(For further discussion of this point, see Appendix 4.B of Chapter 4.) The theorem
hence follows from: ([l

Lemma 2.C.2. Ifp(z) is a nonconstant polynomial and (2.C.5) holds, then p(zy) =
0.

Proof. Suppose to the contrary that

(2.C.6) p(z0) = a # 0.
We can write
(2.C.7) p(20 +¢) = a+q(Q),

where ¢(() is a (nonconstant) polynomial in (, satisfying ¢(0) = 0. Hence, for some
k> 1 and b # 0, we have q(¢) = b¥ + -+ + b, ie.,

(2.C.8) a(¢) = b¢* + Q) (O£, (=0,
so, with ( = ew, we St ={w: |w| =1},
(2.C.9) p(20 + ew) = a + bwFe® + (ew)* r(ew), €\ 0.
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Pick w € S* such that

b
2.C.10 — P
( ) ]

which is possible since a # 0 and b # 0. Then

a
o al’

(2.C.11) p(z0 + ew) = a(l - lg‘ek) + (ew)*r(ew),

with 7({) as in (2.C.8), which contradicts (2.C.5) for € > 0 small enough. Thus
(2.C.6) is impossible. This proves Lemma 2.C.2, hence Theorem 2.C.1. [

Now that we have shown that p(z) in (2.C.1) must have one root, we can show
it has n roots (counting multiplicity).

Proposition 2.C.3. For a polynomial p(z) of degree n, as in (2.C.1), there exist
T1,...,7n € C such that

(2.C.12) p(z) =an(z—11) (2 —Tn).

Proof. We have shown that p(z) has one root; call it ry. Dividing p(z) by z — r1,
we have

(2.C.13) p(z) = (z = r1)p(2) + g,
where p(z) = a,2" "'+ +ag and ¢ is a polynomial of degree < 1, i.e., a constant.
Setting z = r1 in (2.C.13) yields ¢ = 0, i.e.,

(2.C.14) p(2) = (2 —11)D(2).
Since p(z) is a polynomial of degree n — 1, the result (2.C.12) follows by induction
on n. g

REMARK 1. The numbers r;, 1 < j < n, in (2.C.12) are the roots of p(z). If k of
them coincide (say with r¢), we say 7, is a root of multiplicity k. If r, is distinct
from r; for all j # £, we say 7, is a simple root.

REMARK 2. In complex analysis texts, like [4] and [47], one can find proofs of the
fundamental theorem of algebra that use more advanced techniques than the proof
given above, and are shorter.



—
Chapter 3

Linear systems of differential
equations

This chapter connects the linear algebra developed in Chapter 2 with Differential
Equations. We define the matrix exponential in §3.1 and show how it produces the
solution to first order systems of differential equations with constant coefficients.
We show how the use of eigenvectors and generalized eigenvectors helps to compute
matrix exponentials. In §3.2 we look again at connections between exponential and
trigonometric functions, complementing results of Chapter 1, §1.1.

In §3.3 we discuss how to reduce a higher order differential equation to a first
order system, and show how the “companion matrix” of a polynomial arises in
doing this. We show in §3.4 how the matrix exponential allows us to write down
an integral formula (Duhamel’s formula) for the solution to a non-homogeneous
first order system, and illustrate how this in concert with the reduction process
just mentioned, allows us to write down the solution to a non-homogeneous second
order differential equation.

Section 3.5 discusses how to derive first order systems describing the behavior
of simple circuits, consisting of resistors, inductors, and capacitors. Here we treat
a more general class of circuits than done in Chapter 1, §1.13.

Section 3.6 deals with second order systems. While it is the case that second
order n x n systems can always be converted into first order (2n) x (2n) systems,
many such systems have special structure, worthy of separate study. Material on
self adjoint transformations from Chapter 2 plays an important role in this section.

In §3.7 we discuss the Frenet-Serret equations, for a curve in three-dimensional
Euclidean space. These equations involve the curvature and torsion of a curve,
and also a frame field along the curve, called the Frenet frame, which forms an
orthonormal basis of R? at each point on the curve. Regarding these equations as
a system of differential equations, we discuss the problem of finding a curve with
given curvature and torsion. Doing this brings in a number of topics from the

159
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previous sections, and from Chapter 2, such as the use of properties of orthogonal
matrices.

Having introduced equations with variable coefficients in §3.7, we concentrate
on their treatment in subsequent sections. In §3.8 we study the solution operator
S(t,s) to a homogeneous system, show how it extends the notion of matrix expo-
nential, and extend Duhamel’s formula to the variable coefficient setting. In §3.9
we show how the method of variation of parameters, introduced in Chapter 1, ties
in with and becomes a special case of Duhamel’s formula.

Section 3.10 treats power series expansions for a first order linear system with
analytic coefficients, and §3.11 extends the study to equations with regular singular
points. These sections provide a systematic treatment of material touched on in
Chapter 1, §1.15. In these sections we use elementary power series techniques.
Additional insight can be gleaned from the theory of functions of a complex variable.
Readers who have seen some complex variable theory can consult [4], pp. 299-312,
[19], pp. 70-83, or [47], Chapter 7, for material on this.

Appendix 3.A treats logarithms of matrices, a construction inverse to the ma-
trix exponential introduced in §3.1, establishing results that are of use in §§3.8
and 3.11. Building on material from §1.18 of Chapter 1, Appendix 3.B develops
the Laplace transform in the matrix setting, as a tool for solving nonhomogeneous
linear systems. It also draws a connection between this method and Duhamel’s for-
mula. Appendix 3.C provides a brief introduction to the class of complex analytic
functions, whose relevance for power series techniques in ODE was touched on in
§3.10.
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3.1. The matrix exponential

Here we discuss a key concept in matrix analysis, the matrix exponential. Given
A€ M(n,F), F =R or C, we define e by the same power series used in Chapter
1 to define e” for A € R:

1

A k

(3.1.1) e _? A
=1

Note that A can be a real or complex n X n matrix. In either case, recall from §2.10
of Chapter 2 that ||A¥|| < ||A|*. Hence the standard ratio test implies (3.1.1) is
absolutely convergent for each A € M(n,F). Hence

tA _ U 4k
(3.1.2) =3 5A

k=0

is a convergent power series in ¢, for all ¢ € R (indeed for ¢ € C). As for all such
convergent power series, we can differentiate term by term. We have

tA k
et = ;k—k' A
(3.1.3) -
DA
kz::l k—1)! '

We can factor A out on either the left or the right, obtaining

d
(3.1.4) %em = el A = Aeth,
Hence z(t) = e*4zq solves the first-order system

dx
(3.1.5) i Az, x(0) = xo.

This is the unique solution to (3.1.5). To see this, let x(¢) be any solution to (3.1.5),
and consider

(3.1.6) u(t) = e~ “a(t).
Then u(0) = z(0) = 2 and

d
(3.1.7) iu(t) = —e M Ax(t) + e 2/ (1) = 0,
so u(t) = u(0) = . The same argument yields
3.1.8 4 ee ) =0, hence ete 4 =1.
(318 g 7

tA

Hence z(t) = e*“xy, as asserted.

Using a variant of the computation (3.1.7), we show that the matrix exponential
has the following property, which generalizes the identity e*™* = e®e! for real s,t,
established in Chapter 1.

Proposition 3.1.1. Given A € M(n,C), s,t € R,

(3.1.9) elsHA — gsAgtA
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Proof. Using the Leibniz formula for the derivative of a product, plus (3.1.4), we
have

(3.1.10) %(e(SH)Ae*M) = e(sH)A go=tA _ o(sH)A go—tA —
Hence et 4¢~*4 is independent of ¢, so
(3.1.11) elst A=A — o34y g5t eR.

Taking s = 0 yields et“e~*4 = I (as we have already seen in (3.1.8)) or e7t4 =

(e!")~1 so we can multiply both sides of (3.1.11) on the right by e!4 and obtain

(3.1.9). O
Now, generally, for A, B € M(n,TF),

(3.1.12) efel £ eATB,

However, we do have the following.

Proposition 3.1.2. Given A, B € M(n,C),

(3.1.13) AB = BA = M8 = 468,

Proof. We compute
(3.1.14)

d
a (et(AJrB)eftBeftA)
dt
_ et(A+B)(A + B)eftBeftA _ ot(A+B) go—tB —tA _ t(A+B),—tB g, —tA

Now AB = BA = AB* = B* A, hence

(3.1.15) e 'PA= i (_kt!)kB’“A = Ae B,
k=0
50 (3.1.14) vanishes. Hence e!(AtB)e~tBe=t4 i independent of ¢, so
(3.1.16) e ATB)o=tB—tA _ T
the value at ¢t = 0. Multiplying through on the right by 4 and then by e!? gives
(3.1.17) etATE) — (tAptB,
Setting t = 1 gives (3.1.13). O

We now look at examples of matrix exponentials. We start with some compu-
tations via the infinite series (3.1.2). Take

(3.1.18) A= ((1) g) B= (8 (1)) .

Then
(3.1.19) Ak = <(1) 20k> ., B*=B3=...=0,
SO

t
tA e 0 tB __ 1 t
(3.1.20) eth = (0 th) . etB = (0 1) .
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Note that A and B do not commute, and neither do e*4 and e'Z, for general ¢ # 0.
On the other hand, if we take

11
(3.1.21) C = (0 1) =1+ B,
since I and B commute, we have without further effort that
et tet
(3.1.22) elC = etleth = (0 et> .

We turn to constructions of matrix exponentials via use of eigenvalues and
eigenvectors. Suppose v; is an eigenvector of A with eigenvalue Aj,

(3123) AUj = )\jvj'

Then Akvj = )\?vj, and hence

(3.1.24) ey, = EAkvj = E)‘?vj = e,
k=0 """ k=0 "

This enables us to construct e*Av for each v € C" if A € M(n,C) and C" has a basis
of eigenvectors, {v; : 1 < j < n}. In such a case, write v as a linear combination of
the eigenvectors,

(3.1.25) v =cC1v1 + -+ CrUn,

and then

ety = cletAvl + -4 cnetAvn

3.1.26
( ) = cletklvl + -+ cnet’\”vn.

We illustrate this process with some examples.

ExaMPLE 1. Take

(3.1.27) A= ((1’ (1)) .

One has det(A\ — A) = A2 — 1, hence eigenvalues
(3.1.28) Ar=1 A =-1,

with corresponding eigenvectors

1) we () e (1)

Hence

(3.1.30) oy = elvy,  euy = e tos.

To write out €' as a 2 x 2 matrix, note that the first and second columns of this
matrix are given respectively by

(3.1.31) eth ((1)) and €'t (2)
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To compute this, we write (1,0)* and (0,1)" as linear combinations of the eigenvec-
tors. We have

s ()30 ©-30-40)
“6)

(3.1.33) _< G

and similarly

(3.1.34) et (2) - @EZZ ; Z—ZD

Recalling that

(3.1.35) cosht = - +26 . sinht = St
we have

ta _ [cosht sinht
(3.1.36) e = (sinht cosht>'

ExXAMPLE 2. Take

(3.1.37) A= ((1) _22) .

One has det(A] — A) = A\ — 2)\ + 2, hence eigenvalues
(3.1.38) M=1+4 do=1—1

with corresponding eigenvectors

(3.1.39) vy = <1+22) vy = <1_2i).

‘We have
(3.1.40) ety = ety otAy, — (=Dt

‘We can write

(3.1.41)
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to obtain

ga (T _ it g 2 L1 asa —2
(3.1.42) 0 4 141 4 1—14

o _ e (20 +2)e" 4 (2 - 2i)e "
4 —2jet 4 2je~it ’

and

A (0N Z ot T2 L E a2
(3.1.43) 1 2 142 2 1—12

e 2iett — 2je~
2 \(1 —d)eit + (1 4i)e~it)
We can write these in terms of trigonometric functions, using the fundamental Euler
identities
(3.1.44) e’ =cott+isint, e " =cost—isint,
established in §1.1 of Chapter 1. (See §3.2 of this chapter for more on this.) These
yield
it it it _ —it
(3.1.45) cost = %, sint = i,
and an inspection of the formulas above gives

(3.1.46) oA 1 _ ot cost.—sint7 oA 0 _ 72sin't ’
0 sint 1 cost +sint

hence

tA _ ¢ [cost—sint —2sint
(3.1.47) ¢ —e( sint cost +sint /"

As was shown in Chapter 2, §2.6, if A € M(n,C) has n distinct eigenvalues,
then C™ has a basis of eigenvectors. If A has multiple eigenvalues, C™ might or
might not have a basis of eigenvectors, though as shown in §2.7 of Chapter 2, there
will be a basis of generalized eigenvectors. If v is a generalized eienvector of A, say

(3.1.48) (A—=X)"v =0,
then
- tr
(3.1.49) Ay = 3" (A- PYALI
k<m
s0
tA tA tr k
(3.1.50) efv=e Z E(A — A)"w.
k<m

EXAMPLE 3. Consider the 3 x 3 matrix A used in (2.7.28) of Chapter 2:

2 3 3
(3.1.51) A={0 2 3
00 1
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Here 2 is a double eigenvalue and 1 a simple eigenvalue. Calculations done in
Chapter 2, §2.7, yield

1 0 1 6
(3.152) (A—20)|0| =0, (A-2D)|1] =3[0, (A-D)|-3]=0.
0 0 0 1
Hence
1 e2t
. (& - )
(3.1.53) 4o 0
0 0
0 1 tk 0
tA _ 2t k
(3.1.54) A1l = e ZH(A—QI) 1
0 k=0 0
0 3t
(3.1.55) = 1] +(0]],
0 0
and
6 6
(3.1.56) Al =3 =¢ -3
1 1
Note that
0 6 1 0
(3.1.57) Aol = -3] -6 0] +3e4 |1
1 1 0 0

Putting these calculations together yields

e?t 3te?t Get — 62t + 9te?t
(3.1.58) =10 e —3et + 32!
0 0 et

EXAMPLE 4. Consider the 3 x 3 matrix

1 2 0
(3.1.59) A=1[3 1 3
0 -2 1

A computation gives det(\ — A) = (XA — 1)3. Hence for N = A — I we have
Spec(N) = {0}, so we know N is nilpotent (by Proposition 2.8.1 of Chapter 2). In
fact, a calculation gives

0 2 0
(3.1.60) N=(3 0 3|, N>=|l0 0 0], N=o.
0 -2 0
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Hence
2
et = et[l—i-tN—i— %NQ
(3.1.61) 1+3t2 2t 43t
=e! 3t 1 3t
—3t2 =2t 1-—3¢t?

.|
Exercises

1. Use the method of eigenvalues and eigenvectors given in (3.1.23)—(3.1.26) to
compute et for each of the following:

1= ) 4= 7 4= D=0 0)

2. Use the method given in (3.1.48)—(3.1.50) and illustrated in (3.1.51)—(3.1.61) to
compute et for each of the following:

L o 1 2 4 1 0 1
A<O 1>, A=(0 1 3|, A4=[0 2 o
00 1 -1 0 -1

3. Show that
etA+B) — e!4etP, YVt — AB = BA.
Hint. Set X (t) = e!A*B) Y (t) = et4etP. Show that
X =Y = X'(t) = Y'(t) = Be!+B) _ 4 BetB =,
and hence that
X =Y = B =¢"B, Vit

4. Given A € M(n,C), suppose ®(t) is an n X n matrix valued solution to

d
Z0(t) = A().

Show that

d(t) = e B,
where B = ®(0). Deduce that ®(t) is invertible for all ¢ € R if and only if ®(0) is
invertible, and that in such a case

=94 — o (1)d(s) L.

(For a generalization, see (3.8.13).)

5. Let A, B € M(n,C) and assume B is invertible. Show that
(B~'AB)* = B~1A*B,
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and use this to show that
o!BTIAB _ p-ltAp

6. Show that if A is diagonal, i.e.,

ari
A= ,
ann
then
etau
otA —
etann
Exercises 7-10 bear on the identity
(3.1.62) det et = et Tr4,

given A € M(n,C).

7. Show that if (3.1.62) holds for A = A; and if Ay = B~'A4; B, then (3.1.62) holds
for A = As.

8. Show that (3.1.62) holds whenever A is diagonalizable.
Hint. Use Exercises 5-6.

9. Assume A € M (n,C) is upper triangular:
air - Qin
(3.1.63) A=

Qnn
Show that e/ is upper triangular, of the form
e1n(t) -+ en(t)
otA — : e (t) = et
enn(t)

10. Deduce that (3.1.62) holds when A has the form (3.1.63). Then deduce that
(3.1.62) holds for all A € M(n,C).

11. Let A(t) be a smooth function of ¢ with values in M (n,C). Show that

d
(3.1.64) A(0) =0= —e2®| = A(0).
dt t=0

Hint. Take the power series expansion of () in powers of A(t).
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12. Let A(t) be a smooth M (n,C)-valued function of ¢ € I and assume

(3.1.65) A(s)A(t) = A(t)A(s), Vs, tel.
Show that
(3.1.66) %eA(t) = A'(t)er®) = AW A'(1).

Hint. Show that if (3.1.65) holds,
d aw _ & Am)-aw a0

dt* ds —t’
and apply Exercise 11.

13. Here is an alternative approach to Proposition 3.1.2. Assume

(3.1.67) A,B € M(n,C), AB=BA.
Show that

" (m . : m m!
3.1.68 At By = (,)AaBm% <>:
( : ( ) Jz::o J j jl(m — j)!

From here, show that

1
—' (A+B)™

(3.1.69)

X
i i: AJ’Bm*j.
m= 0

Then take n = m — j and show thls is

= Z Z '—n'AJB"

i=0n=0"
(3.1.70) _ > AJ > an
j' — n!
_ eAeB,
S0
(3.1.71) eATB = edeB,

14. As an alternative to the proof of (3.1.4), given in (3.1.3), which depends on
term by term differentiation of power series, verify that, for A € M (n,C),

d a1 Lo gima  ia
& =R e
1
_ tA 1 hA
(3.1.72) = lim —(e" 1)
— etAA

tA
= Ae*”,
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the second identity in (3.1.72) by (3.1.71), the third by the definition (3.1.2), and
the fourth by commutativity.
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3.2. Exponentials and trigonometric functions

In Chapter 1 we have seen how to use complex exponentials to give a self-contained
treatment of basic results on the trigonometric functions cost and sint. Here we
present a variant, using matrix exponentials. We begin by looking at

0 -1
(3.2.1) x(t) =exy, J= (1 0 ) ,
which solves
(3.2.2) 2/ (t) = Jx(t), x(0) =z¢ € R%

We first note that the planar curve x(¢) moves about on a circle centered about the
origin. Indeed,

L) = 5 (a(t) - 2(6) = (6) - 2(0) + (1) (1)
(3:2.3) = Ja(t) - 2(t) + (t) - Ja(t)
-0,
since J* = —J. Thus ||z(t)|| = ||zo|| is constant. Furthermore the velocity v(t) =
2’ (t) has constant magnitude; in fact
(3.2.4) @1 = v(t) - v(t) = Ja(t) - Ja(t) = [l=(®)]],

since JtJ = —J? = 1.

For example,

(3.2.5) CEE;) =< (é>

is a curve, moving on the unit circle #2 + 23 = 1, at unit speed, with initial position
x(0) = (1,0)* and initial velocity v(0) = (0,1)!. Now in trigonometry the functions
cost and sint are defined to be the x; and x5 coordinates of such a parametrization
of the unit circle, so we have

cost) 45 (1
o2 () o 1)
The differential equation (3.2.2) then gives

d
(3.2.7) 7 cost = —sint, pn sint = cost.

e (0N _ s (1) _ ;s (1
e(l—eJO—JeO,

we have a formula for e”((l)), which together with (3.2.6) yields

Using

t —sint .
(3.2.8) el = (Z?I?t C(S)lsnt ) = (cost)I + (sint)J.

Then the identity et/ = es/e!’ yields the following identities, when matrix
multiplication is carried out:

cos(s +t) = (cos s)(cost) — (sin s)(sint),

(3.2.9) sin(s 4+ t) = (cos s)(sint) 4 (sin s)(cost).
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We now show how the treatment of sint and cost presented above is really
quite close to that given in Chapter 1, §1.1. To start, we note that if C is regarded
as a real vector space, with basis e; = 1, ey = 4, and hence identified with R2, via

(3.2.10) z=atiy & (2) ,

then the matrix representation for the linear transformation z — iz is given by J:

(3.2.11) iz=—y+izr, J (f/) = (;y) .

More generally, the linear transformation z — (¢ + is)z has matrix representation

(3.2.12) (; j) .

Taking this into account, we see that the identity (3.2.8) is equivalent to
(3.2.13) e = cost +isint,
which is Euler’s formula, as in (1.1.39) of Chapter 1.

Here is another approach to the evaluation of e*/. We compute the eigenvalues
and eigenvectors of J:

(3214) )\1 = 7;7 )\2 = —i; v = (_11> s Vg = (1) .

Then, using the fact that et/ v;, = et vy, we have

e (1Y _ 1 a1 1 (1
(3.2.15) e (0 =5¢ | +2e i)

Comparison with (3.2.6) gives

1, . : 1 . .
(3.2.16) cost = 5(6” + 6_“’), sint = ?(ezt . e—zt),
1

again leading to (3.2.13).

.|
Exercises

1. Recall Skew(n) and SO(n), defined by (2.11.7) and (2.12.4) of Chapter 2. Show
that

(3.2.17) A € Skew(n) = e € SO(n), VteR.
Note how this generalizes (3.2.3).

2. Given an n X n matrix A, let us set

1, . ) 1 . .
(3218) costA = §(eZtA + B_ZtA), SintA = ?(eztA _ e—ztA).
i
Show that
d . d .
(3.2.19) —costA = —AsintA, —sintA = AcostA.

dt dt
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3. In the context of Exercise 2, show that

2% +1)!

(3.2.20) costA = i ((;;;T (tA)Zk, sintA = i ((_1)k(tA)2k+1.
k=0 ’ k=0

4. Show that
Av = A = (costA)v = (costA)v,
(sintA)v = (sintA)v.
5. Compute costA and sintA in each of the following cases:

a=(0 ) a=(0 ) A= ) A=t Y

6. Suppose A € M(n,C) and

0A> € M(2n,C).

B =
Show that
ot B

0

A

costA —sintA
sintA costA |’
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3.3. First-order systems derived from higher-order equations

There is a standard process to convert an nth order differential equation

d™y dn 1y dy

3.3.1 iy — a2 =0
( ) g T -1 gyt haros +aoy
to a first-order system. Set
(3.3.2) 2o(t) = y(1), 1(t) =y (1), .,z (t) =y (1),
Then x = (xo,...,T,_1)" satisfies

xy = x1
(3.3.3)

Tp_o = Tp—1
Ty = —Qp_1Tp_1 — -+ — Ao,
or equivalently
dx

3.34 —=A
(334) “ -
with

0 1 e 0 0

0 0 e 0 0
(3.3.5) A=| ST :

0 0 e 0 1

—ap —ap --- —ap-2 —0p-1

The matrix A given by (3.3.5) is called the companion matriz of the polynomial
(336) p()\) = )x"—!-an_l)\”*l +"'+a1)\+&0.

Note that a direct search of solutions to (3.3.1) of the form e* leads one to
solve p(A) = 0. Thus the following result is naturally suggested.

Proposition 3.3.1. If p(\) is a polynomial of the form (3.3.6), with companion
matric A, given by (3.3.5), then

(3.3.7) p(A) =det(A — A).
Proof. We look at
A =1 0 0
0 X 0 0
(3.3.8) M—-A=]: : : : :
0 o0 A -1
apg a1 ' Ape2 A+ anp1

and compute its determinant by expanding by minors down the first column. We
see that

(3.3.9) det(A] — A) = X det(M — A) + (—=1)"'aq det B,
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where

(3.3.10) A is the companion matrix of A" '+ a, 1 A" 24+ +aq,
o B is lower triangular, with — 1’s on the diagonal.

By induction on n, we have det(A\] — A) = A"~ ! + a, 1A\""2 4+ - + a;, while
det B = (—1)"~!. Substituting this into (3.3.9) gives (3.3.7). O

Converse construction

We next show that each solution to a first order n xn system of the form (3.3.4)
(for general A € M(n,F)) also satisfies an nth order scalar ODE. Indeed, if (3.3.4)
holds, then

(3.3.11) e® = Az*b-D = ... = Aky,
Now if p(A) is given by (3.3.7), and say
(3.3.12) p(N) = A"+ an A" ag )+ ao,
then, by the Cayley-Hamilton theorem (cf. (2.8.17) of Chapter 2),
(3.3.13) p(A)=A" +ap1 A" '+ +a A+ agl =0.
Hence
™ = A"z

(3.3.14) = —an A" e — - — a1 Az — apz

= —ap_12"V — o — a2’ —agz,

so we have the asserted nth order scalar equation:

(3.3.15) ™+, 12D 4+ a2’ + agr = 0.

REMARK. If the minimal polynomial g(A) of A has degree m, less than n, we can
replace p by ¢ and derive analogues of (3.3.14)—(3.3.15), giving a single differential
equation of degree m for x.

.|
Exercises

1. Using the method (3.3.12)—(3.3.15), convert

dr (1 1
a  \o 2)*

into a second order scalar equation.
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2. Using the method (3.3.2)—(3.3.3), convert
y' =3y +2y=0

into a 2 x 2 first order system.

In Exercises 34, assume that )\; is a root of multiplicity k£ > 2 for the polynomial
p(A) given by (3.3.6).

3. Verify that eM?, te? ... tF~leM?t are solutions to (3.3.1).

4. Deduce that, for each j = 0,...,k — 1, the system (3.3.3) has a solution of the
form

(3.3.16) z(t) = (7 +at! 7t 4 4 B)eM,

(with v depending on 7).

5. For given A € M(n,C), suppose &' = Az has a solution of the form (3.3.16).
Show that A\; must be a root of multiplicity > j + 1 of the minimal polynomial of
A.

Hint. Take into account the remark below (3.3.15).

6. Using Exercises 3-5, show that the minimal polynomial of the companion matrix
A in (3.3.5) must be the characteristic polynomial p(}).
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3.4. Non-homogeneous equations and Duhamel’s formula

In §§3.1-3.3 we have focused on homogeneous equations, z' — Az = 0. Here we
consider the non-homogeneous equation

(3.4.1) % — Az = f(t), x(0)==z0€C".

Here A € M(n,C) and f(t) takes values in C". The key to solving this is to
recognize that the left side of (3.4.1) is equal to

(3.4.2) et %(e’“‘r(t)),

as follows from the product formula for the derivative and the defining property of

et4, given in (3.1.4). Thus (3.4.1) is equivalent to

(3.4.3) %(e_mx(t)) =e M f(t), 2(0) = o,
and integration yields

(3.4.4) e a(t) = o + /075 e A f(s) ds.
Applying e'4 to both sides then gives the solution:

(3.4.5) z(t) = e tay + /Ot (=94 £ (s) ds.

This is called Duhamel’s formula.

ExaMPLE. We combine methods of this section and §3.3 (and also §3.2) to solve
(3.4.6) v +y=f1), y(0)=uyo, y(0)=uy.
As in §3.3, set = (20, 21) = (y,’), to obtain the system
d o 0 ]. i) 0
4.7 — = .
o i ()= (o) () (o
Recognizing the 2 x 2 matrix above as —J, and recalling from §3.2 that

(3.4.7) (50T _ <COS(8 —1) —sin(s —t)) |

sin(s —t)  cos(s —t)

we obtain
(3.4.8) . t .
(o) = (ot sy () o (=) ) () e
and hence
(3.4.9) y(t) = (cost)yo + (sint)y; + /Ot sin(t — s) f(s) ds.

Use of Duhamel’s formula is a good replacement for the method of variation of
parameters, discussed in §1.14 of Chapter 1. See §3.9 of this chapter for more on
this. See also §3.B for connections with the Laplace transform.
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Next, we briefly discuss a variant of the method of undetermined coefficients,
introduced for single second-order equations in §1.10 of Chapter 1. We consider the
following special case, the first-order n x n system

d
(3.4.10) d—f — Az = (cos at)v,
given 0 € R, v € R, and A € M(n,R) (or we could use complex coefficients). We

assume

(3.4.11) io, —io ¢ Spec A,
and look for a solution to (3.4.10) of the form
(3.4.12) xp(t) = (cosat)a + (sinot)b, a,be R™

Substitution into (3.4.10) leads to success with
a=—A(A*+ol) v,
b= —0(A% 4+ ol) .

If (3.4.11) does not hold, (3.4.13) fails, and (3.4.10) might not have a solution of
the form (3.4.12). Of course, (3.4.5) will work; (3.4.10) will have a solution of the
form

(3.4.13)

¢
(3.4.14) z(t) :/ (cos os)elt =4y ds.
0
When (3.4.11) holds and (3.4.12) works, the general solution to (3.4.10) is
(3.4.15) z(t) = e ug + (cosat)a + (sinot)b, ug € R",
ug related to z(0) by
(3.4.16) x(0) = ug + a.

If all the eigenvalues of A have negative real part, e*4uy will decay to 0 as t —
+o0o. Then et?ug is called the transient part of the solution. The other part,
(cosot)A + (sinot)d, is called the steady state solution.

.|
Exercises

1. Given A € M(n,C), set

Verify that E; (t) = AE,_1(t) and that

d —tA k1 —ea

2. Verify that, if A is invertible,

¢
/ she™sAds = —k1 A=(FHD) [Ek(t)e*m —1I].
0
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3. Solve the initial value problem

£ ) (2. 0-(0)
4. Solve the initial value problem

£ D) (). 0 )
5. Solve the initial value problem

£ ) (). o)

6. Produce analogues of (3.4.7)—(3.4.9) for
y' =3y +2y=f(t), y(0)=yo, y'(0)=u.

In Exercises 7-8, take X, Y € M(n,C) and

(3.4.17) Ult,s) = etX+Y) U (t,s) = %U(t,s).

7. Show that U, satisfies
U,
ot

= (X +sY)U, +YU, U 0,s)=0.

8. Use Duhamel’s formula to show that
t
Us(t’ S) = / e(t_T)(X+SY)YeT(X+sY) dT.
0
Deduce that

d
3.4.18 — XY
( ) 7s€

s=

1
=X e Xye X dr.
0 0

9. Assume X (¢) is a smooth function of ¢ € I with values in M (n,C). Show that,
fort e,

1
(3.4.19) iex(t) = eX(t)/ e XD X (1)em XM g,
10. In the context of Exercise 9, assume

tt' el = X)X({t')=X{t")X().

In such a case, simplify (3.4.19), and compare the result with that of Exercise 12
in §3.1.
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3.5. Simple electrical circuits

Here we extend the scope of the treatment of electrical circuits in §1.13 of Chapter
1. Rules worked out by Kirchhoff and others in the 1800s allow one to write down a
system of linear differential equations describing the voltages and currents running
along a variety of electrical circuits, containing resistors, capacitors, and inductors.

There are two types of basic laws. The first type consists of two rules known
as Kirchhoff’s laws:

(A) The sum of the voltage drops around any closed loop is zero.
(B) The sum of the currents at any node is zero.

The second type of law specifies the voltage drop across each circuit element:

(a) Resistor: V =1IR,

(b) Inductor: V= L%,
(¢) Capacitor: V= %

In each case, V is the voltage drop (in volts), I is the current (in amps), R is
the resistance (in ohms), L is the inductance (in henrys), C' is the capacitance (in
farads), and @ is the charge (in coulombs). We refer to §1.13 of Chapter 1 for
basic information about these units. The rule (¢) is supplemented by the following
formula for the current across a capacitor:

dQ
2 I=—"-.
(c2) o
In (b) and (c2), time is measured in seconds.

Rules (A), (B), and (a) give algebraic relations among the various voltages and
currents, while rules (b) and (c)—(c2) give differential equations, namely

dI

(3.5.1) i 14 (Inductor),
d

(3.5.2) C’d—‘t/ =1 (Capacitor).

Note that (3.5.2) results from applying d/dt to (c) and then using (c2). If a circuit
has k capacitors and ¢ inductors, we get an m x m system of first order differential
equations, with m = k + £.

We illustrate the formulation of such differential equations for circuits presented
in Figure 3.5.1 and Figure 3.5.2. In each case, the circuit elements are numbered.
We denote by V; the voltage drop across element j and by I; the current across
element j.
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Figure 3.5.1. RLC circuit

Figure 3.5.1 depicts a classical RLC circuit, such as treated in §1.13 of Chapter
1. Rules (A), (B), and (a) give
Vl +‘/2+V3 :E<t)7
(3.5.3) L =1, =1,
V1 = RIl

Equations (3.5.1)—(3.5.3) yield a system of two ODEs, for I3 and Va:

dly dvs
(3.5.4) L=b=Vs, O =1

We need to express V3 and I in terms of I3, Va2, and E(t), using (3.5.3). In fact,
we have

Vs =E({t)—Vi — Vo =E(t)— RI, — Vo = E(t) — RI; — V3,

(3.5.5) L—1I,
so we get the system
dI
L—2 = —RI; - Vs + E(t),
(3.5.6) di
vy

cC— =1
dt 35
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<> E(t) C - Rs

Ry

Figure 3.5.2. Another circuit

or, in matrix form,

d (Is;\ (—-R/L -1/L\ (I3 1 (E(t)
(3.57) dt (Vé) - ( e o J\w)tzlo )
Note that the characteristic polynomial of the matrix
_(—R/L -1/L
(3.5.8) A= < 1/C 0 )
is
R 1

2 — —_—
(3.5.9) AT+ L)\—i— c’
with roots

R 1 L

5.1 =—— 4+ /R2—4=.

(3.5.10) A 57 T 57 R 4C’

Let us now look at the slightly more complicated circuit depicted in Figure
3.5.2. Again we get a 2 x 2 system of differential equations. Rules (A), (B), and
(a) give

Vi+Vo+Vi=El), Va=Vs,
(3.5.11) L =1+ I3 =14,
Vs = R3l3, Vi= Ruly.
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Equations (3.5.1)—(3.5.2) yield differential equations for I; and Va:

AV dI,
3.5.12 c22 L= — v,
( ) dt » dt !

We need to express Is and V; in terms of V5, I, and E(t), using (3.5.11). In fact,

we have

1 1
L=L-I3=05——=—Vs=1H——V,,
(3.5.13) S A

Vl == E(t) - V2 - V4 - E(t) - V2 - R4I4 - E(t) - V2 - R4I1,

so we get the system

dV- 1
& =R
(3.5.14) T 3
L= = —Vo — Ryl, + E(t),
dt
or, in matrix form,
d (Vs —1/RsC 1/C \ (V. 1/ 0
5.1 — = — )
(8:5.15) dt (Il) ( ~1/L  -ryL)\n ) T \BE
|
Exercises

1. Work out the 3 x 3 system of differential equations describing the behavior of
the circuit depicted in Figure 3.5.3. Assume

E(t) =5 sinl2t volts.

2. Using methods developed in §3.4, solve the 2 x 2 system (3.5.7) when
R=5 ohms, L =4 henrys, C =1 farad,

and
E(t) =5 cos2t volts,

with initial data
I35(0) =0 amps, V5(0) =5 volts.

3. Solve the 2 x 2 system (3.5.15) when
R; =1 ohm, R4y=4ohms, L =4henrys, C =2 farads,

and
E(t) =2 cos2t volts.

4. Use the method of (3.4.10)—(3.4.13) to find the steady state solution to (3.5.7),
when
E(t) = A cosot.
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1 ohm 5 h.
1V VvV VYV 2 OOOO
3 | 41
()E(t) 1f 2 f
AW
1 ohm

Figure 3.5.3. Circuit with two capacitors

Take A, o, R and L fixed and allow C to vary. Show that the amplitude of the
steady state solution is maximal (we say resonance is achieved) when

o=~

27

o
recovering calculations of (1.13.7)—(1.13.13) in Chapter 1.

5. Work out the analogue of Exercise 4 with the system (3.5.7) replaced by (3.5.15).
Is the condition for resonance the same as in Exercise 47

6. Draw an electrical circuit that leads to a 4 x 4 system of differential equations,
and write down said system.
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Figure 3.6.1. Spring system

3.6. Second-order systems

Interacting physical systems often give rise to second-order systems of differen-
tial equations. Consider for example a system of n objects, of mass my,...,my,,
connected to each other and to two walls by n + 1 springs, with spring constants
ki,...,knt1, as in Figure 3.6.1. We assume the masses slide without friction. De-
note by x; the position of the jth mass and by y; the degree to which the jth spring
is stretched. The equations of motion are

(3.6.1) mjx = —kjy; +kjnyj, 1< <n,
and for certain constants a;,

Yyj =z — iy +a;, 2<j<mn,

(3.6.2)
Y1 =21+ a1, Yn+l1 = —Tn + 0nt1-

Substituting (3.6.2) into (3.6.1) yields an n xn system, which we can write in matrix
form as

(3.6.3) Ma" = —Kx +b,
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where x = (z1,...,2,)", b= (—kia1 + keag, ..., —knan + kpi1an11)t,
my
(3.6.4) M= ,
My,
and
k1 + ko —ka
—ka ko +ks3
(3.6.5) K=
kn_1+ kn —kn

*kn kn + kn+1

We assume m; > 0 and k; > 0 for each j. Then clearly M is a positive definite
matrix and K is a real symmetric matrix.

Proposition 3.6.1. If each k; > 0, then K, given by (3.6.5), is positive definite.

Proof. We have

(366) - Kz = Z(k] + ijrl){E? -2 ijxj,lxj.
Jj=1 Jj=2

Now

(367) 2xj_1xj S (13?_1 + l’?,

SO

n n+1
x- Kz > Zk]:rf + Z ij?_l
j=1 j=2

n n
2 2
- Z kjoi — Z kjaj 1
=2 =2

2 kle + kn+11'i.

(3.6.8)

Furthermore note that the inequality in (3.6.7) is strict unless z;_1 = z; so the

inequality in (3.6.8) is strict unless z;,_; = x; for each j € {2,...,n}, ie., unless

r1 = -+ = x,. This proves that = - Kz > 0 whenever z € R™, = # 0. O
To be more precise, we can sharpen (3.6.7) to

(369) 21‘]‘_156]' = l‘?_l + I? — (Ij — Jij_l)z,

and then (3.6.8) is sharpened to

(3.6.10) - Kr = kll‘% + k‘n+1.’L‘i + Z k‘j(xj — $j71)2.

j=2
If we set

(3.6.11) k=min{k; : 1 < j<n+1},
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then (6.10) implies
(3.6.12) x- Kz > H(m%—i—xi—i—Z(mj —:cj,l)2>.
=2

The system (3.6.3) is inhomogeneous, but it is readily converted into the ho-
mogeneous system

(3.6.13) M2 =-Kz, z=x—K b
This in turn can be rewritten
3.6.14 2= —-M1'Kxz.
(
Note that
(3.6.15) L=M'Y?KMYV?—= MK =MY2LM'Y?,
where
)/
(3.6.16) MY? =
1/2
mn

Proposition 3.6.2. The matriz L is positive definite.
Proof. = - Lz = (M~'/?z) - K(M~'/?2) > 0 whenever z # 0. O

According to (3.6.15), M~1K and L are similar, so we have:

Corollary 3.6.3. For M and K of the form (3.6.4)(3.6.5), with m;, k; > 0, the
matriz MK is diagonalizable, and all its eigenvalues are positive.

It follows that R™ has a basis {v1,...,v,} satisfying

(3.6.17) M~'Kvj = Xwv;, A;j>0.

Then the initial value problem

(3.6.18) Mz2"=—-Kz, 2(0)=2z, 2(0)=2z

has the solution

(3619) Z(t) = Z (aj COS )\jt + % sin )\]t) Uj,
j=1

where the coefficients a; and §; are given by

(3.6.20) Z0 = Zajvj, z = Zﬁjvj.
An alternative approach to the system (3.6.14) is to set

(3.6.21) w= M?z,

for which (3.6.14) becomes

(3.6.22) v’ = —Lu,
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with L given by (3.6.15). Then R™ has an orthonormal basis {w; : 1 < j < n},
satisfying

(3.6.23) Lw; = )\?wj, namely w; = M/ %;,
with v; as in (3.6.17). Note that we can set

(3.6.24) L=A% Aw; = \uwyj,

and (3.6.22) becomes

(3.6.25) u” + A%u = 0.

One way to convert (3.6.25) to a first order (2n) x (2n) system is to set
(3.6.26) v=Au, w=1u
Then (3.6.25) becomes

(3.6.27) i(i) = X(Z}) X = (_OA ﬁ) .

It is useful to note that when X is given by (3.6.27), then

tx _ [ costA sintA
(3.6.28) € _(—sintA costA )’

where costA and sintA are given in Exercises 67 in §3.2. One way to see this is
to let ®(¢) denote the right side of (3.6.28) and use (3.2.19) to see that
d

(3.6.29) (1) = XB(1), <1>(0):<é ?)

Then Exercise 4 of §3.1 implies e/ = ®(¢). These calculations imply that the
solution to (3.6.25), with initial data u(0) = ug, w'(0) = u1, is given by

(3.6.30) u(t) = (costA)ug + A7 (sintA)u,.
Compare (3.6.18)—(3.6.20). This works for each invertible A € M (n,C).

We move to the inhomogeneous variant of (3.6.14), which as above we can
transform to the following inhomogeneous variant of (3.6.25):

(3.6.31) u” 4+ A%u = f(t), u(0)=ug, u'(0)=u.
Using the substitution (3.6.26), we get
aom () =x(0)+ () (o) = ()

Duhamel’s formula applies to give

(36.89) (wiy) == () + / ()

Using the formula (3.6.28) for X, we see that the resulting formula for v(t) in
(3.6.33) is equivalent to

(3.6.34) u(t) = (costA)ug + A~ (sintA)uy +/0 A~ lsin(t — 5)A f(s) ds.

This is the analogue of Duhamel’s formula for the solution to (3.6.31).
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We now return to the coupled spring problem and modify (3.6.1)—(3.6.2) to
allow for friction. Thus we replace (3.6.1) by

(3635) mj:c;’ = *kjyj + kj+1yj - de;»,

where y; are as in (3.6.2) and d; > 0 are friction coefficients, Then (3.6.3) is replaced
by

(3.6.36) Mz" = —Kxz — Dz’ +b,
with b as in (3.6.3), M and K as in (3.6.4)—(3.6.5), and

dy
(3.6.37) D= . d; >0,
dy,

As in (3.6.13), we can convert (3.6.36) to the homogeneous system
(3.6.38) M7= -Kz—D2, z=xz—-K'b.
If we set u = M'/?z, as in (3.6.21), then, parallel to (3.6.22)-(3.6.24), we get
(3.6.39) u” + Bu' + A%u =0,
where A2 is as in (3.6.24), with L = M~'/2KM~1/2 as in (3.6.22), and
dy/my
(3.6.40) B=M"'2?DM~'? =
dp /My

The substitution (3.6.26) converts the n x n second order system (3.6.39) to the
(2n) x (2n) first order system

w205 40

We can write (3.6.41) as

d (v v
.6.42 — =(X+Y
(3.6.42) S(0)=eeen(l).
with X as in (3.6.27) and
0 0

(3.6.43) Y = <o _B> .
Note that

0 —AB 0 O
(3.6.44) XY = (0 ) ) . YX = (BA 0> ,

so these matrices do not commute. Thus e/(X+Y) might be difficult to calculate
even when A and B commute. Such commutativity would hold, for example, if
my = ---=m, and d; = --- = d,, in which case B is a scalar multiple of the
identity matrix.
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When the positive, self adjoint operators A and B do commute, we can make
the following direct attack on the system (3.6.39). We know (cf. Exercise 3 in §2.11,
Chapter 2) that R™ has an orthonormal basis {wy,...,wy} for which

(3645) ij = )\jﬂ)j, Bwj = 2ujwj, /\j,‘LLj > 0.

Then we can write a solution to (3.6.39) as

(3.6.46) u(t) = Zuj(t)wj,
where the real-valued coeflicients u;(t) satisfy the equations
(3.6.47) w4 2p5us 4+ Ajuy =0,
with solutions that are linear combinations:
e*ujt<aj cos /A2 — p2t 4 B siny /A2 — u%), Aj > g,
(3.6.48) e Hit (ajev M=t 4 BTV “?_A§t>, Aj < Wy
e oy + Bit),  Aj =1y

These three cases correspond to modes that are said to be underdamped, over-
damped, and critically damped, respectively.

In cases where A and B do not commute, analysis of (3.6.39) is less explicit,
but we can establish the following decay result.

Proposition 3.6.4. If A, B € M(n,C) are positive definite, then all of the eigen-

0 A )
values of Z = (A B) have negative real part.

Proof. Let’s say (v, w)" # 0 and Z (v, w)" = A\(v,w)*. Then

(3.6.49) Aw = v, Av+ Bw = —\w,
and

(3.6.50) (Z(v,w)", (v,w)") = —(Bw,w) + [(Aw,v) — (Av, w)],
while also

(3.6.51) (Z(v,w)*, (v,w)") = Ao + [Jw]]?).

The two terms on the right side of (3.6.50) are real and purely imaginary, respec-
tively, so we obtain

(3.6.52) (Re A)(J|Jv]|? + |w|]?) = —(Bw,w).

If (v,w)t # 0, we deduce that either ReA < 0 or w = 0. If w = 0, then (3.6.49)
gives Av = 0, hence v = 0. Hence w # 0, and Re A < 0, as asserted. a
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.|
Exercises

1. Find the eigenvalues and eigenvectors of
010
1 0 1
010
2. Use the results of Exercise 1 to find the eigenvalues and eigenvectors of K, given

by (3.6.5), in case n = 3 and
ki =ko=ks =ky =k.

3. Find the general solution to
W' + Bu + A%u =0,
in case A? = K, with K as in Exercise 2, and B = I.

4. Find the general solution to

1 O 1 / 1 O _
U +<1 O)u—i—(O 1>u—0.

5. Generalizing the treatment of (3.6.25), consider

(3.6.53) v +Lu=0, LeM(N,C).

Assume CV has a basis of eigenvectors vj, such that Lv; = A?vj, A eC, A\ #0.
Show that the general solution to (3.6.53) has the form

N
(3.6.54) u(t) = (a;e’ + Bje N, ay,B; € C,
j=1

How is this modified if some \; = 07

6. Find the general solution to

and to
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3.7. Curves in R? and the Frenet-Serret equations

Given a curve c(t) = (z(t),y(t), 2(t)) in 3-space, we define its velocity and acceler-
ation by

(3.7.1) v(t) =), a(t)=2"(t) =" (1).

We also define its speed s'(t) and arclength by

(3.7.2) sSt)=v@®)], s(t) :/ §'(r)dr,

to
assuming we start at ¢t = t5. We define the unit tangent vector to the curve as

(3.7.3) T(t) = ”zgt;'

Henceforth we assume the curve is parametrized by arclength.

We define the curvature (s) of the curve and the normal N(s) by

(3.7.4) (s) = H% I % — k(s)N(s).

Note that

(3.7.5) T(s)-T(s)=1=T'(s)-T(s) =0,

so indeed N(s) is orthogonal to T'(s). We then define the binormal B(s) by
(3.7.6) B(s) =T(s) x N(s).

For each s, the vectors T'(s), N(s) and B(s) are mutually orthogonal unit vectors,
known as the Frenet frame for the curve c(s). See Figure 3.7.1 for an illustration.
Rules governing the cross product yield

(3.7.7) T(s) = N(s) x B(s), N(s)=B(s)xT(s).
(For material on the cross product, see the exercises at the end of §2.12 of Chapter
2.)

The torsion of a curve measures the change in the plane generated by 7'(s) and
N(s), or equivalently it measures the rate of change of B(s). Note that, parallel to
(3.7.5),

B(s)-B(s) =1= B'(s) - B(s) = 0.
Also, differentiating (3.7.6) and using (3.7.4), we have
(3.7.8) B'(s) =T'(s) x N(s)+T(s) x N'(s) =T(s) x N'(s) = B'(s)-T(s) = 0.
We deduce that B’(s) is parallel to N(s). We define the torsion by

dB

5= —7(s)N(s).

We complement the formulas (3.7.4) and (3.7.9) for dT'/ds and dB/ds with one
for dN/ds. Since N(s) = B(s) x T(s), we have

(3.7.9)

dN dB dar
(3710) EZEXT—FBXE:TNXT‘FKBXN,
or
dN
(3.7.11) = —k(s)T(s) + 7(s)B(s).

ds
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Figure 3.7.1. Frenet frame at a point on a 3D curve

Together, (3.7.4), (3.7.9) and (3.7.11) are known as the Frenet-Serret formulas.

EXAMPLE. Pick a,b > 0 and consider the helix
(3.7.12) c(t) = (acost,asint, bt).

Then v(t) = (—asint,acost,b) and ||v(t)|| = Va? + b2, so we can pick s = tva? + b?
to parametrize by arc length. We have

1
(3.7.13) T(s) = ——=(—asint,acost,b),
va? + b?
hence
dT 1
(3.7.14) e W(—a cost, —asint,0).
s a

By (3.7.4), this gives

a .
(3.7.15) k(s) = praT N(s) = (—cost, —sint,0).
Hence
1
(3.7.16) B(s) =T(s) x N(s) = ﬁ(bsint, —bcost,a).

a’+b
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Then
dB 1 .
(3717) E = m(b COS t, bSlnt, 0),
so, by (3.7.9),
b

In particular, for the helix (3.7.12), we see that the curvature and torsion are
constant.

Let us collect the Frenet-Serret equations
dr

@ N
ds w

(3.7.19) AN _ +7B
ds
dB
&z _ N
ds T

for a smooth curve c(s) in R?, parametrized by arclength, with unit tangent T'(s),
normal N(s), and binormal B(s), given by

1

K(s)

(3.7.20) N(s) = T'(s), B(s)=T(s)x N(s),

assuming x(s) = ||T'(s)|| > 0.

The basic existence and uniqueness theory, which will be presented in Chapter
4, applies to (3.7.19). If k(s) and 7(s) are given smooth functions on an interval
I = (a,b) and sq € I, then, given Ty, No, By € R3, (7.19) has a unique solution on
s € I satisfying
(3721) T(So) = T(), N(SQ) == N(), B(So) = Bo.
In fact, the case when x(s) and 7(s) are analytic will be subsumed in the material
of §3.10 of this chapter. We now establish the following.

Proposition 3.7.1. Assume k and T are given smooth functions on I, with k > 0
on I. Assume {Ty, No, Bo} is an orthonormal basis of R3, such that By = Ty x Np.
Then there exists a smooth, unit-speed curve c(s), s € I, for which the solution to
(3.7.19) and (3.7.21) is the Frenet frame.

