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Preface

I never meant to write this book. It emerged unheralded, unexpectedly.

The book began in 1983 when a high-school classmate challenged me to
prove the Pythagorean theorem on the spot. I lost the dare, but looking the
proof up later I recorded it on loose leaves, adding to it the derivations of
a few other theorems of interest to me. From such a kernel the notes grew
over time, until family and friends suggested that the notes might make the
material for the book you hold.

The book is neither a tutorial on the one hand nor a bald reference on
the other. The book is rather a study reference. In this book, you can look
up some particular result directly, or you can begin on page one and read—
with toil and commensurate profit—straight through to the end of the last
chapter.

The book as a whole surveys the general mathematical methods common
to engineering, architecture, chemistry and physics. As such, the book serves
as a marshal or guide. It concisely arrays and ambitiously reprises the
mathematics of the scientist and the engineer, deriving the mathematics it
reprises, filling gaps in one’s knowledge while extending one’s mathematical
reach.

Its focus on derivations is what principally distinguishes this book from
the few others' of its class. No result is presented here but that it is
justified in a style engineers, scientists and other applied mathematicians
will recognize—not indeed the high style of the professional mathematician,
which serves other needs; but the long-established style of applications.

Plan

Following its introduction in chapter 1 the book comes in three parts. The
first part begins with a brief review of classical algebra and geometry and
develops thence the calculus of a single complex variable, this calculus being

'Other books of the class include [30][70][6].

xxiii
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the axle as it were about which higher mathematics turns. The second
part laboriously constructs the broadly useful mathematics of matrices and
vectors, without which so many modern applications (to the fresh incredulity
of each generation of college students) remain analytically intractable—the
jewel of this second part being the eigenvalue of chapter 14. The third and
final part, the most interesting but also the most advanced, introduces the
mathematics of the Fourier transform, probability and the wave equation—
each of which is enhanced by the use of special functions, the third part’s
unifying theme.

Thus, the book’s overall plan, though extensive enough to take several
hundred pages to execute, is straightforward enough to describe in a single
sentence. The plan is to derive as many mathematical results, useful to
scientists, engineers and the like, as possible in a coherent train, recording
and presenting the derivations together in an orderly manner in a single vol-
ume. What constitutes “useful” or “orderly” is a matter of perspective and
judgment, of course. My own peculiar, heterogeneous background in mil-
itary service, building construction, electrical engineering, electromagnetic
analysis and software development, my nativity, residence and citizenship in
the United States, undoubtedly bias the selection and presentation to some
degree. How other authors go about writing their books, I do not know,
but I suppose that what is true for me is true for many of them also: we
begin by organizing notes for our own use, then observe that the same notes
might prove useful to others, and then undertake to revise the notes and
to bring them into a form which actually is useful to others. Whether this
book succeeds in the last point is for the reader to judge.

Notation

The book deviates from—or cautiously improves, if you will endorse the
characterization—the conventional notation of applied mathematics in one
conspicuous respect which, I think, requires some defense here. The book
employs hexadecimal numerals.

Why not decimal only? There is nothing wrong with decimal numer-
als as such. I am for them, whether in the Roman or the Arabic style.
Decimal numerals are well in history and anthropology (man has ten fin-
gers), finance and accounting (dollars, cents, pounds, shillings, pence: the
base hardly matters), law and engineering (the physical units are arbitrary
anyway); but they are merely serviceable in mathematical theory, never
aesthetic. Custom is not always defaced, but sometimes adorned, by the
respectful attendance of a prudent discrimination. It is in this spirit alone
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that hexadecimal numerals are given place here.

Admittedly, one might judge the last to be more excuse than cause. Yet,
though a dreary train of sophists down the years, impatient of experience,
eager to innovate, has indisputably abused such causes—in ways which the
mature reader of a certain cast of mind will find all too familiar—such causes
would hardly merit abuse did they not sometimes hide a latent measure of
justice. It is to the justice, or at least to the aesthetic, rather than to the
sophistry that I affect to appeal here.

There unfortunately really is no gradual way to bridge the gap to hex-
adecimal (shifting to base eleven, thence to twelve, etc., is no use). If one
wishes to reach hexadecimal ground then one must leap. Thirty years of
keeping my own private notes in hex have persuaded me that the leap jus-
tifies the risk. In other matters, by contrast, the book leaps seldom. The
book in general walks a tolerably conventional applied mathematical line.

Audience

Besides those who have opened this book only to look up some particular
result (a numerous and honorable clan, but likely not reading this preface),
the book’s readers arrive in two principle corps. First come the engineers,
architects, chemists and physicists who seek ideas toward, and logic to back,
their analytical modeling of physical systems. Second come those ambitious
students of calculus that want a broader, demand a deeper, and venture a
terser treatment of the discipline than calculus textbooks usually afford.

There are also some others. In a third corps come the economist and
his brethren, who may find the book a little long on physics and, compar-
atively, slightly short on statistics, but still edifying perhaps. Whether a
few students of pure mathematics make a fourth corps, hunting sketches to
elaborate, remains to be seen.

Publication

The book belongs to the emerging tradition of open-source software where at
the time of this writing it fills a void. Nevertheless it is a book, not a program.
Lore among open-source developers holds that open development inherently
leads to superior work. Well, maybe. Often it does in fact. Personally with
regard to my own work, I should rather not make too many claims. It would
be vain to deny that professional editing and formal peer review, neither of
which the book enjoys, had substantial value. On the other hand, it does
not do to despise the amateur (literally, one who does for the love of it: not
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such a bad motive, after all®) on principle, either—unless one would on the
same principle despise a Socrates, a Washington, an Einstein or a Debian
Developer.? Open source has a spirit to it which leads readers to be more
generous with their feedback than ever could be the case with a traditional,
proprietary book. Such readers, among whom a surprising concentration of
talent and expertise are found, enrich the work freely. This has value, too.

The book’s open-source publication implies that it can neither go out of
print nor grow hard to find. If desired you could, if expedient you should,
copy, archive and distribute the book yourself, without further permission
than the book’s license already grants*—though as a courtesy to your own
readers and to this writer you might publish the book’s electronic address,
derivations.org, along with the book. Naturally, merely to read the book
will quite satisfy most readers, but the point is this: the authors of other
works can refer their readers hither without thereby setting their readers off
on a quest for some obscure or costly quarry.

Edition

A few marks of edition want note.

First, the book is extensively footnoted. Some of the footnotes unremark-
ably cite sources but many are discursive in nature, offering nonessential ma-
terial which, though edifying, coheres insufficiently well to join the book’s
main narrative. The footnote is an imperfect messenger, of course. Catching
the reader’s eye, it can break the flow of otherwise good prose. Modern pub-
lishing promotes various alternatives to the footnote—mnumbered examples,
sidebars, special fonts, colored inks, etc. Some of these are merely trendy.
Others, like numbered examples, really do help the right kind of book; but
for this book the humble footnote, long sanctioned by an earlier era of pub-
lishing, extensively employed by such sages as Gibbon [53] and Shirer [117],
seems the most able messenger. In this book it shall have many messages
to bear.

Second, in typical science/engineering style, the book numbers its sec-
tions, tables, figures and formulas, but not its theorems, the last of which
it generally sets in italic type. Within the book, a theorem is referenced by
the number of the section that states it.

Third, the book subjoins an alphabetical index as a standard conve-
nience. Even so, the canny reader will avoid using the index (of this and

2The expression is derived from an observation I seem to recall George F. Will making.
*[37)
*[49]
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other books), which alone of the book’s pages is not to be regarded as a
proper part of the book. Such a reader will tend rather to consult the
book’s table of contents which is a proper part.

Fourth, the book includes a bibliography listing works to which I have
referred while writing. Mathematics promotes queer bibliographies, though.
Mathematical bibliographies (or at any rate the bibliography of this book)
can be queer insofar as it is derivation rather than authority that establishes
mathematical methods and truths. The bibliography of the book you are
reading thus less appeals to the works it lists than merely affords them due
credit.

Regarding the last matter, not every point in the book is backed by a
bibliographic citation of any kind. Some of the book consists of common
mathematical knowledge or even of proofs I have worked out with my own
pencil from various ideas gleaned—who knows from where?—over the years.
The latter proofs are perhaps original or semi-original from my personal
point of view but it is unlikely that many if any of them are truly new. To
the initiated, the mathematics itself often tends to suggest the form of the
proof: if to me, then surely also to others who came before; and even where
a proof is new the idea proved is probably not.

Philosophy

Speaking of ideas and proofs: an idea is one thing, but what precisely con-
stitutes a proof ?

Modern pure mathematics tends to make one shy of the question. To me
at least, a mathematical proof remains what an earlier era once unsuspect-
ingly held it to be: it remains a morally convincing appeal to man’s faculty
of logic, geometry and number (though I study not to focus the reader’s
attention, unprofitably to the book’s purpose, on any such metadefinition).
Neither in this book nor elsewhere do I wish to deconstruct, reconstruct,
lay bare, replace, supersede or explain away the faculty so named. Indeed,
towering figures like Kant, Weierstrass and Hilbert notwithstanding, C. S.
Lewis (1898-1963) speaks for me when he writes:

You cannot go on “seeing through” things for ever. The whole
point of seeing through something is to see something through it.
It is good that the window should be transparent, because the
street or garden beyond it is opaque. How if you saw through the
garden too? It is no use trying to “see through” first principles.
If you see through everything, then everything is transparent.
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But a wholly transparent world is an invisible world. To “see
through” all things is the same as not to see. [85, chapter 3]

Such are my sympathies.

Would the Kantian era in which we live countenance it, the book should
sooner merely have let pure mathematics’ abstract foundations lie undis-
turbed. However, since the era probably will not countenance it, chapter 1
engages the question briefly but soberly, after which other chapters touch
the question as necessary. When philosophically put to it, the book tends
less to follow Kant, Weierstrass or Hilbert in spirit than Plato, Frege, Weyl
and Godel® (though there remains the peculiar matter of “the Courant-
Hilbert-Shilov perspective,” of which more will be said). That is in spirit.
In method, with little further apology, the book follows the time-honored
practice of the working scientist and engineer.

Reliance

I hope that the book harbors no more errors than do other books of the kind.
I hope that the book harbors fewer. Having revised the book’s manuscript
(or the notes from which the manuscript is drawn) over a period of 30 years,
I believe that the book’s results are correct in the main.

Nevertheless, the book gives reasons the reader can evaluate. The book
details steps the reader can check. The book illuminates patterns the reader
can study. The book teaches principles the reader can absorb. To look up a
result in the book without evaluating, checking, studying or absorbing might
not always be an unreasonable risk to run when stakes are small and time is
short, but application of the book’s results must remain the responsibility
of the applicationist.

®Readers who know the subject well may note the omission of the important name of
Richard Dedekind (1831-1916) from these two lists. However, in which of the two would
you name Dedekind? It is no easy question—mnor is it a question this book will tackle. As
respectable as Dedekind is, this book does not especially follow him, anyway. [118][131]

One could further mention several other respectable names—Georg Cantor’s (1845—
1918), Bertrand Russell’s (1872-1970) and L. E. J. Brouwer’s (1881-1966), for instance,
after the name of the great Carl Friedrich Gauss (1777-1855)—and one could bring the
lists generally more up to date, but we will leave the matter there.

To date the names listed: Plato (428-348 B.C.); Immanuel Kant (1724-1804); Karl
Weierstrass (1815-1897); Gottlob Frege (1848-1925); David Hilbert (1862-1943); Her-
mann Weyl (1885-1955); Richard Courant (1888-1972); Kurt Godel (1906-1978).
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Chapter 1

Introduction

The Pythagorean theorem holds that
a’ +b? = ¢, (1.1)

where a, b and c are the lengths of the legs and diagonal of a right triangle
as in Fig. 1.1. Many proofs of the theorem are known.

One such proof posits a square of side length a+ b with a tilted square of
side length ¢ inscribed as in Fig. 1.2. The area of each of the four triangles
in the figure is evidently ab/2. The area of the tilted inner square is c?.
The area of the large outer square is (a + b)2. But the large outer square
is comprised of the tilted inner square plus the four triangles, so the area

of the large outer square equals the area of the tilted inner square plus the

Figure 1.1: A right triangle.
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Figure 1.2: The Pythagorean theorem.

areas of the four triangles. In mathematical symbols, this is that

(a+b)2:c2—|—4<a2b>,

which simplifies directly to (1.1).

If the foregoing appeals to you then you might read this book.

This book is a book of applied mathematical proofs. When you have
seen a mathematical result somewhere, if you want to know why the result
is so, then you can look for the proof here.

The book’s purpose is to convey the essential ideas underlying the deriva-
tions of a large number of mathematical results useful in the modeling
of physical systems. To this end, the book emphasizes main threads of
mathematical argument and the motivation underlying the main threads,
deémphasizing formal mathematical rigor. It derives mathematical results
from the applied perspective of the scientist and the engineer.

The book’s chapters are topical. This first chapter explains the book’s
philosophy and otherwise treats a few introductory matters of general inter-
est.

1.1 Applied mathematics

What is applied mathematics?
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Applied mathematics is a branch of mathematics that concerns
itself with the application of mathematical knowledge to other
domains. ... The question of what is applied mathematics does
not answer to logical classification so much as to the sociology
of professionals who use mathematics. [80]

That is about right, on both counts. In this book we shall define ap-
plied mathematics to be correct mathematics useful to scientists, engineers
and the like; proceeding not from reduced, well-defined sets of axioms but
rather directly from a nebulous mass of natural arithmetical, geometrical
and classical-algebraic idealizations of physical systems; demonstrable but
lacking the abstracted foundational rigor of the pure, professional mathe-
matician.

1.2 Rigor

Applied and pure mathematics differ principally and essentially in the layer
of abstract definitions the latter subimposes beneath the physical ideas the
former seeks to model. That subimposed layer, the disciplined use of it, and
the formal algebra associated with it may together be said to institute pure
mathematical rigor.

Such pure mathematical rigor tends to dwell more comfortably in lone
reaches of the professional mathematician’s realm than among the hills and
plats of applications, where it does not always travel so gracefully. If this
book will be a book of mathematical derivations, then it might speak a little
of rigor here at the start.

1.2.1 Axiom and definition

Whether explicitly or implicitly, the professional mathematician usually
founds his rigor upon what he calls the axiomatic method—an axiom, accord-
ing to Webster, being “a self-evident and necessary truth, or a proposition
whose truth is so evident at first sight that no reasoning or demonstration
can make it plainer; a proposition which it is necessary to take for granted.”?

For example, the following could be an axiom: “For every set A and
every set B, A = B if and only if for every set x, x is a member of A if and
only if x is a member of B.”2

1
[104]
2The source quoted is [149, § 2.1], which however uses the symbol € for “is a member
of.”
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Axioms undergird the work of the professional mathematician. Indeed,
so fundamental are axioms to the professional mathematician’s work that—
ideally and at least in principle—it may be that the professional will derive
nothing until he has first declared the axioms upon which his derivations
will rely; that is, until he has stated the least premises upon which he will
argue. Conversely, aiming deeper—promoting the latter of Webster’s two
readings—the professional can illuminate the wisdom latent in his very ax-
ioms by their use in a suitable derivation.? Irreducibility is a prime aesthetic
on either level: at best, no axiom should overlap the others or be specifi-
able in terms of the others. Nonaxiomatic geometrical argument—proof
by sketch if you like, as the Pythagorean with its figures at the head of
this chapter—is distrusted.* The professional mathematical literature dis-
courages undue pedantry indeed, but its readers do implicitly demand a
convincing assurance that its writers could derive results in pedantic detail
if called upon to do so. Precise definition here is critically important, which
is why the professional mathematician tends not to accept blithe statements

such as that )
= =00,

0
among others, without first inquiring as to exactly what is meant by symbols
like 0 and oo.

The applied mathematician begins from a different base. His ideal lies
not in precise definition or irreducible axiom, but rather in the elegant mod-
eling of the essential features of some physical system. Here, mathematical
definitions tend to be made up ad hoc along the way, based on previous
experience solving similar problems, adapted implicitly to suit the model at
hand. If you ask the applied mathematician exactly what his axioms are,
which symbolic algebra he is using, he usually does not know; what he knows
is that the physical system he is analyzing, describing or planning—say, a
bridge—is to be founded in certain soils with observed tolerances, is to suffer
such-and-such a wind load, and so on. To avoid error, the applied mathe-
matician relies not on abstract formalism but rather on a thorough mental
grasp of the essential physical features of the phenomenon he is trying to
model. An equation like

— =00

0

may make perfect sense without further explanation to an applied mathe-
matical readership, depending on the physical context in which the equation

3[64, Einleitung][63, chapter 1]
[139, chapters 1 and 2]
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is introduced. Nonaxiomatic geometrical argument—proof by sketch—is not
only trusted but treasured. Abstract definitions are wanted only insofar as
they smooth the analysis of the particular physical problem at hand; such
definitions are seldom promoted for their own sakes.

The irascible Oliver Heaviside (1850-1925), responsible for the applied
mathematical technique of phasor analysis,® once said,

It is shocking that young people should be addling their brains
over mere logical subtleties, trying to understand the proof of
one obvious fact in terms of something equally ... obvious. [93]

Exaggeration, perhaps, but from the applied mathematical perspective
Heaviside nevertheless had a point. The professional mathematicians
Richard Courant (1888-1972) and David Hilbert (1862-1943) put it more
soberly in 1924 when they wrote,

Since the seventeenth century, physical intuition has served as
a vital source for mathematical problems and methods. Recent
trends and fashions have, however, weakened the connection be-
tween mathematics and physics; mathematicians, turning away
from the roots of mathematics in intuition, have concentrated on
refinement and emphasized the postulational side of mathemat-
ics, and at times have overlooked the unity of their science with
physics and other fields. In many cases, physicists have ceased
to appreciate the attitudes of mathematicians. [30, Preface]

And what are these “attitudes” of which Courant and Hilbert speak? To
the mathematician Charles C. Pinter, they are not attitudes, but principles:

Since the middle of the nineteenth century, the axiomatic method
has been accepted as the only correct way of organizing mathe-
matical knowledge. [101, chapter 1]

But accepted by whom? The mathematician Georgi E. Shilov, less enthusi-
astic than Pinter for the axiomatic method, is not so sure:

There are other approaches to the theory ... where things I
take as axioms are proved. ... Both treatments have a key de-
ficiency, namely the absence of a proof of the compatibility of

5This book lacks occasion to treat phasor analysis as such but see chapter 5, which
introduces the complex exponential function upon which the phasor is based, and chap-
ter 18, which extends and generalizes phasors (without however mentioning the word)
under the umbrella of the Fourier transform.
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the axioms. ... The whole question, far from being a mere tech-
nicality, involves the very foundations of mathematical thought.
In any event, this being the case, it is not very important where
one starts a general treatment. . .. [116, Preface]

Although the present book responds to “the attitudes of mathematicians”
with greater deference than some of Courant’s and Hilbert’s unnamed 1924
physicists might have done, though Shilov himself admittedly is more rigor-
ous than his own, seemingly casual words let on, still, Courant and Hilbert
could have been speaking for the engineers and other applied mathemati-
cians of our own day as well as for the physicists of theirs; and still, Shilov
like Heaviside has a point. To the applied mathematician, the mathemat-
ics is not principally meant to be developed and appreciated for its own
sake; it is meant to be used. This book adopts the Courant-Hilbert-Shilov
perspective.b

But why? Is the Courant-Hilbert-Shilov perspective really necessary,
after all? If unnecessary, is it desirable? Indeed, since the book you are
reading is a book of derivations, would it not be a more elegant book if
it began from the most primitive, pure mathematical fundamentals, and
proceeded to applications thence?

If Heaviside was so irascible, then wasn’t he just plain wrong?

51t is acknowledged that Hilbert at other times took what seems to be the opposite
perspective; and that there remains the historically important matter of what the early
twentieth century knew as “Hilbert’s program,” a subject this book will not address.
Hilbert however, perhaps the greatest of the mathematical formalists [43, chapter 1], was
a broad thinker, able to survey philosophical questions seriously from each of multiple
points of view. What Hilbert’s ultimate opinion might have been, and whether the words
quoted more nearly represent Hilbert’s own conviction or his student Courant’s, and how
the views of either had evolved before or would evolve after, are biographical questions
this book will not try to treat. The book would accept the particular passage recited
rather on its face.

Regarding Shilov, his formal mathematical rigor is easy and fluent, and his book [116]
makes a good read even for an engineer. The book you now hold however adopts not
Shilov’s methods—for one can read Shilov’s book for those—but only his perspective, as
expressed in the passage recited.

For a taste of Shilov’s actual methods, try this, the very first proof in his book: “Theo-
rem. The system [of real numbers] contains a unique zero element. Proof. Suppose [that
the system] contains two zero elements 01 and 0z. Then it follows from [the axioms of
commutation and identity] that 02 = 02 + 0; = 0; + 02 = 0;,. Q.E.D.” [116, § 1.31].
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1.2.2 Mathematical Platonism

To appreciate the depth of the trouble in which the applied mathematician
may soon find himself mired, should he too casually reject the Courant-
Hilbert-Shilov perspective, consider John L. Bell’s and Herbert Korté’s dif-
ficult anecdote regarding Hilbert’s brilliant student and later cordial rival,
Hermann Weyl (1885-1955):

Weyl ... considers the experience of seeing a pencil lying on a ta-
ble before him throughout a certain time interval. The position
of the pencil during this interval may be taken as a function of
the time, and Weyl takes it as a fact of observation that during
the time interval in question this function is continuous and that
its values fall within a definite range. And so, he says, “This
observation entitles me to assert that during a certain period
this pencil was on the table; and even if my right to do so is not
absolute, it is nevertheless reasonable and well-grounded. It is
obviously absurd to suppose that this right can be undermined
by ‘an expansion of our principles of definition’—as if new mo-
ments of time, overlooked by my intuition, could be added to
this interval; moments in which the pencil was, perhaps, in the
vicinity of Sirius or who knows where. ...” [14]

In Weyl’s gentle irony lies a significant point, maybe, yet how should applied
mathematics advocate such a point, or dispute it? Is applied mathematics
even suited to such debates? What of engineering questions of a more mun-
dane cast—such as, for instance, how likely Weyl’s pencil might be to roll
off if his knee bumped the table? After all, there is a pencil, and there is
a table, and Sirius seems to have little immediately to do with either; and
whether the pencil rolls off might concern us, irrespective of any particular
substruction pure mathematics sought to build to support the technique we
had used to model and analyze the case. Indeed, Weyl himself—a great
mathematician, a consistent friend of the engineer and of the scientist, and
a wise man—warns,

The ultimate foundations and the ultimate meaning of mathe-
matics remain an open problem; we do not know in what direc-
tion it will find its solution, nor even whether a final objective
answer can be expected at all. [144]

Just so. Fascinating as it is, we shall not try to answer Weyl’s deep question
of mathematical philosophy in this book.
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To the extent to which a professional mathematician classified this book
as work of applied mathematics, he might call it a Platonist work—and that
is a fine adjective, is it not? The adjective is most subtle, most lofty; and
perhaps the author had better not be too eager to adorn his own work with
it; yet let us listen to what the professional mathematician Reuben Hersh
has to say:

Most writers on the subject seem to agree that the typical “work-
ing mathematician” is a Platonist on weekdays and a formalist on
Sundays. That is, when he is doing mathematics, he is convinced
that he is dealing with an objective reality whose properties he
is attempting to determine. But then, when challenged to give a
philosophical account of this reality, he finds it easiest to pretend
that he does not believe in it after all. . ..