To construct the curve, take T'(s), N(s), and B(s) to solve (3.7.19) and (3.7.21),
pick p € R? and set

(3.7.22) c(s) =p+ /S T (o) do,

S0

so T'(s) = c/(s) is the velocity of this curve. To deduce that {T'(s), N(s), B(s)} is
the Frenet frame for c(s), for all s € I, we need to know:

(3.7.23) {T'(s),N(s),B(s)} orthonormal, with B(s) =T(s) x N(s), Vse&l.
In order to pursue the analysis further, it is convenient to form the 3 x 3

matrix-valued function

(3.7.24) F(s) = (T'(s),N(s), B(s)),
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whose columns consist respectively of T'(s), N(s), and B(s). Then (3.7.23) is
equivalent to

(3.7.25) F(s) € SO3), Vsel,

with SO(3) defined as in (2.12.4) of Chapter 2. The hypothesis on {Ty, Ny, By}
stated in Proposition 3.7.1 is equivalent to Fy = (Tp, No, Bo) € SO(3). Now F(s)
satisfies the differential equation

(3.7.26) F'(s) = F(s)A(s), F(sq) = Fp,

where

(3.7.27) A(s) = | K(s) 0 —7(s)

Note that
dF* . . X

(3.7.28) Frae A(s)"F(s)" = —A(s)F(s)",
since A(s) in (3.7.27) is skew-adjoint. Hence

d . dF . dF*

o F(s)F(s)" = EF(S) + F(s) 7
(3:7.29) = F(s)A(s)F(s)" = F(s) A(s) F(s)"

=0.

Thus, whenever (3.7.26)—(3.7.27) hold,
(3.7.30) FoFy =1 = F(s)F(s)" =1,

and we have (3.7.23).

Let us specialize the system (3.7.19), or equivalently (3.7.26), to the case where
k and T are constant, i.e.,

0 —x O
(3.7.31) F'(s)=F(s)A, A=|x 0 -—7|,
0 7 0

with solution
(3.7.32) F(s) = Fyels=s0)4,

We have already seen in that a helix of the form (3.7.12) has curvature x and torsion
T, with

a b
(3733) R = m, T = m,
and hence
KR T
.7.34 =" b=
(3.7.34) “TlEy k2 + 72

In (3.7.12), s and ¢ are related by ¢ = sv/k? + 72.

We can also see such a helix arise via a direct calculation of €54, which we now
produce. First, a straightforward calculation gives, for A as in (3.7.31),

(3.7.35) det( A — A) = A\(\? + x% + 77),



196 3. Linear systems of differential equations

hence
(3.7.36) Spec(A) = {0, iV k% + 72}
An inspection shows that we can take

1 T 0 1 —K
(3.7.37) vlz\/ﬁ 2 , Uy = (1) , ng\/ﬁ ?_ ,
and then

(3.7.38) Avy =0, Ave=VrKZ2+712v3, Avz=—VkKZ+T209.

In particular, with respect to the basis {ve,vs3} of V' = Span{vs,vs}, Al has the
matrix representation

0 -1
_ 2 2
(3.7.39) B=Vk2+r1 (1 0 )
We see that
(3.7.40) ey = vy,

while, in light of the calculations giving (3.2.8),
ey = (cos s\V/K2 + 72y +(sinsv/ k2 + 72)vs,
ey = —(sin sv/k2 + 72)vg+(cos sv/ k2 + 72)vs.

(3.7.41)

.|
Exercises

1. Consider a curve c(t) in R?, not necessarily parametrized by arclength. Show
that the acceleration a(t) is given by

d%s ds\2
(3.7.42) alt) = 5T+ n(a) N.
Hint. Differentiate v(t) = (ds/dt)T(t) and use the chain rule dT'/dt = (ds/dt)(dT/ds),
plus (3.7.4).

2. Show that
(3.7.43) kB

_vXa
[lvl|*~

Hint. Take the cross product of both sides of (3.7.42) with T', and use (3.7.6).

3. In the setting of Exercises 1-2, show that

(3.7.44) K2 7|v)|® = —a - (v x d).
Deduce from (3.7.43)—(3.7.44) that

(vxa)-a

3.7.45 = —
(8.7.45) "= o xal



FExercises 197

Hint. Proceed from (3.7.43) to

dB d
3 B 3 —
) B+l = 4
and use dB/dt = —7'(ds/dt)N7 as a consequence of (3.7.9). Then dot with a, and

use a - N = k|jv||?, from (3.7.42), to get (3.7.44).

(/<V||UH vxa)=uvxad,

4. Consider the curve c(t) in R? given by
c(t) = (a cost,b sint,t),

where a and b are given positive constants. Compute the curvature, torsion, and
Frenet frame.

Hint. Use (3.7.43) to compute x and B. Then use N = B x T. Use (3.7.45) to
compute 7.

5. Suppose ¢ and ¢ are two curves, both parametrized by arc length over 0 < s < L,
and both having the same curvature x(s) > 0 and the same torsion 7(s). Show
that there exit xo € R® and A € O(3) such that

é(s) = Ac(s) + o, Vse][0,L].

Hint. To begin, show that if their Frenet frames coincide at s = 0, i.e., T(0) =
T(0), N(O) = N(0), B(O) = B(0), then T=T, N=N, B=B.

6. Suppose c is a curve in R? with curvature x > 0. Show that there exists a plane
in which ¢(t) lies for all ¢ if and only if 7 = 0.

Hint. When 7 = 0, the plane should be parallel to the orthogonal complement of
B.
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3.8. Variable coefficient systems

Here we consider a variable coefficient n x n first order system

d
(3.8.1) d—f = A(t)z, =(to) = zo € C™,
and its inhomogeneous analogue. The general theory, which will be presented in
Chapter 4, implies that if A(t) is a continuous function of ¢t € I = (a,b) and ty € I,

then (3.8.1) has a unique solution z(t) for ¢t € I, depending linearly on xg, so
(3.8.2) x(t) = S(t,to)xo, S(t,to) € LIC™).

See §3.10 of this chapter for power series methods of constructing S(t,tq), when
A(t) is analytic. As we have seen,

(3.8.3) A(t) = A= S(t, ty) = elt7t0)A,

However, for variable coefficient equations there is not such a simple formula, and
the matrix entries of S(t, s) can involve a multiplicity of new special functions, such
as Bessel functions, Airy functions, Legendre functions, and many more. We will
not dwell on this here, but we will note how S(t,to) is related to a “complete set”
of solutions to (3.8.1).

Suppose x1(t),...,zn(t) are n solutions to (3.8.1) (but with different initial
conditions). Fix ¢ty € I, and assume

(3.84) x1(to),...,xn(to) are linearly independent in C",

or equivalently these vectors form a basis of C". Given such solutions z;(t), we
form the n x n matrix

(3.8.5) M(t) = (z1(t), ..., zu (1)),

whose jth column is 2;(¢). This matrix function solves
M

(3.8.6) ddT — A6 M(D).

The condition (3.8.4) is equivalent to the statement that M (ty) is invertible. We
claim that if M solves (3.8.6) and M (ty) is invertible then M () is invertible for all
t € I. To see this, we use the fact that the invertibility of M(t) is equivalent to the
non-vanishing of the quantity

(3.8.7) W (t) = det M(t),

called the Wronskian of {x1(t),...,x,(t)}. It is also notable that W(t) solves a
differential equation. In general we have

d
(3.8.8) - det M(t) = (det M(t)) Tr(M(t)""M'(t)).
(See Exercises 1-3 below.) Let I C I be the maximal interval containing Zo on
which M (t) is invertible. Then (3.8.8) holds for ¢t € I. When (3.8.6) holds, we have
Tr(M(t)"'M'(t)) = Tr(M(¢)"LA(t)M(t)) = Tr A(t), so the Wronskian solves the
differential equation
aw

(3.8.9) =

= (Tr A(t)) W(¢).
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Hence
t
(3.8.10) W(t) = W), bits) = [ TrA(r)ar,

This implies I = I and hence gives the asserted invertibility. From here we obtain
the following.

Proposition 3.8.1. If M(t) solves (3.8.6) fort € I and M (ty) is invertible, then

(3.8.11) S(t,to) = M(t)M(to)~', Vtel.
Proof. We have seen that M (t) is invertible for all ¢ € I. If x(¢) solves (3.8.1), set
(3.8.12) y(t) = M(t) " ta(t),
and apply d/dt to x(t) = M(t)y(t), obtaining
dz
o = M @y(t) + M(t)y'(t)
(3:813) = A()M(D)y(1) + M(1)y' (1)
= At)z + M(t)y'(t).
If x(t) solves (3.8.1), this yields
dy
.8.14 — =
(38.14) Wy,
hence y(t) = y(to) for all t € I, i.e.,
(3.8.15) M) ra(t) = M(to) ta(to).
Applying M(t) to both sides gives (3.8.11). O
Note also that, for s,t € I,
(3.8.16) S(t,s) = M(t)M(s)~*
gives S(t, s)xz(s) = z(t) for each solution x(t) to (3.8.1). We also have
(3.8.17) S(t,to) = S(t,5)S(s,t0), S(t,s)=S(s,t)" "

There is a more general version of the Duhamel formula (3.4.5) for the solution
to an inhomogeneous differential equation

(3.8.18) fl—f =A(t)x + f(t), =z(to) = zo.
To solve (3.8.18), set x(t) = M (t)y(t), as in (3.8.12). This time, (3.8.13) yields
M(t)y'(t) = f(t), or

W M) 7). ylt0) = Mlto) a0,

(3.8.19) 2(t) = M(E)M (o)~ ao + M(t) /t M(s)~"Lf(s) ds,

for invertible M(t) as in (3.8.5)—(3.8.6). Equivalently,
¢
(3.8.20) x(t) = S(t,to)xo + [ S(t,s)f(s)ds.

to
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We note that there is a simple formula for the solution operator S(¢, s) to (3.8.1)
in case the following commutativity hypothesis holds:

(3.8.21) AMA[P) = A)A®R), Vit el

We claim that if

(3.8.22) B(t,s) = —/tA(T) dr,

then s

(3.8.23) (3.8.21) = %(eB(t’s)m(t)) =B (2 (1) — At (1)),

from which it follows that

(3.8.24) (3.8.21) = S(t,s) = efs A dT,

(This identity fails in the absence of the hypothesis (3.8.21).)
To establish (3.8.23), we note that (3.8.21) implies

(3.8.25) B(t,s)B(t',s) = B(t',s)B(t,s), Vs, t,t el.

Next,

L Bahs) Bt
(3.8.25) = }lllm h(e e )

—0

— lim leB(t,s) (eB(t-i-h,s)—B(t,s) _ I)
(3.8.26) h—0 h
_ —eB(t’S)A(t)

d
— %6]3(15’5) _ 7€B(t’S)A(t),

from which (3.8.23) follows.

Here is an application of (3.8.24). Let z(s) be a planar curve, on an interval
about s = 0, parametrized by arc-length, with unit tangent T'(s) = 2’(s). Then the
Frenet-Serret equations (3.7.1) simplify to T/ = kN, with N = JT, i.e., to

(3.8.27) T'(s) = k(s)JT(s),

with J asin (3.2.1). Clearly the commutativity hypothesis (3.8.21) holds for A(s) =
k(s)J, so we deduce that

(3.8.28) T(s) = &I T(0), As) = / k() dr.
0
Recall that €'/ is given by (3.2.8), i.e.,

tj _ [cost —sint
(3.8.29) €= (sint cost ) ’
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We return to the general (noncommutative) case, and record the following
estimate on the operator norm of S(¢, s).

Proposition 3.8.2. Assume that fort € I = (a,b),

(3.8.30) Re(A(t)v,v) < K|jv||?, YveC™
Then
(3.8.31) a<s<t<b=|S(ts)|| < el

Proof. If v(t) = S(t, s)v(s), then w(t) = e KE=%)y(t) solves
dw

(3.8.32) == Clw(t), O = Alt) - K.

It suffices to show that ||w(t)|| is monotonically decreasing. Indeed,

L w(n)? = 2 Re(w/ (1), w()

(3.8.33) = 2Re(C(t)w(t), w(t))
S 07

and we have the result. O

We now combine Proposition 3.8.2 and Duhamel’s formula to estimate the
difference between solutions z(t) and y(¢) to

dx

— =At)z, x(tg) =v,
(3.8.34) j’f " 2

d% = B(t)y, y(to) =v.

Let us asume that
Re(A(t)yw, w) < K|w|?,

(3.8.35) )
Re(B(t)w,w) < Kljw|*,

for all w € C™. Now, given (3.8.34), our goal is to estimate z(t) = z(t) — y(t), for

t > tg. We have
dz

(3.8.36) g~ AT =Bty

= A(t)z +[A(t) = B(t)]y,  2(to) =0,

so, with S(t, s) denoting the solution operator to (3.8.1), we have

(3.8.37) z(t) = [ S(t, 9)[A(s) — B(s)]y(s) ds.

to

Proposition 3.8.2 gives
K(s—to)
ys)| <e vl
@838) ly(s)l ol
||S(t,8)|| S eK(t_s), for to S S g t,

so we have the following conclusion.
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Proposition 3.8.3. Assume that x and y solve (3.8.34) and that (3.8.35) holds.
Then

(3.8.39) () = y(t)]| < X0t / |AGs) = B(s)]| ds ) o]l

fort >tg.
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.|
Exercises

Exercises 1-3 lead to a proof of the formula (3.8.8) for the derivative of det M (t).

1. Let A € M(n,C). Show that, as s — 0,
det(I 4+ sA) = (14 sa11) -+ (1 + sap,) + O(s?)
=1+sTrA+O0(s?),
hence J
= det(I + sA)’S:O =Tr A

2. Let B(s) be a smooth matrix valued function of s, with B(0) = I. Use Exercise
1 to show that

d
= det B(s)| _, = Tr B'(0).
Hint. Write B(s) = I + sB’(0) + O(s?).

3. Let C(s) be a smooth matrix valued function, and assume C(0) is invertible.
Use Exercise 2 plus

det C(s) = (det C(0)) det B(s), B(s)=C(0)"'C(s)
to show that

d% det C(s)| _, = (det C(0)) TrC(0)~'C"(0).
Use this to prove (3.8.8).

Hint. Fix t and set C(s) = M(t+ s), so

4 det M (t) = 4 det C(s)|

dt ds 5=0"

4. Show that, if M(¢) is smooth and invertible on an interval I, then
d

%M(t)‘l =-—M@)"*M'(t)M@)"

Then apply d/dt to (3.8.12), to obtain an alternative derivation of Proposition 3.8.1.
Hint. Set U(t) = M(t)~! and differentiate the identity U(t)M(t) = I.

5. Set up and solve the Wronskian equation (3.8.9) in the following cases:
1t t 1 0 1
ao=(1) (1) (o)

Exercises 6-7 generalize (3.8.27)—(3.8.29) from the case of zero torsion (cf. Exercise
6 of §3.7) to the case

(3.8.40) 7(t) = Br(t), B constant.
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6. Assume z(t) is a curve in R?® for which (3.8.40) holds. Show that z(t) =
z(0) + f(f T(s)ds, with

(3841) (T(t)v N(t)v B(t)) = (T(O)7 N(O)’ B(O))ea(t)Ka
where
0 -1 0 ¢
(3.8.42) K=|(1 0 -p5|, oi)= / k() ds.
0 p 0 0

Hint. Use (3.7.26)~(3.7.27) and (3.8.21) = (3.8.22)(3.8.24).

7. Let e1, ez, e3 denote the standard basis of R?, and let
v =(148%)7"2(Ber +es), va=-es, v3=(14p5)""2(e; — Bes).
Show that v1,vs,v3 form an orthonormal basis of R? and, with K as in (3.8.42),
Kvy =0, Kuvy=—(1 +62)1/2113, Kvz =(1 +52)1/2v2.
Deduce that

Koy = vy,
" vy = (cosn)vy — (sinn)vs,
e”Kus = (sinn)vg + (cosn)vs,

where n = (1 + 5%)/20.

8. Given B € M(n,C), write down the solution to

dx
i eBr,  x(0) = zo.
Hint. Use (3.8.24).

Exercises 9-10 deal with a linear equation with periodic coefficients:

(3.8.43) Cflit” = Az, A(t+1) = A(t).

Say A(t) € M(n,C).

9. Assume M (t) solves (3.8.6), with A(t) as in (3.8.43), and M (0) = I. Show that
(3.8.44) M1)=C= M(t+1)=M()C.

10. In the setting of Exercise 9, we know M (t) is invertible for all ¢, so C is
invertible. Results of Appendix 3.A yield X € M (n,C) such that

(3.8.45) e =C.
Show that
(3.8.46) P(t) = M(t)e ' = P(t+1) = P(t).
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The representation
(3.8.47) M(t) = P(t)e'*
is called the Floguet representation of M(t).
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3.9. Variation of parameters and Duhamel’s formula

An inhomogeneous equation

(3.9.1) y" +at)y +b(t)y = f(t)
can be solved via the method of variation of parameters, if one is given a complete
set uy(t), ua(t) of solutions to the homogeneous equation

(3.9.2) uj +a(t)uj + b(t)u; = 0.

The method (derived already in §1.12 of Chapter 1 when a(t) and b(t) are constant)
consists of seeking a solution to (3.9.1) in the form

(3.9.3) y(t) = v1(H)uq (t) + va(t)ua(t),

and finding equations for v;(t) which can be solved and which work to yield a
solution to (3.9.1). We have

(3.9.4) y' = viu) + voud + viug + vhus.

We impose the condition

(3.9.5) viug + vhug = 0.

Then y" = viu)] + vhub + viuf + vauf, and plugging in (3.9.2) gives
(3.9.6) y" = viul + vhub — (au) + buq)vy — (aud + bus)ve,
hence

(3.9.7) Y+ ay’ + by = viu) + vhub.

Thus we have a solution to (3.9.1) in the form (3.9.3) provided v and v} solve

!/ /
viuy + voug = 0,
(3.9.8) , f
viuy + vpuy = f.
This linear system for v}, v has the explicit solution
U2 Uy

(3.9.9) v =gl v= gk
where W (t) is the Wronskian:
(3.9.10) W = ujuh — ugu) = det <Z,1 ZZ) .
Then
w=-| ;;Ez;f(s) ds + C1,
(3.9.11) Jto
(%) (t) = " %Ez; f(S) ds + Cg.
So
(3.9.12) y(t) = Cuq (t) + Coua(t) + /t: [ug(t)ur (s) — i (t)ua(s)] VJ;/((Z)) ds.
Note that

up(t)ur (s) — u ()uz(s) = det (ul(s) u2(5)> |

Uq (t) u2 (t)
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We can connect the formula (3.9.12) with that produced in §3.8 as follows. If
y(t) solves (3.9.1), then z(t) = (y(t),y’(t))! solves the first order system

dx 0
9.1 — = A(t
where
0 1
(3.9.14) A(t) = (—b(t) —a(t)) ,
and a complete set of solutions to the homogeneous version of (3.9.13) is given by
= (W) .
(3.9.15) z;(t) = <u3(t)) , j=12.
Thus we can set
_ () ua(t)
(3.9.16) M(t) = <u’1 () b))’

and as in (3.8.19) we have

(3.9.17) (5,%) — MM (k)" <Z?> + M) /t:M(s)l <f?s)> ds,

solving (3.9.13) with y(to) = yo, ¥'(to) = y1. Note that
(3.9.18) M(s)™ = — (u;f/l(fz) :ﬁ?S)) :

with W(s), the Wronskian, as in (3.9.10). Thus the last term on the right side of

(3.9.17) is equal to
uy(t)  ua(t) /t L (—ua(s)f(s)
3.9.19 d
(3919 (e i) [ Cotorsy) e
and performing this matrix multiplication yields the integrand in (3.9.12). Thus

we see that Duhamel’s formula provides an alternative approach to the method of
variation of parameters.

.|
Exercises

1. Use the method of variation of parameters to solve

(3.9.20) y" +y = tant.

2. Convert (3.9.20) to a 2 x 2 first order system and use Duhamel’s formula to
solve it. Compare the result with your work on Exercise 1. Compare also with
(3.4.6)-(3.4.9).
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3. Do analogues of Exercises 1-2 for each of the following equations.

(a) y” +y= 6t7

(b) " +y =sint,
() ¥y +y=t,
d) ¥ +y=t.

4. Show that the Wronskian, defined by (3.9.10), satisfies the equation
aw
dt
if uy and wus solve (3.9.2). Relate this to (3.8.9).

(3.9.21) = —a(t)W,

5. Show that one solution to

(3.9.22) u +2tu +2u=0
is

(3.9.23) u(t) =e .

Set up and solve the differential equation for W (t) = ujub — usuj. Then solve the
associated first order equation for us, to produce a linearly independent solution
uz to (3.9.22), in terms of an integral.

6. Do Exercise 5 with (3.9.22) replaced by
v +2u +u=0,

one of whose solutions is
up(t) =e "
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3.10. Power series expansions

Here we produce solutions to initial value problems

(3.10.1) CC%” — A+ f(1),  2(0) = o,

in terms of a power series expansion,
o0
(3.10.2) o(t) = o + o1t + 2ot” + - =Y apth,
k=0

under the hypothesis that the n x n matrix-valued function A(t) and vector-valued
function f(t) are given by power series,

(3.10.3) Alt) = iAkt’“, ft) = i fit®,
k=0 k=0

convergent for |t| < Ry. The coefficients z, in (3.10.2) will be obtained recursively,
as follows. Given z(t) of the form (3.10.2), we have

dx [e%e] B o0
(3.10.4) = = Skttt =3k + Dagath,
k=1 k=0
and
A =Y At > agt
=0 l=
(3.10.5) ! ’

= i(i Ak,jxj)tk,

k=0 5=0

so the power series on the left and right sides of (3.10.1) agree if and only if, for
each k > 0,

k
(3.10.6) (k+ Dapgr = Z Ag—jrj + fi.

j=0
In particular, the first three recursions are
z1 = Aoxo + fo,
(3.10.7) 2z9 = Arzo + Aoz1 + f1,
3rs3 = Asxg + A1y + Agxa + fo.
To start the recursion, the initial condition in (3.10.1) specifies zq.
We next address the issue of convergence of the power series thus produced for

x(t). We will establish the following

Proposition 3.10.1. Under the hypotheses given above, the power series (3.10.2)
converges to the solution x(t) to (3.10.1), for |t| < Ro.

Proof. The hypotheses on (3.10.3) imply that for each R < Ry, there exist a,b €
(0, 00) such that

(3.10.8) Ak <aR7*, || fi <ORTF, VEkeZ'.
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We will show that, given r € (0, R), there exists C € (0, c0) such that

(3.10.9) || < Cr7, VjeZt.

Such estimates imply that the power series (3.10.2) converges for |t| < r, for each
r < Ry, hence for |t| < Rp.

We will prove (3.10.9) by induction. The inductive step is to assume it holds
for all 7 < k and to deduce that it holds for j = k + 1. This deduction proceeds as
follows. We have, by (3.10.6), (3.10.8), and (3.10.9) for j < k,

k
(k+ Dllersr | < D 1Akl - sl + [ e
Jj=0 .
(3.10.10) <aC>» RTFrI 4 bR
§=0
—k EL 7Nk —k
=aCr jz_:O(P) +bR™".

Now, given 0 < r < R,

TN e - 1
(3.10.11) ;‘)(R) < ;(R) - T M(R,r) < oo.
Hence
(3.10.12) (k4 Dz || < aCM (R, r)r= + br=",
We place on C' the constraint that
(3.10.13) C >b,
and obtain
(3.10.14) zhea || < %r -Crh
This gives the desired result
(3.10.15) 2k < Crr 1,
as long as
(3.10.16) %r <1
Thus, to finish the argument, we pick K € N such that
(3.10.17) K+1> [aM(R,7)+1]r.

(Recall that we have a, R,r, and M(R,r).) Then we pick C € (0, 00) large enough
that (3.10.9) holds for all j € {0,1,..., K}, i.e., we take (in addition to (3.10.13))

(3.10.18) C > max 77|z
0<j<K

Then for all £ > K, the inductive step yielding (3.10.15) from the validity of (3.10.9)
for all j < k holds, and the inductive proof of (3.10.9) is complete. O



3.10. Power series expansions 211

For notational simplicity, we have discussed power series expansions about t = 0
so far, but the same considerations apply to power series about a more general point
to. Thus we could replace (3.10.1) by

with A(t) and f(t) given by power series

(3.10.20) A(t) =D At —to)*, (1) = filt —to),
k=0 k=0
for |t — to| < Ry, and find z(¢) in the form
(3.10.21) 2(t) = ap(t —to)".
k=0

The recursive formula for the coefficients xy, is again given by (3.10.6), and (3.10.8)—
(3.10.18) apply without further change.

It is worth noting that, in (3.10.20)—(3.10.21),

1 1 1
(3.10.22) Ay = EA(’“) (to):  fr =1 B (ty), xp = W“ﬂ)(to).

These formulas, say for fi, arise as follows. Setting ¢ = ¢; in (3.10.20) gives
fo = f(to). Generally, if the power series for f(t) converges for |t — to| < Ry, so
does the power series

(3.10.23) £t =k fult —to)* ",
k=1
and more generally,
(3.10.24) Ft) = i k(e —1) - (k —n+ 1) fult — to)F,
k=n

and setting ¢t = to in (3.10.24) gives £ (to) = n!f,.

As an aside, we mention that a convenient way to prove (3.10.23) is to define
g(t) to be the power series on the right side of (3.10.23) and show that

(3.10.25) / g(s)ds =Y frlt —to)* = f(t) = f(to)-
to k=1

Compare the proof of Proposition 1.C.4 in Chapter 1.

We next establish the following important fact about functions given by con-
vergent power series.

Proposition 3.10.2. If f(t) is given by a power series as in (3.10.20), convergent
for |t — to| < Ry, then f can also be expanded in a power series in t — t1, for each
t1 € (to — Ro,to + Ro), with radius of convergence Rg — |tg — t1].
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Proof. For notational simplicity, we take to = 0. Thus we assume |t;| < Rg. For
|s| < Ry — |t1], we have

flt1+s) = kat1+8

S

k=0 j=0

(3.10.26)

the second identity by the binomial formula. Call the last double series ;> avjy.
Note that

Zk”%”—ZZHm( Yisplt-

k=0 j3=0
(3.10.27)
:ZIIkaI(ISIJrItlD’“
k=0

< 00,

given |s| + |t1] < Ro. In such a case, we can reverse the order of summation, and
write

oo k oo oo
(3.10.28) D =Y

k=0 j=0 =0 k=j

all series being absolutely convergent. Hence
0o e’} k » )
(3.10.29) f(t1 +s) Z(Z fr (j)t'; ])sJ
=0 k=j

is an absolutely convergent series, as long as |s| < Ry — [t1]. O

A (vector-valued) function f defined on an interval I = (a,b) is said to be an
analytic function on I if and only if for each t; € I, there is an r; > 0 such that
for |t —t1] < 71, f(t) is given by a convergent power series in ¢ — ¢;. Parallel to
(3.10.22), such a power series is necessarily of the form

_ — f(n) (tl) n
(3.10.30) f=>Y" et h)"
n=0
It follows from Proposition 3.10.2 that if f(¢) is given by a convergent power series
int—tg for [t — tg] < Ry, then f is analytic in the interval (¢ — Ro,to + Ro).

The following is a useful fact about analytic functions.

Lemma 3.10.3. If f is analytic on (a,b) and a < a < § < b, then there exists
d > 0 such that, for each ti € [a, (], the power series (3.10.30) converges whenever
‘t — tl‘ < 4.

Proof. By hypothesis, each p € [, (] is the center of an open interval I, on which f
is given by a convergent power series about p. Let (1/2)1, denote the open interval
centered at p whose length is half that of I,. Since [a, 5] is a closed, bounded
interval, results of Appendix 4.B in Chapter 4 (see Proposition 4.B.9) imply that
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there exists a finite set {p1,...,px} C [a, §] such that the intervals (1/2)1,, cover
[a, B]. Take

.
(3.10.31) 6= 1.0 ((Ip,).
Then each t; € [a, (] is contained in some (1/2)1,,, and hence [t; —p;| < (1/4)€(1p,),
S0

(3.10.32) (ti — 6,t1 +8) C I,

Hence the convergence of the power series for f about ¢; on (t1 — d,t1 + 9) follows
from Proposition 3.10.2. O

With these tools in hand, we have the following result.

Proposition 3.10.4. Assume A(t) and f(t) are analytic on an interval (a,b) and
to € (a,b). Then the initial value problem (3.10.19) has a unique solution x(t),
analytic on (a,b).

Proof. Let I C (a,b) be the maximal interval on which the solution z(t) exists
and is analytic, say I = (o, 8). If 8 < b, take ¢ as in Lemma 10.3 for [to, 5]. Take
t1 = B — 6/2. (If necessary, shrink ¢ to arrange that ¢; > t9.) Then A(t) and f(t)

have convergent power series about ¢1, with radius of convergence > ¢, so
(3.10.33) x(t) extends analytically to [t1,¢ + 0), and ¢; + 6 > .

This contradiction proves that § = b, and a similar argument gives a = a, so in
fact I = (a,b). O

To conclude this section, we mention a connection with the study of functions
of a complex variable, which the reader could pursue further, consulting texts on
complex analysis, such as [4], or Chapter 7 of [47]. Here is the general set-up. Let
Q C C be an open set, and f: Q — C. We say f is complez differentiable at zg € §2
provided

(3.10.34) lin o+ w) = f(z0)

w—0 w

exists. Here, w — 0 in C. If this limit exists, we call it
(3.10.35) 1 (20)-

We say f is complex differentiable on €2 if is complex differentiable at each zy € €.

The relevance of this concept to the material of this section is the following.
If f(t) is given by the power series (3.10.20), absolutely convergent for real ¢ €
(to — Ry, to + Ro), then

(3.10.36) F(2) =" frlz—to)"
k=0

is absolutely convergent for z € C satisfying |z — to| < Ry, i.e., on the disk
(31037) DRO(tO) = {Z eC: |Z — t0| < Ro},
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and it is complex differentiable on this disk. Furthermore, f’ is complex differen-
tiable on this disk, etc., including the kth order derivative f*), and

AR
kK
More is true, namely the following converse.

(3.10.38) i

Theorem 3.10.5. Assume f is complex differentiable on the open set Q0 C C. Let
to € Q and assume Dg,(to) C Q. Then f is given by a power series, of the form
(3.10.36), absolutely convergent on Dg,(to).

This is one of the central basic results of complex analysis. A proof can be
found in Chapter 5 of [4], and in Chapter 2 of [47]. In view of Theorem 3.10.5,
complex differentiable functions are also called “complex analytic.”

ExAMPLE. Consider

1
(3.10.39) flz)= o
This is well defined except at +i, where the denominator vanishes, and one can
readily verify that f is complex differentiable on C\{é, —i}. It follows from Theorem
3.10.5 that if tg € C\ {4, —i}, this function is given by a power series expansion
about tg, absolutely convergent on Dg(tg), where

(3.10.40) R = min {|to — i, |to + i|}.

In particular,
(3.10.41) teR= R=\/t3+1

gives the radius of convergence of the power series expansion of 1/(z2 + 1) about
to. This is easy to see directly for ty = 0:

o0

1
(3.10.42) i D (—1)kah
k=0

However, for other ¢ty € R, it is not so easy to see directly that this function has a
power series expansion about ty with radius of convergence given by (3.10.41). The
reader might give this a try.

To interface this example with Proposition 3.10.4, we note that, by this propo-
sition, plus the results just derived on 1/(2% + 1), the equation

51043 CZC:G <t2+_11>1)x+(:tt), a:(O):(_ll)

has a solution that is analytic on (—oo0,00). The power series expansion for the

solution z(t) about ¢y converges for [¢| < 1 if tp = 0 (this is an easy consequence of

Proposition 3.10.4 and (3.10.42)), and for other ¢y € R, it converges for |t — to| <
t2 + 1 (as a consequence of Proposition 3.10.4 and Theorem 3.10.5).

See Appendix 3.C for a further discussion of complex analytic functions.
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.|
Exercises

1. Consider the function g : C\ {0} — C given by

(3.10.44) g(z) = e 1/,

Show that g is complex differentiable on C \ {0}. Use Theorem 3.10.5 to deduce
that h : R — R, given by

h(t) = e YT, t£0,

3.10.45
( ) 0, t=0,

is analytic on R\ {0}. Show that h is not analytic on any interval containing 0.
Compute

h ) (0).
2. Consider the Airy equation
(3.10.46) y' =ty, y(0)=1yo, y'(0) =y,
Introduced in (1.15.9) of Chapter 1. Show that this yields the first order system
dx
(3.10.47) 5 = Ao+ Ait)z, 2(0) = o,
with
(0 1 {0 0 _ (Yo

Note that
(3.10.49) Az = A7 =0,
and

1 0 0 0
(3.10.50) ApA; = (o o) . A Ag = (o 1) .

3. For a system of the form (3.10.47), whose solution has a power series of the form
(3.10.2), the recursion (3.10.6) becomes

(3.10.51) (k4 Dagy1 = Aoxg + A1zg—1,
with the convention that z_; = 0. Assume (3.10.49) holds. Show that

1 1
—(——A4pA4 — A A .
k+3(k+2 0 1+k—|—1 1 0)-Tk

Note that when Ay and A; are given by (3.10.48), this becomes

(3.10.52) Tpas =

1 1
(3.10.53) This = (’“*2 1 )%
k+1

k+3
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Establish directly from (3.10.52) that the series Y z3t* is absolutely convergent for
all t. Hint. Separately tackle the three series

(3.10.54) D @yt j=0,1,2.
=0

Use (3.10.52) and the ratio test to show that each one converges for all ¢.
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3.11. Regular singular points

Here we consider equations of the form

dzr
(3.11.1) tﬁ = A(t)z,

where x takes values in C", and A(t), with values in M (n,C), has a power series
convergent for ¢ in some interval (—Tp, Tp),

(3.11.2) A(t) = Ag + Ayt + Aot + - .

The system (3.11.1) is said to have a regular singular point at ¢ = 0. One source of
such systems is the following class of second order equations:

(3.11.3) t2u” (1) + th(t)u' (t) + c(t)u(t) = 0,

where b(t) and ¢(t) have convergent power series for |[t| < Tp. In such a case, one
can set

(3.11.4) 2(t) = <“(t)>, o(t) = (1),

obtaining (3.11.1) with

(3.11.5) Alt) = (_f(t) . _1b(t)) .

A paradigm example, studied in Section 1.16 of Chapter 1, is the Bessel equation

d®u 1 du v?
1. i 1— 2 \y=
(3.11.6) az i dt+( t?)“ 0
which via (3.11.4) takes the form (3.11.1), with
_ 2 ({0 1 {0 0
(3.11.7) At) = Ag + Agt®, Ag= (1/2 0) , A= (1 O) .

It follows from Proposition 3.10.4 that, given ¢ty € (0,Tp), the equation (3.11.1),
with initial condition z(tg) = xo, has a unique solution analytic on (0,7p). Our
goal here is to analyze the behavior of x(t) as t \, 0.

A starting point for the analysis of (3.11.1) is the case A(t) = Ay, i.e.,

dz

3.11.8 t— = Agzx.

( ) o = Aoz

The change of variable z(s) = x(e®) yields

d
(3.11.9) d—z = Apz(s),
with solution
A1, z(s) = e** v, v =2(0),

3.11.10 sAo 0
hence

(3.11.11) w(t) = ellos oy — Aoy ¢ >0,

the latter identity defining ¢4, for ¢t > 0. Compare results on the “Euler equations”
in Exercises 1-3, §1.15, Chapter 1.
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Note that if v € £(Ap, \), then t4°v = t*v, which either blows up or vanishes
as t \, 0, if Re A < 0 or Re A > 0, respectively, or oscillates rapidly as ¢ \, 0, if A is
purely imaginary but not zero. On the other hand,

(3.11.12) v e N(Ay) = tPv=w.
It is useful to have the following extension of this result to the setting of (3.11.1).

Lemma 3.11.1. If v € N(Ag), then (3.11.1) has a solution given by a convergent
power series on some interval about the origin,

(3.11.13) x(t) =zo + o1t a2’ + -+, ;o =0,

as long as the eigenvalues of Ag satisfy a mild condition, given in (3.11.18) below.

Proof. We produce a recursive formula for the coefficients xj, in (3.11.13), in the
spirit of the calculations of §3.10. We have

d
(3.11.14) £ =3 kaytt,

and

Alt)z = ZAjtj ngte

3>0 £>0
(3.11.15) K
= Aol'o + Z Z Ak,gl'ltk.
k>1£=0

Equating the power series in (3.11.14) and (3.11.15) would be impossible without
our hypothesis that Agxg = 0, but having that, we obtain the recursive formulas,
for k> 1,

k—1
(3.11.16) kg = Aok + Y Ap_pae,
{=0
i.e.,
k—1
(3.11.17) (kI — Ag)awx = > Ap_yay.
{=0

Clearly we can solve uniquely for x; provided
(3.11.18) VkeN=1{1,2,3,...}, k¢ SpecAo.

This is the condition on Spec Ay mentioned in the lemma. As long as this holds,
we can solve for the coefficients z;, for all k € N, obtaining (3.11.13). Estimates on
these coefficients implying that (3.11.13) has a positive radius of convergence are
quite similar to those made in §3.10, and will not be repeated here. O

Our next goal is to extend this analysis to solutions to (3.11.1), for general
A(t), of the form (3.11.2), without such an hypothesis of membership in N (Ag) as
in Lemma 3.11.1. We will seek a matrix-valued power series

(3.11.19) U(t) =1+ Ut + Ust® + - -



3.11. Regular singular points 219

such that under the change of variable
(3.11.20) z(t) = U(t)y(t),
(11.1) becomes

dy

(3.11.21) t— = Aoy,

This will work as long as Ag does not have two eigenvalues that differ by a nonzero
integer, in which case a more elaborate construction will be needed.

To implement (3.11.20) and achieve (3.11.21), we have from (3.11.20) and
(3.11.1) that

d
(3.11.22) AUty =t— =tU(t)— + tU'(t)y,
which gives (3.11.21) provided U (t) satisfies

(3.11.23) t= = AU () — U(H)Ao.

Now (3.11.23) has the same form as (3.11.1), i.e.,
aUu

(3.11.24) t— = AWU1),

where U takes values in M (n,C) and A(t) takes values in L(M (n,C));
AU = A@)U(t) — U(t) Ao

(3.11.25) 2

= (Ao—l—.Aﬂf-i-Azt +~-~)U.

In particular,

(3.11.26) AoU = AgU — U Ay = [Ao, U] = Ca,U,
the last identity defining Cy, € L(M(n,C)). Note that
(3.11.27) U0)=1€eN(Ca,),

so Lemma 3.11.1 applies to (3.11.24), i.e., to (3.11.23). In this setting, the recursion
for Uy, k > 1, analogous to (3.11.16)—(3.11.17), takes the form

k—1
(3.11.28) KUy = [Ao, U + > Ax_;Uj,
=0
ie.,
k—1
(3.11.29) (kI — Ca)Uk = > Ap_;Uj.
=0

Recall Uy = I. The condition for solvability of (3.11.29) for all k € N = {1,2,3,...}
is that no positive integer belong to Spec Cy,. Results of Chapter 2, §2.7 (cf. Ex-
ercise 9) yield the following:

(3.11.30) Spec Ag = {);j} = SpecCy, = {\; — A}
Thus the condition that Spec C4, contain no positive integer is equivalent to the

condition that Ag have no two eigenvalues that differ by a nonzero integer. We
thus have the following result.
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Proposition 3.11.2. Assume Ay has no two eigenvalues that differ by a nonzero
integer. Then there exists Ty > 0 and U(t) as in (3.11.19) with power series
convergent for [t| < Ty, such that the general solution to (3.11.1) fort € (0,Ty) has
the form

(3.11.31) z(t) = U(t)tY v, veC

Let us see how Proposition 3.11.2 applies to the Bessel equation (3.11.6), which
we have recast in the form (3.11.1) with A(t) = Ag + At?, as in (3.11.7). Note
that

0 1
(3.11.32) Ag = (VQ 0) = Spec 4g = {v, —v}.
Thus Spec Ca, = {2v,0,—2v}, and Proposition 3.11.2 applies whenever v is not
an integer or half-integer. Now as shown in §1.16 of Chapter 1, there is not an
obstruction to series expansions consistent with (3.11.31) when v is a half-integer.
This is due to the special structure of (3.11.7), and suggests a more general result,
of the following sort. Suppose only even powers of ¢ appear in the series for A(t):

(3.11.33) At) = Ag + Aot® + Ayt + -
Then we look for U(t), solving (3.11.23), in the form
(3.11.34) Ut)=1+Ust® + Ust* +--- .

In such a case, only even powers of ¢ occur in the power series for (3.11.23), and in
place of (3.11.28)—(3.11.29), one gets the following recursion formulas for Usy, k >
1:

k—1
(3.11.35) 2kUni = [Ao, Uzi] + Y _ A2,
=0
ie.,
k—1
(3.11.36) (2kI = Cay)Usk = Agi_2;Us;.
j=0

This is solvable for Usy, as long as 2k ¢ Spec C4,, and we have the following.

Proposition 3.11.3. Assume A(t) satisfies (3.11.33), and Ag has no two eigenval-
ues that differ by a nonzero even integer. Then there exists To > 0 and U(t) as in

(3.11.34), with power series convergent for |t| < Ty, such that the general solution
to (3.11.1) fort € (0,Ty) has the form (3.11.31).

We return to the Bessel equation (3.11.6) and consider the case v = 0. That
is, we consider (3.11.1) with A(¢) as in (3.11.7), and

(3.11.37) Ao = (8 é) .

Proposition 3.11.3 applies to this case (so does Proposition 3.11.2), and the general
solution to (3.11.6) is the first entry in (3.11.31), where U(t) has the form (3.11.34).
Note that in case (3.11.37), A2 =0, so for t > 0,

1 logt
Ao _ g
(3.11.38) t70 = (0 1 )
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Thus there are two linearly independent solutions to

d*>u  1du
3.11.39 — - =0
( ) a Tra Y
for t > 0, one having the form
(3.11.40) > apt?,
k>0

with coefficients aj, given recursively, and another having the form
(3.11.41) > (bk + i log ),
k>0

again with coefficients by, and ¢, given recursively. The solution of the form (3.11.40)
is as in (1.16.16) of Chapter 1 (with v = 0), while the solution of the form (3.11.41)
can be shown to be consistent with Yy(¢) in (1.16.34)—(1.16.36) of Chapter 1.

Proceeding beyond the purview of Propositions 3.11.2 and 3.11.3, we now treat
the case when Ag satisfies the following conditions. First,

(3.11.42) Spec C'4, contains exactly one positive integer, ¢,
and second
(3.11.43) Ap is diagonalizable,

which implies
(3.11.44) Ca, is diagonalizable;
cf. Chapter 2, §2.7, Exercise 8. Later we discuss weakening these conditions.
As in Proposition 3.11.2, we use a transformation of the form (3.11.20), i.e.,

x(t) = U(t)y(t), with U(¢) as in (3.11.19), but this time our goal is to obtain for y,
not the equation (3.11.21), but rather one of the form

(3.11.45) t% = (Ag + Bit")y,

with the additional property of a special structure on the commutator [Ag, By],
given in (3.11.55) below. To get (3.11.45), we use (3.11.22) to obtain for U(t) the
equation

d
(3.11.46) td—ij = A(t)U(t) — U(t)(Ao + Bet®),
in place of (3.11.23). Taking A(t) as in (3.11.2) and U(t) as in (3.11.19), we have
du
114 — =) b
(3 7) tdt k>1k‘Ukt ,

k—1
(3.11.48) AU () = U(t)Ag = > [Ao, Uslt" + Z(Z Ak—jUj>tk’

k>1 k>1 =0
and hence solving (3.11.46) requires for Uy, k > 1, that
k—1
(3.11.49) KUy = [Ao, U] + > Ax—;U; — T,

=0
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where
T'y =0, k<,
(3.11.50) By, k=¢,
Up_¢Be, k> L.
Equivalently,
k—1
(3.11.51) (kI — Cag)Ux = > _ Ap_;U; — T
j=0

As before, (3.11.51) has a unique solution for each k < ¢, since Cy, — kI is invertible
on M(n,C). For k = ¢, the equation is

-1
(3.11.52) (U = Cay)Ur =Y Ar_;U; — By

§=0
This time Cy4, — ¢1 is not invertible. However, if (3.11.44) holds,
(3.11.53) M(n,C) =N (Ca, —4I) ®R(Ca, —£I).

Consequently, given Eﬁ;é A,—;U; € M(n,C), we can take
(3.11.54) By e N(Ca, — )

so that the right side of (3.11.52) belongs to R(Cy4, — ¢I), and then we can find a
solution Uy. We can uniquely specify Uy by requiring Uy € R(Ca, — ¢I), though
that is of no great consequence. Having such B, and U,, we can proceed to solve
(3.11.51) for each k > ¢. Estimates on the coefficients Uy guaranteeing a positive
radius of convergence for the power series (3.11.19) again follow by techniques
of §3.10. We have reduced the problem of representing the general solution to
(3.11.1) for t € (0,Tp) to that of representing the general solution to (3.11.45),
given that (3.11.54) holds. The following result accomplishes this latter task. Note
that (3.11.54) is equivalent to

(31155) [Ao, Bg] = ng, i.e., AoBg = Bg(Ao + EI)

Lemma 3.11.4. Given Ay, By € M(n,C) satisfying (3.11.55), the general solution
to (3.11.45) ont > 0 is given by

(3.11.56) y(t) = tAotBry, v eCn.

Proof. As mentioned earlier in this section, results of §3.10 imply that for each
v € C", there is a unique solution to (3.11.45) on ¢ > 0 satisfying y(1) = v. It
remains to show that the right side of (3.11.56) satisfies (3.11.45). Indeed, if y(t)
is given by (3.11.56), then, for ¢ > 0,
dy
t— =
dt
Now (3.11.55) implies, for each m € N,
AG'By = A7 By(Ag + 41) = - -
= By(Ap +4I)™,

(3.11.57) AgtotPey + tho BBy,

(3.11.58)
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which in turn implies

(3.11.59) 540 B, = ByesAottl) — peslesho
hence
(3.11.60) tAOBg _ BthtAO,
so (3.11.57) gives
d
(3.11.61) td;‘; — (Ag + Bet")tAotBr,
as desired. 0

The construction involving (3.11.45)—(3.11.55) plus Lemma 3.11.4 yields the
following.

Proposition 3.11.5. Assume Ag € M(n,C) has the property (3.11.42) and is
diagonalizable. Then there exist Ty > 0, U(t) as in (3.11.19), and By € M(n,C),
satisfying (3.11.55), such that the general solution to (3.11.1) on t € (0,Ty) is

(3.11.62) x(t) = Ut)thotBey, v e
The following is an important property of By.
Proposition 3.11.6. In the setting of Proposition 3.11.5, By is nilpotent.

Proof. This follows readily from (3.11.55), which implies that for each A; € Spec Ay,
(31163) By : QS(AO,/\]) —>QE(AO,/\j +f)
([l

REMARK. Note that if BZ"‘H =0, then, for ¢t > 0,
1

(3.11.64) the=3%" 7 (log t)* B,
k=0

Let us apply these results to the Bessel equation (3.11.6) in case v = n is a
positive integer. We are hence looking at (3.11.1) when

(3.11.65) A(t) = Ag + Ast®,  Ag = <7?2 (1)) , Ay = (? 8) :
We have
(3.11.66) Spec Ag = {n,—n}, SpecCy, = {2n,0,—2n}.
Clearly Ay is diagonalizable. The recursion (3.11.51) for U}, takes the form
(3.11.67) (kI — Ca,)Ur = X + Tg,
where
Y =0, k<2,
(3.11.68) Aq, k=2,

AUp—2, k>2,
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and
I'n =0, k < 2n,

(3.11.69) Ban, k = 2n,
Ug_onBaon, k> 2n.

In particular, the critical equation (3.11.52) is

(3.11.70) (2n] — Ca,)Usp = AsUsp_3 + Bay,
and we solve this after picking

(3.11.71) Ban € N(Ca, — 2nl),

such that the right side of (3.11.70) belongs to R(Ca, — 2nI). We have from
Chapter 2, §2.7, Exercise 9, that (since A is diagonalizable)

(3.11.72) N(Ca, —2nI) = Span{vw' : v € E(Ag,n), w € E(AL, —n)}.
For Ap in (3.11.64), v is a multiple of (1,n)" and w! is a multiple of (—n, 1), so

n n

Note that B2, = 0. Consequently the general solution to (3.11.1) in this case takes
the form

(3.11.74) x(t) = U(t)tAotBany,

with

(3.11.75) tB2n = I + (log t) Bay.

Note that

(3.11.76) N(Ban) = Span (i) — £(Ao,n),

SO

(3.11.77) U(t)tAotBan = U(t)tho e U(t)t" !
' ' n o n o n

is a regular solution to (3.11.1). Its first component is, up to a constant multiple,
the solution J,(t) (in case v = n) given in (1.16.16) of Chapter 1. The recursion
gives results similar to (1.16.7)—(1.16.9) of Chapter 1, and U(t) has infinite radius
of convergence. Note also that

(3.11.78) Ao(ln) = —”(1n)’ Ban (1n> = ~2nfn (i)

which in concert with (3.11.75)—(3.11.76) gives

U(t)tAotBam (_1n> = U(t)tAO( 1

- U(t)t‘"( !

—-n

) — 9B, (log H)U (£)t40 (;)
) — 9B, (log H)U ()t <711)

The first component gives a solution to (3.11.6), with v = n, complementary to
Jn(t), for t > 0. Compare the formula for Y,,(t) in (1.16.36) of Chapter 1.

(3.11.79)
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REMARK. When (3.11.1) is a 2 x 2 system, either Proposition 3.11.2 or Proposition
3.11.5 will be applicable. Indeed, if Ag € M(2,C) and its two eigenvalues differ by
a nonzero integer ¢, then Ag is diagonalizable, and

SpecCy, = {¢,0,—(},

o0 (3.11.42) holds.

To extend the scope of Proposition 3.11.5, let us first note that the hypothesis
(3.11.43) that A is diagonalizable was used only to pass to (3.11.53), so we can
replace this hypothesis by

(3.11.80) e NNSpecCy, = M(n,C) =N (Ca, —4I)®R(Ca, — £I).

We now show that we can drop hypothesis (3.11.42). In general, if Spec C4, NN # 0,
we have a finite set

(3.11.81) SpecCyqy NN ={¢; : 1 < j <m};

say {1 < -+ < {,,. In this more general setting, we use a transformation of the
form (3.11.20), i.e., z(t) = U(t)y(t), with U(t) as in (3.11.19), to obtain for y an
equation of the form

d

with commutator properties on [Ag, By,] analogous to (3.11.55) (see (3.11.85) be-
low). In this setting, in place of (3.11.46), we aim for

(3.11.82)

(3.11.83) t— = AMU() = U) (4o + Byt + -+ By, thm).

We continue to have (3.11.47)—(3.11.51), with a natural replacement for Iy, which
the reader can supply. The equation (3.11.51) for k& ¢ {¢1,...,¢,,} is uniquely
solvable for Uj, because kI —Cy, is invertible. For k = ¢;, 1 < j < m, one can pick

(3.11.84) By, € N(Ca, — 4;1),

and solve the appropriate variant of (3.11.52), using (3.11.80). Note that (3.11.84)
is equivalent to

(31185) [Ao, ng} = Engj, ie., A()B[j = ng (AO + éjf)

Proposition 3.11.7. Assume Ay € M(n,C) has the property (3.11.80). For each
l; as in (3.11.81), take By, as indicated above, and set

(3.11.86) B=By +---+B,,.

Then there exist To > 0 and U(t) as in (3.11.19) such that the general solution to
(3.11.1) on t € (0,Tp) is

(3.11.87) z(t) = Ut)t2tBy, v e

Proof. It suffices to show that the general solution to (3.11.82) is
(3.11.88) y(t) = t*tPy, v eCn,
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given that By, satisfy (3.11.85). In turn, it suffices to show that if y(t) is given by
(3.11.88), then (3.11.82) holds. To verify this, write

d
(3.11.89) tdit’ = Agt®tBy + t49(By, + - + By, )tPo.
Now (11.85) yields
(3.11.90) A§By, = By, (Ao + 4;I)F, hence t% By, = By tth,

which together with (3.11.89) yields (3.11.82), as needed. O
Parallel to Proposition 3.11.6, we have the following.

Proposition 3.11.8. In the setting of Proposition 3.11.7, B is nilpotent.

Proof. By (3.11.85), we have, for each \; € Spec Ay,

(3.11.91) B:GE(Aog, \j) —> GE(Ag, A\j + 1) & -+ & GE(Ap, \j + L),

which readily implies nilpotence. (I

.|
Exercises

1. In place of (3.11.3), consider second order equations of the form
(3.11.92) tu’ () + b(t)u'(t) + c(t)u(t) = 0,

where b(t) and ¢(t) have convergent power series in t for [t| < Tp. In such a case,
show that setting

(3.11.93) a(t) = (Z((i)))
yields a system of the form (3.11.1) with

[0 t
(3.11.94) At) = (—c(t) —b(t)) .

Contrast this with what you would get by multiplying (3.11.92) by ¢ and using the
formula (3.11.4) for z(t).

2. Make note of how to extend the study of (3.11.1) to
d
(3.11.95) (t— to)d—f = A(t)z,
when A(t) = 37,50 Ax(t — to)* for |t — to| < Tp. We say tg is a regular singular
point for (3.11.95).

3. The following is known as the hypergeometric equation:
(3.11.96) t(1 =" (t) + [y — (a+ B+ LtJu' (t) — aBu(t) = 0.

Show that t) = 0 and ¢ty = 1 are regular singular points and construct solutions
near these points, given «, [, and 7.
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4. The following is known as the confluent hypergeometric equation:
(3.11.97) tu”"(t) + (v — )u'(t) — au(t) = 0.

Show that tg = 0 is a regular singular point and construct solutions near this point,
given o and .

5. Let B(t) be analytic in ¢ for |¢t| > a. We say that the equation

dy
3.11.98 — =B(t
( ) o = B0y
has a regular singular point at infinity provided that the change of variable
1
(3.11.99) a(t) = y(g)

transforms (3.11.98) to an equation with a regular singular point at t = 0. Specify
for which B(t) this happens.

6. Show that the hypergeometric equation (3.11.96) has a regular singular point at
infinity.

7. What can you say about the behavior as ¢ \ 0 of solutions to (3.11.1) when

2 1 00 0
A(t) = Ao+ Art, Ag = 1 A = 1|2
0 0

8. What can you say about the behavior as ¢ N\ 0 of solutions to (11.1) when

11 00 0
A(t) = Ao + Art, Ag = 1 LA = 12
0 0

9. In the context of Lemma 3.11.4, i.e., with Ay and By satisfying (3.11.55), show
that ‘
B, and > commute.

More generally, in the context of Proposition 3.11.7, with Ay and B satisfying
(3.11.85)—(3.11.86), show that

B and €24 commute.
Deduce that for all t > 0

(3.11.100) tAo2midoy B 2miB _ Aoy B (0 = 2midoo2miB

10. In the setting of Exercise 9, pick E € M (n,C) such that
(3.11.101) e*™E — ¢,

(Cf. Appendix 3.A.) Set

(3.11.102) Q) =ttBt=E t>0.
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Show that there exists m € ZT such that t"Q(¢) is a polynomial in ¢, with coef-
ficients in M (n,C). Deduce that, in the setting of Proposition 3.11.7, the general
solution to (3.11.1) on t € (0,Tp) is

(3.11.103) z(t) = U@)Q(t)tPv, ceCm,

with U(t) as in (3.11.19), F as in (3.11.101), and Q(¢) as in (3.11.102), so that
t"™Q(t) is a polynomial in t.
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3.A. Logarithms of matrices

Given C € M (n,C), we say X € M(n,C) is a logarithm of C' provided

(3.A.1) eX =C.

In this appendix, we aim to prove the following:

Proposition 3.A.1. If C € M(n,C) is invertible, there exists X € M(n,C) satis-
fying (3.A.1).

Let us start with the case n = 1, i.e.,, C € C. In case C is a positive real
number, we can take X = log C, defined as in Chapter 1, §1.1; cf. (1.1.21)—(1.1.27).
More generally, for C' € C\ 0, we can write
(3.A.2) C=1Cle?, X =log|C|+ib.

Note that the logarithm X of C is not uniquely defined. If X € C solves (3.A.1),
so does X + 2mik for each k € Z. As is customary, for C' € C\ 0, we will denote
any such solution by log C.

Let us now take an invertible C' € M (n,C) with n > 1, and look for a logarithm,
i.e., a solution to (3.A.1). Such a logarithm is easy to produce if C' is diagonalizable,
i.e., if for some invertible B € M(n,C),

A1
(3.A.3) B7'CB=D=
An
Then
K1
(3.A.4) Yy = . e =log\y = ¢¥ =D,
fin
and so
(3.A.5) ePYB = BDB! =C.

Similar arguments, in concert with results of Chapter 2, §§2.7-2.8, show that
to prove Proposition 3.A.1 it suffices to construct a logarithm of

(3.A.6) C=XI+N), AeC\0, N"=0.
In turn, if we can solve for Y the equation

(3.A.7) e =I+N,

given N nilpotent, then

(3.A.8) p=log\ = MY = \(I + N),

so it suffices to solve (3.A.7) for Y € M(n,C).

We will produce a solution Y in the form of a power series in N. To prepare
for this, we first strike off on a slight tangent and produce a series solution to

(3.A.9) XM =T4+tA, Ae M(n,C), tA| <1.

Taking a cue from the power series for log(1 + ¢) given in Chapter 1, (1.1.56), we
establish the following.
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Proposition 3.A.2. In case ||tA|| < 1, (3.A.9) is solved by

Z (=)
(3.A.10) pot

2o s
—tA—— A2+ AP ...
2 T3

Proof. If X(¢) is given by (3.A.10), we have

% =A—tA? +12A% — ...
(3.A.11) :A(I—tA+t2A2—~-~)
= A(I +tA)~ L.
Hence
(3.A.12) %e—X“) = e XOA(T +tA),

for |¢| < 1/]|A|); cf. §3.1, Exercise 12. It follows that

(3.A.13) %(e—X“) (I+ tA)) = XO (—A(I AT +tA) + A) =0,

SO

(3.A.14) e XTI +tA) =e X0 =,

which implies (3.A.9). O

The task of solving (3.A.7) and hence completing the proof of Proposition 3.A.1
is accomplished by the following result.

Proposition 3.A.3. If N € M(n,C) is nilpotent, then for allt € R,
(3.A.15) YW =14 tN

is solved by

. (=D
(3.A.16) Y(t) = Tt NF.
1

3
|

>
Il

Proof. If Y(t) is given by (3.A.16), we see that Y'(t) is nilpotent and that e¥ ) is a
polynomial in ¢. Thus both sides of (3.A.15) are polynomials in ¢, and Proposition
3.A.2 implies they are equal for |t| < 1/||N||, so (3.A.15) holds for all ¢t € R. O
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3.B. The matrix Laplace transform

In §1.18 of Chapter 1 we defined the Laplace transform

(3.B.1) Lf(s) = /000 f)e stdt, Res> a,

for a function f : [0,00) — C, integrable on [0, R] for each R < oo, and satisfying
(3.B.2) /OOO If@)lle P dt < 00, VB> a.

Such a transform is also well defined for

(3.B.3) f:]0,00) —V,

when V is a finite-dimensional normed vector space, such as C*, or M(n,C), and
basic results developed in Chapter 1 continue to apply.

Such a Laplace transform provides a tool to treat n x n first-order systems of
differential equations, of the form

(3.B.4) f't)=Aft)+g®), [f(0)=v,
given
(3.B.5) AeM(n,C), veC"”, g:[0,00)—C",

with g piecewise continuous and satisfying
(3.B.6) lg@)|| < Ce®, for t>0.

We seek a solution f : [0,00) — C™ that is piecewise continuous and satisfies a
similar bound. If (3.B.4) holds, f/(t) also has this property, and integration by
parts in (3.B.1) yields

(3B.7) Lf/(s) = sL(s) — £(0),

so applying £ to (3.B.4) yields

(3.B.8) sLf(s)—v=ALf(s)+ Lyg(s),
or

(3.B.9) (sI —A)Lf(s)=v+ Ly(s).
Hence, for Re s sufficiently large,

(3.B.10) Lf(s) = (s —A)" v+ Lg(s)).

In this way, solving (3.B.4) is translated to solving the recognition problem, enun-
ciated in §1.18 of Chapter 1, i.e., finding the function f that satisfies (3.B.10).

The approach to this introduced in §1.18 of Chapter 1 was to build up a col-
lection of known Laplace transforms. Here, building on (1.18.20) of Chapter 1, we
start with the matrix exponential function,

(3.B.11) Ea(t)=¢", Ae M(n,C).
We claim that
(3.B.12) LEA(s)=(sI —A)"', for Res> a,
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provided
(3.B.13) et < ce*t, t>0.
To see this, let L € M(n,C) and note that the identity (d/dt)e 'l = —Le L
implies
T
(3.B.14) L/ e tbdt=1—eTE
0
for each T' < oco. If L satisfies
(3.B.15) le=t| < Ce™®, Vit>0,
for some & > 0, then we can take T'— oo in (3.B.14), and deduce that
(3.B.16) L/ e tdt =1, ie, / e tdt =171
0 0

This applies to L = sI — A as long as (3.B.13) holds and Re s > «, since
(3.B.17) [ A0 = et Res|jet 4],
so we have (3.B.12).
The result (3.B.12) gives
(3.B.18) (sT — A)"tv = L(Ev)(s),
which treats part of the right side of (3.B.10). It remains to identify the inverse
Laplace transform of

(3.B.19) (sI — A)"'Lg(s) = LEA(s)Lg(s).

One approach to this applies the following result, established in Proposition 1.18.2
of Chapter 1, in the scalar case. The extension to the matrix case is straightforward.

Proposition 3.B.1. Let g : [0,00) — C™ and B : [0,00) — M(n,C) be piecewise
continuous and satisfy exponential bounds of the form (3.B.6). Take the convolu-
tion,

t

(3.B.20) Bxg(t) = / B(t —1)g(T)dr.
0

Then, for Res > a,

(3.B.21) L(Bx*g)(s) = LB(s)Lyg(s).
Applying Proposition 3.B.1 to (3.B.19), we have
(3.B.22) (sI — A)" Lg(s) = L(Ea * g)(s),

with
¢
(3.B.23) Eaxg(t) = / e Ag(7) dr.
0

Combining this with (3.B.18) and (3.B.10), we derive for the solution to (3.B.4)
the formula

t
(3.B.24) F(t) = et + / et Ag(7) dr.
0
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This is of course the Duhamel formula (3.4.5), derived in §3.4 by different (and
arguably more elementary) means. One advantage of the derivation in §3.4 is that
it does not require a global bound on the function g, of the form (3.B.6). Indeed,
g can blow up in finite time, 7', and (3.B.24) will still work for ¢ € [0,T). Another
advantage is that the method of §3.4 generalizes to variable coefficient systems, as
seen in §3.9.

On the other hand, having a collection of Laplace transforms and inverse
Laplace transforms can be useful for computing the convolution product. Hence
the connection between the two given by Proposition 3.B.1 is a double-edged tool.
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3.C. Complex analytic functions

As stated in (3.10.34), if @ C Cis open and f : Q@ — C, then f is said to be complex
differentiable at zo € Q, with derivative f’(zp), provided

(3.C.1) i G0t w) = f(z0)

w—0 w

= f'(20)-

One also denotes the limit by df/dz. Other terms used for such functions are
“complex analytic” and “holomorphic.” Here we sketch some results that lead to
lots of examples of holomorphic functions.

First, clearly fi(z) = z is holomorphic, with f{(z) = 1. To go from here, we
have the following:

(3.C.2) f,9 : 2 — holomorphic C = fg holomorphic.,
where fg(z) = f(2)g(2). In fact, one can write

f(z0 +w)g(z0 +w) — f(20)g(20)

(3.C.3) w
zotw)— f(z zo +w) — gz
:f(O ) f( O)Q(Zo+w)+f(20)g(o ) g( 0)7
w w
and take w — 0 to deduce that
d
(3.C.4) 5 9(=) = ['(2)9(z) + f(2)d' (2)-
We can apply this to fa(2) = 22 = 2 - z to get f4(2) = 2z, and, inductively,
(3.C.5) dizz" =nz""', z€C,neN

Next, we claim that 1/z is holomorphic on C\ 0. Indeed, for zy # 0, |w| < |z0],

1(1 1 1

(3.C.6) w\mtw g) T 20(z0 +w)

and taking w — 0 yields

d 1 1
L2 _ 2 sec\o.

22’

3.C.7 =
( ) dz z
Again an inductive application of (3.C.4) yields that 1/2" is holomorphic on C\ 0,
and

n
We turn to the exponential function Exp(z) = €, introduced in Chapter 1. We
claim that this is holomorphic in C, and

d

(3.C.9) ¢ =¢, zE€ C,
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extending from R to C the formula for the derivative established there. To see this,
use the identity e* % = e¢?0¢%, established in Chapter 1, to write

l(ezo-i-w _ ezo) — g% e’ — 1
w w

(3.C.10)

(3.C.11)

yielding (3.C.9).
We can get lots more holomorphic functions by combining the examples above
with the following general result, known as the chain rule for holomorphic functions.

Proposition 3.C.1. Assume Q2,0 C C are open and

(3.C.12) f:9—0, ¢g:0—C
are holomorphic. Then f=go f:Q — C, defined by
(3.C.13) h(z) = g(f(2)),
is holomorphic, and
d
(3.C.14) 90 l(:)=d(FENF2), =€
Proof. We can write the definition (3.C.1) as
(3.C.15) f(z0) = f(z0) + [ (0)w + (20, w), 20 € Q,

where r(zp, w)/w — 0 as w — 0 (we say (29, w) = o(w)). Similarly for g. Then,
for zg € Q,

h(z0 +w) = g(f(20 +w))
(3.C.16) =9(f(20) + f'(20)w + 1)
= 9(f(20)) + ¢ (f(20))(f (20)w + 1) +r1(20, W),

with also 71 (20, w) = o(w). Hence

(3.C.17) h(z0 +w) = h(z0) + ¢'(f(20)) f'(20) + 72(20, W),
with 79(20, w) = o(w), and we have (3.C.14). O
Putting together these results yields such holomorphic functions as
1 2
z/(z°+1 .
(3018) T—'—l, & /( ), z # :l:’l,,

and a host of others, which the reader can play around with.
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Chapter 4

Nonlinear systems of
differential equations

This final chapter brings to bear all the material presented before and pushes on
to the heart of the subject, nonlinear systems of differential equations. Section
4.1 begins with a demonstration of existence and uniqueness (for ¢ close to tg) of
solutions to

(4.0.1) v _ F(t,z), z(to) = zo.

dt
Here x(t) is a path in @ C R™ and F is bounded and continuous on I x © (with
to € I), and satisfies a Lipschitz condition in z. (See (4.1.2) for a definition.) We
study the issue of global existence, including positive results when F(¢,x) is linear
in . Section 4.2 studies the smoothness of the solution to (4.0.1) as a function of
xg, given various additional hypotheses on F', and related issues.

Section 4.3 reveals a geometric flavor to (4.0.1), described in the language of
vector fields and the flows they generate. A wector field on £ C R™ is a map
F : Q — R™. This is a special case of (4.0.1), where F' is independent of ¢. The
path z(t) in Q satisfying (4.0.1) for such F is called the orbit of F' through xg;
denote it ®!(zg). This gives rise to the family of maps ®, called the flow generated
by F. The phase portrait is introduced as a tool to understand the orbits and
flow, from a visual perspective. We pay particular attention to how phase portraits
look near critical points of a vector field F' (which are points where F' vanishes),
including special types known as sources, sinks, saddles, and centers.

Section 4.4 discusses a particular class of vector fields, gradient vector fields,
on a domain 2 C R™. In case n = 2, this relates to the topic of exact equations,
discussed in many texts early on. We have broken with tradition and moved the
discussion of exactness to here, to see it in a broader context.

We move from generalities about nonlinear systems to settings in which they
arise. Section 4.5 introduces a class of differential equations arising from Newton’s

237
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law F' = ma. This resumes the study introduced in §1.5 of Chapter 1. This time we
are studying the interaction of several bodies, each moving in n-dimensional space.
We concentrate on central force problems. We show how a two-body central force
problem (for motion in R™) gives rise to a second order n X n system, in “center of
mass coordinates.” We look at this two-body problem in more detail in §4.6, and
derive Newton’s epoch-making analysis of the planetary motion problem.

In §4.7 we introduce another (though ultimately related) class of problems that
lead to differential equations, namely variational problems. The general setup is to
consider

b
(4.0.2) I(u) = / L(u(t), u' () dt,

for paths u : [a,b] — Q C R", given smooth L on  x R™, and find conditions
under which I has a minimum, or maximum, or more generally a stationary point
u. We produce a differential equation known as the Lagrange equation for wu.
This method has many important ramifications. One of the most important is to
produce differential equations for physical problems, providing an alternative to
the method discussed in §4.5. We illustrate this in §4.7 by obtaining a derivation
of the pendulum equation, alternative to that given in §1.6 of Chapter 1. We
proceed to more sophisticated uses of the variational method. In §4.8 we discuss the
“brachistochrone problem,” tossed about by the early leading lights of calculus, one
of the foundational variational problems. In §4.9 we discuss the double pendulum,
a physical problem that is confounding when one uses the F' = ma approach, and
which well illustrates the “Lagrangian” approach. An alternative to Lagrangian
differential equations is the class of Hamiltonian differential equations. The passage
from Lagrangian to Hamiltonian equations is previewed (in special cases) in §§4.7
and 4.9, and developed further in §4.10.

The majority of the systems studied in this chapter are not amenable to solution
in terms of explicit formulas. In §4.11 we introduce a tool that has revolutionized the
study of these equations, namely numerical approximation. Behind this revolution
is the availability of personal computers. In §4.11 we present several techniques
that allow for accurate approximation of solutions to (4.0.1), the most important
being Runge-Kutta difference schemes.

In §4.12 we return to the study of qualitative features of phase portraits, ini-
tiated in §4.3. We define limit sets of orbits, and establish a result known as the
Poincaré-Bendixson theorem, which provides a condition under which a limit set
for an orbit of a planar vector field can be shown to be a closed curve, called a limit
cycle.

Sections 4.13-4.14 are devoted to some systems of differential equations arising
to model the populations of interacting species. In §4.13 we study “predator-prey”
equations. We study several models. In some, all the orbits are periodic, except
for one critical point. In others, there is a limit cycle, arising via the mechanism
examined in §4.12. In §4.14 we look at other interacting species equations, namely
equations modeling competing species.

One phenomenon behind the Poincaré-Bendixson theorem is that an orbit of
a vector field F' in the plane locally divides the plane into two parts, one to the
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left of the orbit and one to the right. Since another orbit of F' cannot cross it,
this tends to separate the plane into pieces, in each of which the phase portrait
has a fairly simple appearance. In dimension three and higher, this mechanism to
enforce simplicity does not work, and far more complicated scenarios are possible.
This leads to the occurrence of “chaos” for n x n systems of differential equations
when n > 3. We explore some aspects of this in the last section of this chapter,
§4.15.

This chapter ends with a number of appendices, some providing useful back-
ground in calculus, and others taking up further topics in nonlinear systems of
ODE. In Appendix 4.A we give basic information on the derivative of functions
of several variables, reviewing material typically covered in third semester calculus
and setting up notation that is used in the chapter. Appendix 4.B discusses some
basic results about convergence, including the notion of compactness.

In Appendix 4.C we show that if the linearization of a vector field F' at a critical
point behaves like a saddle, so does F'. Appendix 4.D takes a further look at the
behavior of a flow near a critical point of a vector field. It produces a blown up
phase portrait of such a flow, by taking spherical polar coordinates centered at the
critical point.

Appendix 4.E discusses an approximation procedure for computing the periods
of orbits, for a certain family of planar vector fields, with reference to how Einstein’s
correction of Newton’s equations for planetary motion yields a calculation of the
precession of the planet’s perihelion. In Appendix 4.F we show that a spherically
symmetric planet produces the same gravitational field as if all its mass were con-
centrated at its center. In Appendix 4.G we prove the Brouwer fixed-point theorem
(in dimension 2), a use of which arises in §4.15. The proof we give makes use of
material developed in §4.4.

In Appendix 4.H we discuss geodesic equations on surfaces. This discussion
continues results on minima and other critical paths for the energy functional intro-
duced in §4.7, making contact with the length functional here, which is of interest for
the differential geometry of surfaces. Appendix 4.1 deals with rigid body motion in
R™. We set up a Lagrangian and treat this as a variational problem. This approach
leads to a geodesic equation on the rotation group SO(n), endowed with a certain
left-invariant metric. We reduce this to a system of ODE for Z : I — Skew(n), with
a quadratic nonlinearity. We specialize to n = 3 and produce Euler’s equation for
the free motion of a rigid body in R3, and show this is solvable in terms of elliptic
integrals.
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4.1. Existence and uniqueness of solutions

We investigate existence and uniqueness of solutions to a first order nonlinear n x n
system of differential equations,

dx
(4.1.1) i F(t,z), z(to) = zo.
We assume F' is bounded and continuous on I x 2, where I is an open interval
about tg and € is an open subset of R", containing xy. We also assume F' satisfies

a Lipschitz condition in x:
(4.1.2) |F(t,z) — F(t,y)ll < Lijz -y,

forallt € I, z,y € Q, with L € (0,00). Such an estimate holds if € is convex and
F is C! in 2 and satisfies

(4.1.3) Do F(t, x)|| < L,

forallt € I, z € . At this point, the reader might want to review the concept
of the derivative of a function of n variables, by looking in Appendix 4.A. The
implication (4.1.3) = (4.1.2) follows readily from (4.A.9). Our first goal is to prove
the following.

Proposition 4.1.1. Assume F : I x Q — R"™ is bounded and continuous and
satisfies the Lipschitz condition (4.1.2), and let zo € Q. Then there exists Ty > 0
and a unique C1 solution to (4.1.1) for |t — to] < Tp.

The first step in proving this is to rewrite (4.1.1) as an integal equation:

(4.1.4) x(t) = zo —|—/t F(s,z(s)) ds.

The equivalence of (4.1.1) and (4.1.4) follows from the Fundamental Theorem of
Calculus. It suffices to find a continuous solution x to (4.1.4) on [tg — To, to + To],
since then the right side of (4.1.4) will be C? in t.

We will apply a technique known as Picard iteration to construct a solution to
(4.1.4). We set xo(t) = z and then define z,,(¢) inductively by

¢
(4.1.5) Tny1(t) = xo + / F(s,zn(s)) ds.

to
We show that this converges uniformly to a solution to (4.1.4), for |t — to| < Ty, if

Ty is taken small enough. To get this, we quantify some hypotheses made above.
We assume

(4.1.6) Br(xo) ={x e R": ||z —zo|| < R} C Q
and
(4.1.7) |F(s,z)|| <M, Vse€l, x€ Br(xg).

Clearly xo(t) = z( takes values in Bg(xg) for all £. Suppose that xz,(¢) has been
constructed, taking values in Bg(z), and x,1(t) is defined by (4.1.5). We have

t
(4.1.8) [#n41(t) — zol| < / 1E' (s, zn(s))] ds < Mt —to],
to



4.1. Existence and uniqueness of solutions 241

S0 Tpn41(t) also takes values in Br(x) provided |t — to| < Ty and

R
(4.1.9) T <

As long as (4.1.9) holds and [tg — To, to + To] C I, we get an infinite sequence x,,(t)
of functions, related by (4.1.5).

We produce one more constraint on 7, which will guarantee convergence. Note
that, for n > 1,

/t: [F(s,2n(s)) — F(s,2n-1(s))] dsH

(4.1.10) < |E (s, zn(s)) — F(z,xn-1(s))| ds

to

lns1(8) = 2Ol = |

t
<L l2n(s) = zn-1(s) ds,

to
the last inequality by (4.1.2). Hence
4.1.11 it (t) — 2 ()| < LT, (8) =z 1(5)].
( ) e [2n41(t) — 2 (t)] < 0, max [#n(s) = 2n-1(s)]

The additional constraint we impose on Tj is

(67

(4.1.12) To< 7, ac(01)
Noting that

(4.1.13) nax |1 (t) — 2ol < R,

we see that

(4.1.14) Itgt?)g(To |Zns1(t) —zn(8)|| < @"R.

Consequently, the infinite series
(4.1.15) x(t) = zo + Z(wn+1(t) — z, (1))
n=0

is absolutely and uniformly convergent for |t — tg| < Tp, with a continuous sum,
satisfying

1. — < a" 'R,
(4.1.16) It—riﬁ)S(To lz(t) =z, (t)|| <" 'R

It readily follows that
t t
(4.1.17) / F(s,zn(s))ds — / F(s,x(s)) ds,
to to

so (4.1.4) follows from (4.1.5) in the limit n — oo.
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To finish the proof of Proposition 4.1.1, we establish uniqueness. Suppose y(t)
also satisfies (4.1.4) for |t — to| < Tp. Then

ﬂwMM|HLﬁﬂ&amew@ﬂ@H

(4.1.18) < | NF(s,2(5)) = F(s,y(s))| ds

SL[Hﬂﬁ—MMM&

and hence

4.1.19 max _||z(t) —y)|| <ToL max |z(s) —y(s)]-

(4.1.19) o) =yl £ Tk max o) — ()]

Aslong as (4.1.12) holds, ToL < o < 1, 50 (4.1.19) clearly implies maxp,_¢o <7, [[2(t)—
y(t)|| = 0, which gives the asserted uniqueness.

Note that the Lipschitz hypothesis (4.1.2) was needed only for z,y € Br(xo).
Thus we can extend Proposition 4.1.1 to the following setting:
For each closed, bounded K C 2, there exists Lx < oo such that
L2}y Pt ) — eyl < Liclla - yll, Yoy € K, te L.
We can also replace the bound on F' by
For each K as above, there exists My < oo such that
|F(t, )| < Mg, Ve e K, tel.

Results of Appendix 4.B imply that there exists Ry > 0 such that

(4.1.21)

(4.1.22) K = U Bg, (z) is a compact subset of .
reK

It follows that for each z¢ € K, the solution to (4.1.1) exists on the interval

(4.1.23) {teT:|t—to| <min(Rix/Mg,a/Lg)}.

Now that we have local solutions to (4.1.1), it is of interest to investigate when
global solutions exist. Here is an example of breakdown:

d
(4.1.24) d—f =22, 2(0) = 1.
Here I =R, n =1, Q =R, and F(z) = 2? is smooth, satisfying the local bounds
(4.1.21)—(4.1.23). The equation (4.1.24) has the unique solution

1
which blows up as ¢t 1. It is useful to know that “blowing up” is the only way a
solution can fail to exist globally. We have the following result.

Proposition 4.1.2. Let F' be as in Proposition 4.1.1, but with the Lipschitz and
boundedness hypotheses relaxed to (4.1.20)—(4.1.21). Assume [a,b] is contained in
the open interval I and assume x(t) solves (4.1.1) for t € (a,b). Assume there
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exists a closed, bounded set K C § such that x(t) € K for allt € (a,b). Then there
exist a; < a and by > b such that x(t) solves (4.1.1) fort € (ai,b1).

Proof. We deduce from (4.1.23) that there exists 6 > 0 such that for each z; €
K, t1 € [a,b], the solution to

dx

dt
exists on the interval [t; — §,¢; + §]. Now, under the current hypotheses, take
t1 € (b—46/2,b), x1 = x(t1), with x(¢) solving (4.1.1). Then solving (4.1.26)
continues z(t) past ¢ = b. Similarly one can continue z(t) past ¢ = a. O

(4.1.26) =F(t,x), x(t1)=mz

Here is an example of a global existence result that can be deduced from Propo-
sition 4.1.2. Consider the 2 x 2 system for z = (y,v):
dy
(4.1.27) jfj 3
WY
Here we have Q = R?, F(t,z) = F(t,y,v) = (v, —y>). If (4.1.27) holds for ¢ € (a,b),

we have

v,

(4.1.28) d(vz y4) dv s _

i\ T ) T T =0
so each x(t) = (y(t),v(t)) solving (4.1.27) lies in a level curve y*/4 +v2/2 = C,
hence is confined to a closed, bounded subset of R?, yielding global existence of

solutions to (4.1.27).

We can also apply Proposition 4.1.2 to establish global existence of solutions
to linear systems,

dx

dt

given A(t) continuous in ¢ € I (an interval about 0), with values in M(n,C). It
suffices to establish the following.

(4.1.29) = A(t)x, x(0)= o,

Proposition 4.1.3. If |A(t)|]| < K fort € I, then the solution to (4.1.29) satisfies
(4.1.30) lz(@)I] < ez

Proof. It suffices to prove (4.1.30) for t > 0. Then y(t) = e~ K2 (t) satisfies
dy

7 = CMy. y(0) =,
with C(t) = A(t) — K. Hence C(t) satisfies
(4.1.32) Re (C(t)u,u) <0, VueC"

(4.1.31)

Then (4.1.30) is a consequence of the following estimate, of interest in its own
right. ]

Lemma 4.1.4. If y(t) solves (4.1.31) and (4.1.32) holds for C(t), then
(4.1.33) ly@I < llyO)I for ¢ =0.
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Proof. We have

(4.1.34) =2Re (C(t)y(t),y(t))

O

Thanks to Proposition 4.1.3, we have for s,t € I, the solution operator for
(4.1.29),

(4.1.35) S(t,s) € M(n,C), S(t,s)x(s) = x(t),

introduced in §3.8 of Chapter 3. As noted there, we have the Duhamel formula

(4.1.36) x(t) = S(t,10) +/ S(t,s)f(s)ds,
for the solution to
(4.1.37) Z—f =AWz + f(t), x(to) = =o.

If F(t,z) depends explicitly on ¢, we call (4.1.1) a non-autonomous system. If
F does not depend explicitly on ¢, we say (4.1.1) is autonomous. The following
device converts a non-autonomous system to an autonomous one. Take the n x n
system (4.1.1). Then the (n+ 1) x (n + 1) system

d d
(4.1.38) Y — Fy,z), CT?Z

e =1, x(to) = w0, y(to) = to

has the autonomous form

dz
(4139) E = G(Z), Z(to) = (Io,to),
for z = (z,y), with G(2) = (F(y,x),1), and the solution to (4.1.38) is (x(¢),t),
where x(t) solves (4.1.1). Thus for many purposes it suffices to consider autonomous
sytems.

To close this section, we note how a higher order n x n system, such as

dkx

4.14 —

= F(t,l’, s 71‘(]671))7 .T(to) = g, 7x(k71)(t0) = Tk—1,
can be converted to a first order nk x nk system, for

Yo
(4.1.41) y= : , yj(t) eR” 0<j<k-—1.
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The system is

dyo _
at U

4.1.42
( ) dyk—2 _

dt Yk—1,

dyk—1
=F(t e Yk—

dt ( » Y0, s Yk l)a
with initial data
If y(t) solves (4.1.42)—(4.1.43), then z(t) = yo(t) solves (4.1.40), and we have
(4.1.44) 29 () =y;(t), 0<j<k—1.

Note how this construction is parallel to that done in the linear case in Chapter 3,
83.

.|
Exercises

1. Apply the Picard iteration method to
d
d—f =az, z(0)=1,
given a € C. Taking xo(t) = 1, show that

2. Discuss the matrix analogue of Exercise 1.

3. Consider the initial value problem
d
d—f =22, 2(0)=1.

Take x9 = 1 and use the Picard iteration method (4.1.5) to write out
zn(t), n=1,23.

Compare the results with the formula (4.1.25).

4. Given Ay, A; € M(n,C), consider the initial value problem
dz
i (Ao + Art)z, z(0) = xp.

Take x0(t) = xo and use the Picard iteration (4.1.5) to write out

zn(t), n=1,23.
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Compare and contrast the results with calculations from §3.10 of Chapter 3.

5. Let z,(t) be an approximate solution to (4.1.1), and assume that
e(t) — 2a (]l < bult — tol", for 1€ 1.

Let x,,41(t) be defined by (4.1.5), and assume the Lipschitz condition (4.1.2) holds.
Show that

|t —to|" ™, tel.

Lé,
() = 2na (@) < ——

n -+

6. Modify the system (4.1.27) to

dy dv 3
@ _ ., v _
at 0 ar Y

Show that solutions satisfy
d U2 y4
—(—=+Z)<0
dt( 2 + 4) -7
and use this to establish global existence for ¢ > 0.
7. Consider the initial value problem
dx

it
Note that x(t) = 0 is a solution, and

|2, 2(0) = 0.

1
z(t) = Zt2’ t>0,
0, t<0

is another solution, on ¢t € (—oo,00). Why does this not contradict the uniqueness
part of Proposition 4.1.17 Can you produce other solutions to this initial value
problem?

8. Take 8 € (0,00) and consider the initial value problem

E =
Show that this has a solution for all ¢ > 0 if and only if g < 1.

do ? 2(0) = 1.

9. Let F : R® — R" be C! and suppose z(t) solves

d

(4.1.45) £ =F(z), xz(to) = xo,

for t € I, an open interval containing to. Show that, for t € I,
d

(4.1.46) @Hm(t)ﬂ2 =2z(t) - F(x(t)).

Show that, if @ > 0 and x(¢) # 0,

(4.1.47) %le(t)lla = aflz(t)[|* 7?2 (t) - F(a(t))-
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10. In the setting of Exercise 9, suppose F satisfies an estimate
(4.1.48) |F(z)| < COA+ ||lz]))?, Yz eR", C<oo, B<I1.
Show that there exists @ > 0 and K < oo such that, if ||z(¢)|| > 1 for t € I,

d
— C<K 1.
Sle@ll* < K, Vie

Use this to establish that the solution to (4.1.45) exists for all ¢t € R.
Gronwall’s inequality and consequences

Exercises 11-13 below will extend the conclusion of Exercise 10 to the case f =1 in
(4.1.48). Omne approach is via the following result, known as Gronwall’s inequality.

Proposition 4.1.5. Assume

(4.1.49) g€ CYR), ¢ >o0.
Let u and v be real valued, continuous functions on I satisfying
t
ut) <A+ [ glu)ds,
t
(4.1.50) Ot
u(t) > A+/ g(v(s)) ds.
to
Then
(4.1.51) u(t) <w(t), for tel, t>tp.

Proof. Set w(t) = u(t) — v(t). Then

wws/bwm—mmmw

(4.1.52) o
= t M(s)w(s)ds,
where
1
(4.1.53) M(s) = /0 g (tu(s) + (1 — 1)v(s)) dr.
Hence we have
(4.1.54) w(t) < /tM(s)w(s) ds, M(s)>0, MeC(I),

and we claim this implies
(4155) w(t) <0, Vit e I, t>to.

In other words, we claim that w(t) < 0 on [tg, b] whenever [tg,b] C I. To see this,
let ¢; be the largest number in [tg, b] with the property that w < 0 on [tg,t1]. We
claim that t; = b.
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Assume to the contrary that t; < b. Noting that J:: M(s)w(s)ds < 0, we
deduce from (4.1.54) that

(4.1.56) w(t) < tM(s)w(s) ds, Vte|[t1,b].

Hence, with

(4.1.57) K = {nag]c M(s) < oo,
t1,

we have, for a € (t1,0),

(4.1.58) max w(t) < (a —t1)K max w(s).

[tlva] [tlva]

If we pick a € (t1,b) such that (a — t1)K < 1, this implies

(4.1.59) w(t) <0, VteE [t1,al,
contradicting the maximality of ¢;. Hence actually t; = b, and we have the impli-
cation (4.1.54) = (1.53), completing the proof of Proposition 4.1.5. O

11. Assume v > 0 is a C! function on I = (a,b), satisfying

d
(4.1.60) dit) < Cv, w(ty) = vo,
where C € (0,00) and ty € I. Using Proposition 4.1.5, show that
(4.1.61) v(t) < et )y Vi € [to, b).

12. In the setting of Exercise 11, avoid use of Proposition 4.1.5 as follows. Write
(4.1.60) as

(4162) E =Cv— g(t)a ”U(to) =7, g Z Oa
with solution
t
(4.1.63) v(t) = eCltto)yy — / eCt=%)g(s) ds.
to

Deduce (4.1.61) from this.

13. Return to the setting of Exercise 9, and replace the hypothesis (4.1.48) by
(4.1.64) |F(z)|| < C(1+||z|), VzeR™

Show that the solution to (4.1.45) exists for all ¢ € R.
Hint. Take v(t) = 1+ ||z(¢)||* and use (4.1.46). Show that Exercise 11 (or 12)
applies.
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4.2. Dependence of solutions on initial data and other parameters

We study how the solution to a system of differential equations

(4.2.1) Z—f =F(z), z(0)=y

depends on the initial condition y. As shown in §4.1, there is no loss of generality in
considering the autonomous system (4.2.1). We will assume F' : Q — R" is smooth,
2 C R™ open and convex, and denote the solution to (4.2.1) by z = z(t, y). We want
to examine smoothness in y. Let DF(x) denote the n x n matrix valued function
of partial derivatives of F. (See Appendix 4.A for more on this derivative.)

To start, we assume F is of class C*, i.e., DF is continuous on (2, and we want
to show x(¢,y) is differentiable in y. Let us recall what this means. Take y € Q

and pick R > 0 such that Bg(y), defined as in (4.1.6), is contained in 2. We seek
an n X n matrix W (t, y) such that, for wg € R", [Jwo|] < R,

(4.2.2) x(t,y +wo) = z(t,y) + W(t,y)we + r(t, y, wo),
where
(4.2.3) 7(t,y,wo) = o([[wol]),
which means
t
(4.2.4) lim "L8w0)
wo—=0  [[wol|

When this holds, z(¢,y) is differentiable in y, and

(4.2.5) Dyx(t,y) = W(t,y).

In other words,

(4.2.6) 2ty + wo) = a(t,y) + Dya(t,y)wo + of [woll)-

In the course of proving this differentiability, we also want to produce an equa-
tion for W (t,y) = Dyz(t,y). This can be done as follows. Suppose x(t,y) were
differentiable in y. (We do not yet know that it is, but that is okay.) Then F(z(¢,y))
is differentiable in y, so we can apply D, to (4.2.1). Using the chain rule, we get
the following equation,

O~ praww, Wy =1,

called the linearization of (4.2.1). Here, I is the n xn identity matrix. Equivalently,
given wy € R™,

(4.2.8) w(t,y) = W(t,y)wo

(4.2.7)

is expected to solve

d
(4.2.9) di;’ = DF(z)w, w(0) = wp.
Now, we do not yet know that z(t,y) is differentiable, but we do know from results
of §4.1 that (4.2.7) and (4.2.9) are uniquely solvable. It remains to show that, with

such a choice of W (t,y), (4.2.2)—(4.2.3) hold.
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To rephrase the task, set
(4.2.10) x(t) = x(t,y), x1(t) =2x(t,y+wo), =2(t)=z1(t) — x(t),

and let w(t) solve (4.2.9). The task of verifying (4.2.2)—(4.2.3) is equivalent to the
task of verifying

(4.2.11) [12(8) = w(B)[| = o([wol])-

To show this, we will obtain for z(¢) an equation similar to (4.2.9). To begin,
(4.2.10) implies

(4.2.12) % = F(xz1) — F(z), 2(0)=wp.
Now the fundamental theorem of calculus gives
(4.2.13) F(z1) — F(z) = G(x1,z) (21 — 2),
with
1
(4.2.14) G(z1,2) = / DF(rz1 + (1 — 7)z) dr.
0

If Fis C*, then G is continuous. Then (4.2.12)—(4.2.13) yield
dz

(4.2.15) i G(z1,2)z, 2(0) = wo.
Given that
(4.2.16) |DF(u)|| < L, Yue,

which we have by continuity of DF, after possibly shrinking € slightly, we deduce
from Proposition 4.1.3 that

(4.2.17) 120 < el {fuwoll,
that is,
(4.2.18) (. y) — 2(t,y +wo)|| < el |Jw]|.

This establishes that x(t,y) is Lipschitz in y.

To proceed, since G is continuous and G(x,x) = DF(x), we can rewrite (4.2.15)

(4.2.19) % =G(x+z,2)z2=DF(z)z+ R(z,2), 2(0) = wo,
where
(4.2.20) F e CHQ) = |[R(z,2)]| = o(llz]l) = o([[woll)-

Now comparing (4.2.19) with (4.2.9), we have
d

%(2 —w) =DF(z)(z —w)+ R(z,2), (z—w)(0)=0.
Then Duhamel’s formula gives

(4.2.22) z2(t) —w(t) = /0 S(t, s)R(xz(s), z(s)) ds,

(4.2.21)
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where S(t, s) is the solution operator for d/dt — B(t), with B(t) = DF(x(t)), which
as in (4.2.17), satisfies

(4.2.23) 1S(t,s)| < elt=sIE,
We hence have (4.2.11), i.e.,
(4.2.24) l[2(2) = w(t)|| = o([[wol])-

This is precisely what is required to show that z(t,y) is differentiable with respect
to y, with derivative W = D,z (¢,y) satisfying (4.2.7). Hence we have:

Proposition 4.2.1. If F' € C1(Q) and if solutions to (4.2.1) exist fort € (—Ty, T}),
then, for each sucht, z(t,y) is C* iny, with derivative Dyx(t,y) satisfying (4.2.7).

We have shown that z(¢,y) is both Lipschitz and differentiable in y. The
continuity of W(t,y) in y follows easily by comparing the differential equations of
the form (4.2.7) for W(t,y) and W (t,y + wp), in the spirit of the analysis of z(t)
done above.

If F possesses further smoothness, we can establish higher differentiability of
z(t,y) in y by the following trick. Couple (4.2.1) and (4.2.7), to get a system of
differential equations for (x, W):

C(lil = F(:L‘),
(4.2.25) dVIﬁ

—— = DF(x)W,

dt ()W,
with initial conditions
(4.2.26) z(0)=y, W(O0)=1.

We can reiterate the preceding argument, getting results on D, (z, W), hence on
DZx(t,y), and continue, proving:

Proposition 4.2.2. If ' € C¥(Q), then x(t,y) is C* in y.

Similarly, we can consider dependence of the solution to

(4.2.27) cc% =F(r,z), z(0)=y

on a parameter 7, assuming F' smooth jointly in (7, ). This result can be deduced
from the previous one by the following trick. Consider the system

dz
(4.2.28) i F(z,x), i 0, z(0)=y, 2(0)=r.

Then we get smoothness of z(¢, 7, y) jointly in (7,y). As a special case, let F'(1,z) =
TF(x). In this case z(to,7,y) = x(7to,y), S0 we can improve the conclusion in
Proposition 4.2.2 to the following:

(4.2.29) FeChQ) = 2 e CF jointly in (t,y).



252 4. Nonlinear systems of differential equations

.|
Exercises

1. Suppose T € R in (4.2.27). Show that £ = dx /0T satisfies

d 0

2. Consider the family of differential equations for z,(¢),
d
d—f =z +712%, z(0)=1.
Write down the differential equations satisfied by & = dx/d7 and by n = 022/072.

3. Let x = z,(t), y = y-(t) solve
(4.2.30) cclTntc = —y+7(2* +9?), % =z, z(0)=1, y(0)=0.
Knowing smooth dependence on 7, find differential equations for the coefficients
X,(t),Y;(t) in power series expansions

z(t) = Xo(t) + 7X1(t) + T2 Xo(t) + -+,
yr(t) = Yo(t) + 7Y1(t) + 72Ya(t) +-- - .

Note that Xo(t) = cost, Yy(t) = sint.

(4.2.31)

4. Using the substitution £(t) = —z(—t), n(t) = y(—t), show that, for 7 sufficiently
small, solutions to (4.2.30) are periodic in t.

5. Let p(7) denote the period of the solution to (4.2.30). Using (4.2.31), show that
p(7) is smooth in 7 for |7| small. Note that p(0) = 2r. Compute p’(0). Compare
results in Appendix 4.E.

6. Suppose y in (4.2.1) is a critical point of F, i.e., F(y) = 0. Show that (4.2.7)

becomes W
- = LW, W(0)=1, where L= DF(y),

hence
F(y) =0= Dyx(t,y) = etl.
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4.3. Vector fields, orbits, and flows

Let © C R™ be an open set. A vector field on € is simply a map
(4.3.1) F:Q—R",

such as encountered in (4.2.1). We say F is a C* vector field if F' is a C* map. A
C* vector field is said to be smooth. By convention, if we simply call ' a vector

field, we mean it is a smooth vector field. In this section we always assume F’ is at
least C*.

One can also look at time-dependent vector fields (cf. (4.1.1)), but in this section
we restrict attention to the autonomous case.

The solution to (4.2.1), i.e., to
d

(4.3.2) = =F@), 2(0)=y,
will be denoted
(4.3.3) z(t) = L (y).
Results of §§4.1-4.2 imply that for each closed bounded K C 2 there exists an
interval I = (—Tp,T1) about 0 such that, for each t € I,
(4.3.4) I K —Q,

and this is a C* map if F is a C* vector field. The family of maps ®% from K to
Q is called the flow generated by F. We have

(4.3.5) r(y) =v,
i.e., ®% is the identity map. We also have
(4.3.6) 3 (y) = O 0 Dy (y),

provided all these maps are well defined. Given y € €2, the path
(4.3.7) te Ph(y)

is called the orbit through y.
Another way to state the defining property of ®%. is that (4.3.5) holds and

d
(4.3.8) %q)%(x) = F(®L(z)).
We next obtain interesting information on the ¢-derivative of
(4.3.9) v (z) = v(®%(2)),

given v € C}(Q), i.e., v is of class C! and vanishes outside some closed bounded
K C Q. The chain rule (cf. Appendix 4.A, especially (4.A.8)) plus (4.3.8) yields

d

(4.3.10) %vt(x) = F(®%(2)) - Vo(®h(z)).

In particular,

(4.3.11) —u(PH(x)) = F(z) - Vu(x).
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Here Vv is the gradient of v, given by Vv = (9v/dz1,...,0v/dz,)t. A useful
alternative formula to (4.3.10) is

(4.3.12) dt
= F(z) - Vv'(2),

the first equality following from (4.3.6) and the second from (4.3.11), with v replaced
by vt.

One significant consequence of (4.3.12), which will lead to the important result
(4.3.24) below, is that, for v € C}(9),

5 [ e = [ Fa) Vot do

Q Q

- /div F(z)v(®%(z)) dz.

Q

(4.3.13)

Here div F((z) is the divergence of the vector field F(x) = (Fi(z),..., F.(z)),
defined by

0F, OF,
4.3.14 div F’ e .
(13.14) v F(2) = Gt a) o ()
The last equality in (4.3.13) follows by integration by parts,
ov aFk
4.3.1 F —dr = — Hx)d
(43.15) [R@ 5 = [ Sy an,
Q
followed by summation over k. We reiterate the content of (4.3.13):
d
(4.3.16) pr v(®%(z)) dr = — /div F(z)v(®%(z)) dz.

Q Q
So far, we have (4.3.16) for v € C3(Q). We can extend this by noting that (4.3.16)

implies
Q/v (®%(x)) dx 7/ (z) dx
/ /dlvF B3 (2)) da ds.

Basic results on the integral allow one to pass from v € C}(Q2) in (4.3.17) to more
general v, including v = xp (the characteristic function of B, defined to be equal
to 1 on B and 0 on Q\ B), for smoothly bounded closed B C €2, amongst other
functions.

In more detail, if B C € is a smoothly bounded, closed set, let Bs = {z € R™ :
dist(x, B) < ¢}. There exists dp > 0 such that Bs C Q for § € (0,dp]. For such 4,
one can produce vs € Cg(Q) such that

(4.3.18) vs=1on B, 0<wvs<1, wv5=0 on R"\ Bs.

(4.3.17)
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Then
(4.3.19) ’/XB(x) dx — /vg(x) dm} <vol(Bs\B) — 0, as 6 — 0,
so, as § — 0,
(4.3.20) /vg(x) dox — /XB(.’E) dzx.
Q Q

Similar arguments give
(4321) [os@p@)ds — [ xa(@k@)d.

Q Q

and
(4.3.22) /0 Q/div F(z)vs(®%(z)) deds — /0 Q/divF(;U) xB(P%(x)) dx ds.

These results allow one to take v = xp in (4.3.17).

Now one can pass from (4.3.17) back to (4.3.16), via the fundamental theorem
of calculus. Note that

(4.3.23) Vol &% (B) = /XB(CI)}t(x)) dz.
We can apply (4.3.16) with ¢ replaced by —t, and v by x 5, and deduce the following.

Proposition 4.3.1. If F is a C vector field, generating the flow ®%., well defined
on Q fort €I, and B C § is smoothly bounded, then, fort € I,

(4.3.24) %vow}(B): / div F(z) dz.
4 (B)

This result is behind the notation div F', i.e., the divergence of F'. Vector fields
F with positive divergence generate flows ®%. that magnify volumes as ¢ increases,
while vector fields with negative divergence generate flows that shrink volumes as
t increases.

We say the flow generated by a vector field F' is complete provided ®%(y) is
defined for all t € R, y € Q. We say it is forward complete if ®%.(y) is defined
for all t € [0,00),y € Q. The flow is backward complete if ®%(y) is defined
for all t € (—00,0], y € Q. Here is an occasionally useful criterion for forward
completeness.