The basis for Platonism is the awareness we all have that the
problems and concepts of mathematics exist independently of
us as individuals. The zeroes of the zeta function” are where
they are, regardless of what I may think or know on the sub-
ject....® [62]

Your author inclines to Platonism® on Sundays, too, yet even readers who
do not so incline should find the book edifying the other six days of the
week.

Hersh goes on with tact and feeling at some length in the article from
which his words are quoted, and it is fair to say that he probably would not
endorse the present writer’s approach in every respect. Notwithstanding,
the philosopher Thomas Tymoczko—who unlike Hersh but like the present
writer might fairly be described as a Platonist!?—later writes of Hersh’s
article,

... In so far as [the working philosophy of the professional math-
ematician] is restricted to the usual mix of foundational ideas,

"This book stops short of treating Riemann’s zeta function, a rather interesting special
function that however seems to be of even greater interest in pure than in applied math-
ematics. If you want to know, the zeta function is ¢(z) = > 7, 1/k*. [120, chapter 10]

8Hersh, who has thus so empathetically sketched mathematical Platonism, goes on
tactfully to confess that he believes mathematical Platonism a myth, and to report (ad-
mittedly probably correctly) that most professional mathematicians also believe as he does
on this point. The present writer however accepts the sketch, appreciates the tact, and
believes in the myth, for the reasons outlined in this introduction among others.

9[44, chapter 2]

10Tymoczko’s preferred term is not “Platonist” but “quasiémpiricist,” a word Tymoczko
lends a subtly different emphasis. [133]
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Hersh charges, [this philosophy] is generally inconsistent, always
irrelevant and sometimes harmful in practice and teaching.

... Hersh suggests [that] the best explanation of foundational
concerns is in terms of the historical development of mathemat-
ics.... [H]e isolates some of the basic presuppositions of foun-
dation studies: “that mathematics must be provided with an ab-
solutely reliable foundation” and “that mathematics must be a
source of indubitable truth.” Hersh’s point is that it is one thing
to accept the assumption when, like Frege, Russell or Hilbert,
we feel that the foundation is nearly attained. But it is quite
another to go on accepting it, to go on letting it shape our phi-
losophy, long after'! we’ve abandoned any hope of attaining that
goal. ... [132]

The applied mathematician who rejects the Courant-Hilbert-Shilov perspec-
tive and inserts himself into this debate!? may live to regret it. As the
mathematician Ludwig Wittgenstein illustrates,

[Bertrand] Russell [coduthor of Principia Mathematica and arch-
exponent of one of the chief schools of pure mathematical
thought][145] gives us a calculus here. How this calculus of Rus-
sell’s is to be extended you wouldn’t know for your life, unless
you had ordinary arithmetic in your bones. Russell doesn’t even
prove 10 x 100 = 1000.

What you’re doing is constantly taking for granted a particular
interpretation. You have mathematics and you have Russell; you
think mathematics is all right, and Russell is all right—more so;
but isn’t this a put-up job?™ That you can correlate them in
a way, is clear—not that one throws light on the other. [150,
lecture XVI]

The book you hold will not correlate them but will (except in some inessen-
tial side commentary) confine its attention to the applied mathematician’s
honorable, chief interest—which is to describe, quantify, model, plan and an-
alyze particular physical phenomena of concern; and to understand topically

"Emphasis in the original.

12Gee also, in no particular order, [25][30][43][51][57][58][62][77][79])[84][101][116][118]
[131][132][133][138][139][140][144].

3For readers whose first language is other than English, colloquially, a “put-up job”
is a conspiratorially prearranged deception. The colloquialism is now somewhat outdated
but, judging by this quote, was apparently current at Cambridge in 1939.
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why the specific mathematical techniques brought to bear on such phenom-
ena should prosper; but not to place these techniques in the context of a
larger ontological or epistemological dispute—a dispute that, though impor-
tant in itself, does not directly move the applied mathematician’s interest
one way or the other.

Indeed, as the philosopher Alva Noé observes,

[T]here is no stable or deeply understood account of how these
autonomous domains fit together. The fact that we are getting
along with business as if there were such an account is, well,
a political or sociological fact about us that should do little to
reassure. [92]

Noé is writing here about the nature of consciousness but could as well,
with equal justice and for similar reasons, be writing about our problem of
mathematical foundations.

To conclude this subsection’s glance upon mathematical Platonism we
may well quote Plato himself:

Then this is a kind of knowledge which legislation may fitly pre-
scribe; and we must endeavour to persuade those who are to be
the principal men of our State to go and learn arithmetic, not as
amateurs, but they must carry on the study until they see the
nature of numbers with the mind only; nor again, like merchants
or retail-traders, with a view to buying or selling, but for the
sake of their military use, and of the soul herself; and because
this will be the easiest way for her to pass from becoming to
truth and being. ... I must add how charming the science is!. ..
[A]rithmetic has a very great and elevating effect, compelling the
soul to reason about abstract number, and rebelling against the
introduction of visible or tangible objects into the argument. . . .
[T]his knowledge may be truly called necessary, necessitating as
it clearly does the use of the pure intelligence in the attainment
of pure truth. . ..

And next, shall we enquire whether the kindred science [of ge-
ometry] also concerns us?... [T]he question relates ... to the
greater and more advanced part of geometry—whether that
tends in any degree to make more easy the vision of the idea
of good; and thither, as I was saying, all things tend which com-
pel the soul to turn her gaze towards that place, where is the full
perfection of being, which she ought, by all means, to behold. . ..



1.2. RIGOR 11

[T]he knowledge at which geometry aims is knowledge of the eter-
nal, and not of aught perishing and transient. [G]eometry will
draw the soul towards truth, and create the spirit of philoso-
phy, and raise up that which is now unhappily allowed to fall
down. [103, book VII].

The vanity of modern man may affect to smile upon the ancient; but such
vanity less indulges the ancient, who hardly needs indulgence, than indicts
the modern.

Plato is not less right today than he was in the fourth century B.C.

1.2.3 Methods, notations, propositions and premises

The book purposely overlooks, and thus omits, several of the mathematics
profession’s pure methods and some of its more recondite notations, unsuited
to (or at any rate unintended for) applied use. Most notably, the book
overlooks and omits the profound methods and notations of the Zermelo-
Fraenkel and Choice set theory (ZFC)' and its consequents. The book
inclines rather toward Weyl’s view:

[A set-theoretic approach] contradicts the essence of the contin-
uum, which by its very nature cannot be battered into a set of
separated elements. Not the relationship of an element to a set,
but that of a part to a whole should serve as the basis. ... [112]

The years have brought many mathematical developments since Weyl wrote
these words in 1925 but the present author still tends to think as Weyl does.

This does not of course mean that the author or this book intended
to peddle nonintuitive mathematical propositions, unsupported, as fact.
The book could hardly call itself a book of derivations if it did. What
it does mean is that the book can assume without further foundation or
explication—and without extremes of formal definition—for example, that
a rotated square remains square; that a number like /3/2 occupies a definite
spot in a comprehensible continuum;!® that no numbers in the continuum
other than 0 and 1 enjoy these two numbers’ respective identifying proper-
ties;'6 that one can impute an unobserved population against an observed

1See [127][149][32]. The ZFC is a near descendant of the work of the aforementioned
Bertrand Russell and, before Russell, of Georg Cantor.

15143]

163ee footnote 6.
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sample;'” that a continuous, differentiable,'® real function’s average slope
over a real interval equals the function’s instantaneous slope at at least one
point;'¥ and so on (and if you did not understand all of that, that is all
right, for to explain such things is what the rest of the book’s chapters are
for). This is what the book’s approach means.

The Pythagorean theorem at the chapter’s head examples the approach.
The theorem is proved briefly, without excessive abstraction, working upon
the implied, unstated premise that a rotated square remains square.

If you can accept the premise, then you can accept the proof. If you can
accept the kind of premise, then you can accept the book.

1.2.4 Rigor to forestall error

Aside from foundational concerns—whatever the ontological or epistemolog-
ical merits of formal mathematical rigor may be—some will laud such rigor
too for forestalling error, even in applications.?’ Does the rigor deserve this
praise? Well, perhaps it does. Still, though the writer would not deny the
praise’s decorum in every instance, he does judge such praise to have been
oversold by a few.

Notwithstanding, formal mathematical rigor serves two, distinct pro-
grams. On the one hand, it embodies the pure mathematician’s noble at-

1724, chapter 11]

18 Are burdensome adjectives like “continuous, differentiable” necessary? Are they help-
ful? Do they sufficiently illuminate one’s understanding that they should be suffered to
clutter the text so?

Maybe they are indeed necessary. Maybe they are even helpful but, even if so, does the
discerning reader want them? Does the nondiscerning reader want them? If neither, then
whom do they serve? If the only answer is that they serve the investigator of foundational
concerns, then what does this tell us about the wisdom of injecting foundational concerns
into applications?

Regarding continuity and differentiability: the applicationist is inclined to wait until a
specific problem arises in which a particular, concrete discontinuity or undifferentiability
looms, when he will work around the discontinuity or undifferentiability as needed—
whether by handling it as a parameterized limit or by addressing it in some other conve-
nient way. None of this has much to do with foundations.

To treat every such point as a fundamental challenge to one’s principles of definition
just takes too long and anyway does not much help. The scientist or engineer wants to
save that time to wrestle with physical materialities.

191116, § 7.4)

29T cite a specific source here might be more captious than helpful, so the reader is
free to disregard the assertion as unsourced. However, if you have heard the argument—
perhaps in conjunction with the example of a conditionally convergent sum or the like—
then the writer has heard it, too.
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tempt to establish, illuminate or discover the means and meaning of truth.?!
On the other hand, it cross-checks intuitive logic in a nonintuitive way.
Neither hand holds absolute metaphysical guarantees; yet, even if the sole
use of formal mathematical rigor were to draw the mathematician’s atten-
tion systematically to certain species of questionable reasoning for further
examination, such rigor would merit the applicationist’s respect. As the
mathematician Richard W. Hamming writes,

When you yourself are responsible for some new application of
mathematics in your chosen field, then your reputation, possibly
millions of dollars and long delays in the work, and possibly
even human lives, may depend on the results you predict. It is
then that the need for mathematical rigor will become painfully
obvious to you. Before this time, mathematical rigor will often
seem to be needless pedantry.... [57, § 1.6]

Sobering words. Nevertheless, Hamming’s point is not a point this book will
pursue. The working scientist or engineer uses so many mathematical results
in his work that, if he pursued Hamming’s method for all of them, he might
never gain acquaintance with the reasons for any of them! He lacks time,
and the book is already long enough. Nevertheless, an applications-level
justification for a given formula, leveraging one’s physical intuition, unbur-
dened by excessive concern for recondite requirements of the mathematics
profession, is not too much for the working scientist or engineer to ask. If
this book conveys such a justification then it will have done what it set out
to do.

The introduction you are reading is not the right venue for a full essay on
why both kinds of mathematics, applied and pure, are needed at any rate.
Each kind has its place; and though it is a stylistic error to mix the two
indiscriminately, clearly the two have much to do with one another. However
that may be, this book is a book of derivations of applied mathematics. The
derivations here proceed by an applied approach.

21 As courtesy to the reader, I should confess my own opinion in the matter, which
is that it is probably, fundamentally not given to mortal man to lay bare the ultimate
foundations of truth, as it is not given to the beasts, say, to grasp mathematics. Like the
beasts, we too operate within the ontological constraints of our nature.

That this should be my opinion will not perhaps surprise readers who have read the
preface and the chapter to this point. As far as I know, Aristotle, Aquinas and Godel
were right. However, be that as it may, my opinion in the matter is not very relevant to
this book’s purpose. I do not peddle it but mention it only to preclude misunderstanding
regarding the sympathies and biases, such as they are, of the book’s author. —THB—
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Figure 1.3: Two triangles.

1.3 Mathematical extension

Profound results in mathematics occasionally are achieved simply by ex-
tending results already known. For example, the negative integers and their
properties can be discovered by counting backward—3, 2, 1, 0—and then
asking what follows (precedes?) 0 in the countdown and what properties
this new, negative integer must have to interact smoothly with the already
known positives. The astonishing Euler’s formula (§ 5.4) is discovered by a
similar but more sophisticated mathematical extension.

More often however, the results achieved by extension are unsurprising
and not very interesting in themselves. Such extended results are the faithful
servants of mathematical rigor. Consider for example the triangle on the left
of Fig. 1.3. This triangle is evidently composed of two right triangles of areas

Al = Ma
2
boh

(each right triangle is exactly half a rectangle). Hence, the main triangle’s
area is

(bl + bg)h . bh

BRIy

Very well. What about the triangle on the right? Its by is not shown on the
figure, and what is that —bo, anyway? Answer: the triangle is composed of
the difference of two right triangles, with by the base of the larger, overall
one: by = b+ (—bg). The by is negative (whereby —by is positive) because
the sense of the small right triangle’s area in the proof is negative: the small

A=A1+ Ay =
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area is subtracted from the large rather than added. By extension on this
basis, the main triangle’s area is seen again to be A = bh/2. The proof is the
same. In fact, once the central idea of adding two right triangles is grasped,
the extension is really rather obvious—too obvious to be allowed to burden
such a book as this.

Excepting the uncommon cases in which extension reveals something
interesting or new, this book generally leaves the mere extension of proofs—
including the validation of edge cases and over-the-edge cases—as an exercise
to the interested reader.

1.4 Deduction, adduction and the complex vari-
able

The English language derives from the Latin a nice counterpart to the tran-
sitive verb to deduce, a verb whose classical root means “to lead away.” The
counterpart is to adduce, “to lead toward.” Adduction, as the word is here
used, subtly reverses the sense of deduction: it establishes premises from
necessary conclusions rather than the other way around.??

Applied mathematics sometimes prefers adduction to deduction. Atten-
tion is drawn to this preference because the preference governs the book’s
approach to the complexr number and the complex variable. The book will
speak much soon of the complex number and the complex variable, but we
mention them now for the following reason.

An overall view of relevant analytical methods—including complex meth-
ods—and of their use in the modeling of physical systems, marks the applied
mathematician more than does the abstract mastery of any received program
of pure logic.?? A feel for the math is the great thing. Formal definitions,
axioms, symbolic algebras and the like, though often useful, are esteemed
less as primary objects than as secondary supports. The book’s adductive,
rapidly staged development of the complex number and the complex variable
is planned on this sensibility.

Sections 2.11, 3.10, 3.11, 4.3.3, 4.4, 6.2, 9.6 and 9.7, plus all of chapters 5
and 8, constitute the book’s principal stages of complex development. In

22 As § 1.2.1 has discussed, pure mathematics can occasionally, implicitly illuminate its
axioms in the light of necessary conclusions. Since axioms are by definition a restricted
kind of premise, one might arguably regard the illumination named as an elevated species
of adduction. However, that is not what this section is about.

2Pure logic is a worthy endeavor, though whether such logic is more properly received
or rather illuminated is a matter of long dispute. Besides Hilbert, of whom we have already
spoken, see also Frege [51], the primer [128], and the commentary [140].
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these sections and throughout the book, the reader comes to appreciate that
most mathematical properties which apply for real numbers apply equally
for complex, that few properties concern real numbers alone.

Pure mathematics develops its own, beautiful, abstract theory of the
complex variable,2* a theory whose arc regrettably takes off too late and
flies too far from applications for such a book as this. Less beautiful, less
abstract, more practical, nonaxiomatic paths to the topic exist,?® and this
book leads the reader along one of these.

For supplemental reference, a bare sketch of the abstract theory of the
complex variable is found in appendix C.

1.5 On the text

The book gives numerals in hexadecimal. It denotes variables in Greek
letters as well as Roman. Readers unfamiliar with the hexadecimal notation
will find a brief orientation thereto in appendix A. Readers unfamiliar with
the Greek alphabet will find it in appendix B.

Licensed to the public under the GNU General Public License [49], ver-
sion 2, this book meets the Debian Free Software Guidelines [38] and the
Open Source Definition [94].

By its nature, a book of mathematical derivations can make strait, col-
orless reading. To delineate logic as it were in black and white is the book’s
duty. What then to tint? Is naught to be warm nor cool, naught ruddy
nor blue? Though mathematics at its best should serve the demands not
only of deduction but equally of insight, by the latter of which alone math-
ematics derives either feeling or use; though this book does occasionally try
(at some risk to strict consistency of tone) to add color in suitable shades,
to strike an appropriately lively balance between the opposite demands of
logical progress and literary relief; nonetheless, neither every sequence of
equations nor every conjunction of figures is susceptible to an apparent hue
the writer can openly paint upon it—but only to that abeyant hue, that
luster which reveals or reflects the fire of the reader’s own mathematical
imagination, which color remains otherwise unobserved.

The book begins by developing the calculus of a single variable.

24[7][116][47][120][65]
5See chapter 8’s footnote 8.



Part 1

The calculus of a single
variable
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Chapter 2

Classical algebra and
geometry

Probably every book must suppose something of its reader. This book sup-
poses, or affects to suppose, little other than that its reader reads English
and has a strong aptitude for mathematics, but it does assume that the
reader has learned the simplest elements of classical arithmetic, algebra and
geometry from his youth: that 1+ 1 = 2; why (2)(3) = 6; what it means
when a letter like x stands in the place of an unspecified number; the tech-
nique to solve that 3z — 2 = 7; how to read the functional notation f(z);
which quantity a square root /x is; what to make of the several congruent
angles that attend a line when the line intersects some parallels; and so on.
Even so, some basic points of algebra and geometry seem worth touching
briefly here. The book starts fast with these.

2.1 Basic arithmetic relationships

This section states some arithmetical rules.

2.1.1 Commutivity, associativity, distributivity, identity and
inversion

Table 2.1 lists several arithmetical rules,' each of which applies not only to
real numbers but equally to the complex numbers of § 2.11. Most of the
rules are appreciated at once if the meaning of the symbols is understood. In
the case of multiplicative commutivity, one imagines a rectangle with sides

1116, § 1.2][120, chapter 1]
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Table 2.1: Basic properties of arithmetic.

a+b = b+a Additive commutivity
a+(b+c¢) = (a+b)+c Additive associativity
a+0=04+a = a Additive identity
a+(—a) = 0 Additive inversion
ab = ba Multiplicative commutivity
(a)(bc) = (ab)(c) Multiplicative associativity
(a)(1) = 1)(a) = a Multiplicative identity
(a)(1/a) = 1 Multiplicative inversion
(a)(b+¢) = ab+ac Distributivity

Figure 2.1: Multiplicative commutivity.

of lengths a and b, then the same rectangle turned on its side, as in Fig. 2.1:
since the area of the rectangle is the same in either case, and since the area
is the length times the width in either case (the area is more or less a matter
of counting the little squares), evidently multiplicative commutivity holds.
A similar argument validates multiplicative associativity, except that here
one computes the volume of a three-dimensional rectangular box, which box
one turns various ways.

Multiplicative inversion lacks an obvious interpretation when a = 0.
Loosely,

— = OQ.

0
But since 3/0 = oo also, surely either the zero or the infinity, or both,



2.1. BASIC ARITHMETIC RELATIONSHIPS 21
somehow differ in the latter case.?

Looking ahead in the book, we note that the multiplicative properties
do not always hold for more general linear transformations. For example,
matrix multiplication is not commutative and vector cross-multiplication is
not associative. Where associativity does not hold and parentheses do not
otherwise group, right-to-left association is notationally implicit:3-4

AxBxC=Ax(BxCQC).

The sense of it is that the thing on the left (A x ) operates on the thing on
the right (B x C). (In the rare case in which the question arises, you may
wish to use parentheses anyway.)

2.1.2 Negative numbers

Consider that

(+a)(+b) = +ab,
(+a)(=b) = —ab,
(—a)(+b) = —ab,
(—a)(=b) = -ab.

The first three of the four equations probably are unsurprising, but the last
is interesting. Why would a negative count —a of a negative quantity —b

2Weierstrass, Kronecker, Dedekind and Frege, among others, spent much of the nine-
teenth century intensely debating the implications of this very question. The applied book
you are reading however will treat the matter in a more relaxed manner than did these
mathematical titans of yesteryear.

3The fine C and C++ programming languages unfortunately are stuck with the reverse
order of association, along with division inharmoniously on the same level of syntactic
precedence as multiplication. Standard mathematical notation is more elegant:

abe/uvw =

4The nonassociative cross product B x C is introduced in § 15.2.2.
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come to a positive product +ab? To see why, consider the progression

= —3b,

(+3)(=b)

(+2)(=b) = —2b,
(+1)(=b) = —1b,
(0)(=b) = 0b,
(=1)(=b) = +1b,
(=2)(=b) = +2b,
(=3)(=b) = +3b,

The logic of arithmetic demands that the product of two negative numbers
be positive for this reason.

2.1.3 Inequality

If°
a <b,

then necessarily
a+x<b+x.

However, the relationship between ua and ub depends on the sign of w:

ua < ub if u > 0;
ua > ub if u < 0.

Also,

\Y

ifa>0 or b<0;

QI
(SIS T

A

ifa <0 andb>0.

See further § 2.5.6.

SFew readers attempting this book will need to be reminded that < means “is less
than,” that > means “is greater than,” or that < and > respectively mean “is less than
or equal to” and “is greater than or equal to.”
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2.1.4 The change of variable

The mathematician often finds it convenient to change variables, introducing
new symbols to stand in place of old. For this we have the change of variable

or assignment notation®
Q< P,

which means, “in place of P, put Q”; or, “let @ now equal P.” For example,
if a2 4+ b2 = 2, then the change of variable 2y < a yields the new form
(2p)? +b? = 2.

Similar to the change of variable notation is the definition notation

Q=P

This means, “let the new symbol @Q represent P.”7

The two notations logically mean about the same thing. Subjectively,
() = P identifies a quantity P sufficiently interesting to be given a permanent
name @, whereas () < P implies nothing especially interesting about P or
but just introduces a (perhaps temporary) new symbol @ to ease the algebra.
These concepts grow clearer as examples of the usage arise in the book.