Proposition 4.3.2. Let F be a C' vector field on Q = R™. Assume there exists
R < o0 and a function V € CH(R™) such that

(4.3.25) V(z) = +o0 as |z]| = o0
and
(4.3.26) |z]| > R = VV(z)- F(z) <O0.

Then the flow ®% is forward complete.
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Proof. Let z(t) = ®%.(zo) be an orbit, defined for ¢ € I, some interval about 0.
Then

d
(4.3.27) lz@)l =2 B = - V(x(t)) = VV(x(t) - F(x(t)) < 0.
Hence, for t € I, t > 0, x(t) is confined to the closed bounded set
(4.3.28) {x €R": V(z) < maxV(y), y € Br(0)U {xo}}.

From here, Proposition 4.1.2 yields forward completeness. (I

One way to display the behavior of the flow generated by a vector field F' on a
domain € is to draw a “phase portrait.” This consists of graphs of selected integral
curves of F', with arrows indicating the direction of F' along each integral curve.
Such portraits are particularly revealing when dim 2 = 2, and also of considerable
use when dim 2 = 3. As an example, consider Figure 4.3.1, the phase portrait of
the flow associated to the 2 x 2 system

do
(4.3.29) i
g = Jsing
dt 4 ’
which arises from the pendulum equation (cf. Chapter 1, (1.6.9))
d’0 g .
(4330) E + Z Slne = O7

by adding the variable ¢ = df/dt. Here g,¢ > 0. The system (4.3.29) has the form
(4.3.2) with z = (0,v) and

(4.3.31) F(9,¢):( ¥ )

_9 g
esm@

Note that Figure 4.3.1 looks like Figure 1.6.2 of Chapter 1, except that here we
have added arrows, to indicate the direction of the flow. As noted in Chapter 1,
the orbits of this flow are level curves of the function

(4.3.32) £(0,4) = %2 - %cose,
since if (0(t),1(t)) solves (4.3.29),

d o G v
(4.3.33) gc‘,’(ﬁ,w) =’ + g(sm¢9)9 =0.

It is instructive to expand on this last calculation. In general, if (0',¢") = F(0,1),

d B _ [(0&/00
(43.34)  —E€(0,4) =VEWO,¥) - F(0,9), where VE©,9)= (35/3111)'
Now the formula (4.3.31) gives
(4.3.35) F(0,4) = -JVE©,v),

where

(4.3.36) J = ((1) 01) :
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<
g

X
;

Figure 4.3.1. Pendulum phase plane

so the vanishing of d€(6, ¢) /dt follows from (4.3.34)—(4.3.35) and the skew-symmetry
of J, which implies

(4.3.37) v-Jv=0, VYVveR2%.

A vector field of the form (4.3.35) is a special case of a Hamiltonian vector field, a
class of vector fields that will be discussed further in §§4.5, 4.7, and 4.10.

We mention some noteworthy features of the phase portrait in Figure 4.3.1,
features to look for in other such portraits. First, there are the critical points of F,
i.e., the points where F' vanishes. In case (4.3.31), the set of critical points is

{(km,0) : k € Z}.

Figure 4.3.1 indicates different natures of the orbits near these critical points, de-
pending on whether k is even or odd. For k even, the orbits near (km,0) consist of
closed curves. We say these critical points are centers; cf. Figure 4.3.2.

For k odd, the orbits near p = (km,0) consist of curves of the following nature:

(a) two orbits that approach p as t — +o0,
(4.3.38) (b) two orbits that approach p as t — —oo,
(c) orbits that miss p, looking like saddles.
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Figure 4.3.2. Center

We say these critical points are saddles. Cf. Figure 4.3.3. Sometimes one calls them
hyperbolic critical points.

Considerable insight is obtained from the study of the linearization of F at
each critical point. Generally, if F is a C! vector field on Q C R”, zg € Q, and
F(zp) = 0, the linearization of F at x¢ is given by

(4.3.39) L = DF(x,) € L(R™).

This construction extends the notion of linearization given in §1.8 of Chapter 1.
We expect that

(4.3.40) (20 +y) ~ 20 + €y,

for ||y|| small. Cf. Exercise 6 of §4.2 (but mind the change in notation). Going
further, we expect some important qualitative features of the flow ®% near z( to
be captured by the behavior of e!”, and this is born out, with some exceptions.
If DF(z) has zero as an eigenvalue (we say xg is a degenerate critical point) this
approximation is not typically useful. It has a better chance if det DF(zg) # 0.
We then say zq is a nondegenerate critical point for F.

In case F is given by (4.3.31), with critical points at pr = (k7,0), we have

(4.3.41) Lo = DF(0,0) = ( o (1)) .
l
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Figure 4.3.3. Saddle

The eigenvalues of this matrix are 4-i4/g/¢, and the orbits of e!L0 are ellipses, with
qualitative features like Figure 4.3.2, a center. Meanwhile,

(4.3.42) L, = DF(+r,0) = (8 (1)) .
0

The eigenvalues of this matrix are ++/g/¢, with corresponding eigenvectors (1, ++/g/¢)?,
and the orbit structure for e*’* has qualitative features like Figure 4.3.3, a saddle.

In general, if F' is a planar vector field with a nondegenerate critical point at x,
and if all the eigenvalues of DF(xq) are purely imaginary, F itself might not have
a center at xg, i.e., the orbits of F' near xy might not be closed orbits surrounding
xo. Here is an example. Take

(4.3.43) F(z) = Jx — ||z|*z, =€R?

with J as in (4.3.36). Then zp = 0 is a critical point, and DF(0) = J. Thus the
linearization has a center. However, if z(t) is an orbit for this vector field, then

d
e =222’

(4.3.44) =2z - (Jz — ||z|%x)

= —2||(EH4,



260 4. Nonlinear systems of differential equations

ie., p(t) = ||z(t)]|? satisfies

dp 2
4.3.45 — = —2p°.
( ) o P
This is separable and we have
Po
4.3.46 0) = t)=——"——0 t
( ) p(0) = po = p(t) Thoip, 70t/ +e

so the orbits of this vector field spiral into the origin as ¢  +o0, though much
more slowly than they do in the case of spiral sinks, a type of critical point that we
will encounter shortly.

Despite the existence of such examples as (4.3.43), the fact that (0, 0) is a center
for F, given by (4.3.31), is no accident, but rather a consequence of the fact that
F has the form (4.3.35),

(4.3.47) F(z) = —JVE(x),

so that, as derived in (4.3.34)—(4.3.37), orbits of F' lie on level curves of £. Generally,
if £ is a smooth real-valued function on a planar domain 2 C R? and the vector field
F is given by (4.3.47), (nondegenerate) critical points of F' and (nondegenerate)
critical points of £ coincide. If zg € € is such a point

(4.3.48) DF(xq) = —JD*&(z0),
where D?E (1) is the matrix of second-order partial derivatives of £ at zy, i.e.,
0%£/00%  02°E /000
20
(4.3.49) D€ = (825/86‘8w 026 /042 )

We recall the following result, established in basic multivariable calculus. Let zq
be a nondegenerate critical point of £, so D2E(xp) is an invertible, real symmetric
matrix. Then

D?&(z0) positive definite < £ has a local minimum at z,
(4.3.50) D?E(xp) negative definite < € has a local maximum at o,
D?&(z0) indefinite < £ has a saddle at xo,
We also note that, whenever A € M(2,R) is symmetric and invertible,
A positive definite < det A > 0 and Tr A > 0,
(4.3.51) A negative definite < det A > 0 and Tr A < 0,
A indefinite < det A < 0.

Furthermore, if A is such a matrix and

(4.3.52) B=—JA,
then
(4.3.53) det B = det A,

and, for such B € M(2,R),
1354 B has 2 real eigenvalues of opposite signs < det B < 0,
(4.3.54) B has 2 purely imaginary eigenvalues < det B > 0 and Tr B = 0,

Putting these observations together (cf. also Exercise 8 below), we have:
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Proposition 4.3.3. Let £ be a smooth function on Q C R?, with a nondegenerate
critical point at xo. Let F be given by (4.3.47). Then

DF(zq) has 2 purely imaginary eigenvalues

4.3.
(4.3.55) < & has a local mazx or local min at g,
and
DF(xzq) has 2 real eigenvalues of opposite sign
(4.3.56) €) g f g

< & has a saddle at xg.

We move on to the 2 x 2 system

do
(4.3.57) i
- W Ty
d  m ¢ Y
which arises from the damped pendulum equation (cf. Chapter 1, (1.7.6)),
d’0 adf g
4.3. — + —— + >sinf =
(4.3.58) dt2+mdt+ésm 0,

by adding the variable ¢» = df/dt. Here g, ¢, a,m > 0. The system (4.3.57) has the
form (4.3.2) with = = (6,v) and

(4.3.59) F,9) = (w ¢§sin9) '

The phase portrait for this system is illustrated in Figure 4.3.4. We compare and
contrast this portrait with that depicted in Figure 4.3.1.

To start, the vector field (4.3.59) has the same critical points as the field given
by (4.3.31), namely {(k7,0) : k € Z}. The first striking difference is in the behavior
near the critical points (k7,0) with k even. Figure 4.3.4 depicts orbits spiraling
into these critical points, as opposed to the picture in Figure 4.3.1 of closed orbits
circling these critical points. Let us consider the linearizations about these critical
points. For F' as in (4.3.59), we have

(4.3.60) L= DF(0,0) = <_Og 1a) :
T m
with characteristic polynomial A(A 4+ a/m) + g/¢, hence with eigenvalues
@ a? 4y
4.3.61 Ay =—— 4/ — — —.
( ) * 2m m? !

There are three cases:

Case 1. a?/m? < 4g/f. Then Ay are complex conjugates, each with real part
—a/2m.

Caske II. o?/m? = 4g/¢. Then Ay = A\_ = —a/2m.

CASE I11. a?/m? > 4g/¢. Then A} and A_ are distinct real numbers, each negative.
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w

@
@9

)

Figure 4.3.4. Damped pendulum phase plane

In all three cases, we have e*v — 0 as t * 400, for each v € R2. In Case I,
there is also spiraling, and the orbits look like those in Figure 4.3.5(a). Figure 4.3.4
depicts such behavior. In Case III, the orbits look like those in Figure 4.3.5(c). In
Case II, the orbits look like a cross between Figure 4.3.5(b) and Figure 4.3.5(c).
These critical points are all called sinks. (Reverse the sign on F', and the associ-
ated orbits are called sources; cf. Figure 4.3.6.) The three cases described above
correspond to damped oscillatory, critically damped, and overdamped motion, as
discussed in §1.9 of Chapter 1.

Further information on the nature of these orbits spiraling in toward these
sinks can be obtained from a computation of the rate of change along the orbits of
E(0,v), given by (4.3.32), i.e

2
(4.3.62) £(6,4) = 5 - %cose.

This time, instead of (4.3.33), we have

%8(9,1/)) = ' + g(sine)e’

(4.3.63) - _w( v+ 2 ? sin 9) g(bma)w
— 2y
m
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Figure 4.3.5. Sinks

While this calculation applies nicely to the problem at hand, it is useful to note the
following general phenomenon.

Proposition 4.3.4. Let F' be a smooth vector field on Q@ C R™, with a critical point
at T € Q. Assume

(4.3.64) all the eigenvalues of DF(xg) have negative real part.
Then there exists 6 > 0 such that

(4.3.65) |z —zo|| <6 = ti}gloo dlx = 0.

To prove this, we bring in the following linear algebra result.

Lemma 4.3.5. Let L € M(n,R) and assume all the eigenvalues of L have real
part < 0. Then there exists a (symmetric, positive definite) inner product { , ) on
R™ and a positive constant K such that

(4.3.66) (Lv,v) < —=K(v,v), VveR"

We show how Lemma 4.3.5 allows us to prove Proposition 4.3.4. Apply the
lemma to L = DF(x). Note that there exist a,b € (0,00) such that

(4.3.67) al|v||* < (v,v) <bllv]|?, YveR",
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Figure 4.3.6. Sources

where (v,v) is as in (4.3.66) and, as usual, ||v]|> = v-v. Since F is smooth,

(4.3.68) F(xzo +y) =Ly + R(y),
with R smooth on a ball about 0 and DR(0) = 0. Hence
(4.3.69) IR < Cllyl* < C'"{y, y).
For y(t) = ®%(zo + yo) — w0, we have

d

R JORTO) 2(y'(t), y(1))
2<F($0 + y)’y>
2(Ly,y) + 2(R(y), )

Now (4.3.66) applies to the first term in the last line of (4.3.70), while Cauchy’s
inequality plus (4.3.69) yields

(R(y), »)| < (R(y), Ry))*(y, )"/

(4.3.70)

4.3.71
( : < Cly,y)*2.
Hence
d
(4.3.72) W) < 2K(y,y) + Cly,)*?

N

< -K(y,y),
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the last inequality holding provided (y,y)'/? < K/C. As long as § in (4.3.65) is
small enough that {x € R™ : ||z — x¢|| < d} is contained in  and [jv] < § =
(v,0)1/2 < K/C, if x = 29 + yo and ||yl < 6, then (4.3.72) holds for y(t) =
D% (2o + yo) — xo for all t > 0, and yields

(4.3.73) (w(), y(®) < ™" (yo, yo),

which in turn gives (4.3.65).

We now prove Lemma 4.3.5. As shown in §2.8 of Chapter 2, C™ has a basis

v1,...,V,} with respect to which L is upper triangular, i.e.
) ) p pp g 9 )
(4.3.74) Lv; = Aju; + Zajkvk.

k<j

Alternatively, Appendix 2.B of Chapter 2 shows that C™ has an orthonormal basis
{v;} for which (4.3.74) holds. The eigenvalues of L are A;, so by hypothesis there
exists K1 € (0,00) such that Re \; < —K; for all j. Now if we take ¢ > 0 and set
w; = Ejvj, we get
(4.3.75) Lw; = \jw; + Zaj_kajkwk.

k<j

Then setting

(4.3.76) <Z ajwj,Zbkwk> = Re Zajgj

defines a positive definite inner product (depending on € > 0) on C™, hence by
restriction on R™, and if € > 0 is taken sufficiently small, the desired conclusion
(4.3.66) follows, with K = K;/2, from (4.3.75).

See the exercises for another proof of Lemma 4.3.5.

Having discussed the critical points of the vector field (4.3.59) at (0,0) and
related issues, we now consider the critical points at (+m,0). We have

0 1
(4.3.77) DF(+m,0) = <g _a> .
This matrix has eigenvalues
@ a?  4g
4.3. Ay = —— 4+ 4/ — 4+ 2
(4.3.78) + o 3 + 7

one positive and one negative. These critical points are saddles. The orbits near
these critical points have a behavior such as described in (4.3.38). Unlike the case
of F given by (4.3.31), where the orbits are level curves of £, the proof of this is
more subtle in the present situation. See Appendix 4.C for a proof.

Having studied the various critical points depicted in Figures 4.3.1 and 4.3.4,
we point out some special orbits that appear in these phase portraits, namely orbits
connecting two critical points. Generally, if F' is a C' vector field on Q C R™ with
critical points p1,ps € 2, an orbit z(¢) of ®t, satisfying

(4.3.79) t_l:r_noo x(t) = p1, t_l}gloo x(t) = po
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is called a heteroclinic orbit, from p; to po, if p1 # po. If p1 = p2, such an orbit
is called a homoclinic orbit. In Figure 4.3.1, we see heteroclinic orbits connecting
p1 = (—m,0) and py = (m,0), one from p; to ps and one from ps to p;. These lie
on level curves where £(0,¢) = g/¢.

Such a heteroclinic orbit describes the motion of a pendulum that is heading
towards pointing vertically upward. As time goes on, the pendulum ascends more
and more slowly, never quite reaching the vertical position. With a little less energy,
the pendulum would stop a bit short of vertical and fall back, swinging back and
forth. With a little more energy, the pendulum would swing past the vertical
position. Recall that Figure 4.3.1 portrays the motion of an idealized pendulum,
without friction. The motion of a pendulum with friction is portrayed in Figure
4.3.4.

In Figure 4.3.4, we see a heteroclinic orbit from (—,0) to (0,0), another from
(—m,0) to (—2m,0), another from (m,0) to (0,0), another from (,0) to (27,0),
etc. Given that there is an orbit x(t) = (0(t),¥(¢)) here such that lim; ,  x(t) =
(—m,0) and 9(t) > 0 for large negative ¢, the fact that lim; .4 2z(t) = (0,0) can
be deduced from (4.3.63), i.e.,

(4.3.80) %5(0,@ - —%w?

We end this section with a look at the phase portrait for one more vector field,
namely

g
(4.3.81) F(0,4) = (4 S;M) .
See Figure 4.3.7. In this case,
_ _ (0&/06
(4.3.82) F=VE&= (85/8¢) ,
with & given by (4.3.32), i.e.,
>y

(4.3.83) E0,v) = o T s 6.

Such a vector field is called a gradient vector field, and its flow ®% is called a
gradient flow. Note that if F(z) = VE(x) and x(t) is an orbit of ®L., then

(4.3.84) %S(x(t)) = VE(x(t)) - VE(x(t)) = |[VE(x(t))]2.

The critical points of F' again consist of {(k7,0) : k € Z}, and again they behave
differently for even k than for odd k. This time

(4.3.85) DF(0,0) = (g ?) ,

which is positive definite. The origin is a (non-spiraling) source; cf. Figure 4.3.6.
In particular, if z(t) = (6(t),%(t)) is an orbit and x(0) is close to (0,0), then

(4.3.86) . lim «(t) = (0,0).

——00
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Figure 4.3.7. Gradient vector field, VE(0, )

This can be deduced from Proposition 4.3.4 by reversing time. It also follows
directly from (4.3.84). For k odd, we have saddles:

(4.3.87) DF(7,0) = < O% (1))

In this case, segments of the real axis provide heteroclinic orbits, from (0,0) to
(—m,0), from (0,0) to (m,0), ete.

Note that an orbit for /' = V& satisfies

(4.3.88) o = %sina W =1,
so (t) = Ae', and, for § away from {km : k € Z},
g a0 a0
4.3. Zt+B= =
(4.3.89) €t+ /sin9 /005(9—7r/2)7

an integral that can be evaluated via results of Exercise 14 in §1.1.
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.|
Exercises

1. If F generates the flow &% and v'(z) = v(®%(z)), show that

(4.3.90) DO (2)F(z) = F(®%(x))
and
(4.3.91) Dv'(z) = Dv(®%(z)) D% ().

Relate these identities to the simultaneous validity of (4.3.10) and (4.3.12).
Hint. To get (4.3.90), use
d d

(4.3.92) %@}(x) = %Q’} o ®%.(7) " DO (x)F(z),

and compare (4.3.8).

2. Extend Proposition 4.3.2 as follows. Replace hypothesis (4.3.26) by
VV(z) - F(z) <K, VzeR"

for some K < co. Show that the flow ®% is forward complete.

3. Let © = R™ and assume F is a C! vector field on . Show that if
[F(2)[| < C(1+ =),

then the flow generated by F' is complete.
(Hint. Recall Exercise 12 of §4.1.)
Show that the flow is forward complete if

F(z)-z < C(1+|z|?).

4. Let 2 C R™ be open and F' be a C' vector field on Q. Let U C  be an open
set whose closure U is a compact subset of €2, and whose boundary dU is smooth.
Let n: OU — R™ denote the outward pointing unit normal to QU. Assume
(4.3.93) n(x) - F(z) <0, VYxedl.

Show that ®%.(z) € U if # € U and ¢ > 0, and deduce that &%, is forward complete
on U, and also on U.

5. In the setting of Exercise 4, relax the hypothesis (4.3.93) to
(4.3.94) n(z) - F(z) <0, VaedU.

Show that ®%.(z) € U if x € U and ¢ > 0, and deduce that ®%, is forward complete
on U.

Hint. Take a C! vector field X on Q such that X -n < 0on OU. Set F, = F+71X
to produce a smooth family F, of C' vector fields on € such that F, = F and, for
0 < 7 < 1, F; has the property given in (4.3.93). Then make use of Exercise 4 and
of results of §4.2.
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6. In the setting of Exercise 5, replace the hypothesis (4.3.94) by
(4.3.95) n(x) - F(x) =0, Yz e dU.
Show that ®%, is complete on U, and that ®%.(x) € OU whenever x € U and t € R.

7. Show that if F' is given by (4.3.31), then
divF =0,

while if F is given by (4.3.59), then

divF = -2
m

and if F' is given by (4.3.81), then

divF = %cos@—ﬁ—l.

8. Let A € M(2,R), and take J as in (4.3.36). Show that if A is positive definite
then A = P? with P positive definite. Show that

—JA and — PJP are similar,
and deduce that
A€ M(2,R) positive definite = B = —JA has 2 purely imaginary eigenvalues.
Relate this to Proposition 4.3.3.

9. Consider the system

dx dy
(4.3.96) aw Y ow T
Take E(x,y) = y?/2 + 2%/3 — x. Show that if (x(t),y(t)) solves (4.3.96), then
dE(z(t),y(t)) = 0. Show that the associated vector field has two critical points,
one a center and the other a saddle. Sketch level curves of ' and put in arrows
to show the phase space portrait of F. Show that there is a homoclinic orbit

connecting the saddle to itself.

1— 22

10. Find all the critical points of each of the following vector fields, and specify
whether each one is a source, sink, saddle, or center.

sin x cos sin x cos
F(w,y)=( y) G(x,y)=( y)

cos  siny —coszsiny

11. Returning to the context of Exercise 1, show that (4.2.2) gives

d
(4.3.97) %ch}(x) = DF(®%(x))D®L(x), DO%(x) =1.
Recall from (3.8.6)—(3.8.10) of Chapter 3 that, for an n x n matrix function M (),
d

d
ZM(t) = A()M(t) = = det M(t) = (Tr A(1)) det M(#).
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Deduce that

d

= det D®%.(z) = Tr DF(®%(x)) det D®%(z)
= div F(®% (7)) det D®%(z)).

(4.3.98)

Relate this to (4.3.13), using the change of variable formula

(4.3.99) /u(x) dx = /u(@’}(x)) det DO (z) dz.

12. Use (3.8.10) of Chapter 3 to conclude from (4.3.98) that

(4.3.100) det DOt (z) = exp{/ot div F(®%(z)) ds}.

13. Let U C 2 C R™ be a smoothly bounded domain. The divergence theorem says
that if F is a C! vector field on ,

(4.3.101) / div F(z) do = / n(z) - F(z) dS(z),
U oU

where n(z) is the outward pointing unit normal to OU and dS(z) is (n — 1)-
dimensional surface area on 90U (arc length if n = 2). Given this identity, we

see that, in the setting of Proposition 4.3.1, (4.3.24) is equivalent to
d
(4.3.102) Vol a.(B) = / n(z) - F(z)dS(z).
094 (B)

Show that this holds if and only if for each smoothly bounded U C £,
d
(4.3.103) %Vol %(U)|,_, = /n(z) - F(z)dS(z).
oU

Try to provide a direct demonstration of (4.3.103) (at least for n = 2).
Exercises 14-16 lead to another proof of Lemma 4.3.5.

14. Take L € M(n,R). Recall from §2.7 of Chapter 2 that C™ has a basis of
generalized eigenvectors for L and if v € GE(L, ), then e*Fv has the form

‘
etly = et g tFo,, v, € C™.
k=0

Use these facts to show that if Re A < 0 for each eigenvalue A of L, then there exist
C, K € (0,00) such that

(4.3.104) |etl|| < Ce Kt Vit>o.

15. Assume L € M (n,R) and Re A < 0 for each eigenvalue A of L. Let (v, w) = v-w
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denote the standard Euclidean inner product on R™. Show that (v, w), given by

<v,w>=/ (e'Fv, etfw) dt
0

is a well-defined, symmetric, positive-definite inner product on R™.
Hint. Use (4.3.104) to show that the integral is absolutely convergent.

16. In the setting of Exercise 15, show that, for v € R™,
o0
(e, etly) = / (e'Fu, ettv) dt,
S

and deduce that

d sL sL
p (e®"v,e v>|S:0 = —(v,v).
On the other hand, show that also

d
£<€SLU, eSL@>|s=0 = (Lv,v) + (v, Lv) = 2(Lv,v),

and obtain another proof of Lemma 4.3.5.
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4.4. Gradient vector fields

As mentioned in §4.3, a vector field ' on an open subset 0 C R™ is a gradient
vector field provided there exists u € C''(2) such that

(4.4.1) F = Vu,

ie., F = (F,...,F,)" with Fy, = Ou/dxy. It is of interest to characterize which
vector fields are gradient fields. Here is one necessary condition. Suppose u € C?(Q)
and (4.4.1) holds. Then

OFy, 0 Ou
4.4.2 —_— =
( ) dx; Oz dxy’
and
(4.4.3) 0 Ou Jd Ou

so if (4.4.1) holds then
oF, OF;
444 — =1 Vjijke{l,...,n}.
(1.4.4) Gk =G Vike (L)
We will establish the following converse.
Proposition 4.4.1. Assume 2 C R™ is a connected open set satisfying the condi-
tion (4.4.13) given below. Let F be a C' wvector field on Q. If (4.4.4) holds on 2,
then there exists u € C%(Q) such that (4.4.1) holds.

We will construct u as a line integral. Namely, fix p € 2, and for each x € Q
let v be a smooth path from p to x:

(4.4.5) 7:00,1] —Q, ~4(0)=p, v(1) =z.
We propose that, under the hypotheses of Proposition 4.4.1, we can take
(4.4.6) u(z) = /F(y) - dy.

¥

Here the line integral is defined by

(447 [Fw-a= [ o)y

For this to work, we need to know that (4.4.6) is independent of the choice of such
a path. A key step to getting this is to consider a smooth 1-parameter family of

paths ~, from p to x:

vs(t) = v(s,t), ~v:[0,1] x[0,1] — £,
s (1) =5t 7:[0.1)x[0.1]
v(s,0)=p, 7(s,1) ==

Lemma 4.4.2. If F is a C" vector field satisfying (4.4.4) and vy, is a smooth family
satisfying (4.4.8), then

(4.4.9) /F(y) -dy s independent of s € [0,1].

Vs
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Proof. We compute the s-derivative of this family of line integrals, i.e., of

1 6’)/
/OF('y(s,t))~§(s,t)dt
-/ Xj:Fj(v(s,t))aa'ytj(s,t)dt.

The s-derivative of the integrand is obtained via the product rule and the chain
rule. We obtain

& rwa= [ Z S0 0) g sst) g (s e
0 d
o[ S Eatent) g gyoste )

(4.4.10)

(4.4.11)

We can apply the identity

0 0 0 0
%5%(3@ = ag%’(
to the second integrand on the right side of (4.4.11) and then integrate by parts.
This involves applying 0/0t to F;(v(s,t)), and hence another application of the
chain rule. When this is done, the second integral on the right side of (4.4.11)
becomes

(4.4.12) / Z w(s t) aa j(s,) dt.

s, t)

Now if we interchange the roles of j and k in (4.4.12), we cancel the first integral
on the right side of (4.4.11), provided (4.4.4) holds. This proves the lemma. |

Given Q C R™ open and connected, we say 2 is simply connected provided it
has the following property:

Given p,z € (Q, if 79 and y; are smooth paths from p to z,

44.1
( 3) they are connected by a smooth family v, of paths from p to x.

Here is a class of such domains.

Lemma 4.4.3. If Q C R" is an open convex domain, then Q is simply connected.

Proof. If Q is convex, two paths vy and 1 from p € © to x €  are connected by

(4.4.14) Ys(t) = (1 = s)v(t) +s71(t), 0<s<1.
]

Of course there are many other simply connected domains, as the reader is
invited to explore.

Now that we have Lemma 4.4.2, under the hypotheses of Proposition 4.4.1 we
simply write

(4.4.15) u(z) = / " Py
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Note that if ¢ is another point in 2, we can take a smooth path from p to x, passing
through ¢, and write

(4.4.16) u(z) = /q F(y)-dy + /w F(y) - dy.

Again using the path independence, we see we can independently choose paths from
p to ¢ and from ¢ to = in (4.4.16); these paths need not match up smoothly at g.

We are now in a position to complete the proof of Proposition 4.4.1. Take
0> 0sothat {y e R" : |lz —y|| <0} C Q. Take k € {1,...,n}, fix ¢ such that
lgx — x| < 0, and write

(T1500sGh s ) z
P

1,y ks s Tn)

Here the intermediate point is obtained by replacing zy in = (z1,...,z,) by gk.
The first term on the right side of (4.4.17) is independent of zy, so

ou a [*

—(x) = — F -dy

amk axk (T15ee3Qk s Tn) (y)
4.4.18 0 Tk
( ) 267 F}c(.’L‘17...,$k,1,S,$k+1,...,.%‘n)ds

Tk dk
= Fk (LU),

the last identity by the fundamental theorem of calculus. This proves Proposition
4.4.1.

An example of a domain that is not simply connected is the punctured plane
R2\ 0. Consider on this domain the vector field

(4.4.19) F(z) = ”‘iﬁ2, J= (? 01),

with components

—ZT2 L1
4.4.20 Fi(a) = —2_ Fyla)=—t .
(4.4.20) 0=y PO=apy
We have
P 2i-a2? OF
(4.4.21) Oh _my—m 0P gy g

O0xs lzl|¢ oxy’

However, F is not a gradient vector field on R?\ 0. Up to an additive constant, the
only candidate for u in (4.4.1) is the angular coordinate 6:

(4.4.22) F(z) = V()

and this identity is true on any region €2 formed by removing from R? a ray starting
from the origin. However, 6 cannot be defined as a smooth, single valued function
on R?\ 0.
Let us linger on the case n = 2 and make contact with the concept of “exact
equations.” Consider a 2 x 2 system
dx dy

(4.4.23) 5 = hwy), = fly).
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We take (z,y) € Q C R? and assume f; € C'(Q2). This system turns into a single
differential equation for y as a function of x:

@ _ fQ(xay)

(4.4.24) dr — fi(z,y)’

which we rewrite as

g1(x,y) dx + g2 (2,y) dy = 0,

91(x,y) = falx,y),  g2(z,y) = —fi(z,9).

The equation (4.4.25) is called exact if there exists u € C?({2) such that

(4.4.25)

ou Ju
4.4.26 = — = —.
( ) n=gp 2=g,
If there is such a u, solutions to (4.4.24) or (4.4.25) are given by
(4.4.27) u(z,y) = C.

Now (4.4.26) is the condition that G = (g1, g2)" be a gradient vector field on €.
Note that the relation between F' = (f1, f2)! and G = (g1, g2)%, with components
given by (4.4.25), is

(4.4.28) G =-JF,
where

0 -1
(4.4.29) J = (1 0 ) .

As we have seen, when € is simply connected, (4.4.26) holds for some u if and only
if

0 0

(4.4.30) aiyl = %.
Note that this is equivalent to
(4.4.31) div F = 0.
REMARK. If F = (Fy, Fy, F3)! is a vector field on Q C R3, its curl is defined as

curl F =V x F

i j k
(4.4.32) det agm 81{7(3y 6;;22
- (5 )i (-G (G-

We see that
(4.4.33) (4.4.4) holds <= curl F = 0.

We conclude with some remarks on how to construct u(zx), satisfying

ou

(4.4.34) 8—%(33)

:Fj(x)7 1<j<n,
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given the compatibility conditions (4.4.4), without evaluating line integrals. We
start with

(4.4.35) U (z) = / Fo(2) dzp, so % = Fy ().
Ty

Then 9(u — uy,)/0x, =0, so

(4.4.36) uw(z) = up(z) +v(’), 2= (21,...,20-1).

It remains to find v, a function of fewer variables. It must solve
ov Ouy, .

4.4.37 —=F; ——, 1<j5<n—-1.

(1437 be =Bl -G 1<j<n

Note that the left side is independent of x,,, which requires that the right side have
this property. To check this, we calculate

0 Oou OF} 0 Ou
O (pofgy - QU _9F 9 Oun
oxy, ( () Oz, ) 0z, Oz, Ox;
(4.4.38) _OF, 9 du,
N Oxz;  Ox; Oz,
the second identity by (4.4.4) (and (4.4.3)). Thus (4.4.37) takes the form
ov .
(4.4.39) a—% =Gi(2), 1<j<n-1,

with G;(z') = Fj(x) — Ou, /Oz;. Note that, for 1 < j,k <n—1,
0G, _OF;, 0 oun
8$k o aﬂfk 8xk 8xj

(4.4.40) _0F _ 0 Oun
o al'j ij &rk
_0G,,
= ij,

so the task of solving (4.4.39) is just like that in (4.4.34), but with one fewer variable.
An iteration yields the solution to (4.4.34).

EXAMPLE. Take
(4.4.41) F(z,y,2) = (y,x + 22, 2y2)".
One readily verifies (4.4.4), or equivalently that curl F = 0. Here (4.4.35) gives

(4.4.42) us(z,y,2) = /2yz dz = y22,
S0
(4.4.43) u(z,y, 2) = yz2 + v(x,y).
Next, requiring du/dy = x + 2% means

0
(4.4.44) U=,

9 =
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SO
(4.4.45) v(z,y) = zy + w(z).
Then, requiring du/dx = y means dw/dx = 0, so we get
(4.4.46) u(z,y, 2) = yz° + xy,

as the unique function on R? such that Vu = F, up to an additive constant.

One can turn the method given by (4.4.35)—(4.4.40) into an alternative proof
of Proposition 4.4.1, at least if € is an n-dimensional box. The reader is invited
to look into what happens when this method is applied to F given on R? \ 0 by
(4.4.19).

.|
Exercises

For (1)—(4), identify which vector fields are gradient fields. If the field is a gradient
field Vu, find u.

(1) (yz,2z,2y),
(2) (zy,yz,22),
(3) (2z,2,y),
4) (2z,y,2)

For (5)—(8), identify which equations are exact. If the equation is exact, write down
the solution, in implicit form (4.4.27).

(5) Qz+y)de+axdy=0,
(6) zdr+ (2xz+y)dy =0,
(7) dx 4+ xdy =0,
(8) e’ dx + ze¥ dy = 0.

Given f(z,y)dx + g(z,y)dy, a function u(z,y) is called an integrating factor if
uf dr + ug dy is exact. For example, e¥ is an integrating factor for dx + x dy. Find
integrating factors for the left sides of (9)—(12), and use them to find solutions, in
implicit form.

9) (2 +y*—1)dex —2zydy =0,
(10) 2*y® dr + x(1 +y?) dy = 0,
(11) ydr+ 2z —ye’)dy =0,
(12) dz + 2zy dy = 0.

13. Establish the following variant of Lemma 4.4.2:

Lemma 4.4.2A. If F is a C! vector field on Q) satisfying (4.4.4) and 75 is a smooth
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family satisfying
Ys(t) = (1), 7:10,1] x[0,1] = Q, 4(s,0) =~(s,1),
then
/F(y) -dy is independent of s € [0,1].

Vs
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4.5. Newtonian equations

In Chapter 1 we saw how Newton’s law F' = ma leads to a second order differential
equation for the motion on a line of a single particle, acted on by a force. Newton’s
laws also apply to a system of m interacting particles, moving in n-dimensional
space, to give a second order system of the form

dzl’k
(4.5.1) mi— g = > Filox—x), 1<k<m.
{j:3#k}
Each zj takes values in R™, so © = (z1,...,2,,) takes values in R™". Here zy is

the location of a particle of mass m. The law that each action produces an equal
and opposite reaction translates to

(4.5.2) ij(xk. — xj) = —ij(l‘j — l‘k).

A particularly important class of forces Fj;(zr — ;) are those parallel (or antipar-
allel) to the line from z; to xy:

(4.5.3) Fie(wr — xj) = fie(lze — ;) (2 — ;).
In such a case, (4.5.2) is equivalent to
(4.5.4) Fik(r) = fr; ().

A force field of the form (4.5.3) is a gradient vector field:
fic(|lulh)uw = =VVig(u),

(455) i ([lwll) Vi (u)

Vike(u) = vje(lull),  vjp(r) = =rfir(r).

If (4.5.4) holds,

(4.5.6) Vie(u) = Vi (u).
The total energy of this system of interacting particles is
1 drp?2 1
J

The first sum is the total kinetic energy and the second sum is the total potential
energy. The following calculations yield conservation of energy. First,

dE Pz, drp 1 drp, dx;
4.5. & Sl TR el e A )
(W58) = Dt T 5 2 Vanlan ) (G = )
% j#k
Next, (4.5.1) implies that the first sum on the right side of (4.5.8) is equal to
dl‘k
(4.5.9) ZFM(W — ;) -

ik
and (4.5.3)—(4.5.5) imply that the second sum on the right side of (4.5.8) is equal
to

(4.5.10) *%Zij(Ik — ) (dxk B dﬂ) _ *Zij(xk ) %

dt o dt dt
j#k ik
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Comparing (4.5.9) and (4.5.10), we have energy conservation:
dE
— =0.

dt

We can convert the second order system (4.5.1) for mn variables into a first

order system for 2mn variables. One way would be to introduce the velocities
v = x},, but we get a better mathematical structure by instead using the momenta:

(4.5.11)

d
(4.5.12) Pe = mk%, 1<k <m.
We can express the energy F in (4.5.7) as a function of position x = (z1,...,%m)
and momentum p = (p1,...,Dm):
1 1
(4.5.13) E(e,p) =Y s—Ilpel® + 5 D Vinlaow — a;).
2mk 2 X
k J#k
Recall that zp = (g1, ..., Tk,) € R™ and px = (pr1, - - -, Pkn) € R™. We have
oF 1
4.5.14 — = —
( ) Ope kO
and
OFE ov;
(4.5.15) e ujk (vk — x5),
RO gy T

invoking (4.5.6). Let us write (4.5.14)—(4.5.15) in vector form,

oF 1 oF
o mikpk’ T Z VVik(zk — x;),
{7:j#k}

where OF /Opy, = (OF /Op1, - . .,0E /Opgn)t, etc. Now the system (4.5.1) yields the
first order system

(4.5.16)

(4.5.17) ‘% = mikpk, % = Z Fig(an — x;),
{55k}

which in turn, given (4.5.3)—(4.5.5), gives

dxk OF dpk OF

At opy dt Oy

The system (4.5.18) is said to be in Hamiltonian form.

(4.5.18)

We can place the study of Hamiltonian equations in a more general framework,
as follows. Let R?X have points (z,p), = = (21,...,7x), p = (p1,...,pK). Let
Q) € R*X be open and E € C*(2). Consider the system

dry _ OF

dt Opr’
(4.5.19) dpi - _6£

dt o ka’

for 1 < k < K. This is called a Hamiltonian system. It is of the form

(4.5.20) i(ﬁ) = Xp(z,p),
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where X is a vector field on €2, called the Hamiltonian vector field associated to E.

In this general setting, E is constant on each solution curve (x(t),

Indeed, in such a case,

(4.5.21)

_dpr

dt
oF

Oy,

p(t)) of (4.5.19).

Returning to the setting (4.5.1)—(4.5.2), we next discuss the conservation of the

P = Zpk = kadzk

total momentum

(4.5.22)

Indeed,

(4.5.23)

the last identity by (4.5.2).

a,b € R” such that

(4.5.24)

dP
I

d2$k
dt?

= ZF]k(xk

7k
= O’

Thus, for ea

ch solution z(t) to

%kaxk(t) =a+bt, M= ka.
k

k

(4.5.1), there exist

The left side is the center of mass of the system of interacting particles. The vectors
a,b € R™ are given by the initial data for (4.5.1):

(4.5.25)

= % zk: mrXi (O)

1
b= i Zk: myxy,(0)

Given this, we can obtain a system similar to (4.5.1) for the variables

(4.5.26)

We have y)/ = «} and yr, —y; = xp

(4.5.27)

d2yk

yr(t) = xx(t) —

_Zij

{4:3#k}

In this case we have the identity

(4.5.28)

kayk

(a + bt).

— xj, so (4.5.1) gives

] 1<k<m.

as a consequence of (4.5.24). We can use this to reduce the size of (4.5.27), from a
system of mn equations to a system of (m

(4.5.29)

— 1)n equations, by substituting



282 4. Nonlinear systems of differential equations

into (4.5.27), for 1 < k <m — 1. One calls (y1,...,ym) center of mass coordinates.
In case m = 2, this substitution works out quite nicely. We have
my
(4.5.30) Y2 = ——1u,
ma

and the system (4.5.27) reduces to

(4.5.31) ml% =P ((1+ %)yl)

the equation of motion of a single particle in an external force field. Alternatively,
for v =21 — 22 = y1 — y2 = (1 + my1/m2)us,
mime  d’z
4.5.32 — —— = Fy(x).
( ) mi + mo dt? 21( )
For m > 2, the resulting equations are not so neat. For example, for m = 3,
we have

(4.5.33) Ys = ——y1 — — Yo,
3

and the system (4.5.27) reduces to

m m
miyl = Fo1(y1 — y2) + Fs1 ((1 + mfl)yl + m*2y2)7
(4.5.34) 2 !

m m
moyy = Fia(y2 — y1) + ng(m—lyl + (1 + m*Q)y2)
3 3

.|
Exercises

1. In (a)—(e), take n = 1, m = 3, and m; = my = m3 = 1. Set up the equations of
motion in center of mass coordinates and analyze the solution.

(@) Fjp(z) =z

(b) Fjg(zx)=—x

(¢) Fio(x) = Fi3(x) =z, Fos(x)=—x
(d) Fio(x) = Fi3(z) = —z, Fas(z) = .
(e) Fia(z) = Foz(x) = —x, Faz(z)=1

In all cases, (4.5.2) must be enforced.

2. For an alternative derivation of (4.5.32), when m = 2, write (4.5.1) as

d2$1 1 d2172 1
- R — L - _F —
a2 my v1(z1 — T2), . 12(z2 — 71),

dt?
and subtract, using (4.5.2).
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4.6. Central force problems and two-body planetary motion

As seen in §4.5, one can transform the m-body problem (4.5.1) to center of mass
coordinates, under the hypothesis (4.5.2), and obtain a smaller system, which for
m = 2 is given by (4.5.32). Changing notation, we rewrite (4.5.32) as

d*z
Here z € R®. We assume F € C*(R" \ 0) but allow blowup at z = 0. Under
hypotheses (4.5.3)—(4.5.4) for the two body problem, we have

(46.2) F(z) = f(zl)e.

In such a case, (4.6.1) is called a central force problem. Parallel to (4.5.5), we have
Fz) = =VV(z),

(4.6.3)

V() =v(llzl)), o'(r)=-rf(r).
The total energy is given by

1 1dx)?
(4.6.4) E = §mH$H + V(z),
and if x(t) solves (4.6.1), then
dE d*x dz dz
46. a_ & dr Jdr
(4.6.5) pria o i VV(z) o 0,

yielding conservation of energy.
There are further conservation laws, starting with the following.

Proposition 4.6.1. Assume z(0) # 0 and let W C R™ be the linear span of x(0)
and z'(0). If x(t) solves (4.6.1) fort € I and (4.6.2) holds, we have

(4.6.6) x(t) e W, Vtel.

Proof. One way to see this is to note that (4.6.1) is a well posed system for z(t)
taking values in W. Then uniqueness of solutions yields (4.6.6). Here is another
demonstration.

Define A € L(R™) by
Av =, VoeW,
(4.6.7) N
Av=—v, Yoe W,

Note that A is an orthogonal transformation. Let y(t) = Ax(¢). The hypothesis on
the initial data gives

(4.6.8) y(0) =z(0), y'(0) =2'(0).

Also, given F(z) of the form (4.6.2), we have AF(x) = F(y), so y(t) solves (4.6.1).
The basic uniqueness result proven in §4.1 implies y = = on I, which in turn gives
(4.6.6). |

A third proof of Proposition 4.6.1, valid for n = 3, can be obtained from
conservation of angular momentum, established in (4.6.11) below.
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Proposition 4.6.1 guarantees that each path x(t) solving (4.6.1) lies in a plane,
and we can take n = 2. For the next step, it is actually convenient to take n = 3.
Thus z(t) solves (4.6.1) and z(t) is a path in R3. We define the angular momentum

(4.6.9) a(t) = max(t) x 2/ (t).
We then have, under hypothesis (4.6.2),
o (t) = ma(t) x 2" (t)

= z(t) x F(x)
(4.6.10)
= fllzl) z(t) x 2(t)
=0.
This yields conservation of angular momentum:
(4.6.11) z(t) x 2'(t) = L,
where L = x(0) x 2/(0) € R3. In case x(t) = (z1(t), z2(¢),0), we have
(4.6.12) z(t) x ' (t) = (0,0, z1 ()25 (t) — 2 (t)z2(1)),
so the conservation law (4.6.11) gives
(4.6.13) x1(t)ah(t) — 2 (t)x2(t) = La.

Let’s return to the planar setting, and also use complex notation:
(4.6.14) x(t) = xy (t) + izo(t) = r(t)e?®.
A computation gives
' = (' +irf)e?,
" =" —r(0)? 4 (200 + r0")]e?,
s0 (4.6.1)-(4.6.2) becomes
(4.6.16) m[r" —r(0)* +i(2r'0' +r0")] = f(r)r.

Equating real and imaginary parts separately, we get

(4.6.15)

7’// o 7’(9/)2 — M

(4.6.17) :
2r'0" +rf"” = 0.
Note that
d
(4.6.18) Z(0) =r(2r' +10"),

so the second equation in (4.6.17) says r26’ is independent of t. This is actually
equivalent to the conservation of angular momentum, (4.6.13). In fact, we have
x1 =rcosf, ro = rsinf, hence

(4.6.19) xy =1"cosf —rf' sinf, x5 =r1r"sinf+ro cosé,
and hence
(4.6.20) rxh — 2jzy = 120’

Thus we have in two ways derived the identity

(4.6.21) r?0' = L.
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(For notational simplicity, we drop the subscript 3 from (4.6.13).)

There is the following geometrical interpretation of (4.6.21). The (signed) area
A(t) swept out by the ray from 0 to x(s), as s runs from ty to ¢, is given by

(4.6.22) A(t) = 7/ r?df = f/ r(s)20'(s) ds,
2 Jo(to) 2 Jto
S0
1 L
4.6.2 Al(t)y==r?0 = =.
(46.23) (1) = 5r°0 =
This says
(4.6.24) Equal areas are swept out in equal times,

which, as we will discuss below, is Kepler’s second law.
Next, we can plug §’ = L/r? into the first equation of (4.6.17), obtaining
&?r fr)yr  L?

(4.6.25) e
This has the form
(4.6.26) &r =g(r)

dt? ’

treated in Chapter 1, §1.5. We recall that treatment. Take w(r) such that g(r) =
—w'(r), so (4.6.26) becomes

d*r

Then form the “energy”
(4.6.28) E= 1(@)Zer(r)

o - 2\dt ’
and compute that if r(t) solves (4.6.27) then

dE  d*rdr dr
4.6.2 ab _drdr a9 _
(4.6.29) i~ ara ="
so for each solution to (4.6.27), there is a constant E such that
d

(4.6.30) CTZ = +£/2E — 2u(r).

Separation of variables gives

/ dr
V2FE — 2w(r)
This integral can be quite messy.

Note that dividing (4.6.30) by (4.6.21) yields a differential equation for r as a
function of 0:

2
(4.6.32) r_ i%\/2E “2uw(r),

do

(4.6.31) =+t +C.

which separates to

(4.6.33) L / QL =40+ C.
T

V2FE — 2w(r)
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Let us recall that
flryr L
m 73’

(4.6.34) w'(r) = —

Typically the integral in (4.6.33) is as messy as the one in (4.6.31). These integrals
do turn out to be tractable in one very important case, the Kepler problem, to
which we now turn.

This problem is named after the astronomer Johannes Kepler, who from obser-
vations formulated the following three laws for planetary motion.

1. The planets move on ellipses with the sun at one focus.

2. The line segment from the sun to a planet sweeps out equal areas in equal time
intervals.

3. The period of revolution of a planet is proportional to a®/2, where a is the
semi-major axis of its ellipse.

The Kepler problem is to provide a theoretical framework in which to derive these
three laws. This was solved by Isaac Newton, who formulated his universal law of
gravitation, used it to derive a differential equation for the position of a planet, and
solved the differential equation.

Newton’s law of gravitation specifies the force between two objects, of mass m;
and mg, located at points z; and x5 in R3. Let us say the center of the planet is
at 1 and the center of the sun is at z5. In the framework of (4.5.1), this means
specifying the vector field F5; on R®. The formula is

x

(4635) le(x) = —Gmlmgw.

Here G is the universal gravitational constant. If we go to center of mass coordi-
nates, the motion of the planet is governed by (4.5.32), yielding (4.6.1) with

(4.6.36) F(z) = —Kmﬁ, K = G(m +my).

Here m = my is the mass of the planet and ms is the mass of the sun. Consequently
we have (4.6.17) with

(4.6.37) __

and (4.6.25) becomes

d?r K L2
4.6. ar_ K ,
(4.6.38) = at g

Thus w(r) in (4.6.27)—(4.6.34) is given by

(4.6.39) w(r)=——+ —
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Thus the integral in (4.6.31) is

d
(4.6.40) / ra :
V2Er2 + 2Kr — L?

and the integral in (4.6.33) is

(4.6.41) / dr .
rvV2Er? + 2Kr — L2

The integral (4.6.40) can be evaluated by completing the square for 2Er2+2Kr— L2
The integral (4.6.41) can also be evaluated, but rather than tackling this directly,

we instead produce a differential equation for u, defined by

1
4.6.42 _1
( ) u=-
By the chain rule,
dr du du df du
4.6.4 = 2 2
(4.643) at ~ "t~ dpdt o’
the last identity by (4.6.21). Taking another ¢-derivative gives
d*r d du d*u do d*u
4.6.44 7:—L—7:—L77:_L2 277
(4.6.44) e dt d6 d6? dt "
again using (4.6.21). Comparing this with (4.6.38), we get
d2
(4.6.45) *LQUZdTZ — L% — K2,
or equivalently
d*u K

Miraculously, we have obtained a linear equation! The general solution to (4.6.46)

1S

K
(4.6.47) u(0) = Acos(0 — 6y) + T2
which by (4.6.42) gives
K
(4.6.48) r [A cos(0 — bp) + ﬁ} =1.
This is equivalent to
L? L?
(4.6.49) r[l4ecos(0 — )] =p, p= % €= Af'

If e = 0, this is the equation of a circle. If 0 < e < 1, it is the equation of an
ellipse. If e = 1, it is the equation of a parabola, and if e > 1, it is the equation
of one branch of a hyperbola. Among these curves, those that are bounded are the

ellipses, and the circle, which we regard as a special case of an ellipse.

Since planets move in bounded orbits, this establishes Kepler’s first law (with
caveats, which we discuss below). Kepler’s second law holds for general central
force problems, as noted already in (4.6.24). To establish the third law, recall from
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(4.6.23) that L/2 is the rate at which such area is swept out, so the period T of the
orbit satisfies

L
(4.6.50) §T = area enclosed by the ellipse

= mab,

where a is the semi-major axis and b the semi-minor axis. For an ellipse given by
(4.6.49), we have

(4.6.51) a=—L_ p= P _ 2

1—e?’ V1 —e?
(cf. (4.6.58)—(4.6.59) below), which yields

_2mab _, VP 32 _ 27 3
3 L NS

This establishes Kepler’s third law.

We now discuss some caveats. Our solar system has nine planets, plus numerous
other satellites. In the calculations above, all but one planet was ignored. One can
expect this approximation to work best for Jupiter. Jupiter has about 10~3 the
sun’s mass, and its distance from the sun is about 400 times the sun’s radius.
Hence the center of mass of Jupiter and the sun is located about 0.4 times the sun’s
radius from the center of the sun. The sun and Jupiter engage in a close to circular
elliptical orbit with a focus at this center of mass. Clearly this motion is going
to influence the orbits of the other planets. In fact, each planet influences all the
others, including Jupiter, in ways not captured by the calculations of this section.
Realization of this situation led to a vigorous development of the subject known as
celestial mechanics, from Newton’s time on. Material on this can be found in [1]
and [15], and references given there.

(4.6.52) T

Advances in celestial mechanics led to the discovery of the planet Neptune. By
the early 1900s, this subject was sufficiently well developed that astronomers were
certain that an observed anomaly in the motion of Mercury could not be explained
by the Newtonian theory. This discrepancy was accounted for by Einstein’s theory
of general relativity, which provided a new foundation for the theory of gravity.
This is discussed in [3] and also in Chapter 18 of [45]. While a derivation is well
outside the scope of this book, we mention that the relativistic treatment leads to
the following variant of (4.6.46):

d?u
do?
where A ~ K/L? and ¢ is a certain (small) positive constant, determined by the
mass of the sun. This can be converted into the first order system

du dv 9
(4.6.54) =Y @——u—FA—i—Eu .

In analogy with (4.6.26)—(4.6.29), we can form

(4.6.53) +u=A+eu?

1 1
(4.6.55) F(u,v) = 5U? + §uz — Au— §u37
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and check that if (u(0),v(6)) solves (4.6.54), then

(4.6.56) di@F(u v) =0,

so the orbits for (4.6.54) lie on level curves of F'. As long as Ae € (0,1/4), F has
two critical points, a minimum and a saddle. Thus (4.6.54) has some solutions
periodic in 6. However, the period is generally not equal to 2w. (See Appendix
4.E for results related to computing this period.) This fact leads to the precession
of the perihelion of the planet orbiting the sun, where the perihelion is the place
where v is maximal, so r is minimal. In the non-relativistic situation covered by
(4.6.46), all the solutions in (4.6.47) are periodic in 6 of period 2.

.|
Exercises

1. Solve explicitly
w'(t) = —wlt),
for w taking values in R? = C. Show that
lw(t)|? + [w'(t)]* = 2E

is constant on each orbit.

2. For w(t) taking values in C, define a new curve by
ds

_ 2 45 _ 2
(s) = wlt, % = (o),
Show that if w”(t) = —w(t), then

v als)
2 = Ep

s0 z(s) solves the Kepler problem.

3. Take u = 1/r as in (4.6.42), and generalize the calculations (4.6.43)—(4.6.46)
to obtain a differential equation for u as a function of 8, for more general central
forces. Consider particularly f(x) = —VV(x) in the cases

V(z) = —K|z|? V(z)=-Kllz||.

4. Take the following steps to show that if p > 0 and 0 < e < 1, then
(4.6.57) r(1+ ecosf) =

is the equation in polar coordinates of an ellipse.

(a) Show that (4.6.57) describes a closed, bounded curve, since 1 + ecosé > 0 for
all 0 if 0 < § < 1, and cos@ is periodic in 8 of period 27. Denote the curve by
~v(0) = (x(0),y(0)), in Cartesian coordinates.
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(b) Show that this curve is symmetric about the z-axis and cuts the axis at two
points, whose distance apart is

2a = r(0) + r(m),

(4.6.58) P

St
(¢) Show that the midpoint between «(0) and ~y(r) is given by

g = —ea, Yo =0.

(d) For v(0) = (x(6),y(0)), as in part (a), show that
(v +ea)® y°
TZ TE

Hint. Use (4.6.57) and its square to write

(4.6.59) =1, b= (1-e*a’

r+er=p, SO r=p-—er,
(4.6.60) %+ y2 + 2erz + 2 = p2,
hence 22 + y2 + 2e(p — ex)x + €222 = p?, or equivalently
(4.6.61) (1 —e*)x? + 2epz + y* = p?,

and proceed to derive (4.6.59), taking into account (4.6.58).

5. As an approximation, assume that the earth has a circular orbit about the sun
with a radius

(4.6.62) a =1.496 x 10" m,

and its period is one year, i.e.,

(4.6.63) T = 31.536 x 10° sec.

The gravitational constant G has been measured as
(4.6.64) G =6.674x 107" m?/(kg sec?).

With this information, use (4.6.36) and (4.6.52) to calculate the mass mg of the
sun. Assume the mass of the earth is negligible compared to ms. You should get

(4.6.65) my = a x 1030 kg,

with o between 1 and 10.

REMARK. Historically, T" was measured by the position of the “fixed stars.” Modern
methods to measure a involve bouncing a radar signal off Venus to measure its
distance, given that we have an accurate measurement of the speed of light. Then
trigonometry is used to determine a. See [17] for a discussion of how G has been
measured; this is the most difficult issue.
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6. The force of gravity the earth exerts on a body of mass m at the earth’s surface
is

(4.6.66) —Gmmer—?2,
where G is given in Exercise 5,
(4.6.67) r=6.38 x 10° m

is the radius of the earth, and m,. is the mass of the earth. It is observed that
the earth’s gravity accelerates objects at its surface downward at 9.8 m/ secz, SO we
have

(4.6.68) 9.8 m/sec’ = Gmer 2.
Use this to compute m.. You should get
(4.6.69) me = f x 10%* kg,

with 8 between 1 and 10.
REMARK. See Appendix 4.F for more on (4.6.66).

7. As an approximation, assume that the moon has a circular orbit about the earth,
of radius
a=38x10° m,
and its period is 27.3 days, i.e.,
T =2.359 x 10° sec.

Assume the mass of the moon is negligible compared to the mass of the earth. Use
the method of Exercise 5 to calculate the mass of the earth. Compare your result
with that of Exercise 6.

8. Use the data presented in Exercises 5 and 7 to calculate the ratio of the masses
of the earth and the sun, irrespective of the knowledge of G.

9. Jupiter has a moon, Ganymede, which orbits the planet at a distance 1.07 x 10°
m, with a period of 7.15 earth days. Using the method of Exercise 5 (or 8), compute
the mass m; of Jupiter. You should get

my ~ 318 me.
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4.7. Variational problems and the stationary action principle

A rich source of second order systems of differential equations is provided by vari-
ational problems, which we will consider here. Let Q C R™ be open, and let
L e C?(Q xR"), say L = L(x,v). For a path u : [a,b] — €, consider

b
(4.7.1) I(u) = / Lu(t), /' (t)) dt.

We desire to find equations for a path that minimizes I(u), among all such paths
for which the endpoints u(a) = p and u(b) = ¢ are fixed. More generally, we desire
to specify when u is a stationary path, meaning that

(4.7.2) d%[(us)

for all smooth families of paths us such that ug = u, us(a) = p, and us(b) = q. Let
us write

:0’

(4.7.3) %us(t) P OF

so w : [a,b] — R™ is an arbitrary smooth function such that w(a) = w(b) = 0. To
compute (d/ds)I(us), let us denote

(4.7.4) Ly, = T L, = Jor
Then
b
%I(us) " /a ZLM (u(t),u (t))wy(t) dt
(4.7.5)

;
+ / > Ly, (u(t), o/ (£))wy,(t) dt.
a k

We can apply integration by parts to the last integral. The condition that wg(a) =
wy(b) = 0 implies that there are no endpoint contributions, so

b
(4.7.6) %I(us) = / Z[%(u(t%u’(t))—%Lw(uu),u'(t))]wk(t)dt-
0 J, &

For this to vanish for all smooth wy that vanish at t = a and b, it is necessary and
sufficient that

d
4.7.7 —
(4.7.7) o
This system is called the Lagrange equation for stationarity of (4.7.1). Applying
the chain rule to the first sum, we can expand this out as

D Luo (w(t), w (6))uf (8) + Y Loy, (ult), u' ()i (t)
(4.7.8) ‘ ¢

Ly, (u(t)7u/(t)) — Lg, (u(t)’u/(t)) =0, Vk.

—Lg, (u(t),u'(t)) =0, Vk.

This can be converted to a first order system for (u(t),w'(t)), to which the results
of §4.1 apply, provided the n x n matrix

(4.7.9) (LUW (z, v))
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of second order partial derivatives of L(z,v) with respect to v is invertible.

The Newtonian equations of motion can be put into this Lagrangian framework,
as follows. A particle of mass m, position x, and velocity v, moving in a force field
F(z) = =VV(z), has kinetic energy and potential energy

1
(4.7.10) T= 5m\|u||2, and V = V(z),
respectively. The Lagrangian L(x,v) is given by the difference:
1
(4.7.11) Lz,v)=T-V = §m||v||2 —V(x).
In such a case,
\%

(4.7.12) Ly, (x,v) =mug, Ly (z,v)= —a—,

633k
and the Lagrange system (4.7.7) becomes the standard Newtonian system

d*u

In this setting, the integral (4.7.1) is called the action. The assertion that the laws
of motion are given by the stationary condition for (4.7.1) where L is the Lagrangian
(4.7.11) is the stationary action principle.

The Lagrangian approach can be particularly convenient in situations where
coordinates other than Cartesian coordinates are used. As an example, we consider
the simple pendulum problem, and give a treatment that can be compared and
contrasted with that given in §1.6 of Chapter 1. As there, we have a rigid rod, of
length ¢, suspended at one end. We assume the rod has negligible mass, except for
an object of mass m at the other end. See Figure 4.7.1. The rod makes an angle 6
with the downward vertical. We seek a differential equation for 6 as a function of
t.

The end with the mass m traces out a path in a plane, which, as in Chapter 1,
we identify with the complex plane, with the origin at the point where the pendulum
is suspended and the real axis pointing vertically down. We can write the path as

(4.7.14) 2(t) = e,
The velocity is
(4.7.15) v(t) = 2'(t) = itd (t)e®,

so the kinetic energy is

1 02
(4.7.16) T = Sml()|? = mTH’(t)Q.
Meanwhile the potential energy, due to the force of gravity, is
(4.7.17) V = —mglcosb.

Taking ¢ = 6’, we have the Lagrangian

2
L(,¢) = %1&2 + mgft cos 6,
Llﬂ(av 1/1) = m€2wv Lg(e, ¢) = —mg£ sin 97

(4.7.18)
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l
m
Figure 4.7.1. Pendulum

and Lagrange’s equation

d
(4.7.19) 2 Lo (0(), 0'(1)) = Le(0(1), 0/ (1)) = 0
yields the pendulum equation

d’0 g .

(4.7.20) e + 7 sinf = 0,

in agreement with (4.6.6) of Chapter 1.

The approach above avoided a computation of the force acting on the pendulum
(cf. (1.6.6) of Chapter 1), and is arguably a bit simpler than the approach given in
Chapter 1. The Lagrangian approach can be very much simpler in more complex
situations, such as the double pendulum, which we will discuss in §4.9.

An important variant of these variational problems is the class of constrained
variational problems, which we now discuss. For the sake of definiteness, let M be
either a smooth curve in Q C R? or a smooth surface in Q C R3, and let n(z) be a
smooth unit normal to M, for x € M. Again, let L € C?(Q2 x R™), n =2 or 3, and
define I(u) by (4.7.1). We look for equations for

(4.7.21) w: [a,b) — M,

satisfying the stationary condition (4.7.2), not for all smooth families of paths us
such that ug = v and us(0) = p, us(b) = ¢, but rather for all such paths satisfying
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the constraint

(4.7.22) us : [a,b] — M.

Again we take w(t) as in (4.7.3), and this time we obtain an arbitrary smooth
function w : [a,b] — R", satisfying w(a) = w(b) = 0, and the additional constraint
(4.7.23) w(t) - n(u(t)) = 0.

The calculations (4.7.4)—(4.7.6) still apply, but from here we get a conclusion dif-

ferent from (4.7.7). Since (4.7.6) holds for all w(¢) described as just above, the
conclusion is

(4.7.24) %Lv(u(t),u’(t)) — L (u(t),u/(t)) is parallel to n(u(t)),

where L, = (Ly,,...,Ly, )  and Ly = (Lg,,..., L, ). In case n = 3, an equivalent

formulation of (4.7.24) is

(4.7.25) %Lv(u(t),u'(t)) - Lm(u(t),u'(t))} x n(u(t)) = 0.

Let’s specialize this constrained variational problem to the case
Lo
(4.7.26) L(z,v) = §||v|| .

The associated integral

1 b
(4.7.27) E(u) = 5/ I/ ()12 dt
is called the energy of u : [a,b] — M. In this case, L, = v and L, = 0, so (4.7.24)
becomes
(4.7.28) u”(t) is parallel to n(u(t)).

That is, u’(t) = a(t)n(u(t)). Taking the inner product with n(t) gives a(t) =
n(u(t)) - u’(t), so (4.7.28) yields

(4.7.29) ' (t) = n(ut)) -’ (t)n(u(t)).
An equation with a better form can be obtained by differentiating
(4.7.30) u'(t) - n(u(t)) =0,
to get
d
(4.7.31) u’ n(u(t)) = —u/(t) - an(u(t))
Plugging this into the right side of (4.7.29) gives the differential equation
d
(4.7.32) W (8) + () - (%n(u(t)))n(u(t)) = 0.

Note by (4.7.28) that u” is orthogonal to u/(¢), so
d
(4.7.33) £||u’(t)||2 =2u/(t) -u(t) = 0.

Thus stationary paths w : [a,b] — M for the energy have constant speed.



296 4. Nonlinear systems of differential equations

Such curves on M are geodesics. These curves are also constant speed curves
on M that are stationary curves for the arclength:

b
(4.7.34) () = / o/ (£)]] dt.

We will say a bit more about geodesics in Appendix 4.H. Further material can be
found in Chapter 6 of [50], and also in texts on elementary differential geometry,
such as [11].

We next present another approach to finding equations for stationary paths of
(4.7.27). Suppose Q = O x R and M is the graph of a function z = p(x1, z2), for
x = (x1,22) € O. Then a curve u : [a,b] — M has the form

(4.7.35) u(t) = (;U(t),go(ac(t)))7
and
(4.7.36) u'(t) = (2'(y), Vep(a(t)) - (1)),

lu' @)1 = 2" O] + (Ve(x(t) - '(¢))

T = 2/(t) - Gla(t)2' (1),
where
arsy  ow= (LU0 TR ew= gt

Thus the problem of finding a constrained stationary path wu(t) for the energy
(4.7.27) is equivalent to the problem of finding an unconstrained stationary path
z(t) for

b
(4.7.39) E(x) = %/ z'(t) - G(z(t))x(t) dt.
In this case,
1
L(z,v) = V" G(z)v,
(4.7.40) L,(xz,v) = G(z)v, and,

Ly(z,v) = %v - VG(z)v,

where the last identity means

1 0G

(4.7.41) L, (xz,v) = v 8—%@.
In this setting, the Lagrange equation (4.7.7) becomes

d 1
(4.7.42) = [G(m(t))x’(t)} — 57(8) - VG(®)a'(t) =0,
i.e.,

d 1 0G,;
(4.7.43) o > Grj(a(t)af(t) - 3 >t 63:: 2i(t) =0, Yk

J ]
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.|
Exercises

1. Given a Lagrangian L(z,v), we define the “energy”
E(xz,v) = Ly(z,v) - v — L(z,v)
(4.7.44) = Z Ly, (z,v)v — L(z,v).
k

Show that if u(t) solves the Lagrange equation (4.7.7), then
d
(4.7.45) %E(u(t), u'(t)) = 0.

This is energy conservation, in this setting.

2. Suppose
(4.7.46) Liz,v) = Tv- Gla)v - V (@),

Assume G(z) € M(n,R) is symmetric and invertible, and define E(x,v) as in
(4.7.44). Show that
m

(4.7.47) E(z,v) = 5V G(z)v + V(z).

3. Let L(z,v) be given by (4.7.46). Show that the Lagrange equation (4.7.7) is
(4.7.48) m% [G(u(t))u’(t)} - %u’(t) SVG(u(t) (t) = —VV (u(t)),

where the second term is evaluated as in (4.7.42)—(4.7.43). Show in turn that this
yields the first order system

duy,
dt
m Y G wlt) G +m Y ()|t~ 2950y = — 27 (u)).

:’Uk

dt ox; 2 Oxp 17 _8a:k
Produce a variant by symmetrizing the term in brackets in the second sum, with

respect to ¢ and j.

4. Consider the setting of constrained motion on M C €, as in (4.7.21)—(4.7.24),
and consider the following generalization of (4.7.26):

(4.7.49) L(z,v) = %||v||2 — V(x).

Establish the following replacement for (4.7.32):

(4.7.50) mad () + ma(t) - (%n(u(t)))n(u(t)) — — Pur(u(t))VV (u(t)),
where, for x € M, w € R",

(4.7.51) Py(x)w =w — (n(x) . w)n(x)
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This describes motion of a particle in a force field F(z) = —VV (x), constrained to
move on M.

5. Motion of a spherical pendulum in R?, in the presence of Earth’s gravitational
field, is described as in Exercise 4 with

(4.7.52) M= {z cR3: |jz|| = £},

and L(z,v) as in (7.49), with V(z) = mg(z - k), where k = (0,0,1)". Show that in
this case, (4.7.50) produces, for

(4.7.53) u(t) = Lw(t),
the system
(4.7.54) W) + |l ()] Pw(t) = —%k + %(w(t) - B)w(?).

6. Results of Exercise 5 are also valid in the setting where R3 is replaced by R2.
Show that, in this setting, with

(4.7.55) w(t) = (sinf(t), —cosO(t))", k= (0,1),
the equation (4.7.54) leads to the (planar) pendulum equation
(4.7.56) 0" (t) + % sin 6(t) = 0.

7. Let us return to the setting of Exercise 2, and set

(4.7.57) p = Ly(x,v) = mG(x)v.

Also set

(4.7.58) E(x,p) = E(x,v) = E(z,G(x) " 'p/m).
Show that

(4.7.59) E(x,p) = %p G(z) p+ V().

Show that the Lagrange equation (4.7.48) for u(t) = «x(t) is equivalent to the
following Hamiltonian system:

d:Ck 35 dpk 65

4.7.60 ary _ 9¢ - dpk _ 0¢

( ) dt Opr,’  dt Oz,

Hint. To get started on (4.7.60), note that if (4.7.59) holds, then

08 1

4.7.61 = “1p=
(4.7.61) 5 = mC@r=v,
and that the Lagrange equation implies
dpk m  0G ov

4.7.62 =L =L, (z,0)= —v  — _ )
(47.62) = Ly (a) = Fv s @ = 5 (@)
Furthermore, as in (3.8.13) of Chapter 3,

0 0G
4.7. — 1o P -1
(47.63) 5o-Gla) ™ = —G(@) ! 5 (@)C(a)
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Remark. More general cases in which the change of variable p =
Lagrange’s equation to Hamiltonian form are discussed in [1], [5
of [45].

L,(x,v) converts
], and Chapter 1

Exercises 8-11 study surfaces of revolution that are surfaces of “least area.” To set
this up, let w : [0,1] — (0,00) be smooth, and rotate the graph of y = u(x) about
the z-axis in (z,y, z)-space. Elementary calculus gives the formula

1
(4.7.64) Alu) = 27 / w(t) /T - W (02 dt

0
for the area of the resulting surface of revolution. The problem is to find u for

which the area is minimal, given constraints

(4.7.65) u(0)=a, u(l)=48, ap>0.

8. In (4.7.64), L(z,v) = xv1+ v2. Show that the “energy” E(z,v) in (4.7.44) is
given by

(4.7.66) B(z,v) = ——

NS

9. Using (4.7.45), show that if u(t) solves the Lagrange equation (4.7.7) in this
setting, then there is a constant a such that

u(t)

(4.7.67) — =g,
1+ (¢)?
hence
du 1
4.7.68 — =4+b2u2 -1, b=-.
( ) I u? —1, -

10. Separate variables in (4.7.68) and use the substitution bu = coshv to evaluate
the u-integral and conclude that

(4.7.69) u(t) = % cosh(bt + c¢),

for some constant ¢. Equation (4.7.69) is the equation of a catenary, seen before in
(1.3.24) of Chapter 1, for the hanging cable.

11. Consider the problem of finding b and ¢ in (4.7.69) such that the constraints
(4.7.65) are satisfied. Show that sometimes no solutions exist, and sometimes two
solutions exist, but one gives a smaller area than the other.

Exercises 12-15 take another look at the hanging cable problem mentioned in Ex-
ercise 10. Here we state it as the problem of minimizing the potential energy, which
is mg times

(4.7.70) Vu) = / Z w(t)/TF (D)2 dt,
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subject to the boundary conditions

(4.7.71) u(—A) =u(A) =0,
and the constraint that the curve y = u(z), —A < 2 < A, have length L,
A
(4.7.72) (u) = / V14 d/(¢)2dt = L.
—A

Such a curve describes a cable, of length L, hanging from the two points (—A,0)
and (A, 0), under the force of gravity. To deal with the constraint (4.7.72), we bring
in the Lagrange multiplier method. That is, we set

(4.7.73) In(u) = V(u) + A(u),

find the stationary path for (4.7.73) (subject to (4.7.71)) as a function of X, and
then find for which A the constraint (4.7.72) holds. Note that I)(u) has the form
(4.7.1) with

(4.7.74) Ly(z,v) = (x + A)V1+ 02

12. Show that the “energy” E\(z,v) in (4.7.44) is given by
x4+ A

4.7.75 Ey(z,v) = —/———.

(7m) Mo =

13. Using (4.7.45), show that if u(t) solves the Lagrange equation (4.7.7) in this
setting, then there exists a constant a (maybe depending on \) such that

14 u'(t)?
hence
du 1
4.7. — = +./b? 21 = -,
(4.7.77) i b2(u+ M) , b P

14. Separate variables in (4.7.77) and use the substitution b(u + ) = coshv to
evaluate the u-integral and obtain

1
u(t) = —A+ 7 cosh(bt + ¢),
for some constant c¢. Show that (4.7.71) forces ¢ = 0, so

1
(4.7.78) u(t) = —A+ 3 cosh bt.

15. Calculate the length of the curve y = u(x), —A < x < A, when u is given by

(4.7.78), and show that the constraints (4.7.71)-(4.7.72) yield the equations
bL 1
(4.7.79) sinhbA = 5 A= 5 cosh bA.
Note that the first equation has a unique solution b € (0, 00) if and only if L > 2A.

16. Recall the planar pendulum problem illustrated in Figure 4.7.1. Instead of
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assuming all the mass is at the end of the rod, assume the rod has a mass distri-
bution m(s)ds, 0 < s < £, so the total mass is m = fOZ m(s) ds. Show that for the
potential energy V' you replace (4.7.17) by

¢
(4.7.80) V = —maglcosd, ma = / m(s)? ds.
0
and for the kinetic energy T', you replace (4.7.16) by
_ myl? 704\ 2 - ¢ S 2
(4.7.81) T =0t my= i m(s)(g) ds.

Write down the replacement for the pendulum equation (4.7.20) in this setting.
Specialize the calculation to the case

(4.7.82) m(s) = % 0<s<d,

which represents a rod with uniform mass distribution.
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Figure 4.8.1. Brachistrochrone problem

4.8. The brachistochrone problem

The early masters of calculus enjoyed posing challenging problems to each other.
The most famous of these is called the brachistrochrone problem. It was posed by
Johann Bernoulli in 1696, and solved by him, by his brother Jakob, and also by
Newton and by Leibniz. The problem is to find the curve along which a particle
will slide without friction in the minimum time, from one given point p in the
(z,y)-plane to another, g, starting at rest at p. Say p = (0,0) and ¢ = (a,b). We
assume a > 0 and b < 0; see Figure 4.8.1. The force of gravity acts in the direction
of the negative y-axis, with acceleration g.

Our approach to this problem will involve two applications of the variational
method developed in §4.7. (In fact, this problem helped spark the creation of the
variational method.) First, let ¢ : [0,a] — R with ¢(0) =0, ¢(a) = b, and consider
the constrained motion of a particle,

(4.8.1) u:[0,t0] — M = {(z,0(z)) : 0 <z < a},

under the force of gravity. Thus, in place of (4.7.27), we look for stationary paths
for

(182 ) = [ [5 10O - V)] d
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subject to the constraint (4.8.1), and with
(4.8.3) V(z,y) = mgy.

We can convert this to an unconstrained variational problem as was done in (4.7.35)—
(4.7.42), now with a nonzero V', and with lower dimension. We have

(4.8.4) u(t) = (z(t), p(x(1))),
and
(4.8.5) [/ ()]* = (1 + ¢ (2(8))%)2' ()%,

so the problem of finding a constrained stationary path w(t) for (4.8.2) is equivalent
to the problem of finding an unconstrained stationary path x(t) for

(4.8.6) J(z) = /Oa L(x(t),'(t)) dt,
with
(4.8.7) Lz, v) = % (1+¢'(2)2)v2 — mgep(z).

The path z(t) is governed by the differential equation

d ! ! o
S Lu(a(t), ' (4) = La(a(2), /(1)) = 0.

We need not write this more explicitly, since by now our experience tells us that to
describe solutions to such a single equation, all we need is conservation of energy:

(14 ¢ (2)*)0* + mge(),

(4.8.8)

m

(4.8.9) E(z,v) = 5

that is, for a solution to (4.8.8),
m
5 (L4 ¢ (@(1))%)a' () + mgp(a(t)) = B

is constant. In the current set-up, 2(0) = 0 and 2/(0) =0, so E = 0. We get

(4.8.10)

dx —2g¢p(v)
4.8.11 — =y |
(4.8.11) dt 14 ¢/ (x)2’

which separates to

1 1) to
(4.8.12) m/o . e dx—/o dt.

In other words, the elapsed time for the particle to move from p = (0, 0) to ¢ = (a,b)
along the path y = p(z) is given by the left side of (4.8.12).

Hence the brachistochrone problem is reduced to the problem of finding ¢ :
[0,a] — R, minimizing

(18.13) Ko) = [ £lo(o). /) do
subject to the condition

(4.8.14) ©(0) =0, ¢(a) =0,
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where

(4.8.15) Llp) = ¢/ > f;f’z.

Stationary paths for (4.8.13) satisfy the Lagrange equation

d
(4.8.16) 21 Le(e(2),¢'(2)) = Lo(p(2), ¢/ (2)) = 0.
Note that
_ ¥ _ 1Vl +9?)
Solutions to (4.8.16) have the property that
(4.8.18) E(p(t),¢' (1) =FE
is constant, where (parallel to (4.7.44))
(4.8.19) E(p ) = Ly(p,¥) = L, ).
Using (4.8.15) and (4.8.17), we have
Y’ 1+ y?

& 7¢ = -

(4.8.20) ) Vel +v?) I
1
IRVErETD)

Thus, if p(z) satisfies (4.8.16), then
(4.8.21) o(z)(1+¢'(2)?) = —k*, const.,

where we have written the constant as —k? to enforce the condition that ¢(z) < 0
for 0 < = < a. For notational convenience, we make the change of variable

(4.8.22) y(z) = —p(),

so (4.8.21) becomes

(4.8.23) y() (14 ¢ (z)?) = k%,
giving

dy k2
4.8.24 — =4 /— -1
( )  \

The equation (4.8.24) separates to

d
/ W / dz.
VE -1
y
The left integral has the form of (1.5.15) in Chapter 1, with Ey = —1, Km = k2.

Rather then recall the formulas (1.5.16)—(1.5.22) of Chapter 1, we implement the
method previewed in Exercise 3 of that section. We use the change of variable

(4.8.26) y=k?sin’7, 27 =0.

(4.8.25)
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Then
k2
(4.8.27) dy = 2k> sin 7 cos T d, F = C.OST,
Yy ST
SO
d
/ny — 2k2/sin27'd7'
Vit
k‘2
(4.8.28) =5 (1 —cos®)db
k2
— ?(9 —sind),

the second identity because sin® 7 = (1 — cos 27)/2. Thus the curve (z,y(z)), = €
[0, a], is parametrized by

k2
x=x(0) = ?(9 — sin#),

(4.8.29) g

y=y(0) = %(1 —cosb).

The choice of k% > 0 is dictated by the implication

k? k2
(4.8.30) 0<0<7k? ?(Ofsinﬁ):aﬁ?(lfcose):\b|.

This solves the brachistochrone problem. The curve defined by (4.8.29) is
known as a cycloid. See Figure 4.8.2. Here p = k?/2.

REMARK. Note that 3/(0) = 400, so the optimal path starts directly down.

.|
Exercises

1. Show that for each a, |b| € (0,00), there is a unique k% > 0 such that (a, [b]) € R
lies on the curve (4.8.29), for some 6 € (0, 7k?).
Hint. Consult Figure 4.8.2.

2. In the setting of Exercise 1, show that if |b|/a < 2/7, then 6 > 7k?/2, and the
optimal path dips below b before reaching the endpoint g = (a, b).

3. With z(0) and y(0) as in (4.8.29), set p(0) = —y(0). Let
2

k
(4831) 0, = ?ﬂ', 0y € [0,01)

Show that the time it takes a particle starting at rest at (x(6y),p(6p)) to slide
down the curve (z(6), p(0)), 6o < 6 < 61, to the point (z(0;), p(61)) (the bottom of
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2p +

27p

Figure 4.8.2. Cycloid

the cycloid) is independent of 8y. One says the cycloid also solves the tautochrone
problem.
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01

b

)
%

Figure 4.9.1. Double pendulum

4.9. The double pendulum

Here we study the motion of a double pendulum, such as illustrated in Figure
4.9.1. We have a pair of rigid rods, of lengths ¢; and /5, of negligible mass except
for objects of mass m; and my attached to one end of each rod. The other end of
rod 1 is attached to a fixed point, and the end of rod 2 not containing mass 2 is
attached to rod 1 at mass 1. The rods are assumed free to swing back and forth
in a plane. Thus the configuration at time ¢ is described by the angles 6;(t) and
62(t), that the rods make with the vertical. Gravity acts on the masses m;, with a
downward force of m;g.

We identify the plane mentioned above with the complex plane, with rod 1
attached to the origin and the real axis pointing down. Thus the position of mass
1is

(4.9.1) z1(t) = £ @)
and the position of mass 2 is
(4.9.2) 2o(t) = z1(t) + LoV,

Their velocities are

2 =il,0)e,

!
1
4.9.3 ) .
( ) 2h = 0107 4 ily04e'%2
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with square norms
2P = G2,
(4.9.4) |25]2 = (0107 + £505€"92) (010,671 + £50,e712)
= (3(01)% + £3(05)% + 201020705 cos(61 — 62).
The potential energy of this system is given by
V =—migRez(t) — magRez(t)

(4.9.5)
= —my gl cos 1 — mag (€1 cos by + 5 cosby),

and the kinetic energy by
m m
(4.9.6) T = %\zi(t)ﬁ + 72 2 (1))

If we write

(4.9.7) o= (Z;) v= (Z;) - (2)

then (4.9.4) gives

(4.9.8) T =3¢ GO,
with
_ (m1 + m2)€% m2€1€2 COS(91 — 02)
(499) G(G) o <m2€1€2 COS(91 — 92) mgﬁg ’
Thus the Lagrangian L =T — V is given by
1

(4.9.10) L(0,4) = 59 G(0)Y — V(0),
with V(0) as in (4.9.5), and the equation of motion for the double pendulum is
(4.9.11) %Lw(e,e’) —Ly(6,0)=0
As in (4.7.48), this expands out to the 2 by 2 system

d 8G ov
4.9.12 — (6(1)) - 0’ Lo (t) = — (0t

for k = 1,2. Making explicit use of (4.9.5) and (4.9.9), we have
Ly, (0,0) = (m1 4+ ma) 031 + malylothy cos(0y — 02),

(4.9.13)
Ly, (0,9) = mal3hy + molilat)y cos(fy — 65),
and
(4.9.14) Ly, (0,¢) = —malilappasin(6y — 02) — (m1 + ma)gly sin 6,

Lo, (0,v) = malila1pa sin(0y — 02) — magly sin b,
Thus the explicit version of (4.9.11)—(4.9.12) is the pair of equations

d
(4.9.15) (ma1 +ma) 167 + m2£1£2% [95 cos(6y — 92)}

= —m2€1£29/19'2 Sin(91 — 92) — (m1 + mg)g€1 sin 91,
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and

d
B3+ bl [9; cos(61 — 92)]
= £1€29’19’2 sin(01 — 92) — géz sin 92.

(4.9.16)

Note that the masses m; and mg do not appear in (4.9.16); m; does not appear in
either term of (d/dt)Ly, — Lg,, and my factors out.

As in (4.7.44)—(4.7.47), we have the energy
(4.9.17) B(0.4) = L GO} + V()

and if 0(t) solves (4.9.11), or equivalently (4.9.15)—(4.9.16), then

(4.9.18) %E(G(t), o' (t)) = 0.

By (4.9.5) and (4.9.9), the explicit form of the energy is

1
E(0,y) = §(m1 + M) 3] + malylarhi1g cos(0r — O2)

1
+ §m2£§w§ — mygly cos By — mag(ly cos by + £ cosbs).

As in (4.7.57)—(4.7.60), we can convert the equations of motion to Hamiltonian
form, by setting

(4.9.20) p=G(0).
The energy (4.9.17) becomes
£(0.p) = E(0,G(0)""p)
(4.9.21) 1 )
= Lp- GO V)
and (4.9.11) is equivalent to

dby, o€ dpy, o0&
4.9.22 -k _ 2= IEF_ )
(4.9.22) dt opi’ dt 00,

Note that, for G(0) given by (4.9.9),

_ 1 mal3 —mal1ls cos(fy — 02)
4.99 0)-1 — 23 2t1£2 1 — 02
(4.9.23)  G(6) det G(6) <_m2£1£2 cos(61 — 62) (my +mg)l? ’
and
(4.9.24) det G(0) = mymal202 + m20202 sin*(0; — 65).

For notational simplicity we write

(4.9.25) £(0,p) = %p CHO)p+V(0), HO) = GO)".
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Solutions to (4.9.22) are orbits of the flow generated by the Hamiltonian vector
field

XE (9, p) = _‘]va,p5<97 p)

(4.9.26) - <—Of é) @Zi)

[ V€
=)
Here I € M(2,R) is the identity matrix and J € M (4,R) is defined by the second

identity in (4.9.26). From this formula we see that the critical points of X¢ coincide
with the critical points of £. Note that

(4.9.27) VpE(0,p) = H(0)p,
and H(0) is invertible for all 8, so if £ has a critical point at (6,p), p = 0. Now
(4.9.28) V&(6,0) = VV(0),

so we deduce that (6, p) is a critical point of X¢ if and only if p = 0 and VV (0) = 0.
Rewriting (4.9.5) as

(4929) V(&) = —(m1 + mg)g€1 cosf, — mgg€2 cos B,
we see that

(4.9.30) vV () = <(m1 +ma)gly sin 91)

mgg€2 sin 02

so the critical points of V' consist of §; = jm, 02 = km, j, k € Z. In summary, the
critical points of X¢ consist of

(4931) (01, 027p17p2) = (jﬂ-a k’]’(’,0,0), ja keZ.

Towards the goal of understanding the behavior of X¢ near these critical points,
we examine its derivative. We have

(4.9.32) DX (6,0) = ( DQOV(Q) " 69)> .

The matrix H(0) is positive definite for all §, and in particular, since sin jm = 0
and cos jm = (—1),

' B # mQ@ (—1)j7k+1m2€1€2
(4.9.33)  H(jm kr) = T ((_1)j_k+1m2€1€2 (m1 +m2)f]
Also,

g (=) (m1 +m2)gl 0

We are set up to examine the linearization of the flow generated by Xg at the
critical points. This will be pursued, in a more general setting, in the next section.
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.|
Exercises

1. Pass to the limit ms — 0 in the double pendulum system (4.9.15)—(4.9.16) and
derive the limiting system

9

07 + g—sin@l =0,
1
(4.9.35) . .
. g .
0y + é% ! cos(6 — 92)} - ée;eg sin(0y —02) — - sin.

2. Recall the spherical pendulum, introduced in Exercise 5 of §4.7. Derive equations
of motion for a double spherical pendulum.

3. Instead of assuming all the mass of rods 1 and 2 is concentrated at an end,
assume that rod j has mass distribution m; (s)ds, 0 < s < £;, so the total mass
of rod j is m; = foéj m;(s)ds, j = 1,2. Obtain formulas for the potential and
kinetic energy, replacing (4.9.5) and (4.9.6), and then obtain equations of motion,
replacing (4.9.15)—(4.9.16).

Note. See Exercise 16 in §4.7 to get started.
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4.10. Momentum-quadratic Hamiltonian systems

Most of the Lagrangians arising in the last three sections have been of the form
1
(4.10.1) L(z,v) = SV G(z)v — V(z),

for z € Q@ C R", v € R”, where G(z) € M(n,R) is symmetric and invertible,
in fact positive definite, but for awhile we will work in this more general setting.
As exercises in §4.7 have revealed, making the change of variables (z,v) — (z,p)
with p = G(z)v, one can convert the Lagrange system of differential equations to
Hamiltonian form,

drve _ O€ dpy _ OF

(4.10.2) el 371%’ - _('Tfrk’
where
1
(4.10.3) E@,p) = sp- H@)p+V(2), H(z)=Gla)™

2
We call such systems momentum-quadratic Hamiltonian systems. Note that H(x) is
also symmetric and invertible, and furthermore positive definite if G(x) is. Solutions
of (4.10.2) are orbits of the flow generated by the Hamiltonian vector field

Xe(z,p) = —JIVy € (x,p)

(4.10.4) N (-OI é) (gi)

(V€
C\-VLE)
Here, I € M(n,R) is the identity matrix, and J € M (2n,R) is defined by the

second identity in (4.10.4).

We record some general results about the critical points of such fields, and their
linearizations. To begin, the critical points of X¢ coincide with the critical points
of £. Note that

so, since H (z) is invertible, we see that if £ has a critical point at (x,p), then p = 0.
Now

(4.10.6) V.€(z,0) = VV(x),
so we deduce that the critical points of X¢ consist of
(4.10.7) {(z,0) : VV(z) = 0}.

We next look at the linearization (cf. (4.3.39)) of X¢ at a critical point (zg, 0),
given by

(4.10.8) DXe(w0,0) = (_DQ?/(%) H((;Uo)) .

From here on, we assume H(x() is positive definite. For notational simplicity, we
set

(4.10.9) H = H(xg), W =D?V(xy), L= (_?4/ gf) .
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Then the linearization of (4.10.2) at (x¢,0) is

dx dp

To analyze the structure of solutions to (4.10.10), it is convenient to directly
tackle the second order system
d*x

and to do this we bring in the following.

Lemma 4.10.1. Given that H € M (n,R) is positive definite, there exists a positive
definite A € M(n,R) such that

(4.10.12) H= A%

Proof. From Chapter 2 we know that R™ has an orthonormal basis {v;} of eigen-
vectors of H, so Hv; = A\jvj, 1 < j < n. Each ); is positive, so we can define A

byA’Uj:\/Aj"Uj, 1§j§n O
If we make the change of variable

(4.10.13) r = Ay,

then (4.10.11) is converted to

(4.10.14) y" + AW Ay = 0.

Note that W € M(n,R) is symmetric and so is AWA. Also AW A is invertible
if and only if W is. This invertibility is equivalent to the assertion that (xg,0)
is a nondegenerate critical point of Xg. We restrict attention to such cases. The
following result will be useful.

Lemma 4.10.2. Let W € M(n,R) be a symmetric matriz, and assume
(4.10.15) W has k positive and n — k negative eigenvalues.
Then so does AW A, when A € M(n,R) is positive definite.

Proof. Write R* = W, & W_, where W, is the linear span of the eigenvectors
of W with positive eigenvalue, YWW_ the linear span of the eigenvectors of W with
negative eigenvalue. Similarly, write R = W+ @ VNV,, with W replaced by AW A.
The image AV\L. of VNV+ under A is a linear subspace of R", and

(4.10.16) v=Aw e AW, = v-Wo=w- AWAw > 0 = v € W,.
Thus

(4.10.17) A: W, — W,, injectively,

SO

(4.10.18) dim W, < dim W,..

A similar argument gives

(4.10.19) dimW_ < dimW_,

and finishes the proof. (|
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To continue, under the hypotheses of Lemma 4.10.2, we have an orthonormal

basis {u1,...,u,} of R™ such that, with p; € (0,00),

AW Au; = p2u;,  j <k,
(4.10.20) SRR
AW Auj = —pjug, j > k.

in such a case, the general solution to (4.10.14) is
y(t) = Z(aj sin pu;t + bj cos pu;t)u;
i<k

+ Y (azett 4 bje ;.

i>k

(4.10.21)

Such y(t) leads to

(4.10.22) ( Aflf’;fzt)> = @8) = (ZD

for general vg,v; € R™. As a result, we have the following.

Proposition 4.10.3. Under the hypotheses of Lemma 10.2, L, given by (10.9), is
diagonalizable, and its eigenvalues are
+ip;  for <k,
(4.10.23) ! :
fu;  for j>k.
Proof. The eigenvalues of L are what appear in the exponents in the matrix co-
efficients of et’. If L were not diagonalizable, some matrix coefficients would also
contain terms of the form t‘e**, ¢ > 1, where y = Zip; or £u; in (4.10.23),
depending on j. O

A critical point of X¢ is said to be hyperbolic if all of the eigenvalues of DXg
have nonzero real part. From the analysis above, we have the following.

Proposition 4.10.4. A critical point (z¢,0) of Xg is hyperbolic if and only if
(4.10.24) D2V (xo) is negative definite.

If (4.10.24) holds, DX¢(z0,0) has n positive eigenvalues and n negative eigenval-
ues.

Whenever a vector field X (Hamiltonian or not) has a hyperbolic critical point,
say at zp, the phase portrait near zy for the flow generated by X has a similar
appearance to that for the flow generated by its linearization at zg. This is a gen-
eralization of the two dimensional result mentioned below (4.3.78). See Appendix
4.C for further discussion.

The opposite extreme can also be read off from (4.10.23).

Proposition 4.10.5. At a critical point (z¢,0) of Xg, all the eigenvalues of DX¢
are purely imaginary if and only if

(4.10.25) D*V () is positive definite.
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Recalling that &(x,p) is given by (4.10.3), we see that (4.10.25) is equivalent
to

(4.10.26) D?E(x9,0) € M(2n,R) is positive definite,

in which case £ has a local minimum at (zg, 0).

In case (4.10.25) holds, we can deduce from (4.10.21)—(4.10.22), with k = n,
that the orbits of e*” all lie in n-dimensional tori. As for the flow generated by Xg¢
itself, we know that its orbits all lie on level surfaces of £. Near (z,p) = (zo,0),
these level sets look like (2n — 1)-dimensional spheres in R™. In case n = 1, these
are closed curves in R?, and indeed the phase portrait for the flow generated by
Xe near (z9,0) looks like that for the flow generated by its linearization. In such
a case, (29,0) is a center, discussed in §3. In case n > 1, the orbits of the flow
generated by Xg¢ near (zp,0) do not necessarily lie on n-dimensional tori. The
analysis of this behavior is much more subtle than in the case of hyperbolic critical
points. There will be n-dimensional invariant tori that are invariant under the flow,
arising rather densely near (x¢,0), but the flow generated by X¢ often has chaotic
behavior on the complement of these tori. Study of this situation is part of the
deep Kolmogorov-Arnold-Moser (KAM) theory. Discussion of this, and references
to further work, can be found in [1], Chapter 8, and [5], Appendices 7-8.

For n > 2, there can be cases intermediate between those covered by Proposi-
tion 4.10.4 and those covered by Proposition 4.10.5.
Proposition 4.10.6. If (x9,0) is a critical point for X¢ and

(4.10.27)  D?V(xq) has k positive eigenvalues and n — k negative eigenvalues,

then

DX¢(x0,0) has 2k imaginary eigenvalues, and

4.10.28
( ) n — k positive, and n — k negative eigenvalues.

In such cases, with £ > 1 and n > 2, the phase portrait for the flow generated
by X¢ near (zg,0) will generally differ from that of its linearization in important
details, with some exceptions, arising when X¢ is “integrable.” We refer to the
sources cited above for more on this.

Let us specialize these results to the case of the double pendulum, discussed
in §4.9. There V was given by (4.9.29), and the critical points by (4.9.31), i.e.,
(jm, km,0,0), and D2V (jr, km) by (4.9.34). We have

j and k even = D?V (jn, kn) positive definite,
(4.10.29) j and k odd == D?*V(jr, k) negative definite,
j and k of opposite parity = D?*V (jr, kr) indefinite.

In the first case Proposition 4.10.5 applies, in the second case Proposition 4.10.4
applies, and in the third case Proposition 4.10.6 applies, with k =1 and n —k = 1.
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.|
Exercises

1. Establish analogues of Propositions 4.10.3, 4.10.5, and 4.10.6 in case H is allowed
to be indefinite (nondegenerate), and we assume

(4.10.30) D?V (x¢) is either positive definite or negative definite.

Exercises 2-6 deal with the 2 x 2 system
d? [z
@ (y) - _vw,yv(x7 y)7

for various functions V. The associated energy function, as in (4.10.3), is

(4.10.31)

1
(4.10.32) E(z,y.p,0) = 5(0° + ) + V(z,9).

In each case, do the following.

(a) Find all the critical points of £.

(b) Determine the type of each critical point of £.

(c) Determine the behavior of the eigenvalues of DXg at each such critical point
(via Proposition 4.10.6).

2. Take

V(x,y) = (cosz)(cosy).
3. Take

V(z,y) =2 +zy+y*
4. Take

V(z,y) =z +zy+y*
5. Take

V(z,y) =2 —ay +y*.
6. Take

V(z,y) =a' — 2’y +y*.

7. Do analogues of Exercises 2-6 with (4.10.32) replaced by

1
(4.10.33) E(z,y,p,0) = 50" = ¢) + V(2,y).

Now Proposition 4.10.6 will not apply, but Exercise 1 might (or might not).
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4.11. Numerical study — difference schemes
We describe some ways of numerically approximating the solution to a system of
differential equations

dx

(4.11.1) i F(x), z(tg) = xo.

Higher order systems can be transformed to first order systems and treated by these
methods, which are known as difference schemes.

To start, we pick a time step h and attempt an approximation to the solution
to (4.11.1) at times to + nh:

(4.11.2) Ty =~ x(to + nh).
Noting that a smooth solution to (4.11.1) satisfies
z(t + h) = x(t) + ha'(t) + O(h?)
= x(t) + hF (x(t)) + O(h?),
we have the following crude difference scheme:

(4.11.4) Tpt1 = Tp + hF (z,).

(4.11.3)

This is said to be first order accurate, meaning that over an interval of unit length
one carries out 1/h such operations, each with error O(h?), giving an accumulated
error O(h), i.e., on the order of h to the first power. This method of approximating
the solution z(t) is often called the Euler method, though considering what a great
master of computation Euler was, it is hard to believe he actually took it seri-
ously. Shortly we will present a fourth order accurate method, which is generally
satisfactory, after describing some second order accurate methods.

These better difference schemes will be suggested by higher order accurate
methods of numerical integration. The connection between the two comes from
rewriting (4.11.1) as

h
(4.11.5) o(t +h) = (1) +/ Fa(t + 5)) ds.
0
Consider methods of approximating

h
(4.11.6) /0 o(s) ds

better than hg(0) + O(h?), for smooth g. Two simple improvements are

h
(4.11.7) 5 [g(o) + g(h)] +O(h?),
the trapezoidal method, and
h 3
(4.11.8) hg(§> + O(h?),

the midpoint method. These lead respectively to

(4.11.9) B+ h) = 2(t) + g [FG(0) + (e + )] + 0(h?)
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and
h
(4.11.10) o(t + h) :x(t)+hF(x(t+§)) +O(h?).
Neither of them immediately converts to an explicit difference scheme, but in
(4.11.9) we can substitute F(X(t + h)) = F(X(t) + hF(X(t))) + O(h?) and in

(4.11.10) we can substitute F (X (¢t + h/2)) = F(X(t) + (h/2)F(X(t))) + O(h?), to
obtain the second order accurate difference schemes

(4.11.11) Tpil = Ty + g [F(xn) + F(zn + hF(xn))}
and
(4.11.12) Tpal = Tp + hF(:rn + gF(xn)>

Often (4.11.11) is called Heun’s method and (4.11.12) a modified Euler method.

We now come to the heart of the matter for this section. The Runge-Kutta
scheme for (4.11.1) is specified as follows. The approximation x, to z(to + nh) is
given recursively by

h
(4.11.13) o4l = Tt g (Knl +2Kn2 +2K,3 + Kn4),
where
F(xn),
( + 1hK )
n2 - Tn nl
(4.11.14)
nS - (mn + hKnQ)

This scheme is 4th order accurate. It is one of the most popular and important
difference schemes used for numerical studies of systems of differential equations.
We make some comments about its derivation.

We will consider a method of deriving 4th order accurate difference schemes,
based on Simpson’s formula

h
(4.11.15) /0 g(s) ds = %(9(0) + 4g(g) +g(n)) +0(").

This formula is derived by producing a quadratic polynomial p(s) such that p(s) =
g(s) at s =0, h/2, and h, and then exactly integrating p(s). The formula can be
verified by rewriting it as

(4.11.16) /h G(s) ds = g [G(-1) +46(0) + G()] + 0(?).
—h

The main part on the right is exact for all odd G(s), and it is also exact for G(s) =1
and G(s) = s, so it is exact when G(s) is a polynomial of degree < 3. Making a
power series expansion G(s) = Z?:o ajs? + O(s*) then yields (4.11.16).

Now, write the equation (4.11.1) as the integral equation (4.11.5). By (4.11.15),

(4.11.17) /0 " P(X(t48)) ds %[F(X(t))+4F(X<t+g))+F(X(t+h)) +O(R).
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We then have as an immediate consequence the following result on producing ac-
curate difference schemes.