2.2 Quadratics

Differences and sums of squares are conveniently factored as
2-b*=(a+b)(a—0),
a? +b? = (a+ib)(a — ib),
—2ab+ b = (a — b)?,
a +2ab+b2 = (a+b)?

(2.1)

SThere appears to exist no broadly established standard applied mathematical notation
for the change of variable, other than the = equal sign, which regrettably does not always
fill the role well. One can indeed use the equal sign, but then what does the change of
variable k¥ = k 4+ 1 mean? It looks like an impossible assertion that k and k + 1 were
the same. The notation k <— k + 1 by contrast is unambiguous, incrementing k by one.
Nevertheless, admittedly, the latter notation has seen only scattered use in the literature.

The C and C++ programming languages use == for equality and = for assignment
(change of variable), as the reader may be aware.

"One would never write, k = k + 1. Even k < k + 1 can confuse readers inasmuch as
it appears to imply two different values for the same symbol k, but the latter notation is
sometimes used anyway when new symbols are unwanted or because more precise alter-
natives (like k, = kn—1 + 1) seem overwrought. Still, usually it is better to introduce a
new symbol, as in j < k + 1.

In some books, = is printed as £
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(where i is the imaginary unit, a number defined such that i> = —1, intro-
duced in § 2.11 below). Useful as these four forms are, however, none of
them can directly factor the more general quadratic® expression’

22 — 2Bz + 2.
To factor this, we complete the square, writing,
2 =20z47" =22 =282+ + (8 =% - (B =)
=2 =282+ 8% - (5 -7
= (2= 0" = (B =%).

The expression evidently has roots—that is, it has values of z that null the
expression—where

(= B)" = (82 =%,

or in other words where!©

z=L0B+pB%—92 (2.2)

This suggests the factoring that
22— 282472 = (2 — 21)(z — 22), (2.3)

where 21 and 2y are the two values of z given by (2.2).!! Substituting into
the equation the values of z; and zo and simplifying proves the suggestion
correct.

It follows that the two solutions of the quadratic equation

22 =282 —~* (2.4)

8The adjective quadratic refers to the algebra of expressions in which no term has
greater than second order. Examples of quadratic expressions include z?, 222 — 7z + 3 and
2% 4+2zxy+1y>. By contrast, the expressions 2> —1 and 5z%y are cubic not quadratic because
they contain third-order terms. First-order expressions like  + 1 are linear; zeroth-order
expressions like 3 are constant. Expressions of fourth and fifth order are quartic and
quintic, respectively. (If not already clear from the context, order basically refers to the
number of variables multiplied together in a term. The term 52%y = 5[x][x][y] is of third
order, for instance.)

9The B and ~ are Greek letters, the full roster of which you can find in appendix B.

0The symbol + means “+ or —.” In conjunction with this symbol, the alternate
symbol F occasionally also appears, meaning “— or +”—which is the same thing except
that, where the two symbols appear together, (£2) + (Fz) = 0.

171t suggests it because the expressions on the left and right sides of (2.3) are each
quadratic and because the two expressions appear to share the same roots.
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are those given by (2.2), which is called the quadratic formula.*? (Cubic and
quartic formulas also exist to extract the roots of polynomials respectively
of third and fourth order, but they are much harder. See chapter 10 and its
Tables 10.1 and 10.2.)

2.3 Integer and series notation

Sums and products of series arise so often in mathematical work that one
finds it convenient to define terse notations to express them. The summation

notation )
> fk)
k=a

means to let k equal each of the integers a,a+ 1,a+ 2,...,b in turn, evalu-
ating the function f(k) at each k and then adding up the several f(k). For
example,!3

6
D k=37 447+ 5% + 6% = 0x56.
k=3
The similar multiplication notation

means to multiply the several f(j) rather than to add them. The symbols
and [] are respectively the Greek letters for S and P, writ large, and may

2The form of the quadratic formula which usually appears in print is

v —b+ Vb? — dac
- 2a ’

which solves the quadratic az? 4 bz + ¢ = 0. However, this writer finds the form (2.2)
easier to remember. For example, by (2.2) in light of (2.4), the quadratic

22=3:-2

has the solutions

2
3 3
z:gzl: (5) —2=1or2.

BWhat'’s that 0x56? Answer: it is a hezadecimal numeral that represents the same
number the familiar, decimal numeral 86 represents. It is an eighty-six. The book’s
preface explains why the book gives such numbers in hexadecimal. Appendix A tells how
to read the numerals, if you do not already know.



26 CHAPTER 2. CLASSICAL ALGEBRA AND GEOMETRY

be regarded as standing for “Sum” and “Product.” The j or k is a dummy
variable, index of summation or loop counter—a variable with no indepen-
dent existence, used only to facilitate the addition or multiplication of the
series.!® (Nothing prevents one from writing [, rather than Hj, inciden-
tally. For a dummy variable, one can use any letter one likes. However, the
general habit of writing ), and ] ; proves convenient at least in § 4.5.2 and
chapter 8, so we start now.)

The product shorthand

n
n! = Hj,
j=1

n
n!l/m! = H 7,

j=m+1

is very frequently used. The notation n! is pronounced “n factorial.” Re-
garding the notation n!/m!, this can of course be regarded correctly as n!
divided by m!, but it usually proves more amenable to regard the notation
as a single unit.?

Because multiplication in its more general sense as linear transformation
(§ 11.1.1) is not always commutative, we specify that

[I7G) = [r@If® = DIFG-2)]--- [fa+2)][f(a+ 1)][f(a)

rather than the reverse order of multiplication.!® Multiplication proceeds
from right to left. In the event that the reverse order of multiplication is
needed, we will use the notation

[T 7G) = [F@Ilf(a+ D]lf (@ +2)] - [F (b= 2)][f (b = D] (0)]-

YSection 7.3 speaks further of the dummy variable.

150ne reason among others for this is that factorials rapidly multiply to extremely large
sizes, overflowing computer registers during numerical computation. If you can avoid
unnecessary multiplication by regarding n!/m! as a single unit, it helps.

16The extant mathematical literature seems to lack an established standard on the order
of multiplication implied by the “[]” symbol, but this is the order we will use in this book.
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Note that for the sake of definitional consistency,

N N

Y fR)=0+ > f(k)=0,
k=N+1 k=N+1

N N

II rH=m I] rH=1
j=N+1 j=N+1

This means among other things that
o' =1. (2.5)
Context tends to make the notation
N,j,keZ

unnecessary, but if used (as here and in § 2.5) it states explicitly that N, j
and k are integers. (The symbol Z represents!” the set of all integers: Z =
{...,—=b,—4,-3,-2,-1,0,1,2,3,4,5,...}. The symbol € means “belongs
to” or “is a member of.” Integers conventionally get the letters'® i, j, k,
m, n, M and N when available—though i sometimes is avoided because the
same letter represents the imaginary unit of § 2.11. Where additional letters
are needed ¢, p and ¢, plus the capitals of these and the earlier listed letters,
can be pressed into service, occasionally joined even by r and s. Greek
letters are avoided, as—ironically in light of the symbol Z—are the Roman
letters z, y and z. Refer to appendix B.)

On first encounter, the )" and [] notation seems a bit overwrought,
whether or not the € Z notation also is used. Admittedly it is easier for the
beginner to read “f(1)+ f(2)+---+ f(N)” than “S_~ | f(k).” However, ex-
perience shows the latter notation to be extremely useful in expressing more

sophisticated mathematical ideas. We will use such notation extensively in
this book.

The letter Z recalls the transitive and intransitive German verb zdihlen, “to count.”

8 Though Fortran is perhaps less widely used a computer programming language than it
once was, it dominated applied-mathematical computer programming for decades, during
which the standard way to declare an integral variable to the Fortran compiler was simply
to let its name begin with I, J, K, L, M or N; so, this alphabetical convention is fairly well
cemented in practice.
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2.4 The arithmetic series

A simple yet useful application of the series sum of § 2.3 is the arithmetic®
series

b
dk=a+@+1)+(@+2) +---+b.
k=a

Pairing a with b, then a+1 with b— 1, then a+2 with b— 2, etc., the average
of each pair is [a+b]/2; thus the average of the entire series is [a+b]/2. (The
pairing may or may not leave an unpaired element at the series midpoint
k = [a + b]/2, but this changes nothing.) The series has b — a + 1 terms.
Hence,

b
Zk:(b—a—lrl)a;b. (2.6)
k=a

Success with this arithmetic series leads one to wonder about the geo-
metric series Y oo z¥. Section 2.6.4 addresses that point.

2.5 Powers and roots

This necessarily tedious section discusses powers and roots. It offers no
surprises. Table 2.2 summarizes its definitions and results. Readers seeking
more rewarding reading may prefer just to glance at the table and then to
skip directly to the start of the next section.

In this section, the exponents

j7k7m7n7p7q>7‘78 EZ

are integers, but the exponents a and b are arbitrary real numbers. (What is
a real number? Section 2.11 will explain; but, meanwhile, you can think of
a real number as just a number, like 4, —5/2 or /3. There are also complex
numbers like 7 + i4, for which this section’s results—and, indeed, most of
the chapter’s and book’s results—turn out to be equally valid; but except
in eqn. 2.1 we have not met this ¢ yet, so you need not worry about it for
now.)

2.5.1 Notation and integral powers

The power notation

Z?’L

19 As an adjective, the word is pronounced “arithMETic.”
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Table 2.2: Power properties and definitions.

n
2= H z, n>0
j=1
p (Zl/n)n _ (Zn)l/n
Vz = Z1/2
(uv)* = u*®
Pl = (FYP = (zP)1/a
Zab — (Za)b _ (zb)a
Za-l—b _ ZaZb
b 2¢
Za = ;
1
—b
z = —
b
z
Jnpq € L

indicates the number z, multiplied by itself n times. More formally, when
the exponent n is a nonnegative integer,?’

2=z (2.7)
1

J

n

For example,?!

= (2)(2)(2),
2 = (2)(2),

zh =z,
=1
20The symbol “=” means “=", but further usually indicates that the expression on its

right serves to define the expression on its left. Refer to § 2.1.4.

21The case 0° is interesting because it lacks an obvious interpretation. The specific
interpretation depends on the nature and meaning of the two zeros. For interest, if £ =
1/€, then

1\ YE
lim € = lim (—) = lim E~YF = lim e MBV/E — 0 — 1,

e—0t E—o00 E—o0 E—oo
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Notice that in general,

zm+n — zmzn’
m
s (2.9)
z = —,
n

2= (M) = ("), (2.10)
On the other hand, from multiplicative associativity and commutivity,

(uv)™ = u"v". (2.11)

2.5.2 Roots

Fractional powers are not something we have defined yet, so for consistency
with (2.10) we let
(u'/™)" = u.

This has u!/™ as the number which, raised to the nth power, yields u. Setting

v =ul/",

it follows by successive steps that
" = u,
(Un)l/n — ul/n

(U")l/” = 0.

)

Taking the u and v formulas together, then,
(MM =z = (") (2.12)

for any 2z and integral n.
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The number z1/" is called the nth root of z—or in the very common case
that n = 2, the square root of z, often written as

Vz.

When z is real and nonnegative, the last notation usually implicitly is taken
to mean the real, nonnegative square root. In any case, the power and root
operations mutually invert one another.
What about powers expressible neither as n nor as 1/n, such as the 3/2

power? If z and w are numbers related by

w! = z,
then

wPll = 2P,
Taking the ¢th root,

wP = ( Zp)l/q'
But w = 2%/, so this has that
(2P = ()14,

which is to say that it does not matter whether one applies the power or the
root first: the result is the same. Extending (2.10) therefore, we define 2P/

such that
(Zl/q)p — »p/a (Zp)l/q‘ (2.13)

Since one can arbitrarily closely approximate any real number by a ratio of
integers, (2.13) implies a power definition for all real exponents.

Equation (2.13) is this subsection’s main result. However, § 2.5.3 will
find it useful if we can also show here that

(2May1/s — l/as — (;1/s)1/a, (2.14)
The proof is straightforward. If
w= Zl/qs7
then raising to the gs power yields that
(w)? = 2.
Successively taking the gth and sth roots gives that
w = (/7)1

By identical reasoning,
w = (Zl/S)I/q.

But since w = 21795, the last two equations imply (2.14), as we have sought.
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2.5.3 Powers of products and powers of powers

Per (2.11),

(uv)P = uPoP.

Raising this equation to the 1/q power, we have that

(wo)P/1 = [upvp]l/q

- 1
— _(up)q/q@p)q/q} /e
_ :(up/q)q(vp/qy} /e

_ (up/q)(vp/q)}qm

— yPlayple.

But as argued already in § 2.5.2, some ratio p/q of integers exists to approach
any real number a with arbitrary precision, so the last means that

(uv)® = u*v® (2.15)

for any real a.
On the other hand, per (2.10),

T = (2P

Raising this equation to the 1/gs power and applying (2.10), (2.13) and
(2.14) to reorder the powers, we have that

ZP/D/s) — (zp/ayr/s,
By identical reasoning,
ZPlO/s) — (r/sypla,
Again as before, p/q and r/s approximate real numbers, so
(22)? = 2% = (2Y)° (2.16)

for any real a and b.
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2.5.4 Sums of exponents

With (2.9), (2.15) and (2.16), one can reason that

ZPIDH()5) = (ppstrayl/as — (ps rayl/es — p/a,r/s,

or in other words that

PRSPy (2.17)
In the case that a = —b,
1 =270 = ;7820
which implies that
1
= (2.18)

But then replacing —b < b in (2.17) leads to

ot =2 (2.19)

2.5.5 Summary and remarks

Table 2.2 on page 29 summarizes the section’s definitions and results.

Looking ahead to § 2.11, § 3.11 and chapter 5, we observe that nothing
in the foregoing analysis requires the base variables z, w, v and v to be
real numbers; if complex (§ 2.11), the formulas remain valid. Still, the
analysis does imply that the various exponents m, n, p/q, a, b and so on
are real numbers. We shall remove this restriction later, purposely defining
the action of a complex exponent to comport with the results found here.
With such a definition the results apply not only for all bases but also for
all exponents, real or complex.

2.5.6 Power-related inequality

If
O<zx<y

are real numbers (for this subsection alone of the section does not apply to
the complex numbers of § 2.11), then inductively—since 0 < (z)(x) < (y)(y),
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0 < (z)(2?) < (y)(y?), and so on—we have that 0 < 2P < yP for positive,
real, integral p. Moreover, the implication is reversible, so 0 < 21/ < y1/4,
too. Combining these with a = p/q and recalling § 2.1.3,
0<z®<y® ifa>0,
0<z*=y* ifa=0,
0<y® <a® if a <0.
Similar reasoning has further that
l<z<az® ifx>1 and a > 1,
1<z <z ifz>1 and 0 < a <1,
0<zx<x<l1 if0<z<landa>1,
0<z<az*<1 if0<z<landO<a<l,

among others.

2.6 Multiplying and dividing power series

A power series®? is a weighted sum of integral powers:
(0.9}
A(z) = Z a2, (2.20)
k=—oc0

22 Another name for the power series is polynomial. The word “polynomial” usually
connotes a power series with a finite number of terms, but the two names in fact refer to
essentially the same thing.

Professional mathematicians use the terms more precisely. Equation (2.20), they call—
or at any rate some of them call—a “power series” only if ar = 0 for all k¥ < 0—in other
words, technically, not if it includes negative powers of z. They call it a “polynomial”
only if it is a “power series” with a finite number of terms. They call (2.20) in general a
Laurent series.

The name “Laurent series” is a name we shall meet again in § 8.14. In the meantime
however we admit that the professionals have vaguely daunted us by adding to the name
some pretty sophisticated connotations, to the point that we applied mathematicians (at
least in the author’s country) seem to feel somehow unlicensed actually to use the name.
We tend to call (2.20) a “power series with negative powers,” or just “a power series.”

This book follows the last usage. You however can call (2.20) a Laurent series if
you prefer (and if you pronounce it right: “lor-ON”). That is after all exactly what it
is. Nevertheless, if you do use the name “Laurent series,” be prepared for some people
subjectively—for no particular reason—to expect you to establish complex radii of con-
vergence, to sketch some annulus in the Argand plane, and/or to engage in other maybe
unnecessary formalities. If that is not what you seek, then you may find it better just to
call the thing by the less lofty name of “power series”—or better, if it has a finite number
of terms, by the even humbler name of “polynomial.”

Semantics. All these names mean about the same thing, but one is expected most
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in which the several weights a; are arbitrary constants. This section dis-
cusses the multiplication and division of power series.

2.6.1 Multiplying power series

Given two power series

A(z) = Z apzt,
e (2.21)
B(z) = Z bz~
k=—00
the product of the two series is evidently
P(z) = A(z)B(z) = > aibej | 2F (2.22)
k=—o00 j=—o0

2.6.2 Dividing power series

The quotient Q(z) = B(z)/A(z) of two power series is a little harder to
calculate, and there are at least two ways to do it. Section 2.6.3 below will
do it by matching coefficients, but this subsection does it by long division.
For example,

222—32+3:222—4z+z—|—3:2z+z+3
z—2 z— 2 z—2 z—2
z—2 5 5
:2 :2 1 .
z+z—2+z—2 zZ+ —1-2_2

carefully always to give the right name in the right place. What a bother! (Someone
once told the writer that the Japanese language can give different names to the same
object, depending on whether the speaker is male or female. The power-series terminology
seems to share a spirit of that kin.) If you seek just one word for the thing, the writer
recommends that you call it a “power series” and then not worry too much about it
until someone objects. When someone does object, you can snow him with the big word
“Laurent series,” instead.

The experienced scientist or engineer may notice that the above vocabulary omits the
name “Taylor series.” The vocabulary omits the name because that name fortunately
remains unconfused in usage—it means quite specifically a power series without negative
powers and tends to connote a representation of some particular function of interest—as
we shall see in chapter 8.



36 CHAPTER 2. CLASSICAL ALGEBRA AND GEOMETRY

The strategy is to take the dividend®® B(z) piece by piece, purposely choos-
ing pieces easily divided by A(z).

If you feel that you understand the example, then that is really all there
is to it, and you can skip over several pages of thick notation straight to
§ 2.6.4 if you like. Indeed, to skip is recommended to many or most readers—
though, if you do skip, you might nonetheless glance along the way at Ta-
bles 2.3 and 2.4, which summarize and formalize the procedure the example
has used and which also include the clever, alternate procedure of § 2.6.3.

Formally, we prepare the long division B(z)/A(z) by writing,

B(z) = A(2)Qn(z) + Rp(2), (2.23)

where R, (z) is a remainder (being the part of B|z] remaining to be divided);
and

K
A(z) = Z arz®, ax #0,

k=—00
N
B(z) = Z brz",
k=—00
RN(Z) = B(Z)7 (2 24)
Qn(z) =0, '
R,(z) = Z Pk,
k=—00
N-K
Qn(z) = Z q]czk7
k=n—K+1

where K and N identify the greatest orders k of z* present in A(z) and
B(z), respectively.

Well, that is a lot of symbology. What does it mean? The key to
understanding it lies in understanding (2.23), which is not one but several
equations—one equation for each value of n, wheren = N, N—-1,N—2,....
The dividend B(z) and the divisor A(z) stay the same from one n to the
next, but the quotient @), (z) and the remainder R,(z) change. At start,
Qn(z) = 0 while Ry(z) = B(z), but the thrust of the long division process

21 Q(2) is a quotient and R(z) a remainder, then B(z) is a dividend (or numerator)
and A(z) a divisor (or denominator). Such are the Latin-derived names of the parts of a
long division.
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is to build @, (z) up by wearing R,(z) down. The goal is to grind R, (2)
away to nothing, to make it disappear as n — —oc.

As in the example, we pursue the goal by choosing from R,,(z) an easily
divisible piece containing the whole high-order term of R, (z). The piece
we choose is (7nn/ax)2" 5 A(z), which we add and subtract from (2.23) to
obtain the form

B(z) = A(2) |Qn(2) + Tmz"_K] + [Rn(z) - rn—nz"_KA(z) .
aK aK

Matching this equation against the desired iterate
B(z) = A(2)Qn-1(2) + Rn-1(2)

and observing from the definition of Q,(z) that Qn—1(2) = Qn(z) +
G- 2" K, we find that
T'nn
n—-K = —
ax (2.25)
Ry1(2) = Rn(z) — Qn—KZn_KA(Z),

where no term remains in R,_1(z) higher than a 2"~ term.
To begin the actual long division, we initialize

for which (2.23) is trivially true if @Qx(z) = 0. Then we iterate per (2.25) as
many times as desired. If an infinite number of times, then so long as R, (2)
tends to vanish as n — —oo, it follows from (2.23) that

= Qfoo(z)' (2'26)

(2.27)

except that it may happen that R, (z) = 0 for sufficiently small n.
Table 2.3 summarizes the long-division procedure.?* In its ¢,_x equa-
tion, the table includes also the result of § 2.6.3 below.

241123, § 3.2]
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Table 2.3: Dividing power series through successively smaller powers.

A(2)@n(z) + Rn(2)
K
Z arz®, ag #0
k=—oc0
N
Z bkzk
k=—o00

B(z)

k=—oc0
N—-K
> @
k=n—K+1
T 1 N
% = ? (bn - Z an—k‘]k:)
K K k=n—K+1
Ro(2) = gu-g 2" N A(2)
Q- (?)
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The foregoing algebra is probably punishing enough; but if not, then one
can further observe in light of Table 2.3 that if?°

K
A(z) = E apz”,

k=K,
N
B(z) = Z b2k,
k=N,
then
n
Rn(2) = > k2t for all n < N, 4+ (K — K,). (2.28)

k=n—(K—Kp)+1

That is, the remainder has residual order one less than the divisor has. The
reason for this, of course, is that we have strategically planned the long-
division iteration precisely to cause the divisor’s leading term to cancel the
remainder’s leading term at each step.26 (If not clear from the context, a
polynomial’s residual order is the difference between the least and greatest
orders of its several terms. For example, the residual order of 9z° — 724+ 623
is two because 5 — 3 = 2—or, if you prefer, because 9z° — 7z* + 62° =
[23][92% — Tz + 6], where 922 — 7z + 6 is of second order.?")

%5The notations Ko, aj and z* are usually pronounced, respectively, as “K naught,” “a
sub k” and “z to the k” (or, more fully, “z to the kth power”)—at least in the author’s
country.

261f a more formal demonstration of (2.28) is wanted, then consider per (2.25) that

Rim—1(2) = Rm(2) — ™™ 2K A(2).
aK

If the least-order term of R (2) is a 2™ term (as clearly is the case at least for the
initial remainder Ry[z] = B[z]), then according to the equation so also must the least-
order term of Ry,—1(z) be a z™¥° term, unless an even lower-order term is contributed
by the product 2™ ¥ A(z). But that very product’s term of least order is a 2 (K= Ko)
term. Under these conditions, evidently the least-order term of Ry,—1(2) is a 2 (K—Ko)
term when m — (K — K,) < N,; otherwise a 2No term. This is better stated after the
change of variable n + 1 < m: the least-order term of Ry (z) is a 2"~ ~%o)*1 term when
n < N, + (K — K,); otherwise a 2Ne term.