Proposition 4.11.1. Suppose the approximation
(4.11.18) x(t+h) = x(t) + D(x(t),h) = X(x(t), h)

produces a jth order accurate difference scheme for the solution to (4.11.1). If
7 <3, then a difference scheme accurate of order j + 1 is given by

(4.11.19) Tnsl = Tn + %[F(mn) + 4F(X (xn g)) + F(X (2, h))]

Furthermore, if x(t+h) = Xp(z(t), h) both work in (4.11.18), £ = 0,1, then you can
use

h h
(4.11.20) e [F(xn) + 4F(XO (xn §)) + F(X (20, h))}.
We apply this to two second order methods derived before:
h
(4.11.21) Xo(@n,h) = 20 + 5 [F(xn) + F(z, + hF(xn))}, Heun,
and
h .
(4.11.22) Xi(zp, h) =z + BF (:cn + §F(xn)>, modified Euler.

Thus a third order accurate scheme is produced. The last term in (4.11.19) becomes
(4.11.23)

%[F(xn) + 4F<zn + % {F(zn) + F(xn + gF)D + F(xn + hF(acn + gF))}

where F' = F(x,). In terms of K1, K, as defined in (4.11.14), we have

(4.11.24) g [Kr + 4P (2 + %[Knl + Kna]) + Flan + hKy))

This could be used in a 3rd order accurate scheme, but some simplification of the
middle term is desirable. Note that, for smooth H,

1y 1 1 )
(4.11.25) H(z+ 517) — SH(@) + 5H(w +n) + O(nf?).
Consequently, as | K1 — Kn2| = O(h), by (11.14),

h
(4.11.26) F(Jcn+1[

Therefore we have the following.

K —|—Kn2]) = %F(mn + gKnl) + %F(mn + gK,ﬂ) +0(hY).

Proposition 4.11.2. A third order accurate difference scheme for (4.11.1) is given
by

h

where Kp1, Kpo, Kus are given by (4.11.14) and
(4.11.28) Luoa = F(zn + hKp2).
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We can now produce a 4th order accurate difference scheme by applying Propo-
sition 4.11.1 with X'(x,,h) defined by (4.11.27). Thus we obtain the difference
scheme.

h h
Tn+1 = T + E{Knl +4F (zn + E[Knl + 2kn2 + 2kn3 + énd)
(4.11.29)

h
+ F (20 + &K + 2Kz + 2Kns + L) }.

where K,,;, Lp4 are as above and

F

h
n 7Kn);
(I t e
h
n 7kn>7
(I + gl

h

kn2
(4.11.30) fing = F

This formula is more complicated than the Runge-Kutta formula (4.11.13).
We say no more about how to obtain (4.11.13), which represents a masterpiece of
insight.

We have dealt specifically with autonomous systems in (4.11.1), but a non-
autonomous system

(4.11.31) z—f =G(t,z), x(to) = o,

can be treated similarly, as one can see by writing its autonomous analogue

(4.11.32) d<x) _ (G(y,z))’ (z(to)> _ (:1:0>
dt Yy 1 y(tO) t()
and applying the formulas just derived to (4.11.32).

We move briefly to another class of difference schemes, based on power series.
It derives from the expansion

2

(4.11.33) x(t+h) = x(t) + ha'(t) + %x”(t) bt h*

i ) (t) + O(hF+1),

To begin, differentiate (4.11.1), producing

(4.11.34) 2/ (t) = Fy(z,2'), Fo(z,2') = DF(z)x’.
Continue differentiating, getting

(4.11.35) 29 (t) = Fy(z,a',...,aU7Y), j<k

Then one obtains a difference scheme for an approximation z,, to (tg +nh), of the
form

h? k
where
(4.11.37) 2, =F(z,), o= Fy(r,,z)),

and, inductively,
(4.11.38) 29 = Fj(xn, 2, ..., 297D).

n n’
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This difference scheme is kth order accurate. In practice, this is not usually a
good method, because the formulas for F}; tend to become rapidly more complex.
However, in some cases the functions F; happen not to become very complex, and
then this is a good method.

To mention a couple of examples, first consider the central force problem
' =w,

Yy =w,
4.11.39
( ) v = —x(a:2 + y2)—3/2,

w' = —y(2® + %) 732

Here, the power series method is not nearly as convenient as the Runge-Kutta

method. On the other hand, for the pendulum problem, which for g/¢ =1 we can
write as

(4.11.40) 0 =1, 1 =—sinb,
we have
0" =, ' = —1cosb,
(4.11.41) 0B =" ) = ' cosf + ¢ sinb,
W = B3 ™ = —y” cosh + 3¢'1psin @ + > cos b,

from which one can get a workable fourth order difference scheme of the form
(4.11.36)—(4.11.38).

There are other classes of difference schemes, such as “predictor-corrector”
methods, which we will not discuss here. More about this can be found in numerical
analysis texts, such as [7] and [39].

Readers with a working knowledge of a general purpose computer program-
ming language, such as FORTRAN or C, will find it interesting to implement the
Runge-Kutta method on a variety of systems of differential equations, including
(4.11.39) and (4.11.40). Be sure to use double precision arithmetic, which makes
computations to 16 digits of accuracy. Alternatively, specialized programming tools
such as MATLAB and Mathematica can be used. These tools have built-in graphics
capability, with which one can produce phase portraits, and they also have built-
in differential equation solvers, whose output one can compare with the output
from one’s own program. Useful literature on these latter tools for the study of
differential equations can be found in [37] and [13].

When running such programs, pay attention to the way solutions behave when
the step size h is changed. As a rule of thumb, if the solution does not change
appreciably when the step size is halved, the solution is accurate. To be sure, there
is frequently more to obtaining accurate solutions than just choosing a small step
size. In many cases, various stability issues arise. One such case is discussed in
Appendix 4.H, concerning an instability for geodesic equations, arising in §4.7, and
how to handle it.

For more on such matters, we recommend numerical analysis texts, such as
cited above, and of course we also recommend lots of practice on various systems
of differential equations.
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.|
Exercises

The following exercises are for readers who can use a programming language.

1. Write a program to apply the Runge-Kutta method to the pendulum problem
(4.11.40).

2. Write a program to apply the power series method described in (4.11.33)—
(4.11.38) to (4.11.40). Produce a fourth order accurate method.

3. Consider applying the Runge-Kutta scheme to the problem of motion in a planar
force field,

(4.11.42) o’ = f(z,y), ' =glz,y),
which can be written as the first order system

¥ =v, v =f(zy),

Yy =w, w =gy
Show that (4.11.13)—(4.11.14) in this context become

(4.11.43)

h
zr—>x+g(v+2v2+2v3+v4),

h
yr—>y+g(w+2w2+2w3+w4),
(4.11.44) ;
v v+ 6(a1 + 2a2 + 2a3 + a4),

h
w— w + g(bl +2b2+2b3+b4),

where a;,b;,v;, and w; are computed as follows. First,

(4.11.45) a1 = f(z,y), b1 =g(=,y);
then
h h
$2—1’+§7}, y2:y+§w7
(4.11.46)
) v+ ﬁ0L w w + ﬁb
2 — 2 1, 2 — 2 1,
and
(4.11.47) as = f(x2,y2), b2 = g(x2,y2);
then
h
$3=$+§U2, y3=y+§w2,
(4.11.48) )

= —_ = 7b
VU3 v+2a2, W3 w—&-227
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and

(4.11.49) az = f(x3,y3), b3 =g(z3,3);
then

e TS
and finally,

(4.11.51) as = f(r4,91), ba=g(w4,y4).

Write a program to implement this difference scheme. Test it for various functions
f(z,y) and g(z,y). Consider particularly

— x e y __
(41152) f(l',y) - ($2+y2)3/2’ g(l’,y) - ($2+y2)3/27

arising in the Kepler problem, (4.11.39).

4. Extend the scope of Exercise 3 to treat

/

" = flxy, 2y, Y =gley 2 y).

5. Write a program to apply the Runge-Kutta method to the double pendulum
problem (4.9.15)—(4.9.16).
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Figure 4.12.1. Limit cycle

4.12. Limit sets and periodic orbits

Let F be a C' vector field on an open set @ C R”, generating the flow ®¢. Take
x € O. If ®t(x) is well defined for all t > 0, we define the w-limit set L, (z) to
consist of all points

(4.12.1) y € O such that there exist t; 400 with @ (z) — y.

Similarly, if ®*(z) is well defined for all ¢ < 0, we define the a-limit set L, (x) to
consist of all points y € O such that there exist t; N\, —oco with ®%(x) — y. Sinks
are w-limit sets for all nearby points. Other examples of w-limit sets are pictured
in Figures 4.12.1-4.12.2. In Figure 4.12.1, L, (z) is a periodic orbit, i.e., for some
T € (0,00), ®T(y) = y. In Figure 4.12.2, L, (z) is a figure eight, containing a
hyperbolic critical point of the vector field. The reader might think up examples
in which L, (z) contains several hyperbolic critical points.

The next proposition records some general observations about limit sets that
hold in any dimension. Take O C R®, I, and ®* as above.

Proposition 4.12.1. Assume that K C O is a closed, bounded (hence compact)
set in R™ and that ®*(K) C K for each t > 0. Take v € K. Then

(4.12.2) L, (x) is a nonempty, compact subset of K,
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L,(z)

z
Figure 4.12.2. Another limit set

given by

ﬂ {®t(z) : t > s}
(4.12.3) seRY

=) {2i(x) : t > k}.

keN
We have
(4.12.4) ®' (L, (7)) = Ly(x), Vt>0,
and hence
(4.12.5) O Ly(v) — Ly(x), VteR.
Furthermore,
(4.12.6) y € Ly(x) = L, (y) C Ly(z).

Proof. The result (4.12.3) is a straightforward consequence of the definition of
L, (x). The fact that this set is nonempty follows from Proposition 4.B.6, in Ap-
pendix 4.B. The results (4.12.4)—(4.12.6) are left as exercises. O

We now specialize to planar vector fields, where w-limit sets tend to have rather
special properties. The following result, characterizing w-limit sets without critical
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points in planar regions (under a few additional hypotheses), is called the Poincaré-
Bendixson theorem.

Theorem 4.12.2. Let O be a planar domain, and let F' generate a flow ®¢ on O.
Assume there is a compact set K C O that satisfies ®'(K) C K for all t > 0. Take
x € K. If L,(x) contains no critical point of F, then it is a periodic orbit of ®.

An important ingredient in the proof of the Poincaré-Bendixson theorem is the
following classical result about closed curves in the plane.

Jordan Curve Theorem. Let C be a simple closed curve in R?, i.e., a continuous,
one-to-one image of the unit circle. Then R? \ C' consists of two connected pieces.
Any curve from a point in one of these pieces to a point in the other must cross C.

We will not present a proof of the Jordan curve theorem. Proofs can be found
n [14], §18, and in [32]. We do mention that actually we will need this result
only for piecewise smooth simple closed curves, where a simpler proof exists; see
[42], pp. 3440, [45], Chapter 1, §19, or [50], §5.3. The ability of a simple closed
curve to separate R™ fails for n > 3, which makes the Poincaré-Bendixson theorem
an essentially two-dimensional result. Examples discussed in §4.15 illustrate how
much more complex matters can be in higher dimension.

To tackle Theorem 4.12.2, first note that the hypotheses imply L, (z) is a
nonempty subset of K. Let y € L, (z), and say

(4.12.7) yp = O (x), tr S 400, Yk =y

We have F(y) # 0. Let T be a smooth curve segment in O, containing y, such that
the tangent to I' at y is linearly independent of F'(y). Shrinking I" if necessary, we
can assume that for each z € T, the tangent to I' at z is linearly independent of
F(z). We say F is transverse to I'; cf. Figure 4.12.3.

With yy, as in (4.12.7), we can assume all y; are sufficiently close to y to lie in orbits
through I', and adjusting each ¢; as needed, we can take

(4.12.8) yn €T, Vk.

At this point, is is useful to revise the list {5} slightly. Let t; € RT, y; = &% (z) be
as above. Now let t;, 400 denote all the successive times when ®¢(x) intersects
T, so we may be adding times to the set denoted t; in (4.12.7). Shortly we will
show that (4.12.7) continues to hold for this expanded set of points y, = @ (z).
First, we make the following useful observation.

Lemma 4.12.3. With t; <t;11 <t;j12 as above,
(4.12.9) Yj+1 lies between y; and yj12 on I.
Proof. Consider the curve C; starting at y;, running to y;4+1 along ®'(z), t; <

t < tj41, and returning to y; along I'. Cf. Figure 4.12.4. This is a simple closed
curve, and the Jordan curve theorem applies.

Now for s and o small and positive, and z € I', not on the opposite side of ;41
from y;, we have ®5(y;11) = ®%75(z) and @ 7(z) in the two different connected
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Figure 4.12.3. Curve transverse to orbits of ®?

components of R? \ C;. Since {®*(y;+1) : s > 0} cannot cross C; at any point but
a point in I'; we must have
O (yj42) = BT (a)

in the opposite component of R? \ C; from that containing such ®~7(z), so y;42
must be on the opposite side of ;41 from y; in I'. O

Having Lemma 4.12.3, we see that the expanded set of points {y;} C T inter-
laces the original set, so (4.12.7) continues to hold. We see that the convergence
of y;, to y is monotone on I'. If by chance some y; = y, then y, =y for all k > j.
Otherwise, all the points y; lie on the same side of y, i.e., on the same connected
component of T'\ {y}.

The main thing we need to establish to prove Theorem 4.12.2 is that the orbit
through y is periodic. The next result takes us closer to that goal.

Lemma 4.12.4. Suppose s > 0 and ®°(y) € I'. Then °(y) = y.

Proof. We have

(4.12.10) sup  ||®'(yx) — @ (y)|| = — 0, as k— oo.
0<t<s+1

It follows that there exist 6 — 0 such that ®3+%(y;) € I', and hence
(4.12.11) 5% (yp.) = Yppp(ry, for some £(k) € {1,2,3,...}.
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T
Yj
Figure 4.12.4. Orbit of &?
Thus
(4.12.12) P (y) = lim @ % (yp) = Im yppo) = ¥,
k—o0 k—o0
as asserted. O

We are ready for the endgame in the proof of Theorem 4.12.2. Let s; / 400
and consider z; = ®% (y). We have each z; € K, and passing to a subsequence, we
can assume

(4.12.13) zj =®%(y) — z € K.

We have F'(z) # 0, so there is a curve segment r through z, transverse to F.
Adjusting s;, we can arrange

(4.12.14) z; €T

We need only two such points in such a curve f; say, upon relabeling,
(4.12.15) 2 =B (y), 2o = D2 (y) = &2 51 (z) € I.

See Figure 4.12.5.

Note that
(4.12.16) PITS (1) — 2,
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21

22

Figure 4.12.5. March of z; = ®%i (y) — z

so we can use the previous results, with ¢; replaced by ¢; + s1 and y by 21, and I’
by T'. In this case, the analogue of the hypothesis in Lemma 4.12.4 applies:

(41217) So —s1 >0, Ps2751 (2’1) erl.
The conclusion of Lemma 4.12.4 is
(4.12.18) D275 (1) = 2,
i.e., actually z9 = z;. (The same argument gives z; 11 = z; for all j, so actually
z1=2.)

Thus the orbit of ® through y is periodic, of period s = so—s1. Since y € L, (),
it follows that this periodic orbit is contained in L, (x).

Note that if ®°(y) = y, then we can apply (4.12.11) to deduce that the times
t) arising in ® (z) = yj, satisfy

(4.12.19) limsup (tg41 — tx) < s.

k—o0

The last point to cover in the proof of Theorem 4.12.2 is that the periodic orbit
through y contains all of L, (z). Indeed, let § be another point in L, (x). We have

(4.12.20) " (z) — g, T/ +oo.
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Using (4.12.19), we can write 7; = ¢ + 0, 0 < 0 < s+ 1, and passing to a
subsequence obtain

(1.12.21) 7 (1) = 7 () —> B°(y),
hence § = ®7(y). This completes the proof of Theorem 4.12.2. O

The following equation, known as the van der Pol equation, illustrates the
workings of Theorem 4.12.2. The equation is

(4.12.22) o —p(l— 2?2’ +x=0.

Here p is a positive parameter. This models the current in a nonlinear circuit that
amplifies a weak current (|| < 1) and damps a strong current (|| > 1). See the
exercises for more on this. The equation (4.12.22) converts to the first order system

(4.12.23) o=y, oy =—x+ul -y

Figure 4.12.6 is a phase portrait for the case = 1. The vector field F' associated
with (4.12.23) has one critical point, at the origin. The linearization of (4.12.23)
at the origin is

e AO-(4 ()

and the eigenvalues of this matrix are

1
(4.12.25) % =5V -4

Thus the origin is a source whenever p > 0. It is a spiral source provided also
i < 2. Note that when (x(t), y(t)) solves (4.12.23),

d
(4.12.26) %(aﬂ + %) =2u(1 — 2%)y?,
which is > 0 for || < 1, and in particular is > 0 near the origin.

An examination of Figure 4.12.6 indicates the presence of a periodic orbit,
attracting all the other orbits. Let us see how this fits into the set-up of Theorem
4.12.2. To do this, we need to describe a closed bounded set K C R? such that
®t(K) C K for all t > 0, where ®! is the flow generated by F', and such that F has
no critical points in K. We construct K as follows. Look at the orbit of F' starting
at the point A on the positive y-axis, shown in Figure 4.12.6 and again in Figure
4.12.7.

A numerical integration of (4.12.23) (using the Runge-Kutta scheme) shows that

®'(A) winds clockwise about the origin,
(4.12.27) and again hits the positive y-axis
at the point B, lying below A.

To this path from A to B, one adds the line segment (on the y-axis) from B to A,
producing a simple closed curve C. It follows readily from (4.12.23) that on this line
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Figure 4.12.6. Van der Pol limit cycle

segment the vector field F' points to the right. Thus the closed region K bounded
by this curve has the invariance property

(4.12.28) P'(K)C K, Yt>0.

We then pick € > 0 small enough (in particular < 1), and set
(4.12.29) K=K\ {(z,y): 2> +1y? <%}
The fact that

(4.12.30) PIK)C K, Vt>0

follows from (4.12.28) and (4.12.26). We have removed the only critical point of F,
so K contains no critical points, and Theorem 4.12.2 applies.

It must be said that the validity of the argument just given relies on the accuracy
of the statement (4.12.27) about the orbit through A. Here we have relied on
a numerical approximation to that orbit. We applied the Runge-Kutta scheme,
described in §4.11, with step sizes h = 1072, 103, and 10—, using double precision
(16 digit) variables, and got consistent results in all three cases. The last case
involves quite a small step size, and if one were to use 8 digit arithmetic, there
could be a danger of accumulating truncation errors. In any case, with today’s
computers there is no point in using 8 digit arithmetic.

Theorem 4.12.2 is a special case of the following result.
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Figure 4.12.7. Van der Pol orbit

Bendixson’s Theorem. Let F be a C! vector field on © C R2, generating a
flow ®*. Assume there is a set K C O that is a closed, bounded subset of R? and
satisfies ®'(K) C K for all ¢ > 0. Assume F has at most finitely many critical
points in K. Then if € K, L, (z) is one of the following:

(a) a critical point,

(b) a periodic orbit,

(¢) a cyclic graph consisting of critical points joined by orbits.

A proof can be found in [10], Chapter 16, or in [29], Chapter 10. Note that
alternative (c) is illustrated in Figure 4.12.2. We emphasize that both this result
and Theorem 4.12.2 are results for planar vetor fields. In higher dimension, matters
are completely different, as we will discuss in §4.15.

We recall a device already used to deal with alternative (a), and develop it a
little further. Suppose F is a C! vector field on @ C R™, and there is a function
V € CY(0). Assume V has a unique minimum, at p € K. If 2(t) = ®'(z), then,
by the chain rule,

(4.12.31) %V(m(t)) = VV(x(t)) - F(x(t).
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If also V' has the property

(4.12.32) VV(y) - F(y) <0, VyeO\p,
we say V is a strong Lyapunov function for F. In such a case,
d
(4.12.33) a‘/(ac(t)) <0, whenever z(t) # p.
If we replace (4.12.32) by the weaker property
(4.12.34) VV(y)-F(y) <0, VyeO,
we say V is a Lyapunov function for F'. In such a case,
d
(4.12.35) %V(x(t)) <0, Vt>0.

Thus, as t 400, V(x(t)) monotonically approaches a limit, V, which must be
>V (p), and furthermore,

. d
(4.12.36) tilgrnoo %V(x(t)) =0.
This has the following immediate consequence.

Proposition 4.12.5. Let F be a C' vector field on O C R", generating a flow ®.
Assume there is a set K C O that is a closed, bounded subset of R™ and satisfies
Y (K) C K for all t > 0. Take g € K. Assume V € CY(O) is a Lyapunov
function for F. Then

(4.12.37) L,(zo) C{ye O:VV(y)- - F(y) = 0}.
If V is a strong Lyapunov function, then
(4.12.38) Lu(zo) = {p}-

.|
Exercises

1. Let O C R™ be open and Q C O a closed bounded set with smooth boundary
09, with outward pointing normal n. Let F be a C! vector field on O, generating
the flow ®!. Assume

(4.12.39) F-n<0 on 0Q.
Show that
(4.12.40) () CcQ, Vt>0.

Compare Exercises 4-5 of §4.3.

2. In the setting of Exercise 1, show that

(4.12.41) PH(Q) C ®°(Q) for 0< s <t
Set
(4.12.42) B= () 2@ =) 2*©Q).

teRtT kezZ+
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Show that
(4.12.43) ®'(B) =B, Vt=>0.

REMARK. It can be shown from material in Appendix 4.B that B is nonempty,
closed, and bounded.

3. In the setting of Exercise 2, show that
(4.12.44) VereQ, L,(x)cCB.

4. In the setting of Exercise 2, show that
(4.12.45) divF <0 on Q== Vol(B) =0.

5. In the setting of Exercise 4, assume that n = 2, that Q C R? is an annulus, and
that I has no critical points in Q, so by Theorem 4.12.2 there is a periodic orbit
of ® in Q. Show that, due to (4.12.45), there can be only one periodic orbit of ®
in Q.

Hint. Feel free to use the Jordan Curve Theorem.

Exercises 68 deal with a nonlinear RLC circuit, as pictured in Figure 4.12.8. The
setup is as in §1.13 of Chapter 1 (see also Chapter 3, §3.5), except that Ohm’s law
is modified. The voltage drop across the “resistor” is given by

(4.12.46) V= f(I),

where f can be nonlinear, and not necessarily monotonic. As an example, one could
have

(4.12.47) F(I) = u(%l?’ - 1).

Vacuum tubes and transistors can behave as such circuit elements. The voltage

drop across the capacitor and the inductor are, as before, given respectively by
dI Q

4.12.48 V=L—, V=—.

( ) e c

Units of current, etc., are as in §1.13 of Chapter 1.

6. Modify the computations done in (1.14.1)—(1.14.7) of Chapter 1 and show that
the current I(t) satisfies the differential equation

CI o f(dl 1 E(Y)

a2 "L dt ' LCT T L

Show that rescaling I and ¢ leads to (4.12.23), when f(I) is given by (4.12.47) and
E = 0. More generally, rescale (4.12.49) to

d*x

(4.12.50) o f’(a:)% +ax=g(t).

(4.12.49)
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Figure 4.12.8. RLC circuit with nonlinear resistance

7. Assume g = 0 in (4.12.50). Parallel to (4.12.23), one can convert this equation
to the first order system

o' =y, Y =-v— fa)y
Show that you can also convert it to the first order system
CC% =y— f(z),
dy
dt
This is called a Lienard equation.

(4.12.51)

8. Show that if (z(t), y(t)) solves (4.12.51), then

D@ ) = —2f(a).

4.12.52
( ) o
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4.13. Predator-prey equations

Here and in the following section we consider differential equations that model pop-
ulation densities. We start with one species. The simplest model is the exponential
growth model:

(4.13.1) %’ — az.

Here z(t) denotes the population of the species (or rather, an approximation to
what would be an integer valued function). The model simply states that the rate
of growth of the population is proportional to the population itself. The solution
to (4.13.1) is our old friend z(t) = e¢**x(0). This unbounded increase in population
is predicated on the existence of limitless resources to nourish the species. An
alternative to (4.13.1) posits that the resources can support a population no greater
than K. The following is called the logistic equation:

d
(4.13.2) d%f = az(1 — ba),
where b = 1/K. In this model, (4.13.1) is a good approximation for small z, but
the rate of growth slows down to 0 as x approaches its upper limit K. The equation
(4.13.2) can be solved by separation of variables:
dz

(4.13.3) ) adt.

The reader can perform the integration as an exercise.

The function F(x) = ax(1—bz) on the right side of (4.13.2) is a one-dimensional
vector field, with critical points at x = 0 and « = 1/b. The intervals (—o0,0), (0,1/b),
and (1/b,00) are all invariant under the flow generated by F, although only the
interval (0, 1/b) has biological relevance. See Figure 4.13.1 for the “phase portrait.”

We turn to a class of 2 x 2 systems called “predator-prey” equations. For this,
we set

x(t) = population of predators,
(4.13.4) y(t) = population of prey,
¢(y) = rate at which each predator consumes prey.
Depending on the choice of the exponential growth model or the logistic model for

the species of prey in the absence of predators, the following systems arise to model
these populations:

dx
ez +b
(4.13.5) T
dy
Y=y o,
or
dx
(4.13.6) ? o
Yyt —ey) — o
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[ ]
[ ]

Figure 4.13.1. Phase portrait for logistic equation

Here, a,b, ¢, and r are positive constants. As for the rate of feeding z, we assume

(4.13.7) ¢ =C(y).
Clearly if y = 0 then ¢ = 0. One possibility that is used is
(4.13.8) ((y) = ry,

for some positive constant k. This posits that the rate of feeding of a predator
is proportional to the rate of close encounters of that predator with members of
the other species, which in turn is proportional to the population y. This seems
intuitively reasonable if y is not large, but most creatures stop eating once they are
full, so a more reasonable candidate for {(y) might be as pictured in Figure 4.13.2,
representing a feeding rate bounded by .

A class of functions of this sort is given by

(4.13.9) (y) =

Another class is

(4.13.10) C(y) = BA—e™), By=r.

Let us examine various cases in more detail.
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Figure 4.13.2. Rate of feeding curve for predator-prey system

Volterra-Lotka equations

The case (4.13.5) with ¢ given by (4.13.8) produces systems called Volterra-
Lotka equations:

dx
i —ax + oxy, o = bk,
4.13.11
(4.13.11) &
— =71y — RTY.
dt Y Y
Note that the z-axis and y-axis are invariant under the flow defined by this system.
We have 2’ = —ax on the z-axis and 3’ = ry on the y-axis. It follows that the

first quadrant, where > 0 and y > 0, is invariant under the flow. This is the
region in the (z,y)-plane of biological significance. The vector field V(z,y) =
(—ax + oxy,ry — kxy)! has two critical points. One is the origin. Note that

(4.13.12) DV (0,0) = <_Oa 2) :

so the origin is a saddle. The other critical point is

(4.13.13) (z0,10) = (f 9).

)
K O
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Note that

0 axo
4.13.14 DV (20, 0) = ,
(4.13.14) (o) = (e ")

with purely imaginary eigenvalues, so we have a center for the linearization of V at
(z0,¥0). In fact, (zg,y0) is a center for V', as we now show.

From (4.13.11) we get
(4.13.15) 2=

which separates to

(4.13.16) (a - 9) dy = (f - n) dz.

Integrating yields

(4.13.17) oy —alogy =rlogax — kx + C.

We deduce that the following smooth function on the region z,y > 0,
(4.13.18) H(z,y) = oy —alogy + kx — rlogz,

is constant on orbits of (4.13.11), i.e., these orbits lie on level curves of H. Note
that

(4.13.19) VH(z,y) = <“_ g) D*H(x,y) = (962 0) :
o—2 vl
Yy Yy
hence, with (xg,y0) as in (4.13.13),
L0
(4.13.20) VH(zo,y0) =0, D*H(zo,y0) = (%O a) ;
Y

the latter matrix being positive definite, so H has a minimum at (zo,yo), which
implies that (zg,yo) is a center for V. The phase portrait for orbits of (4.13.11) is
pictured in Figure 4.13.3.

The system (4.13.11) was studied independently by Lotka and Volterra around
1925, by Lotka as a model of some chemical reactions and by Volterra as a predator-
prey model, specifically for sharks preying on another species of fish. Volterra made
the following further observation. Bring in another type of predator, fishermen.
Assume the fishermen keep everything they catch and that the probability of getting
caught in their nets is the same for sharks and their prey. Then the system (4.13.11)
gets revised to

dx

0 = —ax + oxy — ex,
(4.13.21) 0

— =Ty — KTY — €Y.

dt Y Y Y

Now (4.13.21) has the same form as (4.13.11), with a replaced by a + e and with r
replaced by r — e, all these constants remaining positive as long as

(4.13.22) O<e<r
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Figure 4.13.3. Phase portrait for Volterra-Lotka system

Then the previous analysis applies. The system (4.13.21) has a stable critical point
at

r—e ate
413.23 ) = ( : )
( ) (z1,91) .
Note that at this critical point there are fewer sharks and more prey, compared to
(4.13.13). Of course, this depends on the hypothesis (4.13.22). If e > r, things are

catastrophically different.

First modification

We turn from Volterra-Lotka equations to predator-prey models given by (4.13.6),
still keeping (4.13.8). Then we have the following system:

dx

i —ax + oxy, o = bk,
(4.13.24) dt

dztj =ry(1 — cy) — Kay.
As with (4.13.11), the z-axis and y-axis are invariant under the flow defined by this
system. We have 2’ = —ax on the z-axis and ¢y’ = ry(1 — cy) on the y-axis. Again,

the first quadrant (z > 0,y > 0) is invariant under the flow. Note furthermore
that, for

(4.13.25) V(z,y) = (—az + oxy, ry(1 — cy) — kay)",
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we have

(113.26) V()= ((2-a)e ")

which points downward for x > 0. It follows that
1
(4.13.27) R:{(x,y):xzo,ogygg}

is invariant under this flow. It is this region in the (z,y)-plane that is of biological
significance.

To proceed, we find the critical points of V(x,y), given by (4.13.25). Two of
these are

(4.13.28) (0,0) and (07 %)

DV (0,0) is again given by (4.13.12), so (0,0) is a saddle. Also,

1 — g
(4.13.29) oV (0,-) = ( atec 0 ) .
Cc e -
V has a third critical point, at
(4.13.30) vo = 2, xozf(lfﬂ) :E<E,a).
o K o ko \ ¢

Note how this point is shifted to the left from the point (4.13.13). There are three
cases to consider.

Casel. o/c—a<0.

In this case, the critical point (4.13.30) is not in the first quadrant, so V has only the
critical points (4.13.28) in R. In this case (4.13.29) has two negative eigenvalues,
so the critical point (0,1/c) is a sink. Note that the z-component of V (z,y) is

1
(4.13.31) z(oy —a) < x(g - a), forz >0, y<—,
c c

so V' points to the left everywhere in R except the left edge. Consequently, the
population of predators is driven to extinction as ¢ — +oo, whatever the initial
condition.

Case II. o/c—a> 0.

In this case the third critical point (zg,yo) is in the first quadrant. In fact, yo =
afo < 1/c, so (z0,y0) € R. Now (4.13.29) has one positive and one negative
eigenvalue, so the critical point (0,1/¢) is a saddle. As for the nature of (zg,yo),
we have

_ (—a+oyo 7o
DV(ﬂioyyO) = ( —KYo 7"(1 — 2cy0) — Iil‘o)

(4.13.32)
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Note that

det DV (0, y0) = 2 (5 - a) >0,
(4.13.33) g €

Tr DV (zo,y0) = —% < 0.

It follows that the eigenvalues of DV (zg,yo) are either both negative or have neg-
ative real part. Hence (zg,yo) is a sink.

We claim that the orbit through each point in R not on the x or y-axis ap-
proaches (xo,yo) as t — +o00. To see this, we construct a Liapunov function. We do
this by modifying H(z,y) in (4.13.18), which has a minimum at the point (4.13.13),
to one that has a minimum at the point (4.13.30). We take

(4.13.34) H(z,y) :ay—alogy—l-f-ix—?“(l - %> log z.
o

If (x(t),y(t)) solves (4.13.24), a computation gives

d ~
(4.13.35) ZH(y) = —%C(Uy —a)
By Proposition 4.12.5, if we take any point p € R, with positive 2 and y-coordinates

(so it is in the domain of H), the w-limit set of p satisfies

(4.13.36) Lo(p) C {(x,y) ER:y= 3}.

o
The right side is a horizontal line to which V' is clearly transverse except at the
critical point (zg,yo), so indeed Ly, (p) = (xo,yo)-

See Figure 4.13.4 for a phase portrait treating Case II.

Casg III. o/c—a=0.
In this case (x0,y0) = (0,1/c¢). In (4.13.29) the eigenvalues are 0 and —r, so (0,1/c)
is a degenerate critical point. In place of (4.13.31) we have that the z-component
of V(z,y) is

1
(4.13.37) x(oy—a) <0, for >0, y<—,

c
and it is strictly negative for > 0, y < 1/c. Hence, as in Case I, the population
of predators is driven to extinction as t — +oc.

Second modification

We now move to the next level of sophistication, using the system (4.13.6) with
¢ =((y), described as in Figure 4.13.2. Thus, we look at systems of the form

dx
o = —az -+ ba((y),
dy

e ry(1 —cy) — 2((y)-

(4.13.38)
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ajo+

Figure 4.13.4. First modification of Volterra-Lotka system (Case II)

As before, a, b, ¢, and r are all positive constants. To be precise about what we mean
when we say ((y) behaves as in Figure 4.13.2, we make the following hypotheses:

(a) ¢ :]0,00) = [0,00) is smooth,
(b)  ¢(0)=0,
(4.13.39) ) (y)>0, Yy=>o0,

)
(d)  sup ((y) =B < o0,
(e) ("(y)<0.

All these conditions are satisfied by the examples (4.13.9) and (4.13.10). Hypothesis
(c) implies ( is strictly monotone increasing, and hypothesis (e) implies ¢ is concave.

In this case, the vector field is

(4.13.40) V(z,y) = (2(b¢(y) — a), ry(1 — cy) — 2((y))".
Parallel to (4.13.26),

sy )= (65 o))

which points downward for x > 0, and again it follows that the region R, given by
(4.13.27), is invariant under the flow ®' generated by V, for ¢ > 0, and this is the
region in the (x,y)-plane that is of biological significance.
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Next, we find the critical points of V' (x,y). Again, two of them are

1
(0,0) and (o, E)’
and again DV (0,0) is given by (4.13.12), so (0,0) is a saddle. This time,

1 b(t)y—a 0

4.13.42 DV(0,-) = ¢ .

( ) ( ) C) ( _g(%) —r

Also, a critical point would occur at (xg,yo) if these coordinates satisfy
a b

(4.13.43) C(yo) = 7 o= 57”3/0(1 — ¢Yo).

Under the hypotheses (4.13.39), the first equation in (4.13.43) has a (unique) solu-
tion if and only if

(4.13.44) % <B.

From here on we will assume (4.13.44) holds, and leave it to the reader to consider
the behavior of the flow when (4.13.44) fails. Given (4.13.44), 2 and yo are well
defined by (4.13.43). Parallel to the study of (4.13.30), again we have three cases.

CAsE 1. 1—cyp <0,
Case II. 1 —cyg >0,
Case III. 1 —cyo=0.

In Case I, (zo,¥o) is not in the first quadrant, and in Case III, (zq,yo) = (0,1/c).
Again we leave these cases to the reader to think about. We concentrate on Case
II.

In Case II, g > 0 and 0 < yo < 1/¢, so
(4.13.45) (170, yo) cR.

Given ((yo) = a/b and the hypotheses (4.13.39) on (, we have
1 1

(4.13.46) g(f) >SS Dy =1 —eyy >0,
c b c

and hence in Case II, DV(0,1/¢) has one positive eigenvalue and one negative
eigenvalue, so

1
(4.13.47) (07 7) is a saddle.
&

(In Case I, the eigenvalues of DV (0,1/c) are both negative, so (0,1/¢) is a sink,
and in Case III these eigenvalues are 0 and —r.) Next, a computation gives the
following analogue of (4.13.32):

_ (¢(yo) —a b¢’ (yo)x
DV (zo,y0) = ( _Co(yo) r(l1— 2cy0)0_ ggogl(yo))

(4.13.48) _ ( 0 b¢’ (yo)wo )
—4 (1 —2cyo) — xo¢' (Y0) )’
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and parallel to (4.13.33) we have
det DV (z0,y0) = azo(’ (yo) > 0,
Tr DV (w0, yo) = r(1 — 2cyo0) — zo¢’ (o)

(4.13.49) ,
=r|—cyo+ (1 — cyo){l - CC(EJZ(/)S/O H
Let us set
¢ (yo)yo
(4.13.50) Zo=1 7«%)

Given (, this is a function of a/b, but it is independent of ¢ and r. Note that, since

¢(0) =0,

(4.13.51) nyyo) =('(g), for some § € (0,yo),

0
by the mean value theorem, so the hypotheses on ¢ in (4.13.39) imply
(4.13.52) 0<Zy< 1.

(Note that in the context of the previous model, with {(y) given by (13.8), Zy = 0.)
We have

(4.13.53) Tr DV (20, 40) = 7[Zo(1 — cyo) — cyo].

This gives rise to three cases.

Cask ITA.  Zy < cyo/(1 — cyo).
Then Tr DV (zg,y0) < 0, so, by (4.13.49),

(4.13.54) (zo,90) is a sink.

Case IIB.  Zy > cyo/(1 — cyo).
Then Tr DV (z0,y0) > 0, so, by (4.13.49),

(4.13.55) (x0,y0) is a source.

Case IIC.  Zy = cyo/(1 — cyp).-

Then Tr DV (x9,y0) = 0, so, by (4.13.49), the eigenvalues of DV (xg, yo) are (nonzero)
purely imaginary numbers. In this case, (29, ¥o) is a center for the linearization of
V.

We will concentrate on Cases ITA and IIB. Before pursuing these cases further,
we want to describe a family of bounded domains in R that are invariant under the
flow @ for ¢ > 0. Namely, consider the triangle 7, with vertices at (0,1/¢), (0,0),
and (p,0), as pictured in Figure 4.13.5.

Claim. If ;4 > 0 is large enough, the triangle 7, is invariant under ®¢, for ¢ > 0.

Proof. Note that V' is vertical on the left edge of 7,,, with critical points at the
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1/c

Yo T

Figure 4.13.5. Invariant domain

endpoints of this line segment. Also V' points horizontally to the left on the bottom
edge of 7,. It remains to show that V' points into 7, along the line segment from
(0,1/¢) to (u,0), provided p is sufficiently large. This line segment is given by

1

(4.13.56) z=p(l-cy), O<y<-

and the vector

1
4.13.57 N, =
( ) g (/M:)

is normal to this segment, and points away from 7,,. We want to show that V-N, <
0 along this line segment, for p large. Indeed, from (4.13.40),

V(u(l = cy),y) - Ny = (1= cy) [n(b¢(y) — a) + pery — p?e(y)]
= (1 = ey)[—a+ ery — (pe = b)¢(y)],
and under the hypotheses (4.13.39) on (, this is

(4.13.58)

(4.13.59) <0, Vye [O, ﬂ

if p is sufficiently large, say p > ppo. O

A similar computation shows that, if 1 > po, then, for each p € R, ®*(p) € T,,
for all sufficiently large ¢.
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1/c

Yo T

Zo

Figure 4.13.6. Second modification of the Volterra-Lotka system (Case IIB)

Back to Cases ITA and IIB, as we have seen, in Case IIA (xq,yo) is a sink. It
is possible to show that

(4.13.60) in Case ITA, ®'(p) — (zo,v0), as t— +oo,

for all p in the interior of R, so the phase portrait has qualitative features similar
to Figure 4.13.4. On the other hand, in Case IIB, (zg,yo) is a source. Hence there
is an open set U containing (g, yo) such that

(4.13.61) T \ U is invariant under ®°, for ¢ > 0.

This region does contain the two critical points (0,0) and (0,1/c), on its boundary,
but since they are saddles, the argument used to establish the Poincaré-Bendixson
theorem, Theorem 4.12.2, shows that

(4.13.62) in Case IIB, L, (p) is a periodic orbit,

for all p # (xg,yo) in the interior of R. The phase portrait is depicted in Figure
4.13.6.
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Exercises

Exercises 1-5 deal with the system (4.13.37), i.e.,

¥ = —az + ba((y),

y =ry(l—cy) —a((y),
where ((y) is given by (4.13.9), i.e.,

KY K

(4.13.64) ¢(y) T 8.

As usual, a,b, ¢, k,7,7 € (0,00). The exercises deal with when Cases I-1I1, specified
below (4.13.44), hold. Recall these cases apply if and only if there is a critical point
(z0,yo) given by (4.13.43), i.e., of and only if

(4.13.63)

a K
(4.13.65) 5 <B= >

We will assume this holds.

1. Show that the critical point (z¢,yo) is given by

(4.13.66) Yo a

b
b —ay’ ° aryo( o)

2. Show that
Case | <= ac > bk — ay,

Case Il <= ac < bk — ay,
Case IIl <= ac = bk — ay.

3. Let Zy be given by (4.13.50), i.e.,

¢’ (yo)yo
4.13.67 Zo=1— .
(4.13.67) g L)
Show that

ary
4.13. Zo = 1.
(4.13.68) 0=

4. In Case II, recall Cases IIA-IIC, specified below (4.13.53). Show that

Case [TA « 1 #,
Kk bk —ay—ac
CaseIBe= 1> ¢ )
Kk bk —ay—ac
Case IIC <= 1 = ;,
Kk bk —ay—ac

5. Let us take
(4.13.69) a=1, b=2, k=1, y=1



FExercises 349

Note that (4.13.65) holds. Show that
Case | <= c>1,
Case Il <= c < 1,
Case [l <= c=1.

In Case II, show that

Case ITA <= ¢ > -,

Case IIB < ¢ <

)

Case IIC < ¢ =

Wl W= Wl

Figure 4.13.6 was produced using the parameters in (4.13.69), together with ¢ =
1/4, r=1.

Exercises 6-10 deal with the system (4.13.63), where ((y) is given by (4.13.10), i.e.,

(4.13.70) ) =pA—e), py=r.

Again there is a critical point (zo, o), given by (4.13.43), if and only if (4.13.65)
holds. We assume this holds, so b8 > a.

6. Show that the critical point (xg,yo) is given by

bj
bB—a’

1
(4.13.71) Yo = S log xTg = 57‘y0(1 —cyo)-

7. For Zy, defined by (4.13.67), show that

_bﬁ—a bpB

IOgbﬁ—a'

(4.13.72) Zy =1

8. Parallel to Exercise 2, study when Cases I-1II hold.
9. Parallel to Exercise 4, study when Cases IIA-IIC hold.
10. Take a,b, k,, and ~ as in (4.13.69). Work out a parallel to Exercise 5.

For Exercises 11-12, consider the following system, for = predators and y prey,
presented in [44], p. 376:

(4.13.73) v ax(b - 5)’
Y =ry(l —cy) — x((y).

Here the equation for y is as in (4.13.63), modeling the population of prey in terms
of the logistic equation, modified by how fast the prey is eaten. The equation for x
has a different basis, a sort of logistic equation in which the population y determines
the population limit of z, at any given time.
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11. Work out an analysis of the system (4.13.73) as parallel as possible to the
analysis done in this section for (4.13.63).

12. Take ((y) as in (4.13.64) and work out results parallel to those of Exercises
1-5.

Exercises 13-15 are for readers who can use numerical software, with graphics
capabilities.

13. The following system is known as the basic model of virus dynamics (cf. [34],
p. 100, [52], p. 26):

dz

7 A —dx — B,
d
(4.13.74) diz = Bav — ay,
d
d—z = ky — uwv.

Here, x represents the uninfected cell population, y the infected cell population,
and v the virus population. The positive parameters A, d, 3, a, k, and u are taken
to be constant. The ratio

_ Mk

4.13. =
(4.13.75) Ry ="

is called the basic reproductive ratio. Graph solution curves for (4.13.74), with
various choices of parameters. Account for the assertion that if Ry < 1 the virus
cannot maintain an infection, but if Ry > 1 the system converges to an equilibrium,
in which v > 0.

14. The simplifying assumption that the virus population is proportional to the
infected cell population (say fv = by) leads to the system

Z—x =\ —dzx — bxy,
(4.13.76) t

&y = —ay +bx

di Y Y.

Study this system, with an eye to comparison with the Volterra-Lotka system
(4.13.11). Here, replace (4.13.75) by

bA

4.13.77 Ry = —.
(413.77) 0=

15. The following system modifies (4.13.76) by introducing z(t), the population of
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“killer T cells,” which kill off infected cells, thereby negatively affecting y:

d
dif =\ —dx — bzy,
d
(4.13.78) d—z = bry — ay — pyz,
d
d—j = cyz — bz,

now with positive parameters A, d, b, a, p, and c. Continue to define Ry by (4.13.77).
Consider particularly cases where

A d
(4.13.79) Ro>1, c(a - g) > b.

Account for the assertion that in this case the virus population first grows, stimu-
lating the production of killer T cells, which in turn fight the infection and lead to
an equilibrium.

For more on these models, see [34] and [52], and references therein.
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4.14. Competing species equations

The following system models the populations z(¢) and y(t) of two competing species:

Ccll—x = azx(l — bx) — cxy,
(4.14.1) t

dy

- = (1= By) —yay.

In this model, each population is governed by a logistic equation in the absence of
the other species. The presence of the other species reduces the population of its
opponent, at a rate proportional to zy. Setting X = bx and Y = fy produces an
equation like (4.14.1), but with X (1 — X) and Y(1 —Y) in place of z(1 — bz) and
y(1 — By), and with different factors. A change of notation gives the system

z—x =az(l —x) — cxy,
(4.14.2) d;

== ay(l —y) — yay.

o = oyl —y) —zy

which we will consider henceforth. We call this system CSE. We take a,c,a,y €
(0,00). Associated to this system is the vector field

1—2)—
(4.14.3) V= (‘m( z) C”).
ay(l—y) —yay
Note that V(z,0) = (az(l — x),0)" and V(0,y) = (0,ay(l — y))!, so the z-axis
and y-axis are invariant under the flow ®' generated by V. Hence the quadrant

{z > 0,y > 0}, which is the region of biological significance, is invariant under ®?.
Note also that

(4.144) Vie1) = <M(1 —vxrz ) Cx)’ vy = (ay(l :Zy) - 7y>’

so ®! leaves invariant the region

(4.14.5) B={(x,y):0<z,y<1},
for ¢ > 0.
The vector field V' has the following critical points,
(4.14.6) (0,0), (0,1), (1,0),
and a fourth critical point (xg,yo), satisfying
(4.14.7) cyo = a(l —xg), ~yxo= a(l —yp).
A calculation gives
(4.14.8) xo:aaz:;’ yo:aaz:z'y'

The point (xg,yo) may or may not lie in the first quadrant. We investigate this
further below.

‘We have

(4.14.9) DV(0,0) = (8 g) :
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so (0,0) is a source. Also,

a—c O —-a —c
(4.14.10) DV (0,1) = ( . —a) , DV(1,0)= ( 0 oz—7> ,
and each of these might be a saddle or a sink, depending on the signs of a — ¢ and
a — 7. Next,

—YYo a(l = 2yo) — yzo

[ —axo —CXq
Yo —ayo)’

the second identity by (4.14.7). Hence

DV (20, 90) — (a(l —2x0) — Yo —cxg )
(4.14.11)

det DV (g, = (aax — cy)xoYo,
(4.14.12) (z0,90) = ( Y)ZoYo
Tr DV (x0,y0) = —azo — ayo.

At this point, it is natural to consider the following cases of CSE:
Cask L. a>cand a> 7.
CaseIl. a<cand a<r.

Case III.  a>cand a <7.
Case IV. a<cand a>~.

In Case I, we see from (4.14.10) that

(4.14.13) (0,1) and (1,0) are saddles.
In this case, aa > ¢, so, by (4.14.8),
(4.14.14) xo >0, yg>0,

and the critical point (zg,yo) is in the first quadrant. Then we see from (4.14.12)
that

(4.14.15) det DV (x0,90) >0, TrDV(zo,y0) <0,
S0

(4.14.16) (0,90) is a sink.

We have

(4.14.17) O (z,y) — (z0,y0) as t — +oo,

whenever z > 0 and y > 0. The two competing species tend to an equilibrium of
coexistence. The phase portrait for this case, with a = 2,a = 2,¢ = 1,7 =1, is
illustrated in Figure 4.14.1.

In Case II, we see from (4.14.10) that
(4.14.18) (0,1) and (1,0) are sinks.

In this case, aa < ¢, so, by (4.14.8), again (4.14.14) holds, and the critical point
(z0,y0) is in the first quadrant. We see from (4.14.12) that

(41419) det DV(xo,yo) <0,
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Figure 4.14.1. Case I of CSE

$0
(4.14.20) (x0,y0) is a saddle.

The phase portrait for this case, with a = 1, = 1,¢ = 2,7 = 2, is illustrated
in Figure 4.14.2. For almost all initial data (z,y) in the first quadrant, ®*(xz,y)
tends to either (0,1) or (1,0) as ¢ — +o0. One species or the other tends toward
extinction, depending on the initial conditions.

In Case III, we see from (4.14.10) that
(4.14.21) (0,1) is a saddle and (1,0) is a sink.

From here two sub-cases arise, depending on the relative size of acx and c7y.

Caske IIIA.  aa > cy.
This time, by (4.14.8),

(4.14.22) o >0, yo <O,

so the critical point (xg,yo) is not in the first quadrant. We see from (4.14.12) that
(4.14.23) det DV (zg,y0) < 0,

$0

(4.14.24) (z0,y0) is a saddle.
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Figure 4.14.2. Case II of CSE

The phase portrait for this case, with a = 2, = 1,¢ = 1/4,v = 2, is illustrated in
Figure 4.14.3. We have

(4.14.25) o' (z,y) — (1,0) as t — +oo,
whenever > 0 and y > 0. Species y tends to extinction.
Case IIIB.  aa < ¢y.

This time, by (4.14.8),

(41426) 0 <0, yo>0,

and again the critical point (zg,yp) is not in the first quadrant. We see from
(4.14.22) that

(4.14.27) det DV (zg,yo) > 0.
Thus
(4.14.28) (z0,y0) is a source or a sink,

depending on the sign of Tr DV (xg,yo). The phase portrait for this case, with
a =2,a =1/2,¢c = 1,7 = 2, is illustrated in Figure 4.14.4. (In this example,
(x0,90) is a sink.) Again (4.14.25) holds whenever z > 0 and y > 0.
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<

Figure 4.14.3. Case IITA of CSE

To summarize Case I1I, the flows in the first quadrant have the same qualitative
features in the two sub-cases; (4.14.25) holds. The features differ outside the first
quadrant.