The greatest-order term of R,(z) is by definition a 2™ term. So, in summary, when n <
N, + (K — K,), the terms of R, (z) run from 2"~ =Ko)*1 through 2", which is exactly
the claim (2.28) makes.

2"But what of 02° — 7z* 4 6% with its leading null coefficient? Is this polynomial’s
residual order also two?

Answer: that depends on what you mean. The strictly semantic question of what a
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Table 2.4: Dividing power series through successively larger powers.

B(z) = A(2)Qn(z) + Rn(z)

Az) = Zakzk, ag #0
k=K

B(z) = Zbkzk
k=N
RBn(z) = B(2)

QN(Z) = 0
Rn(z) = Zrnkzk
-
Qn(z) = Z kak
k=N-K
r 1 n—K-—1
n—-K = g = @ <bn - k:%:K anka’)
Rui1(2) = Rn(2) — qux2" K A(2)
B(z) _
A - 9xB)

The long-division procedure of Table 2.3 extends the quotient Q,(z)
through successively smaller powers of z. Often, however, one prefers to
extend the quotient through successively larger powers of z, where a 2
term is A(z)’s term of least rather than greatest order. In this case, the long
division goes by the complementary rules of Table 2.4.

mere phrase ought to signify is not always very interesting. After all, an infinite number
of practically irrelevant semantic distinctions could be drawn. The applied mathematician
lacks the time.

Anyway, whatever semantics might eventually be settled upon, at least (2.28) and Ta-
ble 2.3 remain unambiguous.
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2.6.3 Dividing power series by matching coefficients

There is another, sometimes quicker way to divide power series than by the
long division of § 2.6.2. One can divide them by matching coefficients.?® If

Qoo(2) = (2.29)

where

A(z) = Z arz®, ax #0,
k=K

[ee)
B(z) = Z bz"
k=N

are known and

Q)= > @

k=N-K

is to be calculated, then one can rearrange (2.29) as that
A(2)Qoo(2) = B(2).

Expanding the rearranged equation’s left side according to (2.22) and chang-
ing indices suitably on both sides,

0o n—K 0o
9 [ SRTA R B it
n=N k=N-K n=N

But for this to hold for all z, the coefficients must match for each n:

n—K

Z An—kqKk = bna n > N.
—N—

k K

Transferring all terms but ax¢q,— g to the equation’s right side and dividing
by agx, we have that

1 n—K—-1
n—-K = —— (bn - Z an_qu> , n>N. (2.30)

a
K k=N—K

2[78][47, § 2.5
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Equation (2.30) computes the coefficients of Q(z), each coefficient depending
not on any remainder but directly on the coeflicients earlier computed.

The coefficient-matching technique of this subsection is easily adapted
to the division of series in decreasing, rather than increasing, powers of z.
Tables 2.3 and 2.4 incorporate the technique both ways.

Admittedly, the fact that (2.30) yields a sequence of coefficients does not
necessarily mean that the resulting power series Qoo (2) converges to some
definite value over a given domain. Consider for instance (2.34), which
diverges when? |z| > 1, even though all its coefficients are known. At
least (2.30) is correct when (QQso(2z) does converge. Even when Qoo(z) as
such does not converge, however, often what interest us are only the series’

first several terms
n 1

_K—
W)= > et

k=N—-K
In this case, in light of (2.23),
B R,
() = 5 = Que) + ) CE
and convergence is not an issue. Solving (2.31) or (2.23) for R,(z),
R, (2) = B(z) — A(2)Qn(2). (2.32)

2.6.4 Common power-series quotients and the geometric se-
ries

Frequently encountered power-series quotients, calculated by the long di-
vision of § 2.6.2, computed by the coefficient matching of § 2.6.3, and/or
verified by multiplying, include®”

0o
1 dF)F k<
) k=0
el R (2.33)
S N E
k=—0o0

Equation (2.33) almost incidentally answers a question which has arisen
in § 2.4 and which often arises in practice: to what total does the infinite

29See footnote 30.
30The notation |z| represents the magnitude of z. For example, |5/ = 5 and |8| = 8, but
also |—5| =5 and |—8| = 8.
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geometric series Y oo 2¥, |2| < 1, sum? Answer: it sums exactly to 1/(1 —
z). However, there is a simpler, more aesthetic, more instructive way to

demonstrate the same thing, as follows. Let

oo
So = sz, |z| < 1.
k=0

Multiplying by z yields that

[o.¢]
2S5y = E 2.
k=1

Subtracting the latter equation from the former leaves that

(1—-2)Sy =1,
which, after dividing by 1 — z, implies that
oo
Sozkzozk 15 |z| <1

as was to be demonstrated.

2.6.5 Variations on the geometric series

(2.34)

Besides being more aesthetic than the long division of § 2.6.2, the difference
technique of § 2.6.4 permits one to extend the basic geometric series in

several ways. For instance, one can compute the sum

[e.e]
=S ke, <1
k=0

(which arises in, among others, Planck’s quantum blackbody radiation cal-

culation®!) as follows. Multiply the unknown S; by z, producing

z:k:zk'|r1 i k—1)zF
k=1

Subtract 257 from 57, leaving

(1—-2)81 = Zkz —Z —1 izk:zizk:
k=1 k

k=1 =0

31 [90]




44 CHAPTER 2. CLASSICAL ALGEBRA AND GEOMETRY

where we have used (2.34) to collapse the last sum. Dividing by 1 — z,

> z
Sl = Zkzk = m7 ’Z‘ < 1, (235)
k=0

which was to be found.

Further series of the kind, such as >, k2zF, can be calculated in like
manner as the need for them arises. Introducing the derivative, though,
chapter 4 does it better:32

(o]
dS_
Sp=> Kk =2 dzl, nez, n>o0; (2.36)
k=0

except that you must first read chapter 4 or otherwise know about derivatives
to understand this.3 See also § 8.1.

2.7 Indeterminate constants, independent vari-
ables and dependent variables

Mathematical models use indeterminate constants, independent variables
and dependent variables. The three are best illustrated by example as fol-
lows. Consider the time ¢ a sound needs to travel from its source to a distant
listener:

Ar

)
VUsound

t =

where Ar is the distance from source to listener and vgounq is the speed of
sound. Here, vgounq 1S an indeterminate constant (given particular atmo-
spheric conditions, it does not vary), Ar is an independent variable, and ¢ is
a dependent variable. The model gives t as a function of Ar; so, if you tell
the model how far the listener sits from the sound source, then the model
returns the time the sound needs to propagate from one to the other. Re-
garding the third quantity, the indeterminate constant vgounq, one conceives
of this as having a definite, fixed value; yet, oddly, notwithstanding that the
value is (or is thought of as) fixed, the model’s abstract validity may not

32Tt does not really matter, but you can regard k™ to be unity—that is, k" = 1—when
n =0 and k = 0, though n = 0 technically lies outside the domain of (2.36) as expressed.
See also footnote 21.

33This of course is a forward reference. Logically, (2.36) belongs in or after chapter 4,
but none of the earlier chapters use it, so it is kept here with the rest of the geometric-series
math. See chapter 4’s footnote 34.
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depend on whether one actually knows what the value is (if I tell you that
sound goes at 350 m/s, but later you find out that the real figure is 331 m/s,
this probably does not ruin the theoretical part of your analysis; you may
only have to recalculate numerically). Knowing the value is not the point.
The point is that conceptually there preéxists some correct figure for the
indeterminate constant; that sound goes at some constant speed—whatever
it is—and that one can calculate the delay in terms of this.3*

Though the three kinds of quantity remain in some sense distinct, still,
which particular quantity one regards as an indeterminate constant, as an
independent variable, or as a dependent variable may depend less upon any
property of the quantity itself—or of the thing the quantity quantifies—than
upon the mathematician’s point of view. Moreover, the mathematician’s
point of view can waver. The same model in the example would remain
valid if atmospheric conditions were changing (vgounq would then be an in-
dependent variable) or if the model were used in designing a musical concert
hall® to suffer a maximum acceptable sound time lag from the stage to the

34Besides the quantities themselves, there is also the manner in which, or pattern by
which, the quantities relate to one another. The philosophy that attends this distinction
lies mostly beyond the book’s scope, but it still seems worth a footnote to quote Bertrand
Russell (1872-1970) on the subject:

Given any propositional concept, or any unity ..., which may in the limit
be simple, its constituents are in general of two sorts: (1) those which may
be replaced by anything else whatever without destroying the unity of the
whole; (2) those which have not this property. Thus in “the death of Caesar,”
anything else may be substituted for Caesar, but a proper name must not
be substituted for death, and hardly anything can be substituted for of. Of
the unity in question, the former class of constituents will be called terms,
the latter concepts. ... [Emphases in the original.][109, appendix A, § 482]

Sections 2.10 and 2.11, and a few later ones, glance upon the matter.

35As a child, were you ever let to read one of those trendy, second-rate arithmetic
textbooks that had you calculate such as the quantity of air in an astronaut’s round
helmet? One could have calculated the quantity of water in a kitchen’s mixing bowl just as
well, but astronauts’ helmets are so much more interesting than bowls, you see. (Whether
you will have endured the condescending frivolity specifically of the ersatz astronaut’s
textbook depends largely on when and where you were raised. Trends will come and go,
but maybe you will have met another year’s version of the same kind of thing.)

So, what of the concert hall? The chance that the typical reader will ever specify the
dimensions of a real musical concert hall is of course vanishingly small. However, it is
the idea of the example that matters here, because the chance that the typical reader will
ever specify something technical is quite large. Although sophisticated models with many
factors and terms do indeed play a large role in engineering, the great majority of practical
engineering calculations—for quick, day-to-day decisions where small sums of money and
negligible risk to life are at stake, or for proémial or exploratory analysis—are done with
models hardly more sophisticated than the one shown here. So, maybe the concert-hall
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hall’s back row (¢ would then be an independent variable; Ar, dependent).
Occasionally one goes so far as deliberately to shift one’s point of view in
mid-analysis—now regarding as an independent variable, for instance, that
which one a moment ago had regarded as an indeterminate constant (a typ-
ical case of such a shift arising in the solution of differential equations by
the method of unknown coefficients, § 9.5).

It matters which symbol represents which of the three kinds of quantity in
part because, in calculus, one analyzes how change in independent variables
affects dependent variables as indeterminate constants remain fixed.

(Section 2.3 has introduced the dummy variable, which the present sec-
tion’s threefold taxonomy seems to exclude. However, in fact, most dummy
variables are just independent variables—a few are dependent variables—
whose scope is restricted to a particular expression. Such a dummy variable
does not seem very “independent,” of course; but its dependence is on the
operator controlling the expression, not on some other variable within the
expression. Within the expression, the dummy variable fills the role of an
independent variable; without, it fills no role because logically it does not
exist there. Refer to §§ 2.3 and 7.3.)

2.8 Exponentials and logarithms

In § 2.5 we have considered the power operation z%, where (in § 2.7’s lan-
guage) the independent variable z is the base and the indeterminate con-
stant a is the exponent. There is another way to view the power operation,
however. One can view it as the exponential operation

a”,

where the variable z is the exponent and the constant a is the base.

2.8.1 The logarithm

The exponential operation follows the same laws the power operation follows;
but, because the variable of interest is now the exponent rather than the
base, the inverse operation is not the root but rather the logarithm:

log,(a®) = z. (2.37)

For example, logy 8 = 3. The logarithm log, w answers the question, “To
what power must I raise a to get w?”

example is not so unreasonable, after all.
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Raising a to the power of the last equation, we have that
alosa(a®) — 47
With the change of variable w < a?, this is that
aloga ¥ — gy, (2.38)

Thus, the exponential and logarithmic operations mutually invert one an-
other.

2.8.2 Properties of the logarithm

The basic properties of the logarithm include that

log,uv = log,u+ log, v, (2.39)
log,, = log, u — log, v, (2.40)
v

log,(w*) = zlog,w, (2.41)
w? = a*lo8av (2.42)

log, w
1 = — 243
0gp W log, b (2.43)

Of these, (2.39) follows from the steps

(wv) = (u)(v),
(aloga uv) — (aloga 'u) (aloga v)’

aloga uv aloga u+log, v;

and (2.40) follows by similar reasoning. Equations (2.41) and (2.42) follow
from the steps

wt= () = (w),
w? = CLloga(w'z) _ (alogaw)z7

w? = CLloga(wz) _ azlogaw‘
Equation (2.43) follows from the steps

w = blogb w7

log, w = loga(blogb“’),

log, w = log, wlog,, b.
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Table 2.5: General properties of the logarithm.

log,uv = log,u+log,v
log,, - log, u — log, v
v
log,(w®*) = zlog,w
w? = af log, w
log,, w
1 = <
8 © log, b
log,(a®) = =
w = aloga w

Among other purposes, (2.39) through (2.43) serve respectively to trans-
form products to sums, quotients to differences, powers to products, expo-
nentials to differently based exponentials, and logarithms to differently based
logarithms. Table 2.5 repeats the equations along with (2.37) and (2.38)
(which also emerge as restricted forms of eqns. 2.41 and 2.42), thus summa-
rizing the general properties of the logarithm.

2.9 The triangle

This section develops several facts about the triangle.36

2.9.1 Area

The area of a right triangle37 is half the area of the corresponding rectangle.
This is seen by splitting a rectangle down its diagonal into a pair of right
triangles of equal size. The fact that any triangle’s area is half its base
length times its height is seen by dropping a perpendicular from one point
of the triangle to the opposite side (see Fig. 1.3 on page 14), thereby dividing
the triangle into two right triangles, for each of which the fact is true. In

36Fashion seems to ask a writer to burden the plain word “triangle” with various accurate
but not-very-helpful adjectives like “planar” and “Euclidean.” We like planes and Euclid
(§ 2.9.5) but would resist the fashion. Readers already know what a triangle is.

37 As the reader likely knows, a right triangle is a triangle, one of whose three angles is
perfectly square.
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algebraic symbols,

A= (2.44)

where A stands for area, b for base length, and h for perpendicular height.

2.9.2 The triangle inequalities

Any two sides of a triangle together are longer than the third alone, which
itself is longer than the difference between the two. In symbols,

la —bl <c<a+b, (2.45)

where a, b and ¢ are the lengths of a triangle’s three sides. These are the
triangle inequalities. The truth of the sum inequality, that ¢ < a + b, is seen
by sketching some triangle on a sheet of paper and asking: if ¢ is the direct
route between two points and a 4+ b is an indirect route, then how can a 4+ b
not be longer? Of course the sum inequality is equally good on any of the
triangle’s three sides, so one can write that a < ¢+ b and b < ¢+ a just as
well as that ¢ < a + b. Rearranging the a and b inequalities, we have that
a—b<cand b—a < ¢, which together say that |a — b| < ¢. The last is the
difference inequality, completing (2.45)’s proof.3

2.9.3 The sum of interior angles

A triangle’s three interior angles®® sum to 27/2. One way to see the truth
of this fact is to imagine a small car rolling along one of the triangle’s sides.
Reaching the corner, the car turns to travel along the next side, and so on
round all three corners to complete a circuit, returning to the start. Since
the car again faces the original direction, we reason that it has turned a
total of 27, a full revolution. But the angle ¢ the car turns at a corner
and the triangle’s inner angle v there together form the straight angle 27/2
(the sharper the inner angle, the more the car turns: see Fig. 2.2). In

38Gection 13.9 proves the triangle inequalities more generally, though regrettably with-
out recourse to this subsection’s properly picturesque geometrical argument.

39Most readers will already know the notation 27 and its meaning as the angle of full
revolution. The notation is properly introduced in §§ 3.1, 3.6 and 8.11 at any rate. Briefly
nevertheless, the symbol 27 represents a complete turn, a full circle, a spin to face the
same direction as before. Hence (for instance) 27/4 represents a square turn or right
angle.

You may be used to the notation 360° in place of 27; but, for the reasons explained in
appendix A and in footnote 17 of chapter 3, this book tends to avoid the notation 360°.
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Figure 2.2: The sum of a triangle’s inner angles: turning at the corner.

mathematical notation,

¢+ o2+ ¢3 = 2m;
2
¢k +¢kz = 77() ke {15253}7

where 1, and ¢ are respectively the triangle’s inner angles and the angles
through which the car turns; and where the set notation® k € {1,2, 3}, met
in § 2.3, means that the last equation holds whether £k = 1, 2 or 3. Solving
the latter equation for ¢ and substituting into the former yields that

Y1+ P2 +P3 = %ﬂ (2.46)

which was to be demonstrated.
Extending the same technique to the case of an n-sided polygon,

n
> ¢ = 2m
k=1

2

O+ = 5

Solving the latter equation for ¢, and substituting into the former, we have

that
"L /2
E <27T - ¢k> = 27T7

k=1

40 Applied mathematicians tend to less enthusiasm than professional mathematicians
do over set notation like the membership symbol €, but such notation still finds use in
applications now and again as, for example, it does in this instance.
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Figure 2.3: A right triangle subdivided.

or in other words that

Z 2m
D by =(n—-2)=-. (2.47)
Equation (2.46) is then seen to be a special case of (2.47) with n = 3.

2.9.4 The Pythagorean theorem

Along with Euler’s formula (5.12), the fundamental theorem of calculus
(7.2), Cauchy’s integral formula (8.29), Fourier’s equation (18.1) and maybe
a few others, the Pythagorean theorem is one of the most famous results in
all of mathematics.

The introduction to chapter 1 has proved the theorem.*' Alternately
and less concisely, Fig. 2.3 too can prove it as follows. In the figure are three
right triangles: a small one sha on the left; a medium one htb on the right;
and, if the small and medium are joined together, a large one abc overall.
The small triangle shares an angle sa with the large which, in light of (2.46)

and of that both are right triangles, means that all three angles of the small

41The elegant proof of chapter 1 is simpler than the one famously given by the ancient
geometer Fuclid, yet more appealing than alternate proofs often found in print. Whether
Euclid was acquainted with either of the two Pythagorean proofs the book you are reading
gives, or indeed was acquainted with both, this writer does not know; but it is possible
[146, “Pythagorean theorem,” 02:32, 31 March 2006] that Euclid chose his proof because it
comported better with the restricted set of geometrical elements with which he permitted
himself to work. Be that as it may, the present writer encountered the proof of chapter 1
somewhere years ago and has never seen it in print since (but has not looked for it, either),
so can claim no credit for originating it. Unfortunately the citation is now long lost. A
current, electronic source for the proof of chapter 1 is [146] as cited earlier in this footnote.
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triangle equal the corresponding three angles of the large, which in turn
means that the small and large triangles are similar to one another; that
is, the small triangle is merely a scaled, rotated, possibly reflected version
of the large. The medium triangle shares an angle tb with the large which
likewise means that the medium and large triangles are similar.

Insofar as triangles are similar (§ 2.9.5), corresponding ratios of their
sides must be equal:

a’ ¢ b
Rearranging factors,
a? b2
— =35 —=t
c c

The sum of the last line’s two equations is that

2, 12
a“+b
+ = s+
c
or rather, because s + t = ¢, that
a® + b?
= c,
c

which, when multiplied by ¢, yields the Pythagorean theorem (1.1),
a? +b? =2

This paragraph’s proof has found no new conclusion but one is glad to
discover that the Pythagorean theorem seems to remain true no matter how
one reaches it.*?

The Pythagorean theorem is readily extended into three dimensions as

a? 4+ b? + h? =12, (2.48)

where h is an altitude perpendicular to both a and b and thus also to ¢; and
where r is the corresponding three-dimensional diagonal—the diagonal of
the right triangle whose legs are ¢ and h. Inasmuch as (1.1) applies to any
right triangle, it follows that c? + h? = 12, which equation expands directly
to yield (2.48).

42The source of this proof is an otherwise forgotten book that stood on a shelf in the
writer’s high-school library in 1983. The writer still remembers the proof but has long
since lost the citation.
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Figure 2.4: Proportionality of similar triangles (or the AA criterion).

u1 q1

2.9.5 Congruence and Euclid’s similar proportionality

The careful reader might have noticed the presence of an unproved assertion
in the last subsection. The assertion was this: that, if each of a triangle’s
angles equals the corresponding angle of another triangle, then the one tri-
angle is a scaled, rotated, possibly reflected version of the other; or, stated
another way, that, if the respective angles are equal, then the respective
sides though maybe not equal are at least proportionate.

Does such an assertion not require proof?

Whether such an assertion requires proof depends on the vividness of
one’s geometrical intuition and/or on one’s attitude toward the kind of as-
sertion the assertion is. If one’s attitude is an applied attitude and if intu-
ition finds the assertion obvious enough, then the assertion may not require
proof.

Even given an applied attitude, though, it’s a borderline case, isn’t it?
Fortunately, the ancient geometer Euclid has supplied us a proof in book VI
of his Elements [42]. Though we will not fully detail Euclid’s proof we can
digest it as follows.

Fig. 2.4 arranges two triangles pgr and stu whose respective angles are
equal. Extending the indicated sides and exploiting the equal angles, the
figure extrudes a parallelogram from the two triangles. Being opposite sides
of a parallelogram,

q1=q; Ul =1u. (2.49)
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Because®® ¢ runs parallel to ¢; + t,

r _p
u s
Applying (2.49),
r_p
T
Rearranging factors,
r_t (2.50)
i .
By the same kind of argument,
t_q
s p
or, reversed and inverted,
p S
- =-. 2.51
P2 (251)
Multiplying (2.50) by (2.51),
rooou
-=- 2.52
L3 (2.52)

Together, (2.50), (2.51) and (2.52) complete Euclid’s proof. Proceeding
nevertheless if you wish, one may further rearrange the three equations
respectively to read,

or, in other words,
P_1_7T (2.53)

which, using this book’s modern applied notation (which Euclid lacked)
condenses Euclid’s elegant finding into a single line.

The finding is indeed elegant. However, as earlier asked, to an applica-
tionist, is the finding’s proof necessary? Could one not instead just look at

43The pure mathematician who loves Euclid can abhor such shortcuts! “Because”?!
Where is the proof that the lines are parallel, the purist wants to know? Where is the
proof that opposite sides of a parallelogram are equal in length? Notwithstanding, busily
rushing ahead, we applicationists fail to notice the purist’s consternation.
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Fig. 2.4 and see that the triangles are proportionate?* (By see, we do not
precisely mean, “see with the eyes.” The eyes do help but what we here
mean is to perceive mentally as in chapter 1.)

After all, if these triangles were not proportionate, then how else should
they be?

Until Euclid’s proof had been given, would any mathematician (whether
applied or professional) who had sketched a triangle on a sheet of paper
really have conjectured a different result? Was the investigation’s outcome
ever in doubt? To put it another way: suppose that the investigation had
found that the triangles were disproportionate; would its finding have been
believed? Or is the proof merely a salutary logical exercise, a noble sport
whose object is to hunt down and annihilate every premise one can possibly
do without?

Effort and mental energy are not unlimited resources. Time spent in
speculative foundational investigations may be regretted, if that time is as a
consequence later unavailable to devote to the acquisition of more advanced,
more practical mathematical techniques. Mathematics is after all far too
vast for a single mathematician to master the whole of it during a single
lifetime. One must prioritize.

The question is left for the reader to contemplate.

Meanwhile, a pair of definitions: as § 2.9.4 has already suggested, two
triangles are similar if their respective angles are equal, as, for example, in
Fig. 2.4; and two triangles are congruent (this definition is new) if they are
similar and are equal in size. Note that every triangle is congruent to its
own reflection (as in a mirror). Regarding similarity, the three triangles of
Fig. 2.3 are mutually similar but not congruent.

Two triangles are congruent to one another if they meet any of the
following criteria:

e 5SS (side-side-side);
e SAS (side-angle-side);

e ASA (angle-side-angle);

44The modern professional mathematician might answer, “Sure, if you are an engineer
or the like, then go ahead. However, if you wish to be a proper analyst, then no. We have
a theory of metric spaces. We have theories of other things, too. You needn’t just skip all
that.”

This book, a book of applied mathematics, will not go the route of metric spaces.
However, [116] (which though not open source has long been available in an inexpensive
paperback edition) offers the interested reader a comparatively accessible account of such.
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e AAS (angle-angle-side).

The SSS criterion requires that each of the triangles have three sides as
long as the other triangle’s (for example, a triangle whose sides are 5, 6
and 8 cm long and a triangle whose sides are 6, 5 and 8 cm long together
satisfy the criterion). The SAS criterion requires that each of the triangles
have two sides as long as the other triangle’s and, where a triangle’s two
sides meet, one equal angle (for example, two triangles, each of whose sides
of 6 and 8 cm meet to form a two-hour or 30° angle, together satisfy the
criterion). The ASA criterion requires that each of the triangles have two
equal angles joined by one equal side. The AAS criterion requires that each
of the triangles have two equal angles plus one equal side, this side however
being another than the side that joins the two angles.

As Euclid has proved earlier in the subsection, two triangles are similar
(though not necessarily congruent) if they meet this criterion:

e AA (angle-angle).

Why is the criterion not AAA? Answer: because AA suffices, for, according
to (2.46), AA implies AAA.
The criterion

e SSA (side-side-angle),

depicted in Fig. 2.4, is tricky: it does not quite establish congruence in and
of itself, but if three triangles mutually meet the SSA criterion then at least
two of them are congruent.

Besides SSA, Fig. 2.4 also illustrates the AAS criterion. Illustration of
criteria besides SSA and AAS is left as an exercise.

See also § 3.7.

2.10 Functions

Briefly, a function is a mapping from one number (or vector of several num-
bers, §§ 11.1 and 8.16) to another. This book is not the place for a gentle
introduction to the concept of the function; but as an example, f(z) = 2%2—1
is a function which maps 1 to 0 and —3 to 8, among others.

When discussing functions, one often speaks of domains and ranges. The
domain of a function is the set of numbers one can put into it. The range
of a function is the corresponding set of numbers one can get out of it. In
the example, if the domain is restricted to real x such that |z| < 3—that is,

such that —3 < 2 < 3—then the corresponding range is —1 < f(z) < 8.
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Figure 2.5: The SSA and AAS criteria.

If y = f(x), then the notation f~!(-) indicates the inverse of the function
f() such that

@) =,
I Wl =v.

thus swapping the function’s range with its domain. In the example,
f(=3) = 8, s0 f71(8) = —3. Unfortunately, f~1(8) = 3 as well, making
the example’s function f(x) strictly noninvertible over its given domain;
but, fortunately, various attendant considerations (whether these be theo-
retical considerations, as in § 8.4, or merely practical considerations) tend
in concrete circumstances to distinguish between candidates like the exam-
ple’s —3 and 3, rendering many such functions as f(x) effectively invertible
in context. Therefore, the applied mathematician may not always have to
worry too much about strict invertibility.

Inconsistently, inversion’s notation f~!(-) clashes with the similar-look-
ing but different-meaning notation f2(-) = [f(-)]?, whereas f~1(-) # [f(-)]~*.
Both notations are conventional and both are used in this book.

Other terms that arise when discussing functions are root (or zero), sin-
gularity and pole. A root (or zero) of a function is a domain point at which
the function evaluates to zero (the example has roots at x = £1). A singu-
larity of a function is a domain point at which the function’s output diverges;
that is, where the function’s output goes infinite.*> A pole is a singularity
that behaves locally like 1/ (rather than, for example, like 1/1/z). A singu-
larity that behaves as 1/z is a multiple pole, which (§ 9.7.2) can be thought

(2.54)

“5Here is one example of the book’s deliberate lack of formal mathematical rigor. A



58 CHAPTER 2. CLASSICAL ALGEBRA AND GEOMETRY

of as N poles. The example’s function f(z) has no singularities for finite x;
however, the function h(z) = 1/(2% — 1) has poles at = = +1.

(Besides the root, the singularity and the pole, there is also the trouble-
some branch point, an infamous example of which is z = 0 in the function
glz] = V/z. Branch points are important, but the book must lay a more
extensive foundation before introducing them properly in § 8.5.46)

2.11 Complex numbers (introduction)

Section 2.5.2 has introduced square roots. What it has not done is to tell
us how to regard a quantity like v/—1. Since there exists no real number i
such that

i = -1 (2.55)

and since the quantity ¢ thus defined is found to be critically important
across broad domains of higher mathematics, we accept (2.55) as the defi-
nition of a fundamentally new kind of quantity, the imaginary number.*”

more precise formalism to say that “the function’s output goes infinite” might be that

Jim |f(@)] = oo,

and yet preciser formalisms than this are conceivable, and occasionally even are useful.
Be that as it may, the applied mathematician tends to avoid such formalisms where there
seems no immediate need for them.

4There is further the essential singularity, an example of which is z = 0 in p(z) =
exp(1/z), but typically the best way to handle so unreasonable a singularity is to change a
variable, as w < 1/z, or otherwise to frame the problem such that one need not approach
the singularity. Except tangentially much later when it treats asymptotic series, this book
will have little to say of the essential singularity.

4"The English word imaginary is evocative, but perhaps not of quite the right concept
in this usage. Imaginary numbers are not to mathematics as, say, imaginary elfs are to the
physical world. In the physical world, imaginary elfs are (presumably) not substantial ob-
jects. However, in the mathematical realm, imaginary numbers are substantial. The word
imaginary in the mathematical sense is thus more of a technical term than a descriptive
adjective.

The number 7 is just a concept, of course, but then so is the number 1 (though you and
I have often met one of something—one apple, one chair, one summer afternoon, etc.—
neither of us has ever met just 1). In Platonic [44, chapter 2] or Fregean [51] terms, 4
is literally no less valid a form than 1 is. The reason imaginary numbers have been
called “imaginary” probably has to do with the fact that they emerge from mathematical
operations only, never directly from counting things. Notice, however, that the number
1/2 never emerges directly from counting things, either. If for some reason the iyear
were offered as a unit of time, then the period separating your fourteenth and twenty-first
birthdays could have been measured as —i7 iyears. Madness? No, let us not call it that;
let us call it a useful formalism, rather.
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Figure 2.6: The complex (or Argand) plane, and a complex number z = 2+i1
therein.

2 T
i+ z
P
¢
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Imaginary numbers are given their own number line, plotted at right
angles to the familiar real number line as in Fig. 2.6. The sum of a real
number x and an imaginary number iy is the compler number

z =z + .
The conjugate z* of this complex number is defined to be*®
ZF =z —1y.
The magnitude (or modulus, or absolute value) |z| of the complex number is

defined to be the length p in Fig. 2.6, which per the Pythagorean theorem
(§ 2.9.4) is such that

|2|? = 22 + 2. (2.56)

The unpersuaded reader is asked to suspend judgment a while. He will soon see the
use.

48For some inscrutable reason, in the author’s country at least, professional mathe-
maticians seem universally to write Z instead of z*, whereas rising engineers take the
mathematicians’ courses at school and then, having passed those courses, promptly start
writing z* for the rest of their lives. The writer has his preference between the two nota-
tions and this book reflects it, but the curiously absolute character of the notational split
is interesting as a social phenomenon.
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The phase arg z of the complex number is defined to be the angle ¢ in the
figure, which in terms of the trigonometric functions of § 3.1%% is such that

tan(argz) = g (2.57)
x

Specifically to extract the real and imaginary parts of a complex number,
the notations

28 Z Z; (2.58)

are conventionally recognized (although often the symbols R[] and 3] are
written Re[-] and Im[-], particularly when printed by hand). For example, if
z=2+il, then R(2) = 2, I(2) =1, |2| = V/5, and arg z = arctan(1/2).

2.11.1 Multiplication and division of complex numbers in
rectangular form

Several elementary properties of complex numbers are readily seen if the
fact that i2 = —1 is kept in mind, including that

2120 = (122 — Y1y2) +i(y1o2 + T1Y2), (2.59)
2 mtayn (mz —iy2) 1+
29 To + 1Y To —1y2 ) T2 + 1Yo
— (xll'Q + y1y2)2+ 7’(313}2 B x1y2) . (260)
.I'Q + yQ
It is a curious fact that )
Z = (2.61)
)
It is a useful fact that
Zz=a22 4yt =|z? (2.62)

(the curious fact, eqn. 2.61, is useful, too). Sometimes convenient are the
forms

%(z) _ 2+ z 7
. _22* (2.63)
3(:) = 255,

49This is a forward reference, returned by footnote 5 of chapter 3. If the equation does
not make sense to you yet for this reason, skip it for now. The important point is that
arg z is the angle ¢ in the figure.



2.11. COMPLEX NUMBERS (INTRODUCTION) 61

trivially proved. Surprising and significant is that, though /—1 = i has
revealed a previously unknown class of quantity in i, nevertheless, vi =
(1 +14)/V/2 reveals no further new class of quantity, but only a quantity
expressible®® in terms of 1 and i, as (2.59) verifies (and upon which § 3.11
will shed a clearer light).

2.11.2 Complex conjugation

An important property of complex numbers descends subtly from the fact
that
i =—1= (-2

If one defined some number j = —i, asserting that j not ¢ were the true
imaginary unit,?! then one would find that

(_])2 =-1= j2)

and thus that all the basic properties of complex numbers in the j system
held just as well as they did in the 7 system. The units ¢ and 7 would differ
indeed, but would perfectly mirror one another in every respect.

That is the basic idea. To establish it symbolically needs a page or so of
slightly abstract algebra as follows, the goal of which will be to show that
[f(2)]" = f(z*) for some unspecified function f(z) with specified properties.
To begin with, if

z=x+ 1y,
then

=z —1y
by definition. Proposing that (z¥71)* = (2*)*~! (which may or may not be
true but for the moment we assume it), we can write,

A= s ity

() = spo1 — it
where s;_1 and t;_1 are symbols introduced respectively to represent the real

and imaginary parts of z*~1. Multiplying the former equation by z = x 4 iy
and the latter by z* = x — iy, we have that

2" = (wsp—1 — ytp—1) + i(ysp—1 + Ttr_1),
(2% = (wsp_1 —ytr_1) —i(ysr_1 + 2tp_1).

20[46, § 1:22-5]
51136][46, § 1:22-5]
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With the definitions that sy = xsip_1 — ytp_1 and tp = ysg_1 + xtg_1, this
is written more succinctly,

z¥ = s+ itg,
(2 = sy — ity

In other words, if (2*71)* = (2*)*~!, then it necessarily follows that (2*)* =
(z*)k Solving the definitions of si and t, for sp_1 and t;_1 yields the reverse
definitions that s;_1 = (zsg +ytr)/(2% +v?) and t)_1 = (—ysg +ty) /(22 +
y?). Therefore, except when z = x+iy happens to be null or infinite, the im-
plication is reversible by reverse reasoning, so by mathematical induction®?
we have that

()" = () (2.64)
for all integral k. We have also from (2.59) that
(7122)" = 217 (2.65)

for any complex z; and zo.
Consequences of (2.64) and (2.65) include that if

f(z) = Z (ak+ibk)(z—zo)k, (2.66)
k=—0oc0

Fz) = ) (e —ibg)(z — 2)F, (2.67)
k=—o00

where a; and by are real and imaginary parts of the coefficients peculiar to
the function f(-), then

[f ()] = (%) (2.68)

In the common case in which b, = 0 for all £ and in which z, = x, is a
real number, f(-) and f*(-) are the same function, so (2.68) reduces to the
desired form

[f ()" = f(2"), (2.69)

which says that the effect of conjugating the function’s input is merely to
conjugate its output.

52 Mathematical induction is an elegant old technique for the construction of mathemat-
ical proofs. Section 8.1 elaborates on the technique and offers a more extensive example.
Beyond the present book, a very good introduction to mathematical induction is found
in [57].
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Equation (2.69) expresses a significant, general rule of complex numbers
and complex variables which is better explained in words than in mathemat-
ical symbols. The rule is this: for most equations and systems of equations
used to model physical systems, one can produce an equally valid alter-
nate model simply by simultaneously conjugating all the complex quantities
present.53

2.11.3 Power series and analytic functions (preview)

Equation (2.66) expresses a general power series® in z — z,. Such power

series have broad application.® It happens in practice that most functions
of interest in modeling physical phenomena can conveniently be constructed
(at least over a local domain) as power series with suitable choices of ay, by
and z,.%6

The property (2.68) applies to all such functions, with (2.69) also apply-
ing to those for which b, = 0 and z, = x,. The property the two equations
represent is called the comjugation property. Basically, it says that if one
replaces all the ¢ in some mathematical model with —z, then the resulting
conjugate model is equally as valid as the original.>”

Such functions, whether by = 0 and z, = x, or not, are analytic functions
(§ 8.4). In the formal mathematical definition, a function is analytic which is
infinitely differentiable (chapter 4) in the immediate domain neighborhood of
interest. However, for applications a fair working definition of the analytic
function might be “a function expressible as a power series.” Chapter 8
elaborates. All power series are infinitely differentiable except at their poles.

There nevertheless exist one common group of functions which cannot be

3[57][120]

51165, § 10.8]

55That is a pretty impressive-sounding statement: “Such power series have broad appli-
cation.” However, molecules, air and words also have “broad application”; merely stating
the fact does not tell us much. In fact the general power series is a sort of one-size-fits-all
mathematical latex glove, which can be stretched to fit around almost any function of
interest. Admittedly nevertheless, what grips one’s attention here is not so much in the
general form (2.66) of the series as it is in the specific choice of aj and by, which this
section does not discuss.

Observe that the Taylor series (which this section also does not discuss: see § 8.3) is a
power series with ar = b = 0 for k£ < 0.

56But see also the Fourier series of chapter 17 which, by a different approach, can
construct many functions over nonlocal domains.

7To illustrate, from the fact that (1 +i2)(2 +i3) 4 (1 —4) = —3 + i6, the conjugation
property infers immediately that (1 —¢2)(2 —43) 4+ (1 +¢) = —3 —i6. Observe however
that no such property holds for the real parts: (—1 4 i2)(—2+43) + (=1 —¢) # 3 + 6.
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constructed as power series. These all have to do with the parts of complex
numbers and have been introduced in this very section: the magnitude [-|;
the phase arg(-); the conjugate (-)*; and the real and imaginary parts R(-)
and &(-). These functions are not analytic and do not in general obey the
conjugation property. Also not analytic are the Heaviside unit step u(t) and
the Dirac delta 6(t) (§ 7.7), used to model discontinuities explicitly.

We shall have more to say about analytic functions in chapter 8. We
shall have more to say about complex numbers in §§ 3.11, 4.3.3, and 4.4,
and much more yet in chapter 5.



Chapter 3

Trigonometry

Trigonometry is that branch of mathematics which relates angles to lengths.
This chapter introduces the functions of trigonometry and derives several of
these functions’ properties.

3.1 Definitions

Consider the circle-inscribed right triangle of Fig. 3.1.

In considering the triangle and its circle in the figure, we shall find some
terminology useful. The angle ¢ in the figure is measured in radians, where
a radian is that angle which, when centered in a unit circle, describes or
intercepts an arc of unit length as measured—not in a straight line—but
along the curve of the circle’s perimeter. A wunit circle is a circle whose
radius is p = 1. Similarly, a unit length is a length of 1 (not one centimeter
or one mile, or anything like that, but just an abstract 1). In the more
general circle of radius p (where the radius is the distance from the circle’s
center to its perimeter) as in the figure, an angle ¢ describes or intercepts
an arc of length p¢ along the curve.

An angle in radians is a dimensionless number, so one need not write,
“¢ = 27 /4 radians”; but it suffices to write, “¢ = 27/4.” In mathematical
theory, we express angles in radians.

The angle of full revolution is given the symbol 27—which thus is the
unit circle’s circumference.! A quarter revolution, 27 /4, is then the right
angle or square angle.

The trigonometric functions sin ¢ and cos ¢, the sine and cosine of ¢,
relate the angle ¢ to the lengths in the figure. The tangent function is then

1Section 8.11 computes the numerical value of 2.

65



66 CHAPTER 3. TRIGONOMETRY

Figure 3.1: The sine and the cosine (shown on a circle-inscribed right trian-
gle, with the circle centered at the triangle’s point).

Y

defined to be

tangp = ——, (3.1)

which is the vertical rise per unit horizontal run, this ratio being the slope,
of the triangle’s diagonal.? Inverses of the three trigonometric functions can
also be defined:

arcsin (sin ¢) = ¢;
arccos (cos ¢) = ¢;
arctan (tan ¢) = ¢.

When the last of these is written,

Y
arctan =,
T

it normally implied that x and y are to be interpreted as rectangular coor-
dinates® and that the arctan function is to return ¢ in the correct quad-

20Often seen in print is the additional notation sec¢ = 1/cos¢, csc¢ = 1/sin ¢ and
cot ¢ = 1/tan ¢; respectively the “secant,” “cosecant” and “cotangent.” This book does
not use that notation.

3 Rectangular coordinates are pairs of numbers (z,y) which uniquely specify points in
a plane. Conventionally, the x coordinate indicates distance eastward as it were; the y
coordinate, northward. For instance, the coordinates (3, —4) mean the point three units
eastward and four units southward (that is, —4 units northward) of the origin (0,0). When
needed, a third rectangular coordinate can moreover be added—(z, y, z)—the z indicating
distance upward, above the plane of the z and y. (Consistency with the book’s general
style should have suggested the spelling “codrdinates” except that no mathematics book
this writer knows spells the word that way, nor even as “co-ordinates” which is how the
word after all is pronounced.)
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Figure 3.2: The sine function.

sin(t)
1 ______
N
N ¢
2w 2m
2 2

rant —m < ¢ < w (for example, arctan[l/(—1)] = [+3/8][27], whereas
arctan[(—1)/1] = [-1/8][2n]). This is similarly the usual interpretation
when an equation like

tan ¢ = J
x

is written.
By the Pythagorean theorem (§ 2.9.4 and the introduction to chapter 1),
it is seen that?

cos? ¢ +sin® ¢ = 1 (3.2)

for any ¢.

Fig. 3.2 plots the sine function. The shape in the plot is called a sinu-
50id.”

3.2 Simple properties
Inspecting Fig. 3.1 and observing (3.1) and (3.2), one discovers the trigono-

metric properties of Table 3.1. (Observe in the table as usually elsewhere in
the book that n € Z, § 2.3.)

“The notation cos? ¢ means (cos ¢)?.

5This section completes the forward reference of § 2.11. See chapter 2’s footnote 49.
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Table 3.1: Simple properties of the trigonometric functions.

sin(—¢) = —sin¢ cos(—p) = +coso
sin(2r/4 —¢) = +cos¢ cos(2m/4—¢) = +sing
sin(27/2 —¢) = +sing cos(2w/2 — ¢) = —cos¢
sin(¢ £2n/4) = =Lcos¢ cos(¢p£2m/4) = Fsing
sin(¢p £27/2) = —sing cos(p £27/2) = —cos¢
sin(¢ +n2n) = sing cos(¢p +n2w) = cos¢
tan(—¢) = —tan¢
tan(2w/4 — ¢) = +1/tan¢
tan(27/2 — ¢) = —tang
tan(¢p +27/4) = —1/tan¢
tan(¢ £27/2) = +tang
tan(¢ +n2w) = tan¢
sin ¢
cosd tan ¢
cos?p+sin?¢p = 1
) 1
1+tan*¢ = o2
1 1

1
+ tan? ¢ sin? ¢
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Figure 3.3: A two-dimensional vector u = Xz + yy, shown with its rectan-
gular components.

3.3 Scalars, vectors, and vector notation

In applied mathematics, a geometrical vector—whose name the narrative
will hereinafter usually abbreviate as vector—is an amplitude of some kind
coupled with a direction.%” For example, “55 miles per hour northwestward”
is a vector, as is the entity u depicted in Fig. 3.3. The entity v depicted in
Fig. 3.4 is also a vector, in this case a three-dimensional one.

Many readers will already find the basic vector concept familiar, but for

5The same word vector also is used to indicate an ordered set of N scalars (§ 8.16) or
an N x 1 matrix (chapter 11), but those are not the uses of the word meant here. See also
the introduction to chapter 15.

"The word “amplitude” is sometimes used interchangeably with “magnitude,” even
by this writer. However, used more precisely, an amplitude unlike a magnitude can be
negative or positive, as for example the A in f(¢t) = Acoswt. Indeed, this A makes a
typical example of the usage, for the word “amplitude” is especially applied to measure
the extent to which a wave deviates from its neutral position.

In practice, the last usage typically connotes that the quantity whose amplitude the
amplitude is is a linear quantity like displacement, force, electric current or electric tension
(voltage). A squared quantity—that is, a quantity developed as the product of two other,
linear quantities—is not usually said to possess an amplitude. Especially, energy and
power are not usually said to possess amplitudes, whereas displacement and force (whose
product is an energy) are each amplitudinous; and, likewise, current and tension (whose
product is a power) are each amplitudinous.
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Figure 3.4: A three-dimensional vector v = Xx + yy + zz.

<

those who do not, a brief review: vectors such as the

u=xz+yy,
vV =Xz +yy + 2z,

of the figures are composed of multiples of the unit basis vectors X, y and z,
which are themselves vectors of unit length pointing in the cardinal direc-
tions their respective symbols suggest.® Any vector a can be factored into
an amplitude a and a unit vector a, as

a=aa=alal,

where the a represents direction only and has unit magnitude by definition,
and where the a or |a| represents amplitude only and carries the physical
units if any.? For example, a = 55 miles per hour, a = northwestward. The

8Printing by hand, one customarily writes a general vector like u as “#” or just “@”,
and a unit vector like X as “&7”.