As for Case IV, this reduces to Case III by switching the roles of = and y.

.|
Exercises

1. Note that if  and y solve (4.14.2), then

2

d 2
—(z+y) = —az® —ay® — (c+ 7)zy + ax + ay.

dt
Show that there exists R € (0, 00) such that

d
z,y >0, $2+y2232:>£(x+y)§0.

Deduce global existence of solutions to (4.14.2), for ¢ > 0, given (x(0),y(0)) in the
first quadrant.
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t/

Figure 4.14.4. Case IIIB of CSE

2. In the setting of Exercise 1, show that whenever x(0) > 0 and y(0) > 0, we have
(x(t),y(t)) € B, given by (4.14.5), for ¢ > 0 sufficiently large.

3. Consider the system
d
£ =z(l —x) — ay,
dy
29 (1 — ) —
o = YA —v) =y,

with v € (0,00). Specify when Cases I-IV hold. Record the possible outcomes, as
regards coexistence/extinction.

4. Consider the system

dz
dt
dy
(1l =) =2

o y(1 —y) — 2zy,

= §x(1 —x) — cxy,

with ¢ € (0,00). Specify when Cases I-IV hold. Record the possible outcomes, as
regards coexistence/extinction.
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5. Consider the system
dz
dt
dy
o = 2yl —y) —ay,

with a € (0,00). Specify when Cases I-IV hold. Record the possible outcomes, as

regards coexistence/extinction.

=az(l — x) — zy,
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4.15. Chaos in multidimensional systems

As previewed in the introduction to this chapter, two phenomena conspire to limit
the complexity of flows generated by autonomous planar vector fields. One is that
orbits cannot cross each other, due to uniqueness (this holds in any number of
dimensions). The other is that a directed curve (with nonzero velocity) in the
plane divides a neighborhood of each of its points into two parts, the left and the
right. This latter fact played an important role in §4.12. In dimension 3 and higher,
this breaks down completely, and allows for far more complex flows.

Newtonian motion in a force field in the plane is described by a second order
2 x 2 system of differential equations, which is converted to a 4 x 4 first order system.
Energy conservation confines the motion to a 3-dimensional constant energy surface.
If the force is a central force, there is also conservation of angular momentum.
These two conservation laws make for regular motion, as seen in §§4.5-4.6. These
are “integrable” systems. Such integrability is special. Most systems from physics
and other sources do not possess it. For example, the double pendulum equation,
derived in §4.9, does not have this property. (We do not prove this here.)

Flows generated by vector fields on n-dimensional domains with n > 3 are thus
sometimes regular, but often they lack regularity to such a degree that they are
deemed “chaotic.” Signatures of chaos include the inability to predict the long time
behavior of orbits. This inability arises not only from the lack of a formula for the
solution in terms of elementary functions. In addition, numerical approximations
to the orbits of these flows reveal a “sensitive dependence” on initial conditions and
other parameters. Furthermore, phase portraits of these orbits look complex.

Research into these chaotic flows takes the study of differential equations to the
next level, beyond this introduction. We devote this section to a discussion of two
special cases of 3 x 3 systems, to give a flavor of the complexities that lie beyond,
and we provide pointers to literature that addresses the deep questions raised by
efforts to understand such systems.

Lorenz equations

The first example is the following system, produced by E. Lorenz in 1963 to
model some aspects of fluid turbulence:

/
T = U(y - I),
(4.15.1) Y =re—y—xz,

2 =y — bz.

An alternative presentation is

x -0 0o 0 x 0 0 O T
(4.15.2) Zlvl=1r -1 0 y|+(0 0 —=x y
b z 0 0 —b z 0Oz O z

Denoting the right side of (4.15.2) by V (z,y, z), we see that the first matrix on the
right side is DV'(0,0,0). One assumes the parameters o,b, and r are all positive.
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Lorenz took

8
(4.15.3) oc=10, b= 3’
and considered various values of r, with emphasis on
(4.15.4) r=28.

Phase portraits of some orbits for (4.15.1), with o and b given by (4.15.3) and with
various values of r are given in Figure 4.15.1. Each of the four portraits depicts the
forward orbits through the point

1

4.15.5 - -0, z=25.
( ) ¢=qo50 Y=00 2

The portraits start out simple, execute a sequence of changes, as r increases, reach-
ing substantial apparent complexity at r = 28. We discuss some aspects of this.

First, some global results. Global forward solvability of (4.15.1) can be estab-
lished with the help of the remarkable function

(4.15.6) f(x,y,2) = ra® + oy® + (2 — 2r)%

A calculation shows that if (x(t),y(t), z(t)) solves (4.15.1), then
d

(4.15.7) ﬁf(x, y,z) = —20(ra? + y* + bz? — 2brz).

Clearly there exists K € (0, 00) such that

(4.15.8) B={(x,y,2) € R®: f(x,9,2) < K}

is a closed, bounded subset of R® and the right side of (4.15.7) is < 0 on the
complement of B. Hence

(4.15.9) ®'(B)C B, Vt>0,

where ®! is the flow generated by V(z,y, z). Moreover, for each (,y, z) € R3,
(4.15.10) ®'(r,y,2) € B, for all sufficiently large t > 0.

Note that (4.15.9) plus the identity ®¢ = ®* o =% implies

(4.15.11) ®'(B) C ®%(B) for 0<s<t,

so B(t) = ®'(B) is a family of closed, bounded sets that is decreasing as t ,/* +oc0.
Now set

(4.15.12) B= () B(t)= () B(k).
teR+ kez+

The set B is called the attractor for (4.15.1). We have

(4.15.13) ®'(B) =B, Vt=>0.

Note that

(4.15.14) divV=—-0-1-b<0,

so results of §3 imply
(4.15.15) Vol B = 0.
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Figure 4.15.1. Lorenz system, r = 10, 14, 18, 28

This attractor has a simple description for small r, but becomes very complex for
larger r.

To proceed with the analysis, consider the critical points. The origin is a critical
point of V for all o,b,7 € (0,00). Since DV (0) is the first matrix on the right side
of (4.15.2), we see its eigenvalues are

1 1
(4.15.16) At = —U;r ii\/(a+1)2+4a(r—1)7 A3 = —b,
with eigenvectors
o 0
(4.15.17) vp=|(Ar+o|, v3=1]0
0 1

It follows from (4.15.16) that

0 <r< 1= DV(0) has 3 negative eigenvalues,
(4.15.18)

r > 1= DV(0) has 2 negative and one positive eigenvalue.

For r > 1, the positive eigenvalue is A, and its associated eigenvector is vy. There
is a parallel to the results in (4.3.38) describing saddles. It is shown in [19] that
there is a smooth 2-dimensional surface through the origin consisting of points p
such that ®*(p) — 0 as t — +oo and a smooth 1-dimensional curve through the
origin consisting of points p such that ®(p) — 0 as t — —oo. In general, a smooth
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k-dimensional surface in R"™ is called a k-dimensional manifold. The sets described
above are called a “stable manifold” and an “unstable manifold,” respectively. See
also Appendix 4.C for further discussion.

For r > 1, V has two additional critical points, satisfying

(4.15.19) r=vy, (r—1-2x=0, bz=2a?
ie.,

(4.15.20) Cy = (£/b(r — 1), £/b(r — 1),7 — 1).
We have

-0 0o 0

(4.15.21) DV(Cy)=|( 1 -1 x|, ¢=b(r—1).

16 +€ b

Note that DV (C,) and DV (C_) are conjugate by the action of
—1

(4.15.22) -1 :

1

so they have the same eigenvalues. This mirrors the fact that (4.15.1) is invariant
under the transformation (z,y,z) — (—x,—y,z). Further calculations give the
following results, when o and b are given by (4.15.3):

DV (Cy) has

3 negative eigenvalues for 1 <r < 1.346---

4.15.23
( ) 1 negative and 2 with negative real part for 1.346--- <r <24.74---

1 negative and 2 with positive real part for r > 24.74--. .

In the first two cases in (4.15.23), Proposition 4.3.4 applies, and for all points p
sufficiently close to Cy, ®!(p) — C, as t — +oo, and similarly for C_. The third
case in (4.15.23) is like the second case in (4.15.18), except the numbers are reversed.
In such a case, there are a 2-dimensional unstable manifold and a 1-dimensional
stable manifold through C, , and similarly for C_, in the language introduced below
(4.15.18).

With these calculations in hand, let’s take a closer look at the four phase
portraits depicted in Figure 4.15.1, orbits with initial data given by (4.15.5). We
see from (4.15.1) that the z-axis is invariant under the flow for all values of the
parameters. Furthermore, on the z-axis, 2/ = —bz. Now the initial point (0.01,0,5)
is close by, but for all r-values depicted, DV (0) has one positive eigenvalue, and the
orbits push away from the origin, in a direction close to vy, where v, is given by
(4.15.17). The orbit from (40.01, 0, 5) spirals into the critical point C', in the first
two portraits, where r = 10 and 14. Similarly, the orbit from (—0.01,0,5) spirals
into C_,

Around r = 14, something new happens. These orbits pass close to the origin.
At a certain critical value r, ~ 14, the unstable manifold is actually a pair of
homoclinic orbits, approaching the origin both as ¢ -+ —oco and as ¢ — +oo. For
larger values of r, the orbit from (40.01,0,5) crosses over and spirals into C_, as
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Figure 4.15.2. Lorenz system, r = 28, for two ranges of ¢

depicted in the third portrait in Figure 4.15.1, for r = 18. Similarly, the orbit from
(—0.01,0,5) spirals into Cy.

This spiraling into Cy+ does not endure as r increases. As stated in (4.15.23),
there is a critical r. &~ 24.74 past which DV (C+) has two eigenvalues with positive
rather than negative real part. In the fourth phase portrait of Figure 4.15.1, we
have r = 28 > r.. The orbit starting from (0.01,0,5) approaches the unstable
manifold of C_ and then spirals out from this critical point. After some spiraling
out from C_, this orbit makes a jump to the vicinity of C, approaches its unstable
manifold, and starts spiraling out from C,. After a while, the orbit jumps back to
the vicinity of C_, and this spiraling and jumping is endlessly repeated.

The two phase portraits in Figure 4.15.2 show
(4.15.24) ®'(0.08,0,5), 40j <t<40(j+1), j=0,1.
The portraits differ in fine detail from each other, but they are fairly similar, and
seem to reveal what is called a strange attractor.

We make one further comment about Figures 4.15.1-4.15.2. Of course, the
orbits depicted are curves (z(t),y(t),2(t)) in R®. What is shown in these figures
are 2-dimensional projections, namely (u(t),v(t)), with u(t) = x(¢t) +y(t)/2, v(t) =

2(t) —y(t)/2.
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Periodically forced Duffing equation

Our second example arises from motion in 1 dimension, in a nonlinear back-
ground field, with a periodic forcing term added:
d*x

(4.15.25) o f(z) + rcost.

Here r is a parameter. When converted to a first order system and put in au-
tonomous form, this becomes

dr _

dt =Y
d

(4.15.26) W () +rcosz,
dt
dz
— =1.
dt

We take

(4.15.27) flz) =z — 2

The equation (4.15.25) is called a periodically forced Duffing equation if r # 0.

For r = 0, (4.15.25) is called Duffing’s equation, and it reduces to a 2 x 2
system, whose phase portrait is given in Figure 4.15.3. We take orbits through the
points

3k
(4.15.28) r=V2+ o F=-3-201 y=0

and their mirror images about the y-axis. There are two homoclinic orbits, each
tending to the origin as ¢ — Foo. All the other orbits are closed, and lie on level
curves of

y2 1‘2 ZC4

(4.15.29) Elw.y) =5 5+

For r # 0, matters are more complicated, since z is coupled to (z,y) in (4.15.26).
We need a different way to portray the orbits (z(t),y(t), 2(¢)). In this case, unlike
for the Lorenz system, a linear projection of (x,y, z) space onto (u,v) space is not
the best way to proceed. Taking into account the periodicity of the right side of
(4.15.26) in z, we treat z =t as an angular variable, and transfer (z,y, z) space to
(Z, 7, Z) space, with

Z=(x+2)cost, g=y, 2z=(r+2)sint.

This corresponds to taking the (z,y) plane and rotating it about the vertical axis
x = —2. We follow this with the linear map to the (u,v) plane, u = Z — &/2,
v = § — &/2. Consequently, to produce Figures 4.15.4-4.15.6, we draw curves
(u(t),v(t)), with

cost cost

(4.15.30)  u(t) = (x(t) +2) (sint - T) o(t) = y(t) — (a(t) + 2.

For initial data, we take x and y as in (4.15.28) and z = 0. We use a fourth order
Runge-Kutta scheme.
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N

Figure 4.15.3. Phase portrait for Duffing’s equation

Figure 4.15.4 draws such curves when (z,y, z) solve (4.15.26) with » = 0. In all
but the third portrait, the orbits lie on smooth donut-shaped surfaces (called tori).
The third portrait depicts the homoclinic orbit, which spends most of its time near
the origin in (z,y)-space. It lies on a surface that is smooth except along a curve,
where it has a corner.

Figure 4.15.5 gives this representation of orbits of (4.15.26), with
(4.15.31) r=0.1.

One of the four orbits seems to lie on a smooth torus (somewhat deformed). The
other three are all apparently a mess, and also, apparently, about the same mess.
In Figure 4.15.6 we present an enlarged version of one such orbit, with initial data

(4.15.32) r=v2, y=0,

An alternative to depicting orbits of the system (4.15.26)—(4.15.27) is to depict
orbits of the associated Poincaré map, characterized as follows. Take an initial
point p = (x0,¥0,0). Solve (4.15.26) with this initial data, and then set ¢ =
(x(27),y(27), 27). The nature of the mapping on the third coordinate is trivial in
this case, so we just consider

(4.15.33) (2(0),5(0)) = (x(27), y(2m)).
This is the Poincaré map associated to the system (4.15.26).



366 4. Nonlinear systems of differential equations

e
\\\k\&\&&\&\\\k\

3

Figure 4.15.4. 3D orbits for unforced Duffing’s equation, = = v/2 + 3k/10

The Poincaré map is defined in a more general context. Let X be a smooth
vector field on @ C R™ and let S be an (n—1)-dimensional surface transversal to X,
i.e., X is nowhere tangent to S. Under certain circumstances, one has a Poincaré
map

(4.15.34) P:0—8,

defined on an open subset O C S, where p € O and P(p) = q is the point ®% (p)
with smallest ¢ > 0 such that ®% (p) € S. See Figure 4.15.7.

In the setting of (4.15.26), (4.15.33), the orbits for Poincaré map (z(0),y(0)) =
(z,0), with

(4.15.35) z=-1.1, 1.3, V2, 1.85, and 2.1,

are presented in Figure 4.15.8. These five initial data give rise to five orbits for the
Poincaré map. Of these, four seem to lie along smooth curves. The orbit through
(z,y) = (V/2,0) populates the fuzzy grey area, formed from 20,000 points in the
orbit of the Poincaré map (or rather an approximation via a Runge-Kutta difference
scheme). Note that (z,y) = (v/2,0) is the initial datum leading to Figure 4.15.6.

The appearance of smooth closed curves «y;, invariant under the Poincaré map,
suggests the following.
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Figure 4.15.5. Orbits for forced Duffing’s equation, = = v/2 + 3k/10

Assertion. Each ; bounds a region ; C R?, smoothly equivalent to the disk
(4.15.36) D={zcR?:|z| <1},

that is to say, there are smooth one-to-one maps ¢; : ﬁj — D with smooth inverses

Lp{l : D — Q;, and the Poincaré map takes Q; into itself, i.e.,

Granted this, we can make use of the following result, known as Brouwer’s
fixed-point theorem.

Theorem. Each smooth map
(4.15.38) vw:D—D
has a fixed point, i.e., there exists p € D such that 1 (p) = p.

See Appendix 4.G for a proof of this result. Given the assertion above, we can
take ¢ = pj o0 Po <pj_1 and conclude that

(4.15.39) P(g)=4q, q=;" ()
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Figure 4.15.6. Orbit for forced Duffing’s equation, = = v/2

Such fixed points of the Poincaré map give rise to periodic solutions to the associated
systems of differential equations (in this case, (4.15.25)). Establishing the existence
of periodic solutions is one of many uses for Poincaré maps. We refer to references
cited in the next paragraph for discussions of other uses.

Understanding how the chaotic looking orbits for the Lorenz and Duffing sys-

tems and other systems are chaotic has engendered a lot of work. For more material
on this, we particularly recommend the Introduction to Chaos in Chapter 2 of [16],
which treats four examples, including the Lorenz system and the forced Duffing
system. Other material on chaotic systems can be found in [2], [6], [18], [23], [25],
and [30]. A detailed study of the Lorenz system is given in [41].
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~,

Figure 4.15.7. Poincaré map

.|
Exercises

1. Consider the double pendulum system, in the limit mo = 0, given by (4.9.35).
Substitute

(4.15.40) 0.(t) ~ reoswt, w= Eﬁ
1

into the second equation in (4.9.35), expand in powers of r, and throw away terms

containing second and higher powers of r. Show that you get

(4.15.41) 05 (t) + Ei sin 6y (t) = er% cos 05 (t) coswt.
2 2

Exercises 2—-10 are for readers who can use numerical software, with graphics capa-
bilities.

2. Write a program to exhibit solution curves of (4.15.41), in a fashion analogous to
the treatment of (4.15.25), involving an analogue of (4.15.26). Try various values
of r, g/ls, etc., and see when the behavior is more chaotic or less chaotic.
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Figure 4.15.8. Poincaré map for forced Duffing, z = —1.1,1.3,v/2,1.85,2.1

3. In place of (4.15.41), consider the periodically forced pendulum equation

(4.15.42) 0" (t) + %sin 0(t) = pcoswt,

and write a program to exhibit solution curves of this equation, in the spirit of
Exercise 2.

4. Write a program to exhibit solutions to the full double pendulum system (4.9.15)—
(4.9.16). Take, e.g., mqy = mo = 1,01 = {2 = 1, and variants.

5. Examine orbits and Poincaré maps for the periodically forced Duffing equation
for other values of r, such as » = 0.2, 0.05, 1072, 1073, etc. Also consider other
forcing periods, i.e., replace cost by coswt.

Exercises 6-9 deal with systems of the form

(4.15.43) j—; (5) = —VV(x,y).

These are 2 x 2 second order systems, which convert to 4 x 4 first order systems.
Energy conservation leads to flows on 3-dimensional constant energy surfaces. In
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each case, write a program to exhibit solution curves (z(t),y(t)). See whether the
displayed solutions seem to be regular or chaotic.

6. Take

V(z,y) = 2 + azy + y*.

Try various a € [0,10].

7. Take

V(e,y) =" +azy +y*, ac[-2,2].
8. Take

V(z,y) =a* +az’y +y*, ae[-1,1].
9. Take

1
Viw,y) = 5@ +y") +a@@' =2’y +y), aclo,1]

10. Taking off from models in §§4.13-4.14, see if you can construct models of
interactions of 3 species that exhibit chaotic behavior.
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4.A. The derivative in several variables

Here we present basic definitions and results on multivariable differential calculus,
useful for the material in Chapter 4. To start this section off, we define the derivative
and discuss some of its basic properties. Let O be an open subset of R™, and
F : O — R™ a continuous function. We say F' is differentiable at a point z € O,
with derivative L, if L : R™ — R™ is a linear transformation such that, for y € R",
small,

(4.A.1) F(x+y)=F(z)+ Ly + R(z,y)

with [|[R(z, y)[| = o(llyl), i-e

R
vl

We denote the derivative at « by DF(x) = L. With respect to the standard bases
of R" and R™, DF(z) is simply the matrix of partial derivatives,

—0 as y— 0.

OF;
4.A.3 DF(x)=( =
(1.43) @=(52).
so that, if v = (v1,...,v,)!, (regarded as a column vector) then
OFy OF,, \!
4.A4 DF = — Uk, ... .
(4.4.4) (@)= (3 G v 2 )

It will be shown below that F' is differentiable whenever all the partial derivatives
exist and are continuous on Q. In such a case we say F is a C! function on O. More
generally, F is said to be C* if all its partial derivatives of order < k exist and are
continuous. If F is CF for all k, we say F is C°.

Sometimes one might want to differentiate an R™-valued function F(x,t) only

with respect to . In that case, if
F(z+y,t)=F(z,t) + Ly + R(z,y,t),
with ||R(z,y,t)]| = o(||y||), we write D, F(x,t) = L.

We now derive the chain rule for the derivative. Let F' : O — R™ be differ-
entiable at € O, as above, let U be a neighborhood of z = F(z) in R™, and let
G : U — R* be differentiable at z. Consider H = G o F. We have

H(z +y) = G(F(Wry))

(4A5) G(F(z) + DF(2)y + R(z,y))
(z) + DG(z)(DF(z)y + R(z,y)) + Ri(z,y)
G(z) + DG(2)DF (z)y + Ra(z,y)
with
||R2|(;/s|,|y)|| —0 as y—0.
Thus G o F is differentiable at z, and
(4.A.6) D(Go F)(x) = DG(F(x)) - DF(z).

In case k =1, s0 G: U — R, we can rewrite (4.A.6) as
(4.A.7) D(Go F)(z) = VG(F(x))'DF(z),
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where VG(y)! = (0G /0y, ...,0G/0yy). If in addition n = 1, so F is a function
of one variable x € O C R, with values in R™, this in turn leads to

%G(F(x)) = VG(F(z)) - F'(x).

This leads to such formulas as (4.3.10).

Another useful remark is that, by the Fundamental Theorem of Calculus, ap-
plied to ¢(t) = F(z + ty),

(4.A.8)

(4.A.9) Fx+y)=F(z)+ /01 DF(xz +ty)ydt,

provided DF' is continuous. A closely related application of the Fundamental The-
orem of Calculus is that, if we assume F': O — R™ is differentiable in each variable
separately, and that each 0F/0x; is continuous on O, then

(4.A.10)
F(z+y)=F(z)+ Z[F(x +2;) = F(z+2zj-1)] = F(z) + ZAj(ﬂfay)yj,
j=1 j=1
L or
Aj(z,y) = /o 87%(96 + zj—1 + tyje;) dt,

where 2o =0, z; = (y1,-..,9;,0,...,0), and {e;} is the standard basis of R"”. Now
(A.10) implies F is differentiable on O, as we stated below (4.A.4). Thus we have
established the following.

Proposition 4.A.1. If O is an open subset of R® and F : O — R™ is of class C,
then F is differentiable at each point x € O.

For the study of higher order derivatives of a function, the following result is
fundamental.

Proposition 4.A.2. Assume F : O — R™ is of class C?, with O open in R™.
Then, for each x € O, 1 < j,k <mn,
0 OF 0 OF

To prove Proposition 4.A.2, it suffices to treat real valued functions, so consider
f:O—=R. For1l<j<mn, we set

(1A.12) A f@) = 3 (Fo+ hey) — F(x),

where {ey,...,e,} is the standard basis of R”. The mean value theorem (for func-
tions of z; alone) implies that if 0, f = 0f/0x; exists on O, then, for x € O, h >0
sufficiently small,
(4A13) Ajﬁf(ﬂ?) = 8]f(l‘ + Oéjh@j),
for some a; € (0,1), depending on x and h. Iterating this, if 9;(0y f) exists on O,
then, for z € O, h > 0 sufficiently small,

ApnAjnf(x) = Oc(Ajnf) (@ + arhey)
(4A14) = Aj,h(akf) (I + akhek)

= 0;0,f(x + argher + ajhe;),
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with a;, o € (0,1). Here we have used the elementary result
(4.A.15) ODjnf = Djn(Okf).
We deduce the following.

Proposition 4.A.3. If Opf and 0;0rf exist on O and 0;0rf is continuous at
xo € O, then

(4A16) ajakf(l'o) = ilzli% Ak’hAjyhf(xo).
Clearly
(4.A.17) A nAjnf =ANjnApnf,

so we have the following, which easily implies Proposition 4.A.2.

Corollary 4.A.4. In the setting of Proposition 4.A.3, if also 0;f and 0,0, f exist
on O and 0,0, f is continuous at xg, then

(4.A.18) 90k f(z0) = 9x0; f (20).

If U and V are open subsets of R® and F : U — V is a C! map, we say F is
a diffeomorphism of U onto V provided F' maps U one-to-one and onto V', and its
inverse G = F~! is a C!' map. If F is a diffeomorphism, it follows from the chain
rule that DF'(z) is invertible for ecach x € U. We now state a partial converse of
this, the Inverse Function Theorem, which is a fundamental result in multivariable
calculus.

Theorem 4.A.5. Let F' be a C* map from an open neighborhood Q of po € R™ to
R™, with qo = F(po). Assume k > 1. Suppose the derivative DF (pg) is invertible.
Then there is a neighborhood U of pg and a neighborhood V' of qy such that F :
U — V is one-to-one and onto, and F~1 :V — U is a C* map. (So F:U —V is
a diffeomorphism.)

Proofs of Theorem 4.A.5 can be found in a number of texts, including [31],
Chapter 2 of [50], and Chapter 1 of [45].
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4.B. Convergence, compactness, and continuity

We discuss a number of notions and results related to convergence in R", of use in
this chapter. First, a sequence of points (p;) in R™ converges to a limit p € R™ (we
write p; — p) if and only if

(4B.1) Ip; - pll — 0.

Here || - || is the norm on R™ arising in §2.10 of Chapter 2, and the meaning of
(4.B.1) is that for every € > 0 there exists N such that

(4.B.2) jzN=|p;—pll <e

A set S C R™ is said to be closed if and only if
(4.B.3) p; €S, pj >p=peES’.

The complement R™ \ S of a closed set S is open. Alternatively, Q@ C R™ is open if
and only if, given ¢ € Q, there exists € > 0 such that B.(q) C 2, where

(4B.4) Be(g) ={peR":[lp—qll <e},
so ¢ cannot be a limit of a sequence of points in R™ \ Q.
An important property of R™ is completeness, a property defined as follows. A
sequence (p;) of points in R™ is called a Cauchy sequence if and only if
(4.B.5) lpj —prll — 0, as j,k— oo.

It is easy to see that if p; — p for some p € R™, then (4.B.5) holds. The completeness
property is the converse.

Theorem 4.B.1. If (p;) is a Cauchy sequence in R”, then it has a limit, i.e.,
(B.1) holds for some p € R™.

Since convergence p; — p in R" is equivalent to convergence in R of each
component, it is the fundamental property of completeness of R that is the issue.
This is discussed in [8], from an axiomatic viewpoint, and in [27] and [49], from a
more constructive viewpoint.

Completeness provides a path to the following key notion of compactness. A
set K C R™ is compact if and only if the following property holds.

Each infinite sequence (p;) in K has a subsequence

4.B.6
( ) that converges to a point in K.

It is clear that if K is compact, then it must be closed. It must also be bounded, i.e.,
there exists R < oo such that K C Bg(0). Indeed, if K is not bounded, there exist
pj € K such that ||pjy1] > ||p;]| +1. In such a case, ||p; — px|| > 1 whenever j # k,
so (p;j) cannot have a convergent subsequence. The following converse statement is
a key result.

Theorem 4.B.2. If K C R” is closed and bounded, then it is compact.

We start with a special case.

Proposition 4.B.3. Each closed bounded interval I = [a,b] C R is compact.
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Proof. Let (p;) be an infinite sequence in [a,b], j € ZT. Divide I into two halves,
Iy =[a,(a+b)/2], I = [(a+b)/2,b]. If p; € I for infinitely many j, pick some
Dj, € lo, and set a; = 0. Otherwise, pick some p;, € I;, and set a; = 1. Set
q0 = Pjo-

Now divide I,, into two equal intervals, Io,0 and I,,1. If p; € I, for infinitely
many j, pick pj, € Ia107 j1 > jo. Otherwise, pick P, € Ia117 j1 > jo. Set qq = Dj, -
Continue.

One gets (g;), a subsequence of (p;), with the property that

(4.B.7) |4j — ¢j+kl <277b—al, Vk>0.
Thus (g;) is a Cauchy sequence, so by the completeness of R, it converges, to the
desired limit p € [a, b]. O

From Proposition 4.B.3 it is easy enough to show that any closed, bounded box
(4.B.8) B={(z1,...,2zn) €ER" :a; <z; <bj, Vj}
is compact. If K C R" is closed and bounded, it is a subset of such a box, and
clearly every closed subset of a compact set is compact, so we have Theorem 4.B.2.

We next discuss continuity. If S C R", a function

(4.B.9) f:9—R™
is said to be continuous at p € S provided
(4.B.10) pj €8, pj = p= f(p;) = f(p)

If f is continuous at each p € S, we say f is continuous on S.
The following two results give important connections between continuity and
compactness.

Proposition 4.B.4. If K C R" is compact and f : K — R™ is continuous, then
f(K) is compact.

Proof. If (gx) is an infinite sequence of points in f(K), pick py € K such that
flpr) = qx. If K is compact, we have a subsequence pp, — p in K, and then
qr, — f(p) in R™. O

This leads to the second connection.

Proposition 4.B.5. If K C R" is compact and f : K — R™ is continuous, then
there exists p € K such that

(4.B.11) 1 ()l = max [|£()ll,
and there exists ¢ € K such that
(4.B.12) 17 ()l = min || £ (2)]].

The meaning of (4.B.11) is that || f(p)|| > ||f(z)|| for all z € K, and the meaning
of (4.B.12) is similar.

For the proof, consider

(4.B.13) g: K —R, gp)=|fDl
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This is continuous, so g(K) is compact. Hence g(K) is bounded; say g(K) C I =
[a,b]. Repeatedly subdividing I into equal halves, as in the proof of Proposition
4.B.3, at each stage throwing out subintervals that do not intersect g(K) and keep-
ing only the leftmost and rightmost amongst those remaining, we obtain « € g(K)
and 8 € g(K) such that g(K) C [o,8]. Then oo = f(¢q) and 8 = f(p) for some p
and ¢ € K satisfying (4.B.11)—(4.B.12).

A variant of Proposition 4.B.5, with a very similar proof, is that if K C R™ is
compact and f : K — R is continuous, then there exist p,q € K such that

(4.B.14) flp) = max f(x), [flg)= min f(z).

We next define the closure S of a set S C R", to consist of all points p € R"
such that B.(p)NS # 0 for all ¢ > 0. Equivalently, p € S if and only if there exists
an infinite sequence (p;) of points in S such that p; — p.

Now we define sup S and inf S. First, let S C R be nonempty and bounded
from above,ii.e.7 there exists R < oo such that z < R for all x € S. Hence z < R
for all z € S. In such a case, there exists an interval [R — k, I] whose intersection
with S is nonempty, hence compact. We set
(4.B.15) sup S = max =,

SN[R—k,R)
the right side well defined by (4.B.14), with f(x) = . There is a similar definition
of

(4.B.16) inf S|
when S is bounded from below.
We establish some further properties of compact sets K C R", leading to the

important result, Proposition 4.B.9 below.

Proposition 4.B.6. Let K C R" be compact. Assume X1 D X9 D X3 D -+ form
a decreasing sequence of closed subsets of K. If each X,, # 0, then Ny X, # 0.

Proof. Pick z,, € X,,. If K is compact, (z,,) has a convergent subsequence,
T, — Y. Since {zp,, : k > €} C X,p,, which is closed, we have y € N, X, O

Corollary 4.B.7. Let K C R"™ be compact. Assume Uy C Uy C Uz C --- form an
increasing sequence of open sets in R™. If Uy, U, D K, then Uy D K for some M.

Proof. Consider X,,, = K\ Uy,. O

Before getting to Proposition 4.B.9, we bring in the following. Let Q denote
the set of rational numbers, and let Q™ denote the set of points in R™ all of whose
components are rational. The set Q™ C R"™ has the following “denseness” property:
given p € R™ and € > 0, there exists ¢ € Q™ such that ||p — ¢|| < e. Let

(4.B.17) R ={B,(q;) :q¢; €Q", r; € QN (0,00)}.
Note that Q and Q™ are countable, i.e., they can be put in one-to-one correspondence

with N. Hence R is a countable collection of balls. The following lemma is left as
an exercise for the reader.
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Lemma 4.B.8. Let QQ C R" be a nonempty open set. Then
(4.B.18) Q= J{B:BeR, BCQ}

To state the next result, we say that a collection {U, : @ € A} covers K if
K C UqaeaU,. If each U, C R™ is open, it is called an open cover of K. If B C A
and K C UgepUg, we say {Us : B € B} is a subcover.
Proposition 4.B.9. If K C R" is compact, then it has the following property.

(4.B.19) Every open cover {U, : o € A} of K has a finite subcover.

Proof. By Lemma 4.B.8, it suffices to prove the following.

Every countable cover {B; : j € N} of K by open balls
(4.B.20) .
has a finite subcover.
For this, we set

(4.B.21) Upn=B1U---UB,y,

and apply Corollary 4.B.7. O
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4.C. Critical points that are saddles

Let F be a C?3 vector field on 2 C R", with a critical point at p € Q. We say p is
a simple critical point if L = DF(p) has no eigenvalues that are purely imaginary
(or zero). From here on we assume this condition holds. As seen in Chapter 2, we
can write

(4.C.1) Ch=wreW_,
where W, is the direct sum of the generalized eigenspaces of L associated to
eigenvalues with positive real part and W_ is the direct sum of the generalized

eigenspaces associated to eigenvalues with negative real part. Since L € M (n,R),
non-real eigenvalues of L must occur in complex conjugate pairs, and

(4.C.2) R'=VioV_., Vi=WiNnR"
We have
(4.C.3) veWy = etlv 50 as t — Foo,

and a fortiori
(4.C.4) veVy = efv =0 as t - Foo.
We say the critical point at p is a source if V_ = 0, a sink if V; = 0, and a
saddle if V_ # 0 and V. # 0. The fact that
(4.C.5) V. =R" = &L (z) = p as t — +oo,

for z sufficiently close to p, where ®%. is the flow generated by F, was proven in
§4.3 (cf. Proposition 4.3.4), and similarly we have

(4.C.6) Vi =R" = ®L(z) - p as t = —o0,

for x sufficiently close to p. The purpose of this appendix is to discuss the saddle
case, where ny = dimV; > 0 and n_ = dimV_ > 0. In such a case, as advertised
in §3, there is a neighborhood U of p and there are C! surfaces Si, of dimension
n4, such that

and
(4.C.8) r €Sy = dL(x) = p as t — Foo.

The surfaces S_ and Sy are called, respectively, the stable and unstable manifolds
of F at p. They have the further property that if v is a C! curve in S, (respectively,
S_), and v(0) = p, then +/(0) € Vi (respectively, V_). In addition, given £ > 0,
there exists ¢ > 0 such that if z € U \ S_ but dist(z,S_) < J, then for some
t; >0, ||®%(z) — p|| < e, and for all ¢ > t;, dist(®L(z),S;) < &, at least until
! () exits U. We want to demonstrate this result. For simplicity of presentation,
we concentrate on the case n = 2 (and ny = n_ = 1). However, the argument we
present can be modified to treat saddles in higher dimension.

We make some preliminary constructions. Relabeling the coordinates, we can
assume p = 0. Altering F' outside some neighborhood of p = 0 if necessary, we can
assume F is a C? vector field on R™ and there exists C' < co such that

(4.C.9) [F(@)]| < Cllzfl, V2R
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Hence, as seen in §4.3 (Exercise 3), ®% () is well defined for all z € R", ¢t € R.
Applying the fundamental theorem of calculus twice gives

(4.C.10) F(z) = Lx—l—zgcjkajk(x),
3.k
where
(4.C.11) L = DF(0),
and G,y are C! vector fields, given by
1ol g2
(4.C.12) Gjk(z) = /0 /0 Dendz, F(stx)dsdt.
We define the family of vector fields F. by
(4.C.13) Folz) = éF(ex),
for € > 0. By (4.C.10),
(4.C.14) F.(z) = Lz + eG.(x),
where
(4.C.15) Ge(w) = wjweGjn(e).
3.k

Passing to the limit ¢ — 0 gives Fy(x) = Lz. Results of §4.2 yield the following.

Lemma 4.C.1. Given § > 0, T < oo, there exists eg = €¢(0, T, F) > 0 such that
for all e € (0,e0],

lzll <2, [t <T, [|9F (2)]| <2 Vs €0,1]

4.C.16
( ) - ||<I>tFE(x) — etLa:H < 4.

Specializing to n = 2, we can assume that

(4.C.17) L= (a _b> . a,b>0.
We take the box
(4.C.18) O = {(21,22) : [21], |22 < 1},
and set
(4.C.19) O =27%0.
We define four families of maps
11
(4.C.20) Geirthe : [—5, 5} L L1, j=1,20<e<l,

as follows. For j = 1, define t.(s) as the smallest positive number such that

_ 1
@F:E(S) (s, 5) €{(o,1): =1 <o <1},
and then set ¢.1(s) to be the x1-coordinate of @;:5(5) (s,1/2). To give an alternative
description, we are mapping the top edge of O (identified with [—1/2,1/2]) to the
top edge of O (identified with [—1,1]) by the backward flow generated by Fr.
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Figure 4.C.1. The maps ¢.; and 1.,

Similarly define .o via the backward flow map of the bottom edge of O; to the
bottom edge of O, and define 1.1 and .o via the forward flow maps of the right
and left edges of O; to the corresponding edges of O. See Figure 4.C.1. It is readily
verified that these maps are contractions for ¢ = 0, where Fy(x) = Lz, i.e., there
exists A = A(a,b) < 1 such that

i(8) — @i (t)] < Als —t],
(4.C.21) |pej (s) — e; ()] < Als — 1]
|the; (s) = the; (1) < Als — ],
for all s,t € [-1/2,1/2].

Results of §4.2 then establish the following.

Lemma 4.C.2. There existse; = 1(F) > 0 and A = A(F) < 1 such that whenever
0 < e <e1, the maps pe; and e; i (4.C.20) are well defined on [-1/2,1/2] and
(4.C.21) holds for all s,t € [-1/2,1/2].

We make a further adjustment. Take 2 < min(eq1(F'),e0(1/10,10, F)). Further
shrinking e, is necessary, arrange that, whenever ¢ € (0, &3],

1
(4.C.22) lzll < 2 = [|Fe(2) - Lz < 5| La]],

so that, if (x1,22) € O, Fc(x1, z2) points down if x5 € [1/2,1], up if x5 € [-1,—1/2],
left if z; € [1/2,1], and right if 2y € [-1,—1/2]. Now replace F by F.,, denoting
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Figure 4.C.2. Step 0

this scaled vector field by F. Then (4.C.16) holds with 7" = 10 and 6 = 1/10 for all
e € (0,1] and (4.C.21) holds for all s,¢ € [—1/2,1/2], with A < 1, for all € € (0,1].
For notational simplicity, set

(4.C.23) P =@, e=27"

Note that dilation by the factor 2* takes the flow ®% on Oy to the flow @} on O.

With these preliminaries done, we start in earnest our demonstration that the
flow generated by F' has saddle-like behavior near the critical point p = 0. Denote
by T, B, L, and R the top, bottom, left, and right edges of O, and similarly denote
by T, Bk, L, and Ry, the top, bottom, left, and right sides of Q. Then the maps
(4.C.20) can by slight abuse of terminology be labeled

1: 71— T, 2:B1 — B,
(4.C.24) 1;0:1 :R1— R, (Z); Ly — L.
Pick two points pog, por € T such that for some g, to, € (0,1),
(4.C.25) Poe = ®(poe) € L, pg. = @ (por) € R,
and pick two points qor, gor € B such that for some sg¢, sor € (0,1),

(4.C.26) a0r = PR (qoe) € L, 5, = PP (qor) € R.
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Figure 4.C.3. Beginning of Step 1

See Figure 4.C.2. The possibility to do this is guaranteed by Lemma 4.C.1. Denote
the orbits of ®) = @, through poe, por by Yoe, Yor and those through qor, gor by
00¢,00r-

Let us call the construction just described Step 0. To continue, at Step 1,
pick pie,p1» € T1 and Gie, 1 € Bi such that the following holds. Note that
2p1¢, 21 € T and 2G1e, 2G1 € B. We require that, for some t14, t1, € (0,71),

(4.C.27) 1 (2p10) € L, D1 (2p1,) € R,

and for some s1y, s1,- € (0,T}),

(4.C.28) ®7(241) € L, 277 (241,) € R.

The conditions (4.C.27) and (4.C.28) are equivalent to

(4.C.29) P = PR (Pre) € L1, P, = 4 (P1r) € R,
and

(4.C.30) Gie = 3 (qie) € L1, @1, = @27 (1) € R

See Figure 4.C.3. Denote the orbits of F' through p1¢, p1+ by 7yie, 71~ and those
through Gi¢, G1 by 014, 01-. When picking pi1¢, p1r, ¢1¢, and §1,-, one can and should
enforce the following condition. If -y, intersects 71, p1¢ should be to the right
of such an intersection, if 7, intersects 71, p1, should be to the left of such an
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Figure 4.C.4. Completion of Step 1

intersection, and similarly for cases when oy or og, intersect B;. Also, we can take
Ty > 1. (More on this below.)

Now we continue the orbits 714, V15, 01¢, and o1, forward and backward, until
they intersect the boundary of O, at points pi¢, p1r, g1, q1r and p3,, pi,, @1 43y, a8
illustrated in Figure 4.C.4. That such an intersection must occur is guaranteed by
(4.C.22). This, together with the fact that orbits of F' cannot intersect, guarantees
that
(4.C.31) poe < p1e < p1r < Por,

in the sense that p < p’ means p is to the left of p’. In a similar sense, made clear
in Figure 4.C.4, we have

Goe < q1e < q1r < qor,
(4.C.32) Por < Pir < @iy < QGors

Poe < P1e < qie < doe-
Furthermore, as a consequence of (4.C.21), we have
Ip1e — p1r| < Alpre — p1r| < A,
lgie — qir| < AlGre — q1r| < A,
P — a1, < Alpr, — 41, < A,
Ip1e — aiel < Alp1e — a1, < A

(4.C.33)
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We proceed iteratively. At step k, pick pie, Dir € Te and Gre, Grrr € By such that
the following holds. Note that 2*pys, 285y, € T and 2FGge, 25Gr € B. We require
that, for some txp, trr € (0,Tk),

(4.C.34) i (28 € £, B (28py,) € R,

and for some Sg¢, Sk € (0, 7)),

(4.C.35) (2R € £, @5 (2FGy,) € R.

The conditions (4.C.34) and (4.C.35) are equivalent to

(4.C.36) Do = % (pre) € Liy,  Phyp = P (Prr) € Ry,
and

(4.C.37) G = ©¥(Ge) € Lk Gy = PP (Grr) € Rie

Denote the orbits of F' through pre, Prr by Yie, Yir, and those through Gre, Gir
by oke,0kr. When picking pre, Prr, Gre, and Gk, one can and should enforce the
following condition. If y;_1, intersects T, pre¢ should lie to the right of such a
point of intersection, if ;1 , intersects T, Pr,r should lie to the left of such a point
of intersection, and similarly for cases where o1 ¢ or oi_1, intersect By. At this
point it is useful to note that, by Lemma 4.C.1, we can take

(4.C.38) Ty, — o0 as k — oo,
and hence take (with z = £ or r)
(4.C.39) 12"k, — (0, D) <y, [12%Gk — (0,1)]| <M, 1 — 0 as k — oo.

It then follows that (again with z = ¢ or r)
(4.C.40)
17k — @75, ) < 27%,  [Igz. — @75, 0) <27k, 7k — 0 as k — oo.

Now we continue the orbits vie, Vir, ore, and oy, forward and backward, until
they intersect the boundary of O, at points pre, Prrs Qkes Qrr, a0d Dy, Py Tips Lo
as illustrated in Figure 4.C.5. That such intersections must occur is guaranteed by
(4.C.22). As before, the fact that orbits of ®% cannot intersect guarantees that

(4.C.41) Poe <+ < Prt < Prr < < Por,
in the sense specified in (4.C.31), and, as in (4.C.32),

qoe <+ < qre < Grr < < Gor,
(4.C.42) Por < < Php < Qor < < oy,
Poe <+ < Pre < Qor < -+ < dog-
Furthermore, as a consequence of (4.C.21), we have
ke — prel < AFPre — Pre| < AF27 P,
|qre — el < AF|Gre — Grr| < AF27 P,
(4.C.43) . . P e
[Phe = Prl < A% |Phe — P < A"27 i,
* * k| ~%x ~ kao—k~
lake = @ier| < A¥|Ge = G| < AP27 1
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Figure 4.C.5. Step k

In particular, these distances are converging to 0 quite rapidly. We obtain limits
PresPer = Pt €T, Qre, Qer — Py € B,

PresQkr — Pr € Ry Pres Qe — Pi € L.

See Figure 4.C.6. We have

(4.C.44)

(4.C.45) OL(ps), ®%(py) — 0 as t — +oo,
and
(4.C.46) L (p), ®H(pr) =0 as t — —oo,

since the paths in (4.C.45) meet each Oy for large positive ¢ and those in (4.C.46)
meet each O, for large negative ¢. Furthermore, by (4.C.39)—(4.C.40), plus the fact
that all these paths solve dx/dt = F(z), the curves in (4.C.45) fit together to form
a C! curve tangent to the zo-axis at p = 0, and those in (4.C.46) fit together to
form a C' curve tangent to the x;-axis at p = 0.

We sketch how to treat the case n =3, ny =2, n_ = 1. In place of (4.C.17),
we can take

(4.C.47) L= <A _b) . A€ M2,R), b>0,

and, via Lemma 4.3.5, arrange that

(4.C.48) Av-v>allv]]?, a>0, VYveR2
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Figure 4.C.6. Limiting configuration as k — oo

In place of (4.C.18), we use the cylinder

(4.C.49) O = {(x1,20,23) : 22 + 22 < 1, |z3| < 1}.
with boundary
(4.C.50) 00 =TUBUL,

where 7 and B (the top and bottom) are disks and £ (the side) is S x [~1,1]. We
then take Oy, = 27*0O, with boundary T U By U L. Parallel to (4.C.24), we have
(at least for small £) maps

<)061:7—1_>T7 8062181%87
1/}52[,1—>E,

with ¢.; defined by backward flow of CI>%€ and 1. defined by forward flow. Again
the maps ¢.; are contractions for small e. The maps ). are not contractions, but
composing them on the left with the projection S* x [-1,1] — [~1,1] produces a
contraction, for small €, and this is what one needs. In place of a pair of initial data
on T and a pair on B, one takes a circle of initial data on 7 and one on 5. Applying
®%. yields a pair of flared tubes, as pictured in Figure 4.C.7. From here, an iteration
produces nested families of such flared tubes, converging in on the one-dimensional
stable manifold S_ and the two-dimensional unstable manifold S;. The interested
reader is invited to fill in the details, and work out the higher dimensional cases.
See also [10] and [19] for other approaches to this result.

(4.C.51)
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Figure 4.C.7. Set-up for a saddle in 3D

4.D. Blown up phase portrait at a critical point

Let 2 C R™ be open, 0 € 2, and F : Q — R™ a smooth vector field. Assume
F(0) =0, and that 0 is a non-degenerate critical point, i.e.,

(4.D.1) A= DF(0) € M(n,R) is invertible.

We want to “blow up” the portrait of solutions to

(4.D.2) 2 = F(x),

by using spherical polar coordinates,

(4.D.3) r=rw, r=r()cl0,0), w=w(t)es" ",
where S™~! is the unit sphere in R”. Note that

(4.D.4) =r'w+rd,

and w(t) - w(t) =1 = W L w, so the two vectors on the right side of (4.D.4) are
mutually orthogonal. We obtain
r=2 w=w-F(rw),

4.D.5
( ) W =r"'Pa’ =r ' P F(rw),
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where P, is the orthogonal projection of R™ onto the orthogonal complement of
Spanw, i.e.,

(4.D.6) Pov=v— (v ww.
To proceed, write

(4.D.7) F(z) = Az + R(z),

where

R(z) = Z(/Ol(l — 5)0;0,F (sx) ds)a:jxk

Jik

(4.D.8) _ . Z(/Ol(l — §)0,0uF (srw) dS)ijk

j.k
= r?G(r,w)
Here, if Br(0) C 2, we have
(4.D.9) G:(—R,R) x S"' — R", smooth.

Thus we can rewrite the system (4.D.5) as

= (w- Aw)r +w - G(r,w)r?,

W' = P,Aw +rP,G(r,w).

This is a smooth system of ODE on (=R, R) x S™~1.
Now the null space N'(P,) is Spanw, and

(4.D.11) P,Aw = Aw — (w - Aw)w,

SO

(4.D.10)

P,Aw=0<+<= Aw||w
(4.D.12) . .
<= w is an eigenvector of A,

in which case the associated eigenvalue \ is necessarily equal to w - Aw (and this
eigenvalue is nonzero if A is invertible). Consequently, the right side of (4.D.10)
vanishes on

(4.D.13) {(rw):r=0, we S" ! Aw= (w- Aw)w},

and we have the following.

Proposition 4.D.1. If (4.D.1) holds, there exists a > 0 such that, on

(4.D.14) Ou = (—a,a) x 8",

the right side of (4.D.10) vanishes only on the set (4.D.13). If each real eigenspace
of A is one dimensional, then each critical point of (4.D.10) is isolated.

Solutions to (4.D.10) define a flow on O, and {(r,w) € O, : r = 0} is invariant
under this flow. The flow restricted to this set is the flow on S"~! defined by
(4.D.15) W' = P,Aw,
which is
(4.D.16) w(t) = le*wol| tettwy,  wo = w(0).
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€1

Figure 4.D.1. Saddle critical point and its blowup

One convenient way to visualize the flow on O, is to use the diffeomorphism

(4.D.17) ®:0, — U, CR",
given by

(4.D.18) O(r,w) =e'w =y,
where

(4.D.19) Us={yeR":e7 % < |y| <e}.

The resulting flow on U,, acting on y = e"w, is defined by
y/ — e?",r/w + eTw/

= er{ [(w-Aw)r +w - G(r,w)r?]w
(4.D.20)
+ P, [Aw + rG(r,w)] }

= X(y),
where G(r,w) is given by (4.D.8). Note that

(4.D.21) G(0,w) = % > 0,0k F(0)w;jw.
7.k
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€1

Figure 4.D.2. A generic sink and its blowup

We see that X is a smooth vector field on U, whose critical points lie on S"~! C U,,
and wg € ™! is a critical point of X if and only if

(4.D.22) Awy = Ay,
for some A € R, necessarily

(4.D.23) A = wy - Awyp,
and A # 0, given (4.D.1).

It is of interst to specify when such a critical point wy of X is nondegenerate,
i.e.,, when DX (wo) € M(n,R) is invertible. To begin this analysis, we see from
(4.D.20) that

(4.D.24) DX(OJ())(UO = )\wo.
We next evaluate DX (wp)¢ when wy is a critical point and £ L wg. We have from

(4.D.20) that

(4.D.25) DX (wp)é = i1[1,(5)/@(3)]

ds 5=07

where

(4.D.26) w:(—ege) = S" 1 w(0) =w (0)=¢.
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€1

Figure 4.D.3. A non-generic sink and its blowup

A computation gives

d
(4.D.27) ﬁPw(s)Aw(s)‘szo = P, Af — )\,

provided (4.D.22) holds, and £ L wy. Hence

(4.D.28) DX (wo)é = Py, AE — A€,

provided wy is a critical point of X and & | wy. It follows that, if & L wy,
(4.D.29) DX (wo)(awp + &) = adwo + P, AL — AE,

so wo € 8"~ is a nondegenerate critical point of X if and only if
(4.D.30) MWO;PZUfo a/:ii_go,: (f. o

Since A # 0, we have the conclusion a = 0, so the criterion boils down to

(4.D.31) € Lwy, PopyAE—X=0=¢=0.
Now, for £ L wy,
(4.D.32) P, AE — X =0« (A — A\ € Span wy.

If dim E(A, \) > 2, one has nonzero £ € £(A, ) orthogonal to wy, so nondegeneracy
requires

(4.D.33) dimE(A,\) = 1.
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Figure 4.D.4. A spiral sink and its blowup

Furthermore, if dim N ((A — AI)?) > 2, this space contains a nonzero element ¢
orthogonal to wy, and, by (4.D.33), (A—AI){ € Spanwy, so nondegeneracy requires
(4.D.34) dimAN((A—AI)?) =1, hence N((A—AI)?) =E(AN).

We have the following:

Proposition 4.D.2. Maintain the hypothesis (4.D.1). Let wy € S"~ ! be a critical
point of X, so (4.D.22) holds, with A € R, X # 0. Then wq is a nondegenerate
critical point of X if and only if

(4.D.35) GE(A,N) =E(A)N), and dimE(AN) =1.

Figures 4.D.1-4.D.4 depict the blowups of critical points of four planar vector
fields. These have the form (4.D.7) with A € M(2,R) given, respectively, by

(4.D.36) (l _1), <_2 _1>’ <_01 j) <_11 :D

The critical points are, respectively, a

(4.D.37) saddle, generic sink, nongeneric sink, spiral sink.

We provide a rather sketchy depiction of the phase portraits of the blow ups. We
sketch orbits on S = {Jy| = 1}. Other orbits sketched are confined to {|y| > 1},

corresponding to {r > 0}, and we only sketch orbits that lead to (or from) critical
points of X on S!, except for the spiral sink, where X has no critical points.
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Figure 4.D.5. Blowup of a 3D saddle

Figure 4.D.1, depicting the blowup of a saddle, has +e; and +ey as critical
points of X, each one in turn being a saddle. Figure 4.D.2, depicting the blowup
of a generic sink, also has d+e; and +e; as critical points of X. In this case, +e;
are saddles and +es are sinks. In Figure 4.D.3, depicting a non-generic sink, the
only eigenvectors of A in S' are +e;, and these are the only critical points of X.
Consistent with Proposition 4.D.2, these critical points are degenerate, and the
orbits pictured here illustrate this. Figure 4.D.4 deals with a spiral sink. In this
case, A has no real eigenvectors, so, as noted above, X has no critical points on S*.
This figure illustrates how orbits of X spiral into S*.

In Figure 4.D.5 we depict the blowup of a 3D saddle. In this case, F'(z) has
the form (4.D.7), with

A1
(4D38) A= Ao ;o A3 <0< Ay < AL
A3

In this situation, the critical points of X on S? = {|y| = 1} are ¢;, 1 < j < 3,
each of which is a saddle, though the saddles are of three different types. When
one restricts the flow generated by X to S2, one sees that d-e; are sinks, +ey are
saddles, and +ej3 are sources. Note the heteroclinic orbits connecting these various
critical points.
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Figure 4.D.6. Blowup of a 3D spiral sink

In Figure 4.D.6 we depict the behavior of the blowup of a 3D spiral sink. In
this case, F'(x) has the form (4.D.7), with

(4.D.39) A= <B )\3> , B= <_ul :‘f) . 1y A3 € (—00,0).

The eigenvalues of B are —1 + pi. There are two critical points of X on S2, at
+e3. Figure 4.D.6 depicts the case A3 = —2. In this case, +e3 are spiral saddles
for X. When one restricts the flow generated by X to 52, the points +es3 are spiral
sources. This is somewhat analogous to the saddle behavior of +e; in Figure 4.D.2.
In addition, the equator of S (in the (ejez)-plane) is an attracting cycle for the
flow generated by X.

The reader is invited to consider the behavior of blowups in case (4.D.39) when
one takes A3 = —1/2, or —1.
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4.E. Periodic solutions of 2"/ + x = e(2)

Equations of the form
(4.E.1) "+ =ey(x)

with “small” ¢ arise in a number of cases, and it is of interest to analyze various
features of these solutions. For example, as mentioned in §4.6, the relativistic
correction for planetary motion gives rise to the equation (4.6.53), which takes the
form (4.E.1) for x = u — A, with

(4.E.2) P(z) = (x + A%
Another example,
(4.E.3) Y(x) = —a,

yields a special case of Duffing’s equation. As we mentioned in §4.6, solutions to
(4.6.53) tend not to be periodic of period 27, and this leads to the phenomenon of
precession of perihelia. It is of general interest to compute the period of a solution
to (4.E.1), and we discuss this problem here. We assume ¢ is smooth.

We rewrite (4.E.1) as a first order system and also explicitly record the depen-
dence on e:

zo(t) = ye(t),

Ye(t) = —ze(t) + e(ze(t)).
We pick a € (0,00) and impose the initial conditions
(4.E.5) z:(0) =a, y-(0)=0.
Note that if we take

(4.E.4)

,y2 22

where U'(z) = (), then (d/dt)F.(z:(t),y:(t)) = 0 for solutions to (4.E.4), so
orbits of (4.E.4) lie on level curves of F,. For ¢ sufficiently small with respect to
a, the level curves of F. on {(z,y) : 22 + y? < 2a?} will be close to those of Fy,
that is to say, such level curves of F, will be closed curves, close to circles, and the
associated solutions to (4.E.4)—(4.E.5) will be periodic. The period T'(¢) will have
the following two properties, at least for small e:

(4.E.7) T(e) =2r40(), y:(T(e))=0.
We will calculate a more precise approximation to T'(¢), accurate for small .

The first order of business is to calculate accurate approximations to z.(t) and
Ye(t), valid uniformly for ¢ in an interval containing [0, 27]. It follows from §4.2 that
xe(t) and y.(t) are smooth functions of €. Hence, for each N € N, we can write

N
z:(t) = acost + ZXk(t)ek + Rin(t,e),
k=1
N
ye(t) = —asint + Y Yi(t)e" + Ron(t,€),
k=1

(4.E.8)
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where
(4.E.9) IRin(t,e)| < Crne™t, V| < K.

We write R;n(t,e) = O(eV*1). The coefficients Xy, (t) and Yy (t) satisfy differential
equations, obtained as follows. We have from (4.E.8)

N
(4.E.10) aZ(t) +x(t) = Y [X[ () + Xp(t)] " + O(eNT),
k=1
while
(4.E.11)
N
ep(z(t)) = ey (acost + ZXk(t)sk) + O(eNth
k=1
N 4
[ P(acost) +Z 1/13) acost) (ZXk )]} +O(eNTh.

k=1

We match up the coefficients of £ in (4.E.10) and (4.E.11) to obtain equations for
X (t). The case k =1 gives

(4.E.12) X7 (t) + X1(t) = ¢(acost),
and from (4.E.5) the initial conditions are seen to be
(4.E.13) X1(0) =0, X}(0)=0.

The solution to (4.E.12)-(4.E.13) is given by Duhamel’s formula, cf. (3.4.9) of
Chapter 3:

(4.E.14) X1(t) = /0 sin(t — s) ¥ (acos s) ds.

It is convenient to expand sin(t — s) and rewrite (4.E.14) as

t t

(4.E.15) X1 (t) = (sint) / cos sp(acos s)ds — (cost) / sin s 1 (a cos s) ds.
0 0

Regarding Yj(t), we have

(4.E.16) Yi(t) = X} (t),

for all k, and in particular

t t
(4.E.17) Y1 (t) = (cos t)/ cos s (acoss)ds + (sin t)/ sin s ¢ (a cos s) ds.
0 0

In case 9(x) is given by (4.E.2), we have

a’ a?
(4.E.18) Y(acoss) = 5 cos 2s 4+ 2aAcos s + (A2 + 7),
hence
t
/ cos st(acoss)ds
(4.E.19) 0

3a A 2
= (AQ + %) sint + %sith—l— iL—2sin3t—|—aAt7



398 4. Nonlinear systems of differential equations

and

¢
/ sin s¢(acos s) ds
0

(4.E.20) , )

A 2 A
= (A2—|— % + %) — (A2+ 51%) cost — %cosZt— %cosi&t.

One can compute higher terms in (4.E.8). For example, matching up coefficients
of €2 in (4.E.10) and (4.E.11) yields

(4.E.21) X7 (t) + Xa(t) = ¢ (acost) X1 (t).
Again X5(0) = X45(0) = 0, and, parallel to (4.E.14), we have

(4.E.22) Xo(t) = /0 sin(t — s) 1’ (a cos s) X1(s) ds.

Y5 (t) is given by (4.E.16). One can continue this, but we will leave off at this point.

We return to the problem of approximating the period T'(¢), making use of
(4.E.7). A very effective method for solving y.(T) = 0 with 7' = 27 is Newton’s
method, which gives T'(¢) as the limit of T}, (¢), defined recursively by

B _ Ye (Tn(e))
(4.F.23) To(e) =2m, Tuiale) = Tule) = L rp oy

(A general treatment of Newton’s method is given in Chapter 5 of [49].) This
sequence converges fast:

(4.E.24) T(e) = Th(e) + O(e?"),
provided one has y.(t) evaluated exactly. Given an approximation to y.(t),
(1.E.25) gelt) = 5u(t) + O(), L(t) = 7L(1) + O(Y),

we can work with T}, (¢), given by

(4.E.26) To(e) = 2w, Tnyi(e) = Th(e) — M
' (Ta(e))
and we get
(4.E.27) T(e) = Tp(e) + O(eN), provided 2" > N.
In particular, taking
(4.E.28) Y (t) = asint + Yi(t)e + O(e?),
we have
(4.E.29) T(e) = Ti(e) + O(e?),
with
Ti(e) =2n — & (3”)
(4.E.30) e (2m)
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hence, by (4.E.17),
2m
(4.E.31) T(e) =2+ = / cos s p(acos s)ds + O(e?).
@ Jo
In case t(x) is given by (4.E.2), we have from (4.E.19) that

27
(4.E.32) / cos st(acoss)ds = 2maA,
0

so in this case
(4.E.33) T(e) = 2m(1 + Ae) + O(?).

Given an approximation ¢.(¢) satisfying (4.E.25) with N = 3 or 4, we can
iterate (4.E.26) once more, obtaining Ty(g) = T(g) + O(¢V), and so on. We will
not pursue the details.

We now return to the problem of approximating the solution (x.(t),y.(¢)) of
(4.E.4), and address a limitation of the approximations of the form (4.E.8). As
follows from (4.E.15)—-(4.E.20), the first order approximation has the form

z.(t) = acost + X1 (t)e + O(e?),

(4.E.34) , ,
ye(t) = —asint + Y1 (t)e + O(e?),

and, in the case that i (x) is given by (4.E.2),

X1 (t) = Xb(t) + aAtsint,

(4.E.35) b
Yi(t) = Y (t) — aAt cost,

where X%(¢) and Y (¢) are periodic in ¢, of period 27, being sums of products
of sinkt and coskt (0 < k < 3). In (4.E.34), the notation O(¢?) means that,
for any given bounded interval [~ K, K], the remainder is bounded by Cxe?, for
t € [-K,K]. However, it is apparent from (4.E.35) that the accuracy of this
approximation breaks down severely on intervals of length ~ 1/e. In fact, both
x:(t) and y.(t) are uniformly bounded, being periodic of period T'(¢). As far as the
terms on the right side of (4.E.34) are concerned,

acost+ XP(t)e and
(4.E.36) b
—asint + Y{ (t)e

are uniformly bounded, of period 27, but
(4.E.37) aActsint and — aAetcost

are unbounded as |t| — co. These terms are called secular terms, and it is desirable
to have a replacement for (4.E.8), in which such secular terms do not appear. To
get this, we proceed as follows.

The functions

(4.5.38) af (1) = x(@) vt () = yf(T(a)t)
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are periodic of period 27 in ¢t and smooth in . Hence we have expansions

N
a#(t) = acost+» X[ (t)e" + 0N,
(4.E.39) =
y#(t) = —asint + Z Y7 (e + 0N ).
k=1
Note that
d T(e
(1E.40) Tatwy =T yp),

which leads to a variant of (4.E.16). We have the following.
Proposition 4.E.1. The solution to (4.E.4)7(4.E.5) has the expansion

xs(t)—acos +Z (2“) + 0N,
(4.E.41)

ye(t) = asm —|— Z ( 2mt ) + O(eNth,

FEach term in this series is periodic in t of period T'(g), and the remainders are
O(eNT1) uniformly for all t € R.
It is natural and convenient to set
(4.E.42) Xo(t) = XF(t) = acost, Yo(t) =Y (t) = —asint.
It remains to compute Xff(t) and Yk# (t) for k > 1. To this end, set
T(e) _

If we compare the expressions for z.(t) in (4.E.8) and (4.E.41) and make the sub-
stitution s = 27t/T(¢), we obtain

S OXF ()R =D Xi(s +(e)s)e

k>0 i>0
(4.E.44) = ZZ X(j) )s ()
>0 ]>0
_ZZ X(]) s](Zwe) o+
>0 ]>0 £>0

We conclude that X ,f& (s) is equal to the coefficient of €* in the last power series.
For k = 0, we get

(4.E.45) X7 (s) = Xo(s) = acoss,
as already noted in (4.E.42). For k = 1, we get
X (s) = Xu(s) + 705Xp(s)

(4.E.46)
= X4 (s) — yoassins.



4.E. Periodic solutions of " + x = ey (x) 401

When ) (z) is given by (4.E.2), we have from (4.E.35) that this is

= X(s) + aAssins — ypassin s

= X{(s),

the last identity by (4.E.43) and (4.E.33), which gives 79 = A in this case. Alter-
natively, since X7 (s) and X?(s) are periodic in s and the other terms are secular,
these secular terms have to cancel. This holds for general ¢ (z); X# (s) is obtained

from X;(s) by striking out the secular terms. One can similarly characterize the
higher order terms Xff (t) in (4.E.39). We forego the details.

We end this appendix with an indication of how to extend the scope of (4.E.1).
We treat the pendulum equation

(4.E.47)

(4.E.48) u” +sinu = 0,
and seek information on small oscillations, solving (4.E.48) with initial data
(4.E.49) uw(0) = ave, 4'(0)=0.
Thus we set
1

which solves

(4.E.51) o 4 SVET

If we set
sin T 1 72
4.E.52 =1-7°F ==-—
(4E52) BT 1 PF(), F()= g - b
we get
1" 42 = ex®F(Vex)
(4.E.53) T
A TR
This has a form similar to (4.E.1), but generalized to
(4.E.54) 2+ x=e(e, ),

with 1) smooth in (e,x). Treatments of the solutions to (4.E.1) and their periods
T'(e) extend to the case (4.E.54). The reader is invited to work out details.
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4.F. A dram of potential theory

Newton’s law of gravitation states that the force a particle of mass m; located at
p € R3 exerts on a particle of mass my located at € R? is

p—x
Ip — =
Here G is the gravitational constant, given by (4.6.64). As indicated in Exercise
6 of §4.6, the force that a planet exerts on an external body is the same as what
would be exerted if all the mass of the planet were concentrated at its center, in
the Newtonian theory. In this appendix we explain why this is true, and in the
course of doing so introduce an area of mathematical analysis known as potential
theory. We establish this identity of force fields under the hypothesis that the mass
distribution of the planet is spherically symmetric about its center. That is to say,
we assume the planet, centered at p, has mass density p, and

(4F.2) p(p+ Ry)=p(p+y), VReEO@), ye R’

where we recall from Chapter 2 that O(3) is the set of orthogonal transformations
of R3. Say the planet has radius a, so

(4.F.3) Iyl > a = p(p+y) =0.

(4.F.1) F(z) = Gmimy

The planet’s mass is

(4.F.4) my = /p(y) dy.

If a particle of mass mg is located at € R® and ||p — x|| > a, then the force the
planet exerts on this particle is given by

(4.F.5) =Gm / ——=p(y
*Jly 33||3
We will show that if (4.F.2)—(4.F.4) hold and |p — z|| > a, then F(z) = G(x).

For notational simplicity, we may as well take

(4.F.6) p=0,
so
(4.F.7) F(z) = melmQﬁ.
Note that
(4.F.8) F(z)=-VV(x), G(z)=-VW(z),
with
Gmimsg

(4.F.9) Viz)=— . W(z) = —-Gma / mp(y)dy,

lyll<a

]
so it suffices to prove that these potential energies coincide for ||z|| > a, i.e.,
(4.F.10) lz|| > a = V(z) = W(x).

As a first step toward proving (4.F.10), note that clearly, for all R € O(3),
(4.F.11) V(Rzx) =V (x),
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and furthermore

W(Re) = =Gy [ o p(u) dy

1
= Gm | ———p(R2)d
(4.F.12) ml/R —RZHP( #) s

Gml/ H

=W(x

the second identity by change of variable and the third by (4.F.2). Consequently,
we have

(4.F.13) V(z) =v(r), W(x)=w(r), r=]z,
and it remains to show that
(4.F.14) r>a= v(r)=w(r).

As another step toward showing this, we note that, given a € (0,00), there exists
C < oo such that

1 < C
g2 H [z =yl T ]
and hence, by (4.F.4), (4.F.9), and (4.F.13), there exists Cy < 0o such that

Cs
W(z)| < —5
]2

(4.F.15) lyll <a, ||z >a+1=

r=llel 2 a+ 1= |V(z) -
(4.F.16) o
= Jo(r) — w(r)| < 2.

The next step toward establishing (4.F.14) involves the following harmonicity,
(4.F.17) AV(x) =0, VYzecR*\O0,

where A is the Laplace operator,

(4.F.18) Af(z) = azf 1 3f

8 8:52 (9
To see this, recall from (1.A.11) of Chapter 1 that (on R?)
(4.F.19) f(@) =g(r) = Af(z) = g"(r) + ;9’(7“),
and by results on Euler equations from §1.15 of Chapter 1,
2

(4.F.20) g’ (r) + ;g'(r) =0+ g(r) = % + ca,
Since

Gm1m2
(4.F.21) Viz)=wv(r)=— ,

r

we have (4.F.17), and hence we also have

1
(4.F.22) A(m) =0 for z#y,
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so a direct consequence of the integral formula (4.F.9) for W (z) is
(4.F.23) AW(z) =0 for |z| > a.
Hence, by (4.F.13), (4.F.19), and (4.F.20),

2
r>a=w'(r)+-w(r)=0
(4.F.24) T
= w(r) = 71 + co,

for some constants ¢; and co. This identity together with (4.F.21) and (4.F.16)
proves (4.F.14). Hence we have (4.F.10), so indeed, under the hypotheses (4.F.2)—
(4.F.4) (and with p = 0),

(4.F.25) lz]| > a = F(z) = G(x).
We mention the following refinement of (4.F.23),
(4.F.26) AW = 4drGmagp.

This is not needed to establish (4.F.14), so we will not prove it here. A proof can
be found in [45], Chapter 3, §4. Further exploration of the relation between the
Laplace operator and the “potential” function W, through (4.F.9), leads to the
subject of potential theory, addressed in Chapters 3-5 of [45] and in other books
on partial differential equations.

The earth, the sun, and other planets and stars are approximately spherically
symmetric, but not exactly so. This leads to further corrections in calculations in
celestial mechanics. In addition, measurements of the strength of the earth’s grav-
itational field give information on the inhomogeneities of the earth’s composition,
leading to the field of physical geodesy; cf. [20].



4.G. Brouwer’s fixed-point theorem 405

4.G. Brouwer’s fixed-point theorem
Here we prove the following fixed-point theorem of L. Brouwer, which arose in §4.15.
Take
(4.G.1) D={zcR?: |z <1}.
Theorem 4.G.1. Fach smooth map F : D — D has a fized point.
The proof proceeds by contradiction. We are claiming that F(z) = x for some

x € D. If not, then for each x € D define ¢(z) to be the endpoint of the ray from
F(z) to x, continued until it hits

(4.G.2) oD = {r e R? : ||z| = 1}.
An explicit formula is

o) =w iz - F@), 1= Y0000

a=|z—F)? b=2zx (zr—F(x), c=1-]=z|%

(4.G.3)

Here ¢ is picked to solve the equation ||z + t(z — F(z))||?> = 1. Note that ac > 0, so
t > 0. It is clear that ¢ would have the following properties:

(4.G.4) ¢: D — 0D smoothly, =z € dD = ¢(x)=x.

Such a map is called a smooth retraction. The contradiction that proves Theorem
4.G.1 is provided by the following result, called Brouwer’s no-retraction theorem.

Theorem 4.G.2. There is no smooth retraction ¢ : D — 0D of D onto its bound-

ary.

Proof. This proof, also by contradiction, brings in material developed in §4. Sup-
pose we had such a retraction . Consider the closed curve

(4.G.5) v :[0,27] — 0D, ~(t) = (cost,sint),
and form

(4.G.6) Vs(t) = (s7(t), 0<s<1
This would be a smooth family of maps

(4.G.7) Yo 0,27] — 0D, 74(0) = 74(2m),

such that v1 = v and o (t) = ©(0) for all ¢. The variant of Lemma 4.4.2 given in
Exercise 13 of §4.4 implies
(4.G.8) /F(y) -dy is independent of s € [0,1],

¥s

for each C' vector field F' defined on a neighborhood of OD and satisfying (4.4.4).
Clearly the line integral (4.G.7) is 0 for s = 0, so we deduce that

(4.G.9) /F(y) ~dy=0

~
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for each such vector field. In particular, this would apply to the vector field given
by (4.4.19)—(4.4.20), i.e.,

(4.G.10) F(z) = ﬁ <_;j2>

which is smooth on R? \ 0 and satisfies (4.4.4) (cf. (4.4.21)). On the other hand,
we compute

2
/F(y) dy = / (—sint,cost) - (—sint,cost) dt
0

(4.G.11) J

=2,

contradicting (4.G.9) and hence contradicting the existence of such a retraction. O

The fixed-point theorem is valid for all continuous F : D — D. In fact, an
approximation argument, which we omit here, can be used to show that if such
continuous F has no fixed point, there is a smooth approximation F': D — D that
would also have no fixed point.

Furthermore, Theorem 4.G.1 holds in n dimensions, i.e., when
(4.G.12) D={xeR":|z| <1}

The reduction to Theorem 4.G.2, in the setting of (4.G.12), is the same as above,
but the proof of Theorem 4.G.2 in the n-dimensional setting requires a further
argument. Proofs using topology can be found in [14] and [32]. Proofs using
differential forms can be found in [26], [50], Chapter 5, [45], Chapter 1, and [46],
Appendix G. We have no space to introduce differential forms here, but as shown in
[45], and also in [1] and [5], they give rise to many important results in the study
of differential equations, at the next level.
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4.H. Geodesic equations on surfaces

The notion of a geodesic on a surface in Euclidean space was introduced in §4.7.
Here we say a bit more about this. Let M C R be a smooth, m-dimensional
surface (classically, k = 3,m = 2), and let u : [a,b] — M be a smooth curve. The
length of this curve is

b
(4H.1) L) = [ o) at

where ||u/(t)||? = «/(¢) - /(¢), the dot product taken in R*. We consider smooth
curves that are length minimizing, among curves with the same endpoints. Such
curves are called geodesics. They have the following property. Let us be a smooth
family of curves satisfying

(4.H.2) us : [a,b) — M,  wug(a) =p, us(b) =g,
with ug = u. Then L(us) > L(ugp) for all s, so

d
(4.H.3) %L(US)L:O =0.

In other words, ug is a critical point of the length functional. We define the term
“geodesics” to include all such critical paths.

The quantity L(u) is unchanged under reparametrization. We will reparametrize

ug so that [Juj(t)]| = ¢o is constant. Then

d d [° 1/2

o= 5 [ o),
(4.H.4) e

= e %u;(t) cul(t)dt| .
Equivalently,
d 1d
(4H5) %L(US)L:O = %%E(US”S:(V
where
1 b

(4H.6) Blu) =5 [ (ol de

is the energy of the curve ug : [a,b] — M. This is exactly the energy functional
introduced in (4.7.27), and the analysis in (4.7.28)—(4.7.33) applies.

In particular, if K = m + 1 and n(z) is the unit normal to M at z, then the
condition that u = ug is a critical path for E is given by (4.7.32), i.e.,

(4.H.7) u’'(t) = —u/(t) - %n(u(f)) n(u(t)).
Now suppose that M is a level set of a smooth function f: O — R, defined on an
open set O C R¥ i.e., for some ¢ € R,
(4.H.8) M={z€0O: f(x)=c}, Vf#0on M.
Then, for x € M,
V()

(4.H.9) n(x) = 7||Vf(x)|\’
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and the ODE (4.H.7) can be written

" w'(t) - D2 f(u(t))u'(t)
(10 o IV Fu(@)?
where D?f(x) is the k x k matrix of second order partial derivatives of f at z.
Passing from (4.H.9) to (4.H.10) uses the fact that a path u(t) on M satisfies
uw/'(t) - n(u(t)) = 0. The equation (4.H.10) can be written as a first order system:

V(u(t)),

v =w,
(1) A (OLEFINY
IV £ ()2

Solutions to the system (4.H.11) define a flow
(4.H.12) FL.TO —TO, TO =0 xR
We have
(4.H.13) FroTM —TM, F'|,,, =G,
where
(4.H.14) TM = {(z,v) € O xR*: 2 € M, v €T, M},
where T, M denotes the set of vectors v € RF tangent to M at z, i.e.,

v Vi(z) =0,

and
(4.H.15) G':TM — TM
is the geodesic flow, i.e., for v € T, M,
(4.H.16) G (@,0) = (+(8),' (1),
where ~(t) is the constant speed geodesic on M satisfying
(4.H.17) ~0) =2z, +(0)=nw.
However, as we illustrate below, it is often the case that
(4.H.18) TM is an unstable invariant surface for the flow F*.

This has consequences for the numerical treatment of geodesic curves on M. Indeed,
one has the important task of stabilizing a numerical approximation to the flow F?,
so it reliably acts on T'M.

Numerical considerations

To be specific, suppose we apply a 4th order Runge-Kutta scheme to the first-
order system (4.H.11), with step size h. We start at a point (x,v) € TM. At time
h we obtain an approximation

(4.H.19) (Z(h),§(h)) to Fh(z,v).
In fact,

(4.H.20) (#(h),§(h)) = F(z,v) + O(Rh).
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In particular,
(4.H.21) dist((Z(h),5(h)), TM) = O(h®).
We can construct a retraction of a neighborhood of TM in TR* onto TM, and
apply this to get an approximation
(&(h),0(h)) = G"(z,v) + O(A%),
(z(h),o(h)) e TM.

This provides a useful modified Runge-Kutta approximation to the geodesic flow
G! on TM. It remains 4th order accurate.

(4.H.22)

We next examine how the instability advertised in (4.H.18) arises in case M is
a (k — 1)-dimensional ellipsoid in R*.

Geodesic equations on ellipsoids

Here we look at the ellipsoid M. C R*, given by

(4.11.23) M, = {z cR*: f(z) = ¢},

where

(4.H.24) f(x)=2- Az, A= A'€ M(k,R), positive definite.
We pick ¢ € (0,00). In such a case, we have

(4.H.25) Vf(x) =24z, D?f(z) =24,

and the geodesic equation (4.H.10) becomes (with slightly different notation)
_a'(t) - A ()
Ax(t) - Ax(t)

We write this as a first-order system:

(4.H.26) () = Az(t).

=,
(4.H.27) o = — g, 0) A,
with
v Av
(4.H.28) o(x,v) = Az
Note that, for x € M.,
(4.H.29) veTl,M, <= v Az =0.

The system (4.H.27) generates a flow F* on TR* = R?*  specializing to the
geodesic flow G* on TM, C R?*. Under G*, acting on (x,v) € TM,, the quantity
||v]| is constant on each orbit. This need not be the case on other orbits of F*, as
we will soon see.

In fact, we have the following computations for solutions (z,v) to (4.H.27):

d
(4.H.30) prl Az = 2v - Az,

(4.H.31) —|lv|]? = 2v - v = —2¢(x,v)v - Az,
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and

d
%U'Az:v~Ax'+v'~Ax

(4.1:32) = v+ Av = p(w,0) | Aa?
=0.
In particular, on each orbit v of F*, the quantity v - Az is constant, say
(4.H.33) v- Az =Kk on 7,
and then (4.H.30)—(4.H.31) yield
pr Ax = 2k,

(4.H.34) t p

llel? = 2z, v)r
We see that, on such an orbit,
(4.H.35) x(t) - Ax(t) = ¢+ 2kt.

If k # 0, then, as ¢ + 2kt N\, 0, one has z(t) — 0 and, by (4.H.34), ||v(¢)|  oc.
Hence the solution to (4.H.27) ceases to exist at ¢ + 2kt = 0, and we avoid the
absurd conclusion that z(t) - Az(t) < 0 for ¢ + 2kt < 0.
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4.l. Rigid body motion in R" and geodesics on SO(n)

Suppose there is a rigid body in R™, with a mass distribution at ¢ = 0 given by
a function p(x), which we will assume is piecewise continuous and has compact
support. We also assume p > 0 and it is not identically zero. Suppose the body
moves, subject to no external forces, only the constraint of being rigid. We want
to describe the motion of such a body. According to the Lagrangian approach to
mechanics, we seek a critical path of the integrated kinetic energy, subject to this
constraint.

If £(t,x) is the position at time ¢ of the point on the body whose position at
time 0 is x, then we can write the Lagrangian as

(4.1.1) I(¢) = % /t 1 / p(x)|E(t, x)|? da dt.
0 Rn,

Here &(t,2) = O/ 0t.
Using center of mass coordinates, we will assume that the center of mass of the
body is at the origin, and its total linear momentum is zero, so

(4.1.2) €(t,z) = W(t)z, W(t) € SO(n),

where SO(n) is the set of rotations of R"™, introduced in §2.12. Thus, describing the
motion of the body becomes the problem of specifying the curve W (t) in SO(n).
We can write (4.1.1) as

(4.1.3) I(¢) =J(W) = %/t 1/p(w)|W’(t)x\2d:vdt.
0 R

We look for an extremum, or other critical point, where we vary the family of paths
W : [to, t1] = SO(n) (keeping the endpoints fixed).

We want to reduce the formula (4.1.3) for J(WW) to a single integral, over ¢. To
do this, we bring in the following.

Lemma 4.1.1. If A, B € M(n,R), then
(4.1.4) /p(x) (Az, Bz) dx = Tr(AZ,B"),
Rn
where I, € M(n,R) is defined by
(4.1.5) Z,= /p(a:) ra' dx.
Rn
Proof. It suffices to note that
(4.1.6) (Az, Bz) = Tr(Azx'BY),

as a consequence of the identity (z,y) = Trayt, for 2,y € R", regarded as column
vectors. 0



412 4. Nonlinear systems of differential equations

Note that Z, is a symmetric, positive-definite n X n matrix. Now, using (4.1.4),
we can write the Lagrangian (4.1.3) as

1M
JW) = 5/ Te(W' () Z,W'(t)") dt
(4.1.7) | o
=5 Q,(W'(t), W'(t)) dt,
to
where @, is the inner product on M(n,R) defined by
(4.1.8) Q,(A, B) = Tr(AZ,B").

Note that this inner product is invariant under left multiplication by elements of
SO(n), i.e
(419) W € SO(n) = Q,(WA,WB) = Tr(WAZ,B'W ™)

. =Q,(A,B).

On the other hand, for W € SO(n),
(4.1.10) Q (AW, BW) = Tr(AWZ,W ' B"),

which is equal to Q,(A, B) for all A,B € M(n,R) if and only if WZ, = Z,W. In
turn, this holds for all W € SO(n) if and only if Z, is a scalar multiple of the
identity matrix I.

Finding a critical path W : I — SO(n) for (4.1.7) is a constrained variational
problem, similar to those described in (4.7.21)—(4.7.27). Parallel to (4.7.28), the
condition for a path W to be critical is

(4.1.11) W"(t) L TwuySO(n), Vtel,
orthogonality being with respect to the inner product @,, i.e.,
(4.1.12) A€ TwuSO(n) = Q,(W"(t), A) = 0.

Given V € SO(n), we can define the vector space Ty, SO(n) as the space of all
matrices W’(0), for smooth curves W : (—e,e) — SO(n) satisfying W(0) = V. For
example,
(4.1.13) T1SO(n) = Skew(n) = {X € M(n,R) : X' = - X},
and, for V € SO(n),
Ty SO(n) ={VX : X € Skew(n
(4114) vSO(n) = { (n)}
={YV:Y € Skew(n)}.

Comparison with (4.H.1)-(4.H.6) shows that these critical paths are geodesics on
SO(n), where the length of a curve W : [tg, t1] — SO(n) is given by

(4.1.15) / Q,(W'(t), W'(t))"/? dt.

To proceed, we see from (4.1.12)—(4.1.14) that the condition for W : I — SO(n)
to be a critical path for (4.1.7) is

(4.1.16) (W) ' W"(t)Z,X) =0, VX € Skew(n),
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upon setting A = W ()X in (4.1.12). It is convenient to bring in
(4.1.17) Z(t) =W ()W (1),

and derive an equation for Z(t) from (4.1.16). First, note the following (which
echoes part of (4.1.14)).

Lemma 4.1.2. If W : I — SO(n) is a smooth curve, then
(4.1.18) Z(t) € Skew(n), Vtel.

hence

To recast (4.1.16) in terms of Z(t), note that (4.1.17) yields

(41.19) Z'(t) = W(t):IW”(t) - W(t)z_ W' ()W ()" W' (t)
=W(t)""W"(t) — Z(t)*.

Now, given B € M (n,R),

(4.1.20) Tr(BX) =0V X € Skew(n) <= B = B".

Hence the condition (4.1.16) is equivalent to the statement that
(4.1.21) [Z'(t) + Z(t)*)Z, is symmetric.

If we denote the matrix in (4.1.21) by B and compute B — B*, we arrive at the
following result.

Proposition 4.1.3. If we define Z(t) by (4.1.17), the condition that W : I — SO(n)
be a critical path for (4.1.7) is equivalent to

(4.1.22) 72’0, +I,Z'(t) + Z(t)*T, — T,Z(t)* = 0.
To work on (4.1.22), let us define
1
(4.1.23) L, : Skew(n) — Skew(n), L,X = §(XI,, +7,X).
Then (4.1.22) can be written
(4.1.24) 2L,7'(t) — [Z,, Z(t)*] = 0,
where, generally, [A, B] = AB — BA. In turn, if we set

(4.1.25) M(t) = £,2(t) = %(Z(t)Ip +T,2(1)),
and note that

(4.1.26) [Z,,2% =2[M, Z],

we can recast (4.1.24) as

(4.1.27) M'(t) = [M(¢), Z(t)],
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or equivalently
(4.1.28) M'(t) = [M(t), £, M ()],

a system of ODE with a quadratic nonlinearity. The following result leads to
valuable information about M (t).

Proposition 4.1.4. Suppose (4.1.27) holds fort € I, thatty € I, and My = M(to).
Then there exists U : I — SO(n) such that

(4.1.29) M(t) =Ut)MU(t)™', tel.

Proof. We produce a linear ODE for U (t). Differentiating (4.1.29) gives
M'(t) = U () MU (t)™' — U) MU () U (U (t) !
(4.1.30) =U'(OU@) " M(t) — MU' (U (t) ™
= [M(1), Z(1)],

~— ~—

provided Z = —U'U7!, i.e.,

(4.1.31) U'(t)y=U(t)Z(t).

To obtain (4.1.29), take U to solve (4.1.31), with U(to) = I, and verify that Z(t) €

Skew(n) = U(t) € SO(n). O
Note that (4.1.29) implies

(4.1.32) M) = [[Moll, Vtel.

Hence, by Proposition 4.1.2, we have:

Proposition 4.1.5. Given tg € R and initial data M (tg) = My € Skew(n), the
system (4.1.28) has a unique solution for all t € R, M : R — Skew(n).

Having a solution to (4.1.28), we can retrace our steps, obtaining Z(t) =
C;lM(t), satisfying (4.1.22), and then solve the linear system

(4.1.33) W'(t) =W () Z(t), Wi(ty) =Wp € SO(n),

to obtain a critical path for (4.1.7).

The identity (4.1.32) says the operator norm ||[M(¢)| is a conserved quantity
for solutions to (4.1.28). We record some other conserved quantities.

Proposition 4.1.6. For each solution M : R — Skew(n) to (4.1.28) and each
k € N, the quantities

(4.1.34) Tr M (t)%*
are independent of t. So is

(4.1.35) Qu(Z(1), Z(1)),
with Z(t) = LT M(t).
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Proof. From (4.1.29) we have
(4.1.36) M)k =U@t)MZU )t

and taking traces yields (4.1.34). To get (4.1.35), note that, when W : R — SO(n)
is a critical path for (4.1.7), then

(1137) SQUW(0), (1) = 20, (W (6), W'(1) = 0,

the last identity by (4.1.11)—(4.1.12). Since Z(t) = W (t)"*W'(t), (4.1.9) gives
(4.1.38) Qp(Z(1), Z(t)) = Qu(W' (1), W'(t)),

and we have (4.1.35). O

NoOTE. The conserved quantities listed in Proposition 4.1.6 include two quadratic
forms in Z, namely
Q,Z2,2)=-Tr Z1,Z,

(4.1.39) Q2.7 = i (21, + T,7)*.

Let us specialize to n = 3. Assume the standard basis {ej, es, e3} of R? diago-
nalizes Z,, and set

0 —x3 X2 ai
(4.1.40) Z =k(x)=| z3 0 —x|, Z,= as
—x2 X 0 as

Here the isomorphism  : R? — Skew(3) is chosen to satisfy
(4.1.41) rxy=r(z)y, xR

where z x y is the cross product on R3. Compare §2.12, Exercise 9. A calculation
gives

~Tr ZZ,Z = (as + a3)x% + (a1 + az)23 + (a1 + az)23

(4.1.42)
=z-Jpx,
where
J,=(TrZ,)I -1,
ao + as
= ay +as
(4.1.43) a1 + ag
aq
= Qo
as
Next, we have
M=7I,+1,7
(4.1.44) 1 0 —aszs aar
=5 | asvs 0 —a171 |,

— QX9 a1 0
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hence

~TeM? = | M| = 5(aded + oded + adad)
(4.1.45) 1

=37 jf?r.
Note also that
(4.1.46) M = k(J,x).
We want to rewrite the equations (4.1.27)—(4.1.28) as equations for

(4.1.47) z(t) =r"1Z(t), y(t)=r"ME) = Ta(t),
using the corss product. Complementing (4.1.41), we have
(4.1.48) Kz X y) = [k(2), £(y)];

see again §2.12, Exercise 9. Given this, we read off from (4.1.27) that, if  and y
are given by (4.1.47), then

(4.1.49) =—zXy.

dt
In this setting, (t) is called the angular velocity of the rotating body, y(t) its angular
momentum, and J, the inertia tensor. The equation (4.1.49) is the standard form
of Euler’s equation for the free motion of a rigid body in R3.

We can rederive the conservation laws for z - J,z and = - J, pgx directly from
(4.1.49), upon noting that = x y is orthogonal to 2 and to y = J,, hence

1d

O:x.jpx/: 7—1'.‘7131'7
(4.1.50) 2 dlt ;
0="Tpw- Jpa' = 5 iz~ Jjw.

Explicitly, the conservation laws we get are
23 + aprl + azri = O,
(4.1.51) 5 o 9 o 9 o
041331 + 0523;2 + a3x3 = 027
since we have chosen coordinates on R? so that J, is given by (4.1.43), and Z, by
(4.1.40). Note also that
(4.1.52) ap>a3 >a3>0=0<a; <as < ag,
and more generally a1 > as > a3 >0=0< a; < as < az.
Given that y = J,x, we have

(a3 — ag)waws
(4153) T XY= (011 — Cvg)l’lxg s
(OZQ — CV1)£E1.’E2

and (4.1.49) becomes
a1 + (a3 — az)zary =0,
(4.1.54) asxh + (a1 — ag)zies = 0,

asxhy + (a2 — aq)z1ma = 0.
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If any of the quantities «y coincide, the system (4.1.54) simplifies. For example, if
a1 = g, we get x5 = 0, hence x5 = & = const., and

zy = =3,

Ty = y§321

(with v = (a3 — a1)/aq), a constant coefficient linear system. If oy, as, a3 are all
distinct, as in (4.1.52), then we can deduce from (4.1.51) identities of the form

(4.1.55)

o} + 315 = c3,
(4.1.56) 2} + Y213 = ca,

T3 +mal =,
and then (4.1.54) transforms into equations such as
(4.1.57) z) = Ai(es — 22)Y?(ey — 22)V?,

etc. The equation (4.1.57) and its analogues for zo and z3 are separable. One gets

(4.1.58) /\/ R T Al/dt

the left side being an elliptic integral, which one can read about in Chapter 6 of
[47].

An alternative presentation of (4.1.51) is

Y+ s +y3 = Co,
Bryi + Bays + Bays = Ch,

with y; = a;z;, B; = 1/a;. One obtains variants of (4.1.54)—(4.1.58), with y; in
place of x;. Note that

(4.1.59)

(4.1.60) O<ar<as<az=0<f3< b2 <p.
One variant of (4.1.56), following from (4.1.59), is
(4.1.61) (81— B2)yi — (B2 — B3)y3 = C1 = BaC.

Orbits y(t), solving (4.1.49) with « = 7, 'y, lie on curves in the intersection of a

sphere |y|? = Cy with a surface given by (4.1.61). See Figure 4.1.1 for an illustration.

(In this illustration, the observer is looking down the ys-axis, and 81 — B2 = B2 —33.)
Let us write the system (4.1.49) as

dy _
2 = Fw), Fly=yxJ, 'y

Then F is a vector field on R3 that is tangent to each sphere S¢ = {|y|*> = C}, and
we can regard the solution to (4.1.62) as defining a flow on each such sphere, and
F|s. as a vector field on S¢. It has six critical points. In case C' = 1, the critical
points are

(4.1.62)

ey, —ey, €3, —es3, centers,
4.1.63
( ) €2, —eg, saddles.

The result (4.1.63) has the following significance. Suppose B C R? is a rigid
body with inertia tensor 7, given by (4.1.43), whose diagonal entries satisfy the
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Figure 4.1.1. Orbits of y/ =y x z on |y|2 =1

hypotheses in (4.1.60). Suppose B is set rotating, with angular momentum yy = y(0)
at time ¢t = 0. If yg is parallel to any of the six vectors in (4.1.63), then B will rotate
steadily, with constant angular momentum gy (hence constant angular velocity
Ty = jp_lyo). Furthermore, if yo/|yo| is close to one of the four centers +eq, +es,
then y(¢)/|y(t)| remains close to such a center for all £. On the other hand, suppose
yo/|yo| is close to but not exactly equal to +es. Then y(t)/|y(t)| travels along a path
taking it close to —yo/|yo|, then back to yo/|yo|, infinitely often. Thus rotation of
B about the e; and es-axes is stable, but rotation about the es-axis is unstable. (In
this connection, note from (4.1.40) that x(e;) € Skew(3) generates rotation about
the ej-axis.)
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acceleration, 25, 192
action, 293

adjoint, 140

Airy’s equation, 65

amp, 59

angular momentum, 284, 416
angular velocity, 416
arclength, 192

attractor, 360
autonomous system, 244
autonomous systems, 253

basis, 106

Bendixson’s theorem, 331

Bernoulli equation, 17

Bessel function, 70

Bessel function of the second kind, 72
Bessel functions, 86

Bessel’s equation, 65, 69, 217
binormal, 192

blowup of a critical point, 388
brachistochrone problem, 302
Brouwer’s fixed-point theorem, 367, 405
Brouwer’s no-retraction theorem, 405

capacitor, 59

catenary, 21, 299

Cauchy’s inequality, 136
Cayley-Hamilton theorem, 133, 175
celestial mechanics, 288

center, 257

central force problem, 283

chain rule, 15, 372

chaos, 359

characteristic equation, 75
characteristic polynomial, 42, 123
circuit, 59, 180

column vectors, 100

commute, 104

compact, 375

companion matrix, 174

competing species equations, 352
complete, 255

complete elliptic integral, 36
confluent hypergeometric equation, 227
conservation laws, 283, 416
conservation of energy, 279, 283, 297
conservation of momentum, 281
constrained variational problem, 294
cos, 8

cosh, 11

coulomb, 60

Cramer’s formula, 119

critical point, 252, 257, 379
critically damped, 46, 262

cross product, 151, 192

curl, 275

current, 59

curvature, 192

curve, 192

cycloid, 305

damped oscillatory, 45, 262
damped pendulum, 38, 261
derivative, 372
determinant, 114

diagonal, 124
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diagonalizable, 124

difference schemes, 317

dimension, 106

divergence, 254

dot product, 135

double pendulum, 307, 370

Duffing equation, 364

Duhamel formula, 199

Duhamel’s formula, 177, 188, 207, 244,
397

eigenvalue, 123, 163
eigenvector, 123, 163
electrical circuit, 59, 180
elliptic integral, 33, 417
energy conservation, 25
Euler equations, 67, 217, 403
Euler’s constant, 81
Euler’s formula, 1, 8
exact equation, 274
existence of solutions, 240
exponential function, 1, 3

farad, 59

first-order system, 161, 174

Floquet representation, 205

flow, 253, 379

force, 25

force of gravity, 29

forced pendulum, 53

Frenet frame, 192

Frenet-Serret equations, 193, 194

fundamental theorem of algebra, 75,
123, 157

fundamental theorem of calculus, 9,
240, 274, 373

fundamental theorem of linear algebra,
107

gamma function, 70, 81, 88
Gaussian elimination, 121

general relativity, 288

general solution, 44

generalized eigenvector, 125, 165
geodesic, 296, 321, 407, 412
gradient vector field, 266, 272
Gramm-Schmidt construction, 137
Gronwall’s inequality, 247

Hamiltonian system, 280
Hamiltonian vector field, 257, 281
hanging cable, 19, 299

Hankel function, 73

harmonicity, 403

henry, 59

heteroclinic orbit, 266
Hilbert-Schmidt norm, 141
hyperbolic critical point, 258
hypergeometric equation, 226

inductor, 59

inertia tensor, 416
initial condition, 42
initial value problem, 45
injective, 104

inner product, 135
instability, 321
integrating factor, 277
inverse, 104

inverse function theorem, 374
isomorphism, 104

Jordan canonical form, 154
Jordan curve theorem, 326
joule, 60

Kepler problem, 286
Kepler’s laws, 286

Kepler’s second law, 285
kinetic energy, 25, 279, 308
Kirchhoft’s laws, 59, 180

Lagrange equation, 292
Lagrange multiplier, 300
Lagrangian, 293, 308, 411
Laplace operator, 86, 403
Laplace transform, 78, 231
law of cosines, 151

law of gravitation, 286
law of gravity, 26

law of sines, 151

Lienard equation, 335
limit set, 324

line integral, 272

linear subspace, 100
linear transformation, 102
linearization, 40, 258
linearly dependent, 106
linearly independent, 106
Lipschitz, 240

logarithm, 5, 229
logarithm of a matrix, 229
logistic equation, 336
Lorenz equations, 359
lower triangular, 131
Lyapunov function, 333
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mass, 25

matrix, 102

matrix exponential, 161
matrix multiplication, 103
matrix representation, 111
minimal polynomial, 126
minor, 119

momentum, 280

Newton, 60

Newton’s law, 25, 279
Newton’s method, 398
nilpotent, 131
nonhomogeneous equation, 48
nonlinear circuit, 334

normal, 192

null space, 103

ohm, 59

operator norm, 140

orbit, 237, 253

orthogonal, 137, 148
orthogonal complement, 138
orthonormal basis, 136
overdamped, 46, 262

pendulum, 29, 256, 293, 294, 401
pendulum, periodically forced, 370
period, 396

periodic orbit, 324

permutation, 116

phase portrait, 237, 256

Picard iteration, 240

Poincaré map, 365
Poincaré-Bendixson theorem, 326, 347
positive definite, 146

positive semidefinite, 146
potential energy, 25, 279, 308
potential theory, 402

power series, 3, 65, 91, 209, 218
predator-prey equations, 336
product formula, 14

Pythagorean theorem, 135

range, 103

ratio test, 92

regular singular point, 217
resistance, 38

resistor, 59

resonance, 55

rigid body, 411

RLC circuit, 59

row operation, 120

row vectors, 100
Runge-Kutta scheme, 318, 408

saddle, 258, 379

sec, 10

second order equations, 23
second-order systems, 185
secular terms, 399
self-adjoint, 144
separation of variables, 18, 87
separitrices, 34

simply connected, 273

sin, 8

sinh, 11

sink, 262, 379

Skew(n), 412
skew-adjoint, 144

SO(n), 148, 411

source, 262, 379

span, 106

speed, 192

spring, 57

standard basis, 106
stationary action principle, 293
SU(n), 148

surjective, 104

tan, 10

tangent vector, 192
tautochrone problem, 306
torsion, 192

total energy, 25, 279

trace, 140

transposition, 116

triangle inequality, 136
trigonometric functions, 8, 171
trigonometry, 7

undetermined coefficients, 48
uniqueness of solutions, 240
unitary, 148

upper triangular, 131

van der Pol equation, 330
variable coefficient systems, 198
variation of parameters, 62, 206
variational method, 302
variational problems, 292
vector, 99

vector addition, 99

vector field, 237, 253

vector space, 99

velocity, 192



426

Index

virus dynamics, 350

volt, 59

voltage, 59

Volterra-Lotka equations, 338

watt, 60
Wronskian, 63, 66, 71, 198, 206