9The word “unit” here is unfortunately overloaded. As an adjective in mathematics,
or in its nounal form “unity,” it refers to the number one (1)—mnot one mile per hour,
one kilogram, one Japanese yen or anything like that; just an abstract 1. The word
“unit” itself as a noun however usually signifies a physical or financial reference quantity
of measure, like a mile per hour, a kilogram or even a Japanese yen. There is no inherent
logical unity to 1 mile per hour (otherwise known as 0.447 meters per second, among other

names). By contrast, a “unitless 1”—a 1 with no physical unit attached, also known as a
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unit vector a itself can be expressed in terms of the unit basis vectors; for
example, if X points east and ¥ points north, then & = —%(1/v/2) +y(1/v2)
means “northwestward,” where per the Pythagorean theorem (—1/v/2)2 +
(1/V2)? =12

A single number which is not a vector or a matrix (chapter 11) is called
a scalar. In the example, a = 55 miles per hour is a scalar. Though the
scalar a in the example happens to be real, scalars can be complex, too—
which might surprise one, since scalars by definition lack direction and the
Argand phase ¢ of Fig. 2.6 so strongly resembles a direction. However,
phase is not an actual direction in the vector sense (the real number line
in the Argand plane cannot be said to run west-to-east, or anything like
that). The z, y and z of Fig. 3.4 are each (possibly complex) scalars; v =
%z + yy + 2z is a vector. If z, y and z are complex, then!®
o= e+l 4 e =t gty + 2t
= R@) + @) + Ry + S

+ R + S (3.3)

A point is often identified by the vector expressing its distance from and
direction relative to the origin (0,0) of a coordinate system. That is, the
point (x,y) can be, and frequently is, identified with the vector Xz + yy.
[Likewise, the origin (0,0) itself can be identified with the null vector x0 +
y0 = 0.] However, not every vector need be associated with an origin, for
vectors in the more general sense represent relative distances and directions,
whether the thing to which they are relative happens to be an origin or
something else.

Notice incidentally our mathematical use of the word “distance.” A
mathematical distance may or may not represent a distance in the literal,

|v

“dimensionless 1”—does represent a logical unity.

Consider the ratio r = hq/ho of your height h; to my height h,. Maybe you are taller
than I am and so r = 1.05 (not 1.05 cm or 1.05 feet, just 1.05). Now consider the ratio
h1/h1 of your height to your own height. That ratio is of course unity, exactly 1.

There is nothing ephemeral in the concept of mathematical unity, nor in the concept
of unitless quantities in general. The concept is quite straightforward and is entirely
practical. That r > 1 means neither more nor less than that you are taller than I am.
In applications, one often puts physical quantities in ratio precisely to strip the physical
units from them, comparing the ratio to unity without regard to physical units.

Incidentally, a more general term to comprise physical units, financial units and other
such quantities is units of measure.

1%Some books print |v| as ||v]| or even ||v|2 to emphasize that it represents the real,
scalar magnitude of a complex vector. The reason the last notation subscripts a numeral 2
is obscure, having to do with the professional mathematician’s generalized definition of a
thing he calls the “norm.” This book just renders it |v|.
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physical sense, but it will at least represent a quantity one might propor-
tionably diagram as though it were a distance. If such a quantity also has
direction, then it can be a vector. This is why “55 miles per hour northwest-
ward” is a vector despite that the mile per hour is a unit of speed rather
than of distance. This is also why “55 kilograms,” which lacks direction, is
not a vector.

Observe the relative orientation of the axes of Fig. 3.4. The axes are ori-
ented such that if you point your flat right hand in the x direction, bend your
fingers in the y direction, and extend your thumb, then the thumb points
in the z direction. This is orientation by the right-hand rule. A left-handed
orientation is equally possible, of course, but since neither orientation owns
a natural advantage over the other, mathematicians arbitrarily but conven-
tionally accept the right-handed one as standard.!!

Sections 3.4 and 3.9 and chapters 15 and 16 will speak further of the
geometrical vector.

3.4 Rotation

A fundamental problem in trigonometry arises when a vector
u=xr+yy (3.4)

must be expressed in terms of alternate unit vectors X’ and y’, where %’
and ¥’ stand at right angles to one another and lie in the plane!? of x
and y, but are rotated from the latter pair by an angle ¢ as depicted in
Fig. 3.5.13 In terms of the trigonometric functions of § 3.1, evidently,

"The writer does not know the etymology for certain, but verbal lore in American
engineering has it that the name “right-handed” comes from experience with a standard
right-handed wood screw or machine screw. If you hold the screwdriver in your right hand
and turn the screw in the natural manner clockwise, turning the screw slot from the x
orientation toward the y, then the screw advances away from you in the z direction into
the bore. If somehow you came across a left-handed screw, you’d probably find it easier
to drive that screw with the screwdriver in your left hand.

12A plane, as the reader on this tier undoubtedly knows, is a flat (but not necessarily
level) surface, infinite in extent unless otherwise specified. Space is three-dimensional. A
plane is two-dimensional. A line is one-dimensional. A point is zero-dimensional. The
plane belongs to this geometrical hierarchy.

13The “’” mark is pronounced “prime” or “primed” (for no especially good reason of
which the author is aware, but anyway, that’s how it’s pronounced). Mathematical writing
employs the mark for a variety of purposes. Here, the mark merely distinguishes the new
unit vector X’ from the old %.
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Figure 3.5: Vector basis rotation.

x

%' = +%Xcos ¢ + ysin ¢, (3.5)

y = —Xsin¢ + y cos ¢; '
and by appeal to symmetry it stands to reason that

X = 4% cos¢p — ¥y sin @, (3.6)

y = +%X'sin¢ + ¥ cos ¢. '
Substituting (3.6) into (3.4) yields that

u=x'(zcos ¢+ ysing) +y'(—xsin ¢ + ycos @), (3.7)

which was to be derived.

Equation (3.7) finds general application where rotations in rectangular
coordinates are involved. If the question is asked, “what happens if I rotate
not the unit basis vectors but rather the vector u instead?” the answer is
that it amounts to the same thing, except that the sense of the rotation is
reversed:

u' = %X(zcos ¢ — ysin ) + y(xsin ¢ + y cos ¢). (3.8)

Whether it is the basis or the vector which rotates thus depends on your
point of view.!4

This is only true, of course, with respect to the vectors themselves. When one actually
rotates a physical body, the body experiences forces during rotation which might or might
not change the body internally in some relevant way.
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Much later in the book, § 15.1 will extend rotation in two dimensions to
reorientation in three dimensions.

3.5 Trigonometric functions of sums and differ-
ences of angles

With the results of § 3.4 in hand, we now stand in a position to consider
trigonometric functions of sums and differences of angles. Let

a=xcosa+ ysina,

BE?{COSﬁ—FSfSiHﬁ,

be vectors of unit length in the zy plane, respectively at angles a and
from the z axis. If we wanted b to coincide with a, we would have to rotate
it by ¢ = a — 8. According to (3.8) and the definition of b, if we did this
we would obtain that

b’ = %[cos B cos(a — ) — sin Bsin(a — B)]
+ y[cos Bsin(a — B) + sin 5 cos(a — f)].

Since we have deliberately chosen the angle of rotation such that b = a, we
can separately equate the X and y terms in the expressions for a and b’ to
obtain the pair of equations

cosa = cos 3 cos(a — ) — sin Bsin(a — ),

sin o = cos B sin(a — ) + sin B cos(a — ).

Solving the last pair simultaneously'® for sin(a — 3) and cos(a — ) and
observing that sin?(-) + cos?(-) = 1 yields that

sin(a — ) = sina cos B — cos asin 3, (3.9)
cos(aw — B) = cosacos 5 + sin asin 5. '

15The easy way to do this is

e to subtract sin 8 times the first equation from cos 8 times the second and then to
solve the result for sin(a — §);

e to add cos 8 times the first equation to sin 8 times the second and then to solve the
result for cos(a — ).

This shortcut technique for solving a pair of equations simultaneously for a pair of variables
is well worth mastering. In this book alone, it proves useful many times.
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With the change of variable $ < —f and the observations from Table 3.1
that sin(—¢) = —sin ¢ and cos(—¢) = 4 cos(¢), eqns. (3.9) become

sin(a + ) = sin acos 8 + cos asin 3, (3.10)
cos(a+ ) = cosacos 8 — sin asin 3. '

Equations (3.9) and (3.10) are the basic formulas for trigonometric functions

of sums and differences of angles.

3.5.1 Variations on the sums and differences

Several useful variations on (3.9) and (3.10) are achieved by combining the
equations in various straightforward ways.'® These include that

cos(a — f3) — cos(a + )

sinasin § = 5 )
sinavcos § — sin(a — ) —;— sin(a + ﬁ)7 (3.11)
cos avcos § = cos(a — f3) —;— cos(a + 5).

With the change of variables 6 <— a — 3 and v < a + 3, (3.9) and (3.10)
become

sind = sin <7+5> cos (M) — cos <M> sin <7_6) ,
2 2 2 2

cosd = cos <7;6> cos (72_5> + sin <’y2+6> sin <’y2—5> ,

sin~y = sin <M> cos <M> + cos <M> sin <M> ,
2 2 2 2

COS 7y = COS <7+5> cos (M> — sin <M> sin <M> .
2 2 2 2

16Refer to footnote 15 above for the technique.



76 CHAPTER 3. TRIGONOMETRY

Combining these in various ways, we have that

sin<y + sind = 2sin <7+5> <M>,
2 2
. . y+4 )
siny — sind = 2 cos 5 sin — )
(3.12)
cos§ + cosy = 2cos <7+5> <M>,
2 2
(v td y—34
cosd — cosy = 2sin 5 sin )

3.5.2 Trigonometric functions of double and half angles

If o = 3, then eqns. (3.10) become the double-angle formulas

sin 2a = 2sin o cos

3.13
cos20 = 2cos? a — 1 = cos® a — sin® a = 1 — 2sin? . ( )
Solving (3.13) for sin? a and cos? a yields the half-angle formulas
. 9 1 —cos2a
Sin- o = #,
9 1+ cos2c (3.14)
cos"a=————

3.6 Trigonometric functions of the hour angles

In general, one uses the Taylor series of chapter 8 to calculate trigonometric
functions of specific angles. We’re not ready for that yet. However, for angles
which happen to be integral multiples of an hour—there being twenty-four
or 0x18 hours in a circle, just as there are twenty-four or 0x18 hours in
a day!”—for such angles simpler expressions exist. Figure 3.6 shows the
angles. Since such angles arise very frequently in practice, it seems worth
our while to study them specially.

Table 3.2 tabulates the trigonometric functions of these hour angles. To
see how the values in the table are calculated, look at the square and the

"Hence an hour is 15°, but you weren’t going to write your angles in such inelegant
conventional notation as “15°,” were you? Well, if you were, you're in good company.

The author is fully aware of the barrier the unfamiliar notation poses for most first-time
readers of the book. The barrier is erected neither lightly nor disrespectfully. Consider:
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Figure 3.6: The 0x18 hours in a circle.

7
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Table 3.2: Trigonometric functions of the hour angles.

ANGLE ¢
[radians| [hours] sin ¢ tan ¢ cos ¢
0 0 0 0 1
2 . V31 V31 V3+1
0x18 2v2 V3+1 2v/2
21 3 2-v2  [2—-V2 V2+42
0x10 2 2 2412 9
2 ! L v3
0xC 2 V3 2
2
2 3 1 1 1
8 V2 V2
2 V3 1
) V3 5
B)@r) 9 V2+v2  [24V2 V2-42
0x10 2 2 2-2 9
(5)(2n) . V34+1 V341 V3 -1
0x18 2v/2 V3—1 2v/2
2 6 1 00 0
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Figure 3.7: A square and an equilateral triangle for calculating trigonometric

functions of the hour angles.
/
| 1
A ] ANE
1 12 1 1/2

equilateral triangle!® of Fig. 3.7. Each of the square’s four angles naturally
measures six hours; and, since a triangle’s angles always total twelve hours
(§ 2.9.3), by symmetry each of the angles of the equilateral triangle in the
figure measures four. Also by symmetry, the perpendicular splits the trian-
gle’s top angle into equal halves of two hours each and its bottom leg into
equal segments of length 1/2 each; and the diagonal splits the square’s cor-
ner into equal halves of three hours each. The Pythagorean theorem (§ 2.9.4

e There are 0x18 hours in a circle.

e There are 360 degrees in a circle.

Both sentences say the same thing, don’t they? But even though the “0Ox” hex prefix is
a bit clumsy, the first sentence nevertheless says the thing rather better. The reader is
urged to invest the attention and effort to master the notation.

There is a psychological trap regarding the hour. The familiar, standard clock face
shows only twelve hours not twenty-four, so the angle between eleven o’clock and twelve
on the clock face is not an hour of arc! That angle is two hours of arc. This is so because
the clock face’s geometry is artificial. If you have ever been to the Old Royal Observatory
at Greenwich, England, you may have seen the big clock face there with all twenty-four
hours on it. It’d be a bit hard to read the time from such a crowded clock face were it not
so big, but anyway, the angle between hours on the Greenwich clock is indeed an honest
hour of arc. [18]

The hex and hour notations are recommended mostly only for theoretical math work. It
is not claimed that they offered much benefit in most technical work of the less theoretical
kinds. If you wrote an engineering memorandum describing a survey angle as 0x1.80 hours
instead of 22.5 degrees, for example, you’d probably not like the reception the memo got.
Nonetheless, the improved notation fits a book of this kind so well that the author hazards
it. It is hoped that, after trying the notation a while, the reader will approve the choice.

8 An equilateral triangle is, as the name and the figure suggest, a triangle whose three
sides all have the same length.
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Figure 3.8: The laws of sines and cosines.

and the introduction to chapter 1) then supplies the various other lengths
in the figure, after which we observe from Fig. 3.1 that

e the sine of a non-right angle in a right triangle is the opposite leg’s
length divided by the diagonal’s,

e the tangent is the opposite leg’s length divided by the adjacent leg’s,
and

e the cosine is the adjacent leg’s length divided by the diagonal’s.

With this observation and the lengths in the figure, one can calculate the
sine, tangent and cosine of angles of two, three and four hours.

The values for one and five hours are found by applying (3.9) and (3.10)
against the values for two and three hours just calculated. The values for
zero and six hours are, of course, seen by inspection.'?

Though quarters of a right angle are half-integral multiples of an hour,
quarters of a right angle arise often enough in engineering practice that
the table mentions them, too. The values for the quarters are found by
applying (3.14) against the values for three and nine hours.

3.7 The laws of sines and cosines

Refer to the triangle of Fig. 3.8. By the definition of the sine function, one
can write that
csin B = h = bsin~y,

19The creative reader may notice that he can extend the table to any angle by repeated
application of the various sum, difference and half-angle formulas from the preceding
sections to the values already in the table. However, the Taylor series (§ 8.9) offers a
cleaner, quicker way to calculate trigonometrics of non-hour angles.
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or in other words that
sinf3  siny
b ¢
But there is nothing special about 8 and -; what is true for them must be
true for o, t00.2° Hence,

sina  sinf8  siny

P . (3.15)
This equation is known as the law of sines.

On the other hand, if one expresses a and b as vectors emanating from
the point v,%!

a = Xa,
b = xbcosvy + ybsin~y,
then
> =1|b— a\2
= (bcosy — a)? + (bsiny)?
= a® + (b*)(cos® v + sin® y) — 2abcos .
Since cos?(+) + sin?(-) = 1, this is that
& = a® +b? — 2abcos, (3.16)

known as the law of cosines.

3.8 Summary of properties

Table 3.2 on page 78 has listed the values of trigonometric functions of
the hour angles. Table 3.1 on page 68 has summarized simple properties
of the trigonometric functions. Table 3.3 on page 82 summarizes further
properties, gathering them from §§ 3.4, 3.5 and 3.7.

20«Byt,” it is objected, “there is something special about «. The perpendicular h drops
from it.”

True. However, the h is just a utility variable to help us to manipulate the equation
into the desired form; we’re not interested in h itself. Nothing prevents us from dropping
additional perpendiculars hg and h~ from the other two corners and using those as utility
variables, too, if we like. We can use any utility variables we want.

21Here is another example of the book’s judicious relaxation of formal rigor, or at any
rate of formal nomenclature. Of course there is no “point 4”; v is an angle not a point.
However, the writer suspects in light of Fig. 3.8 that few readers will be confused as to
which point is meant. The skillful applied mathematician does not multiply labels without
need!
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Table 3.3: Further properties of the trigonometric functions.

u = %(zcos¢+ysing)+ 3y (—xsing + ycosep)
sin(ae + ) = sinacosf + cosasinf
cos(a £ ) = cosacosf Fsinasinf

snasing — cos(a — f3) ; cos(a+ )
sinacosf = sin(a — f) ;_ sin(a + f)
cosacosf = cos(a — f3) —;— cos(a + )
) -9
siny+sind = 2sin y+o cos ( 1=2
2 2
. . y+8\ . [v—9
siny —sind = 2cos|—— |sin | ——
2 2
) -9
cosd +cosy = 2cos r+o cos [ =2
2 2
o -9
cosd —cosy = 2sin yte sin [ 1=2
2 2
sin2a = 2sinacosa
cos2ac = 2cos’a—1=cos’a—sin?a=1-2sin’a
. 92 1 — cos2a
sin“ae = ———
2
5 1+ cos2c
cos’a = ——
2
siny  sina  sinf
c a b

& = a®>+b*—2abcosy
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3.9 Cylindrical and spherical coordinates
Section 3.3 has introduced the concept of the vector
vV =Xx +yy+ 2z.

The coefficients (x,y, z) on the equation’s right side are coordinates—specif-
ically, rectangular coordinates—which given a specific, orthonormal®? set of
unit basis vectors [X ¥ z] uniquely identify a point (see Fig. 3.4 on page 70;
and also, much later in the book, refer to § 15.3). Such rectangular co-
ordinates are simple and general, and are convenient for many purposes.
However, there are at least two broad classes of conceptually simple prob-
lems for which rectangular coordinates tend to be inconvenient: problems
in which an axis or a point dominates. Consider for example an electric
wire’s magnetic field, whose intensity varies with distance from the wire (an
axis); or the illumination a lamp sheds on a printed page of this book, which
depends on the book’s distance from the lamp (a point).

To attack a problem dominated by an axis, the cylindrical coordinates
(p;¢,z) can be used instead of the rectangular coordinates (x,y,z). To
attack a problem dominated by a point, the spherical coordinates (r;6; @)
can be used.?® Refer to Fig. 3.9. Such coordinates are related to one another
and to the rectangular coordinates by the formulas of Table 3.4.

Cylindrical and spherical coordinates can greatly simplify the analyses of
the kinds of problems they respectively fit, but they come at a price. There
are no constant unit basis vectors to match them. That is,

V=Xx+ Yy + 2z # pp+ o+ 2z # 1 + 00 + po.

It doesn’t work that way. Nevertheless, variable unit basis vectors are de-
fined:

+X cos ¢ + ¥ sin ¢,

—Xsin ¢ + y cos ¢, (3.17)

s O
Il

+zcosf + psind,

= —zsinf + pcosd,;

22 Orthonormal in this context means “of unit length and at right angles to the other
vectors in the set.” [146, “Orthonormality,” 14:19, 7 May 2006]

#Notice that the ¢ is conventionally written second in cylindrical (p; ¢, z) but third in
spherical (r;0; ¢) coordinates. This odd-seeming convention is to maintain proper right-
handed coordinate rotation. (The explanation will seem clearer once chapters 15 and 16
are read.)
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Figure 3.9: A point on a sphere, in spherical (r;8; ¢) and cylindrical (p; ¢, 2)
coordinates. (The axis labels bear circumflexes in this figure only to disam-
biguate the Z axis from the cylindrical coordinate z.)

Table 3.4: Relations among the rectangular, cylindrical and spherical coor-

dinates.

tan 6

tan ¢

S~ A S R N

2,2 _ .2 2 2

SHESE RS

rcosf
rsinf
pcos ¢ = rsinfcos ¢

psing = rsinfsin ¢
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or, substituting identities from the table,

. Xr+yy
pP=——",

0
~  —Xy+yzx
R

P S (3.18)
f_zz+pp_xx+yy+zz
o - r ’

o —20LP

r

Such variable unit basis vectors point locally in the directions in which their
respective coordinates advance.
Combining pairs of (3.17)’s equations appropriately, we have also that

X =+4+pcos¢o — (Aﬁsinqﬁ,
¥ =+psing + ¢cos o,

zZ = +Trcosf — 9sin0,

(3.19)

p = —+rsind + 6 cos .

Convention usually orients z in the direction of a problem’s axis. Occa-
sionally however a problem arises in which it is more convenient to orient X
or y in the direction of the problem’s axis (usually because z has already
been established in the direction of some other pertinent axis). Changing
the meanings of known symbols like p, 8 and ¢ would probably not be a
good idea, but you can use symbols like

P =+ () =2+,
@ Y
tan 0° = p—, tan 0¥ = p—, (3.20)
Zz Y
tan¢”7:E tan ¢¥ = {7
y z

instead if needed.?*

248ymbols like p® are logical but, as far as this writer is aware, not standard. The writer
is not aware of any conventionally established symbols for quantities like these, but § 15.6
at least will use the p”-style symbology.
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3.10 The complex triangle inequalities

If the real, two-dimensional vectors a, b and c represent the three sides of
a triangle such that a + b 4+ ¢ = 0, then per (2.45)

|a] = b < |a+b[ < a] + [b].

These are just the triangle inequalities of § 2.9.2 in vector notation.?> But
if the triangle inequalities hold for real vectors in a plane, then why not
equally for complex scalars? Consider the geometric interpretation of the
Argand plane of Fig. 2.6 on page 59. Evidently,

21| = |z2] < [21 + 22| < |21] + |22 (3.21)
for any two complex numbers z; and z2. Extending the sum inequality, we

have that
D%
k

<>zl (3.22)
k

(Naturally, the inequalities 3.21 and 3.22 hold as well for real numbers as
for complex. One may find the latter inequality useful for sums of real
numbers, for example, when some of the numbers summed are positive and
others negative. )26

An important consequence of (3.22) is that if ) |zx| converges, then
>z, also converges. Such a consequence is important because mathematical
derivations sometimes need the convergence of ) z; established, which can
be hard to do directly. Convergence of > |z;|, which per (3.22) implies
convergence of Y z, is often easier to establish.

See also (9.19). Equation (3.22) will find use among other places in
§ 8.10.3.

3.11 De Moivre’s theorem

Compare the Argand-plotted complex number of Fig. 2.6 (page 59) against
the vector of Fig. 3.3 (page 69). Although complex numbers are scalars not
vectors, the figures do suggest an analogy between complex phase and vector
direction. With reference to Fig. 2.6 we can write,

z=(p)(cos ¢ +ising) = pcis @, (3.23)

25Reading closely, one might note that § 2.9.2 uses the “<” sign rather than the “<,”
but that’s all right. See § 1.3.
26G8ection 13.9 proves the triangle inequalities more generally.
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where
cis ¢ = cos ¢ + isin ¢. (3.24)
If z = z + iy, then evidently
T = pcos o,
peosé (3.25)
y = psin ¢.

Per (2.59),

2122 = (T122 — Yy1y2) +i(y122 + T1Y2).

Applying (3.25) to this equation yields that
2122 . . . .
—— = (cos ¢ cos ¢2 — sin @1 sin ¢2) + i(sin ¢y cos Pa + cos ¢y sin Pa).
P1P2

But according to (3.10), this is just that

z21%22
P1P2

= cos(p1 + ¢2) + isin(o1 + ¢2),
or in other words that

2129 = P1P2 Cis(¢1 + ¢2) (3.26)

Equation (3.26) is a significant result. It says that if you want to multiply
complex numbers, it suffices

e to multiply their magnitudes and
e to add their phases.

It follows by parallel reasoning (or by extension) that
EL P is(ey — o) (3.27)
22 P2

and by extension that
2% = p®cisag. (3.28)

Equations (3.26), (3.27) and (3.28) are known as de Moivre’s theorem.?”28

2T Also called de Moivre’s formula. Some authors apply the name of de Moivre directly
only to (3.28), or to some variation thereof; but, since the three equations express es-
sentially the same idea, if you refer to any of them as de Moivre’s theorem then you are
unlikely to be misunderstood.

281120][146]
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We have not shown yet, but will in § 5.4, that
cis ¢ = expig = €'?,

where exp(+) is the natural exponential function and e is the natural loga-
rithmic base, both defined in chapter 5. De Moivre’s theorem is most useful
in this light.

Section 5.5 will revisit the derivation of de Moivre’s theorem.



Chapter 4

The derivative and its
incidents

The mathematics of calculus concerns a complementary pair of questions:!

e Given some function f(t), what is the function’s instantaneous rate of
change, or derivative, f'(t)?

e Interpreting some function f’(¢) as an instantaneous rate of change,
what is the corresponding accretion, or integral, f(t)?

This chapter builds toward a basic understanding of the first question.

! Although once grasped the concept is relatively simple, to understand this pair of
questions—so briefly stated—is no trivial thing. They are the pair which eluded or con-
founded the most brilliant mathematical minds of the ancient world.

The greatest conceptual hurdle—the stroke of brilliance—probably lies in simply stating
the pair of questions clearly. Sir Isaac Newton and G. W. Leibnitz cleared this hurdle for
us in the seventeenth century, so now at least we know the right pair of questions to ask.
With the pair in hand, the calculus beginner’s first task is quantitatively to understand
the pair’s interrelationship, generality and significance. Such an understanding constitutes
the basic calculus concept.

It cannot be the role of a book like this to lead the beginner gently toward an appre-
hension of the basic calculus concept. Once grasped, the concept is simple and briefly
stated. Therefore, in this book, we shall take the concept as simple, briefly state it, and
then move along; whereas, of course, you would find it hard first to learn calculus like
that.

Many instructional textbooks have been written to lead the beginner gently. Worthy
examples of such a textbook include [57].

89
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4.1 Infinitesimals and limits

Calculus systematically treats numbers so large and so small, they lie beyond
the reach of our mundane number system.

4.1.1 The infinitesimal

A number € is an infinitesimal if it is so small that
0<lel<a

for all possible, mundane positive numbers a.

This is somewhat a difficult concept, so if it is not immediately clear
then let us approach the matter colloquially. Let me propose to you that I
have an infinitesimal.

“How big is your infinitesimal?” you ask.

“Very, very small,” I reply.

“How small?”

“Very small.”

“Smaller than 0x0.017”

“Smaller than what?”

“Than 278, You said that we should use hexadecimal notation in this
book, remember?”

“Sorry. Yes, right, smaller than 0x0.01.”

“What about 0x0.00017 Is it smaller than that?”

“Much smaller.”

“Smaller than 0x0.0000 0000 0000 000177

“Smaller.”

“Gmaller than 2—0x100000000000000009

“Now that is an impressively small number. Nevertheless, my infinitesi-
mal is smaller still.”

“Zero, then.”

“Oh, no. Bigger than that. My infinitesimal is definitely bigger than
zero.”

This is the idea of the infinitesimal. It is a definite number of a certain
nonzero magnitude, but its smallness conceptually lies beyond the reach of
our mundane number system.
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If € is an infinitesimal, then 1/e can be regarded as an infinity: a very
large number much larger than any mundane number one can name.?

The principal advantage of using symbols like € rather than 0 for in-
finitesimals is in that it permits us conveniently to compare one infinitesimal
against another, to add them together, to divide them, etc. For instance,
if § = 3e is another infinitesimal, then the quotient /€ is not some unfath-
omable 0/0; rather it is /e = 3. In physical applications, the infinitesimals
often are not true mathematical infinitesimals but rather relatively very
small quantities such as the mass of a wood screw compared to the mass of
a wooden house frame, or the audio power of your voice compared to that
of a jet engine. The additional cost of inviting one more guest to the wed-
ding may or may not be infinitesimal, depending upon your point of view.
The key point is that the infinitesimal quantity be negligible by comparison,
whatever “negligible” might mean in the context.?

The second-order infinitesimal €2 = (€)(e) is so small on the scale of
the common, first-order infinitesimal € that the even latter cannot measure
it. The €2 is an infinitesimal to the infinitesimals. Third- and higher-order
infinitesimals likewise are possible.

The notation u < v, or v > wu, indicates that u is much less than v,
typically such that one can regard the quantity u/v to be an infinitesimal.
In fact, one common way to specify that € be infinitesimal is to write that
e 1.

4.1.2 Limits

The notation lim,_, . indicates that z draws as near to z, as it possibly can.

When written as lim,_, RS the implication is that z draws toward z, from

2Some professional mathematicians have deprecated talk of this sort. However, their
reasons are abstruse and appear to bear little on applications. See § 1.2.

The literature in this and related matters is vast, deep and inconclusive. It includes
[16][30][32][47][51][58][62][63][64][101][106][109][116][118][131][132][139][140][143][144][149]
among others.

3Among scientists and engineers who study wave phenomena, there is an old rule
of thumb that sinusoidal waveforms be discretized not less finely than ten points per
wavelength. In keeping with this book’s adecimal theme (appendix A) and the concept of
the hour of arc (§ 3.6), we should probably render the rule as twelve points per wavelength
here. In any case, even very roughly speaking, a quantity greater than 1/0xC of the
principal to which it compares probably cannot rightly be regarded as infinitesimal. On the
other hand, a quantity less than 1/0x10000 of the principal is indeed infinitesimal for most
practical purposes (but not all: for example, positions of spacecraft and concentrations of
chemical impurities must sometimes be accounted more precisely). For quantities between
1/0xC and 1/0x10000, it depends on the accuracy one seeks.
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the positive side such that z > z,. Similarly, when written as lim the
implication is that z draws toward z, from the negative side.
The reason for the notation is to provide an orderly way to handle ex-

pressions like

2—2Zo )

f(z)

9(2)
as z vanishes or approaches some otherwise difficult value. For example, if
f(2) =32+ 523 and g(z) = 22 + 22, then

. f(2) . 3z4523 . 34522 340 3
lim = lim — = lim — ==,
=0 g(z) 220 22422 250 242 240 2

which is preferable to writing naively that f(z)/g(z)|.=0 = 0/0 (the “|,=0”
meaning, “given that, or evaluated when, z = 0”). The symbol “limg”
is short for “in the limit as Q,” so “lim,_,o” says, “in the limit as z ap-
proaches 0.”

Observe that lim is not a function like log or sin. Rather, it is a mere
reminder. It is a reminder that a quantity like z approaches some value,
used when saying that the quantity equaled the value would be inconvenient
or confusing.

4.2 Combinatorics

In its general form, the problem of selecting k specific items out of a set of n
available items belongs to probability theory (chapter 20). In its basic form
however, the same problem also applies to the handling of polynomials or
power series. This section treats the problem in its basic form.*

4.2.1 Combinations and permutations

Consider the following scenario. I have several small, wooden blocks of
various shapes and sizes, painted different colors so that you can readily tell
each block from the others. If I offer you the blocks and you are free to take
all, some or none of them at your option, if you can take whichever blocks
you like, then how many distinct choices of blocks confront you? Answer:
the symbol n representing the number of blocks I have, a total of 2™ distinct
choices confront you, for you can accept or reject the first block, then accept
or reject the second, then the third, and so on.

*[57]
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Now, suppose that what you want are exactly k blocks, neither more nor
fewer. Desiring exactly k& blocks, you select your favorite block first: there
are n options for this. Then you select your second favorite: for this, there
are n — 1 options (why not n options? because you have already taken one
block from me; I have only n — 1 blocks left). Then you select your third
favorite—for this there are n — 2 options—and so on until you have k blocks.
There are evidently

P<Z> =n!/(n — k)! (4.1)

ordered ways, or permutations, available for you to select exactly k blocks.

However, some of these distinct permutations would put exactly the
same combination of blocks in your hand; for instance, the permutations
red-green-blue and green-red-blue constitute the same combination, whereas
red-white-blue is a different combination entirely. For a single combination
of k blocks (red, green, blue), evidently k! permutations are possible (red-
green-blue, red-blue-green, green-red-blue, green-blue-red, blue-red-green,
blue-green-red). Thus, dividing the number of permutations (4.1) by k!
yields the number of combinations

<Z> = ”!/(”;!_ R (4.2)

Table 4.1 repeats the definitions (4.1) and (4.2), and then proceeds to
list several properties of the number (Z) of combinations. Among the several
properties, the property of the table’s third line results from changing the
variable k <— n — k in (4.2). The property of the table’s fourth line is
seen when an nth block—Ilet us say that it is a black block—is added to
an existing set of n — 1 blocks: to choose k blocks then, you can choose
either k from the original set, or the black block plus k — 1 from the original
set. The next four lines come directly from the definition (4.2); they relate
combinatoric coefficients to their neighbors in Pascal’s triangle (§ 4.2.2).
The last line merely observes, again as at the head of this section, that 2"
total combinations are possible if any k is allowed.

Because one can choose neither fewer than zero nor more than n from n

blocks,

(Z) =0 unless 0 < k <n. (4.3)

For (2) when n < 0, there is no obvious definition.?

S0, does that mean that (Z) is not allowed when n < 07 Answer: probably. After
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Table 4.1:

)
7~ N 7 N
> 3 x> 3
N~

Combinatorical properties.

n!/(n —k)!
nl/(n—Fk)! 1 _(n
k! _k!P<k>

(")
o))
()
o)
(o)
=00

2'(1,
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Figure 4.1: The plan for Pascal’s triangle.

4.2.2 Pascal’s triangle

Consider the triangular layout in Fig. 4.1 of the various possible (Z) Eval-
uated, this yields Fig. 4.2, Pascal’s triangle. Notice that each entry in
the triangle is the sum of the two entries immediately above, as Table 4.1
predicts. (In fact, this is the easy way to fill out Pascal’s triangle: for each
entry, just add the two entries above.)

4.3 The binomial theorem

This section presents the binomial theorem and one of its significant conse-
quences.

all, it seems hard to imagine how one could allow such a quantity while retaining internal
consistency within Table 4.1, for a division by zero seems to be implied. However, the
question may not be the sort of question the applied mathematician is even likely to
ask. He is likely to ask, rather, what (Z)7 n < 0, would mean—if anything—in light of a
particular physical problem of interest. Only once the latter question has been answered
will the applied mathematician consider whether or how to treat the quantity.
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Figure 4.2: Pascal’s triangle (in hexadecimal notation).

1 3 3 1
1 4 6 41
1 5 AA S5 1
1 6 F14F 6 1
1 715232315 7 1
1 8 1C 38 46 381C 8 1
1 9 24547ETES4 24 9 1

Figure 4.3: Pascal’s triangle (in decimal notation).

1
1 1
1 21
1 3 3 1
1 4 6 41
1 51010 5 1
1 6 152015 6 1
1 7213321 7 1
1 8 28 56 70 56 28 8 1
1 9 36 8412612684 36 9 1
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4.3.1 Expanding the binomial

The binomial theorem holds that®

(a+b)" = kzn::o (Z) a" Rk, (4.4)

In the common case that a = 1, b = ¢, |¢| < 1, this is that
" /n
(1+e)" = kzo <k>ek (4.5)

(actually, eqn. 4.5 holds for any e, small or large; but the typical case of
interest has that |e|] < 1). In either form, the binomial theorem is a direct
consequence of the combinatorics of § 4.2. Since

(a+b)"=(a+b)(a+b) - (a+b)(a+0D),

each (a+b) factor corresponds to one of the “wooden blocks,” where a means
rejecting the block and b, accepting it.

4.3.2 Powers of numbers near unity
Since () =1 and (') = n, it follows from (4.5) for
(m,n)€Z, m>0,n>0, [0 <1, l[e] <1, || <1,
that”
1+ me, = (14 €)™

to arbitrary precision as long as ¢, is small enough. Furthermore, raising
the equation to the 1/m power then changing § < me,, we have that

J

m .

(14+0)Ym~1+

5The author is given to understand that, by an heroic derivational effort, (4.4) can be
extended directly to nonintegral n. However, we shall have no immediate need for such an
extension. Later, in Table 8.1, we will compute the Taylor series for (1 + z)“il, anyway,
which indirectly amounts to much the same thing as the extension, and has a more elegant
form to boot, and moreover (at least in the author’s experience) arises much more often
in applications.

"The symbol ~ means “approximately equals.”
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Changing 149 < (1+ €)™ and observing from the (1+¢,)™ equation above
that this implies that § ~ ne, we have that

1+ eVm a1+ e

m
Inverting this equation yields that
(1+ 6)*”/7” ~ 1 _ [1 — (n/m)e] ~1— Ee.
14 (n/m)e [1—(n/m)e|[l + (n/m)e m
Taken together, the last two equations imply that
(1+¢e)* ~1+ ze (4.6)

for any real z.

Obscurely, (4.6) is called the first-order Taylor expansion. The reason the
equation is called by such an unwieldy name will be explained in chapter 8,
but howsoever the equation may be called, it is an important result. The
equation offers a simple, accurate way of approximating any real power of
numbers in the near neighborhood of 1.

4.3.3 Complex powers of numbers near unity

Equation (4.6) is fine as far as it goes, but its very form suggests the question:
what if € or x, or both, is complex? Changing the symbol z < x and
observing that the infinitesimal € also may be complex, one wants to know
whether

(14+€e)*~1+ze (4.7)

still holds. No work we have yet done in the book answers the question,
because though a complex infinitesimal € poses no particular problem, the
action of a complex power z remains undefined. Still, for consistency’s sake,
one would like (4.7) to hold. In fact nothing prevents us from defining the
action of a complex power such that (4.7) does hold, which we now do,
logically extending the known result (4.6) into the new domain.

But we cannot just define that, can we? Surely we cannot glibly assert
that “nothing prevents us” and then go to define whatever we like!

Can we?

Actually, yes, in this case we can. Consider that, insofar as (4.7) holds,

(1+e)2t2 =(1+€e)* (14 €)* = (1 + 21€)(1 + 22¢)

=14 216+ me+ 21202 & 14 (21 + 20)€;
(146272 =[14€)*]? = [1+ 216 = 1+ z129¢;
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and so on. These alone do not of course conclusively prove that our new
definition is destined to behave well in every circumstance of future inter-
est. Experience will tell. Notwithstanding, in the meantime, since we seem
unable for the moment to identify a relevant circumstance in which our new
definition misbehaves, since our definition does seem a natural extension
of (4.6), since it does not seem to contradict anything we already know, and
since no obvious alternative presents itself, let us provisionally accept the
definition and find out to what results it leads.

Section 5.4 will investigate the extremely interesting effects which arise
when $(e) = 0 and the power z in (4.7) grows large, but for the moment
we shall use the equation in a more ordinary manner to develop the concept
and basic application of the derivative, as follows.

4.4 The derivative

With (4.7) at least provisionally in hand, we can now turn to the chapter’s
subject proper, the derivative.

What is the derivative? The derivative is the instantaneous rate or
slope of a function. In mathematical symbols and for the moment using real
numbers,?

f/(t)Eeli%l+ f(t+6/2);f(t—6/2)‘ (48)
Alternately,
f(t) = Jim w (4.9)

Because € is infinitesimal, either the balanced definition (4.8) or the unbal-
anced definition (4.9) should in theory yield the same result (where it does
not, you have a problem: the derivative does not exist at that value of ¢;
for example, given f[t] = 1/t, f'[t]i=0 does not exist despite that it exists
at other values of t). Both definitions have their uses but applied mathe-
maticians tend to prefer the balanced (4.8) because it yields comparatively
accurate results in practical approximations in which €, though small, is not
actually infinitesimal.” Except where otherwise stated, this book will pre-
fer the balanced (4.8)—or rather, as we shall eventually see, will prefer its
generalized form, the balanced (4.13).

8Professional mathematicians tend to prefer another, more self-contained definition.
Section 4.4.9 will briefly present it. See too eqns. (4.13) and (4.14).
9146, §§ 1:9.6 and 1:9.7][31, § 4.3.4]
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(Note: from this section through § 4.7, the mathematical notation nec-
essarily grows a little thick. This cannot be helped, so if you are reading
straight through, be prepared for a bit of a hard slog.)

4.4.1 The derivative of the power series

In the very common case that f(¢) is the power series

o0

f& = > ath (4.10)

k=—o00

where the ¢, are in general complex coefficients, (4.8) says that

P= St @0 @)=/

e—0t €
k=—00
o0 k k
1 2t)F — (1 —€/2t
S gy 2 0
e—0t €
k=—o00
Applying (4.7),
00

f'(t) = k:z_:oo eli%l+ etk (1+ ke/2t) ; (1-— ke/2t)7

which simplifies to
oo

Fle)y=> ckt*, (4.11)

k=—o00

assuming of course that the sum converges.! Equation (4.11) gives the
general derivative of the power series.!!

4.4.2 The Leibnitz notation

The f’(t) notation used above for the derivative is due to Sir Isaac Newton,
and is easier to start with. Usually better on the whole, however (but see

10The book will seldom again draw attention to such caveats of abstract rigor, even
in passing. For most concrete series to which one is likely to apply (4.11) in practice,
the series’ convergence or nonconvergence will be plain enough on its face, as abstract
considerations of theoretical sumworthiness fade into an expedient irrelevance. (For a
closer applied consideration of sumworthiness nevertheless, see [3].)

HEquation (4.11) has not admittedly, explicitly considered what happens when the
real ¢ becomes the complex z, but § 4.4.7 will remedy the oversight.
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appendix C), is G. W. Leibnitz’s notation,
dt = e,
df = f(t+dt/2) — f(t —dt/2),

such that per (4.8), ’
dj
/
)=
Here, dt is the infinitesimal, and df is a dependent infinitesimal whose size
relative to dt depends on the independent variable t.

Conceptually, one can choose any sufficiently small size € for the indepen-
dent infinitesimal dt; and, actually, though we have called dt “independent,”
what we really mean is that the variable ¢ with which dt is associated is in-
dependent. The size of dt may be constant (this is typically easiest) but
may instead depend on t as dt = €(t). Fortunately, one seldom needs to
say, or care, what the size of an independent infinitesimal like dt is. All
one normally needs to worry about are the sizes of other infinitesimals in
proportion to dt.

As an example of the infinitesimal’s use, if f(t) = 3t — 5, then f(t &
dt/2) = 3(t £dt/2)3 — 5 = 3t3 £ (9/2)t3dt + (9/4)tdt*> &+ (3/8)dt® — 5,
whence df = f(t+dt/2) — f(t —dt/2) = 92 dt + (3/4) dt3, and thus df /dt =
92+ (3/4) dt*>—which has that df /dt = 9¢? in the limit as dt tends to vanish.
The example is easier if (4.7) is used to approximate that f[(¢)(1£dt/2t)] =
3t3 £ (9/2)t2 dt — 5, the details of which are left as an exercise.

Where two or more independent variables are simultaneously in play,
say s and t, the mathematician can have two, distinct independent infinites-
imals ds and dt—or, as one often styles them in such cases, ds and 9t. The
size of ds may be constant but may depend on s, ¢, or both, as s = d(s, t)
where the ¢ is like € an infinitesimal; and, likewise, the size of 9t may be
constant but may depend on s, ¢, or both, as 9t = €(s,t). Fortunately, as
before, one seldom needs to say or care what the sizes are.

An applied mathematician ought to acquire, develop and retain a clear,
lively, flexible mental image of Leibnitz’s infinitesimal.

(4.12)

4.4.3 Considerations of the Leibnitz notation

The precise meaning of Leibnitz’s letter d subtly depends on its context.
In (4.12), the meaning is clear enough: d(-) signifies the amount by which (+)
changes while the independent variable ¢ is increasing by dt. Indeed, so
essential is this point to the calculus concept that it bears repeating for
emphasis!
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INSOFAR AS (-) DEPENDS ON t, THE NOTATION d(-) SIGNIFIES
THE AMOUNT BY WHICH () CHANGES WHILE ¢ IS INCREASING
BY dt.

The following notational anomaly intrudes to complicate the matter. Where
two or more independent variables are at work in the same equation or
model, for instance s and ¢, convention warps Leibnitz’s letter d into the
shape of Carl Jacobi’s letter 0 (already seen in § 4.4.2). Convention warps
the letter, not for any especially logical reason, but as a visual reminder that
multiple independents are in play. For example, if f(s,t) = s% + 3st? + t4,
then dsf = (2s + 3t2)0s [which represents the change f undergoes while s
is increasing by an increment Os and ¢ is held constant] but d,f = (6st +
4¢3)0t [which represents the change f undergoes while ¢ is increasing by an
increment 0t and s is held constant].

In practice, the style of 9sf and 9;f is usually overelaborate. Usually,
one abbreviates each as df. Context normally clarifies.

A derivative like 0f/0s or 0f /0t (that is, like Os f /Os or O¢f /0t) is called
a partial derivative because in it, only one of two or more independent vari-
ables is varying. An equation containing derivatives (whether partial or oth-
erwise), or containing infinitesimals like df or Jf that represent the change
a dependent variable like f undergoes, is called a differential equation. A
differential equation whose derivatives or infinitesimals track more than one
independent variable is called a partial differential equation.'> A differen-
tial equation whose derivatives or infinitesimals track only one independent
variable is called an ordinary differential equation.

Observe incidentally that the notation 0, f is nonstandard. For obscure
reasons (8§ 4.4.4 and 4.4.5), the style usually instead seen in print is that
of (0f/0s) ds, rather.

The symbol 9 is merely a warped letter d. Chapter 7 will use the warped
letter a little, as will §§ 8.16 and 13.7. Chapter 16 will use the warped letter
a lot.

We have mentioned equations with two or more independent variables.
However, some equations with infinitesimals, such as the potential-kinetic
energy equation that madr = mwvdv, do not explicitly include or refer
to any independent variable at all.'® Context can sometimes supply an
independent the equation does not mention, like ¢, upon which z and v

'2Chapter 16 gives many examples of partial differential equations, for instance (16.27).

13The m stands for mass, the z for position, the v for speed, and the a for acceleration.
The model’s independent variable would probably be t for time but that variable does not
happen to appear in this equation.
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both depend; but it may be that the equation speaks only to how x and v
change conjointly, without suggesting that either change caused the other
and without explicit reference to an independent of any kind. Another
example of the sort would be the economist’s demand-elasticity equation,
edP/P = dQ/Q, which speaks to how P and @ change conjointly.!* This
is all right. Moreover, even in the rare application in which the lack of an
independent does pose some trouble, one can often remedy the trouble by
introducing a purely formal parameter to serve as it were an independent.

Convention sports at least one other notational wrinkle we should men-
tion, a wrinkle that comes into view from chapter 7. Convention writes
[5 f(r)dr rather than [j f(r)d7, which is to say that it eschews the
warped 0 when writing chapter 7’s infinitesimal factor of integration. One
could explain this by observing that the true independent ¢ acts as a con-
stant within the dummy’s scope, and thus that the dummy sees itself as a
lone independent within that scope; but whatever the explanation, that is
how mathematicians will write the thing.

4.4.4 Remarks on the Leibnitz notation

A deep mystery is implicated. None has wholly plumbed it. Perhaps none
ever will.

During antiquity, Thales, Anaximander, Anaximenes, Heraclitus, Par-
menides, Zeno of Elea, Melissus, Anaxagoras, Leucippus, Democritus, Eu-
doxus, Euclid, Archimedes, Epicurus, Zeno of Cition, Chrysippus, Plato
and Aristotle!’® long debated—under various forms—whether material real-
ity and, more pertinently, immaterial reality'® are essentially continuous, as
geometry; or essentially discrete, as arithmetic. (Here we use “arithmetic”
in the ancient sense of the word.) We still do not know. Indeed, we do not
even know whether this is the right question to ask.

One feels obliged to salute the erudition of the professional mathemati-
cian’s ongoing effort to find the question and give the answer; and yet, after
twenty-five centuries, when the best efforts to give the answer seem to have

MThe e (stated as a unitless negative number) stands for demand elasticity, the P for
price, and the @ for quantity demanded. Refer to [73, chapter 4].

'5These names and others are marshaled and accounted by [12].

16 An influential school of thought asserts that immaterial reality does not exist, or that
it might as well not exist. The school is acknowledged but the writer makes no further
comment except that that is not what this paragraph is about.

Meanwhile, mathematical ontology is something we can discuss but general ontology
lies beyond the writer’s expertise.
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succeeded chiefly to the extent to which they have tailored the question'” to
suit whatever answer is currently known and deemed best, why, the appli-
cationist’s interest in the matter may waver.

What the applicationist knows or believes is this: that the continuous
and the discrete—whether each separately or both together—appeal directly
to the mathematical intuition. If the mind’s eye already sees both, and
indeed sees them together in the same mental scene, then one may feel little
need further to deconstruct the two.'®

One might, of course, inadvertently obscure the mental scene by elabo-
rating certain definitions, innocently having meant to place the whole scene
upon an indisputably unified basis; but, if one does elaborate certain defi-
nitions and this act indeed obscures the scene, then one might ask: is it not
the definitions which are suspect? Nowhere after all is it written that any
indisputably unified basis shall, even in principle, be accessible to the mind
of man.' Such a basis might be accessible, or it might not. The search is
honorable and worthwhile, but it can utterly fail. We are not required to
abandon mathematics if it does.

To the applicationist meanwhile, during the modeling of a given physical
system, the choice of whether to employ the continuous or the discrete will
chiefly depend not on abstract considerations but rather on the idiosyncratic
demands of the problem at hand.

Such is the applicationist’s creed.

4.4.5 The professional’s creed; further remarks

Yet, what of the professional’s creed? May the professional not also be
heard? And, anyway, what do any of these things have to do with the
Leibnitz notation?

The professional may indeed be heard, and more eloquently elsewhere
than in this book; but, for this book’s purpose, the answers are a matter of

1715 this adverse criticism? No. Indeed, one can hardly see what else the best efforts
might have done, given the Herculean task those efforts had set for themselves. A task
may, however, be too large, or be inherently impossible, even for Hercules.

¥The mind’s eye may be deceived where pure analysis does not err, of course, insofar
as pure analysis relies upon disciplined formalisms. This is not denied. What the mind’s
eye is, and how it is able to perceive the abstract, are great questions of epistemology
beyond the book’s scope.

19«But ZFC is such a basis!” comes the objection.

However, whether ZFC is truly a basis or is rather a clever contraption recently bolted
onto the side of preéxisting, even primordial mathematics is a question one can debate.
Wittgenstein debated it. See § 1.2.2.
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perspective. The professional mathematician L. E. J. Brouwer has memo-
rably described the truths of mathematics as “fascinating by their immov-
ability, but horrifying by their lifelessness, like stones from barren mountains
of disconsolate infinity.”?° Brouwer’s stones have not always appeared to the
professional to countenance Leibnitz’s infinitesimal.?! Though the profes-
sional may tolerate, though the professional may even indulge, the applica-
tionist’s use of Leibnitz’s infinitesimal as an expedient, the professional may
find himself unable to summon greater enthusiasm for the infinitesimal than
this.

Indeed, he may be even less enthusiastic. As the professional mathemati-
cian Bertrand Russell succinctly judges, “[I|nfinitesimals as explaining conti-
nuity must be regarded as unnecessary, erroneous, and self-contradictory.” 22

The professional mathematician Georg Cantor recounts:

[A] great quarrel arose among the philosophers, of whom some
followed Aristotle, others Epicurus; still others, in order to re-
main aloof from this quarrel, declared with Thomas Aquinas that
the continuum consisted neither of infinitely many nor of a finite
number of parts, but of absolutely no parts. This last opinion
seems to me to contain less an explanation of the facts than a
tacit confession that one has not got to the bottom of the matter
and prefers to get genteelly out of its way.2?

(The present writer has no opinion on St. Thomas’ declaration or on Can-
tor’s interpretation thereof but, were it possible, would concur in Thomas’
preference to get out of the way. Alas!)

On the opposite side, you have professional mathematicians like Her-
mann Weyl (as quoted in §§ 1.2.2 and 1.2.3) and Abraham Robinson, along
maybe with Brouwer himself,?* who have seemed to suggest that professional
mathematics might rearrange—or at least search out a more congenial per-
spective upon—Brouwer’s immovable stones to countenance the infinitesi-
mal nevertheless.?> All the while, scientists and engineers have cheerfully
kept plying the infinitesimal. Scientists and engineers appear to have been
obtaining good results, too: bridges; weather forecasts; integrated circuits;

20Source: [8]. Brouwer later changed his mind.
213
[13]
22[12]
23 Ibid.
24See footnote 20.
25143][112][106][12]
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space shots; etc. It seems that whether one approves the infinitesimal de-
pends chiefly on whether one’s focus is in applications or in foundations.

The present book’s focus is of course in applications. Fortunately, if you
are a Platonist as the author is, or even if you are an intuitionist as Brouwer
was, then this particular collision of foundations against applications need
not much disturb you. See § 1.2.2.

So, what of the infinitesimal, this concept which has exercised the great
philosophical minds of the ages? After all this, how shall the student of
applied mathematics now approach it?

Following twenty-five centuries of spirited debate and vacillating consen-
sus, the prudent student will remain skeptical of whatever philosophy the
latest consensus (or this book) might press him to adopt. Otherwise, at
the undergraduate level at any rate, many students though having learned
a little calculus have not quite learned how to approach the infinitesimal at
all. That is, they have never developed a clear intuition as to what Leibnitz
elements like df, dt, dg and Oz individually might mean—especially when
these students have seen such elements heretofore only in certain, specific
combinations like df /dt, dg/0x and [ f(t)dt. Often, these students have
developed positive misunderstandings regarding such elements. The vacilla-
tion of consensus may be blamed for this.

Therefore, in this book, having acknowledged that an opposing, merito-
rious school of thought exists, let us not hesitate between the two schools.
Though the writer acknowledges the cleverness of certain of Cantor’s results
(as for example in [116, §§ 1.8 and 2.4]) and allows Cantor’s ambition re-
garding the continuum its due, the author is an applicationist and thus his
book (you are reading it) esteems Leibnitz more highly than it does Can-
tor. The charge could be leveled that the author does not grasp Cantor and
there would be some truth in this charge, but the book’s esteem for Leibnitz
is more than a mere matter of preferred style. A mystery of mathematical
philosophy is involved and deeply entwined, touched upon in § 1.2 and again
in this section, as Cantor himself would undoubtedly have been the first to
insist. Also, remember, Weyl disputed Cantor, too.

Even setting aside foundational mysteries and the formidable Cantor,
there is at any rate significant practical benefit in learning how to handle the
Leibnitz notation correctly. Physicists, chemists, engineers and economists
have long been used to handling Leibnitz elements individually. For all these
reasons among others, the present section seeks to present each Leibnitz
element in its proper, individual light.

The chief recent source to which professional mathematicians seem to
turn to bridge the questions this section ponders is Robinson’s 1966 book
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Nonstandard Analysis [106]. To conclude the subsection, therefore, we may
hear Robinson’s words:

Suppose that we ask a well-trained mathematician for the mean-
ing of [the derivative]
po S0 =S
T, T — T,
Then we may rely on it that [he will explain it as § 4.4.9 below].
Let us now ask our mathematician whether he would not
accept the following more direct interpretation. . . .
For any x in the interval of definition of f(x) such that dz =
x — x, is infinitely close to 0 but not equal to 0, the ratio df /dzx,
where

df = f(x) = f(xo),

is infinitely close to a.

To this question we may expect the answer that our defini-
tion may be simpler in appearance but unfortunately it is also
meaningless. If we then try to explain that two numbers are
infinitely close to one another if their distance ... is infinitely
small, . .. we shall probably be faced with the rejoinder that this
is possible only if the numbers coincide. And, so we may be told
charitably, this obviously is not what we meant since it would
make our explanation trivially wrong.

However, in spite of this shattering rebuttal, the idea of in-
finitely small or infinitesimal quantities seems to appeal natu-
rally to our intuition. At any rate, the use of infinitesimals was
widespread during the formative stages of the Differential and
Integral Calculus. ... [106, § 1.1].

Your author is an engineer. John Derbyshire quips2® that we “le]ngineers
were a semi-civilized tribe on an adjacent island, beery oafs who played
hard rugby and never listened to concert music.” Thus it seems fitting—
whether your author be an oaf or not!—that in the book you are reading
the “shattering rebuttal” Robinson’s hypothetical interlocutor has delivered
shall not unduly discomfit us.

The book will henceforth ply the Leibnitz notation and its infinitesimals
vigorously, with little further hedge, cavil or equivocation.

26Derbyshire is author of [39] but this quip came, not written, but spoken by him
in 2015.
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4.4.6 Higher-order derivatives
Conventional shorthand for d(df) is d?f; for (dt)?, dt?; so

d(df/dt) _ d&*f

. dt?

is a derivative of a derivative, or second derivative. By extension, the nota-
tion

d*f

dtk
represents the kth derivative. For example, if k = 3, then d[d(df)] = d®f, by
which one writes d3f /dt3 for the derivative of a derivative of a derivative, or
third derivative. So, if f(t) = t*/8, then df /dt = t3/2, d*f /dt* = 3t?/2 and
d3f /dt® = 3t.

4.4.7 The derivative of a function of a complex variable

For (4.8) to be robust, one should like its ratio to approach a single, common
value for all sufficiently small ¢, for only when e grows beyond infinitesimal
size should the ratio of (4.8) become inexact. However, (4.8) considers only
real, positive e. What if € were not positive? Indeed, what if € were not even
real?

This turns out to be an important question, so let us now revise (4.8) to
establish the slightly more general form

i _ et - S e2)

dz =0 €

(4.13)

and let us incidentally revise (4.9), also, to establish the corresponding un-

balanced form J
&y [EFI =) (4.14)
dz e—0 €

where as in the section’s introduction so here too applications tend to prefer
the balanced (4.13) over the unbalanced (4.14).

As in (4.8), so too in (4.13) one should like the ratio to approach a
single, common value?” for all sufficiently small e. However, in (4.13) one
must consider not only the magnitude |e| of the referential infinitesimal but

2"One can construct apparent exceptions like f(z) = sin(1/z). If feeling obstreperous,
one can construct far more unreasonable exceptions such as the one found toward the end
of § 8.4. The applied mathematician can hardly be asked to expand his definitions to
accommodate all such mischief! He hasn’t the time.

When an apparent exception of the less unreasonable kinds arises in the context of a
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also its phase arge (§ 2.11). For example, supposing that the symbol ¢
represented some positive, real infinitesimal, it should be equally valid to
let €e =9, e =—0, e =1id, e = —id, e = (4 — i3)d, or any other infinitesimal
value. The ratio df /dt of (4.13) ought to come out the same for all these. In
fact, for the sake of robustness, one normally demands that the ratio does
come out the same; and (4.13) rather than (4.8) is the definition we normally
use for the derivative for this reason. Specifically, where the limit (4.13) or
even (4.14) is sensitive to arge, there we normally say that the derivative
does not exist.

Where the derivative (4.13) does exist—that is, where the derivative
is finite and is insensitive to our choice of a complex, infinitesimal value
for e—there we say that the function f(z) is differentiable.

Excepting the nonanalytic parts of complex numbers (||, arg[-], [-]*, R[]
and Q[]; see § 2.11.3), plus the Heaviside unit step w(t) and the Dirac
delta () (§ 7.7), most functions encountered in applications do meet the
criterion (4.13) except at isolated nonanalytic points (like z = 0in hlz] = 1/2
or g[z] = +/z). Meeting the criterion, such functions are fully differentiable
except at their poles (where the derivative goes infinite in any case) and
other nonanalytic points. Particularly, the key formula (4.7), written here
as

(14+¢e)¥ =~ 1+ we,

works without modification when € is complex; so the derivative (4.11) of
the general power series,

d oo [e.e]
- Z 2t = Z crkzFt (4.15)
k=—00

k=—o00

holds equally well for complex z as for real (but see also the next subsection).

4.4.8 The derivative of z°

Inspection of the logic of § 4.4.1 in light of (4.7) reveals that nothing pre-
vents us from replacing the real ¢, real € and integral k of that section with

particular physical model, rather than attempting to accommodate the exception under
the roof of an abstruse, universal rule, the applicationist is more likely to cook up a way
to work around the exception in the specific context of the physical model at hand (as for
example in the so-called Hadamard finite part of [5]).
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arbitrary, complex z, € and a. That is,

d(z%) — lim (z+€/2)* — (2 —€/2)
dz e—0 €

i 0 (14+€¢/22)* — (1 —¢€/2z)
e—0 €

i s (14+ae/2z) — (1 — ae/22)7
e—0 €

which simplifies to
dEiZz ) =zt (4.16)

for any complex z and a.

How exactly to evaluate 2% or 24! when a is complex is another matter,
treated in § 5.4 and its (5.13); but in any case you can use (4.16) for real a
right now.

4.4.9 An alternate definition of the derivative

Professional mathematicians tend to prefer a less picturesque, alternate def-
inition of the derivative (4.13) or (4.14): “For any positive number € there
exists a positive number § such that

f) = =) (4.17)
Z— Z
for all z ... for which
0 < |z — 2] <9, (4.18)

[the quantity a being the derivative df /dz].”?

Equations (4.17) and (4.18) bring few practical advantages to applica-
tions but are at least more self-contained than (4.13) or (4.14) is. However
that may be, the derivative is such a pillar of mathematics that it behooves
the applied mathematician to learn at least to recognize the professional’s
preferred definition of it. See also §§ 4.4.4 and 4.4.5.

4.4.10 The logarithmic derivative

Sometimes one is more interested to know the rate of f(t) in proportion
to the value of f(t) than to know the absolute rate itself. For example, if

28The quoted original is [106, § 1.1], from which the notation has been adapted to this
book’s usage.
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you inform me that you earn $ 1000 a year on a bond you hold, then I may
commend you vaguely for your thrift but otherwise the information does not
tell me much. However, if you inform me instead that you earn 10 percent
a year on the same bond, then I might want to invest. The latter figure is
a proportional rate or logarithmic derivative,

df/dt  d
= @l (4.19)

The investment principal grows at the absolute rate df /dt but the bond’s
proportional rate, also called (in the case of a bond) its interest rate, is

(df /at)/ f(2).

The natural logarithmic notation In f(¢) may not mean much to you yet,
for we’ll not introduce it formally until § 5.2, so you can ignore the right
side of (4.19) for the moment; but the equation’s left side at least should
make sense to you. It expresses the significant concept of a proportional
rate, like 10 percent annual interest on a bond.

4.5 Basic manipulation of the derivative

This section introduces the derivative chain and product rules.
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4.5.1 The derivative chain rule

If f is a function of w, which itself is a function of z, then®’

df df dw

— = — . 4.20

dz (dw) < dz ) ( )
Equation (4.20) is the derivative chain rule.?

4.5.2 The derivative product rule
In general per (4.13),

d([1H&| =114 (+d2> -114 (z— dz) :
J J J
But to first order,

d df; d df s
i (Zi 2Z> ~ fi(z) £ <C‘l]z> <QZ> = fj(z) £ %;

29For example, one can rewrite

in the form

Then
g1
dw — 2wl/? T 232 _1’
dw
E = 6Z7
so by (4.20),

df_(df) (dw)_ 62 _ 3z
dz dw) \ dz 2v322 —1 /3221

39Tt bears emphasizing to readers who may inadvertently have picked up unhelpful ideas
about the Leibnitz notation in the past: the dw factor in the denominator cancels the dw
factor in the numerator, and a thing divided by itself is 1. On an applied level, this more or
less is all there is to it (but see § 4.4). Other than maybe in degenerate cases like dw = 0,

cases the applied mathematician will treat individually as they come, there is hardly more
to the applied proof of the derivative chain rule than this (but see [120, Prob. 3.39]).
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s0, in the limit,
d|TL66) | =TI (56 + D) -T1 (5 - L)

Since the product of two or more df; is negligible compared to the first-order
infinitesimals to which they are here added,?! this simplifies to

d ];[19(2) = ];[J}(Z) [2%: 2;3%2)]-— ];[J}(Z) [j%: 2]{?§)]’
or in other words
dl;[ fi = lg[fj [; cj{:] : (4.21)
In the common case of only two f;, this comes to

d(f1f2) = fadfr + f1dfo. (4.22)

On the other hand, if fi(z) = f(z) and fa(z) = 1/g(z), then by the derivative
chain rule (4.20), dfy = —dg/g?; so,

S\ _9df —fdg
o(L) -2t t 4

and indeed

a a—1
d <J;b> = J;b+1 (agdf —bf dg). (4.24)

Similarly,

A7 f57) = (F07 0527 ) (ufe df + asfr dfe)

_ a1 pas a1 dfy as dfs (4.25)
- ( 2)( TR )

Equation (4.21) is the derivative product rule.

31Unless df; ~ 0 to first order, in which case it contributes nothing to the derivative,
anyway.
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After studying the complex exponential in chapter 5, we shall stand in
a position to write (4.21) in the slightly specialized but often useful form3?

[1o7 11" [T mesm;
J J J
= (ILo7 ITe¥" [Tmeip;
J J 7
Za +Zbk dhy, + Z

where the ag, by and ¢ are arbitrary complex coefficients and the g, hg
33

4.26
Dk 111 CkPk (4.26)

and p; are arbitrary functions.

4.5.3 A derivative product pattern

According to (4.22) and (4.16), the derivative of the product z°f(z) with
respect to its independent variable z is

d a _ aﬂ a—
()] = 20+ 0 (2),

Swapping the equation’s left and right sides then dividing through by z¢

yields that
d _d(z®
dz z%dz
a pattern worth committing to memory, emerging among other places in

§ 16.9.34

4.6 Extrema and higher derivatives

One problem which arises very frequently in applied mathematics is the
problem of finding a local extremum—that is, a local minimum or max-
imum—of a real-valued function f(z). Refer to Fig. 4.4. The almost dis-

32This paragraph is extra. You can skip it for now if you prefer.
33The subsection is sufficiently abstract that it is a little hard to understand unless one
already knows what it means. An example may help:

2.3 2 3
d ﬂeﬂ% In7s| = ﬂe%t In7s du 3@ — % —5dt + ds .
z z z sln7s

34This section completes the forward reference of § 2.6.5. See chapter 2’s footnote 33.
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Figure 4.4: A local extremum.

Y
f(@o) == — - s~ — -
|
|
| f@)
|
' x
To
tinctive characteristic of the extremum f(z,) is that3®

df

— =0. 4.2

5 p— 0 (4.28)

At the extremum, the slope is zero. The curve momentarily runs level there.
One solves (4.28) to find the extremum.

Whether the extremum be a minimum or a maximum depends on wheth-
er the curve turn from a downward slope to an upward, or from an upward
slope to a downward, respectively. If from downward to upward, then the
derivative of the slope is evidently positive; if from upward to downward,
then negative. But the derivative of the slope is just the derivative of the
derivative, or second derivative. Hence if df /dx = 0 at x = z,, then

d*f
dz?
d*f
dz?

> 0 implies a local minimum at x,;

==,

< 0 implies a local maximum at x,.

T=To
Regarding the case
d*f

prcl

T=o

35The notation P|g means “P when Q,” “P, given Q,” or “P evaluated at Q.” Some-
times it is alternately written P|Q or [P]q.
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Figure 4.5: A level inflection.

this might be either a minimum or a maximum but more probably is neither,
being rather a level inflection point as depicted in Fig. 4.5.36 (In general
the term inflection point signifies a point at which the second derivative is
zero. The inflection point of Fig. 4.5 is level because its first derivative is
zero, t00.)

4.7 L’Hoépital’s rule

If z = z, is a root of both f(z) and g(z), or alternately if z = z, is a pole of
both functions—that is, if both functions go to zero or infinity together at
z = z,—then [’Hopital’s rule holds that

L f() _ dfjaz

oz g(2)  dg/dz o

(4.29)

Zo

360f course if the first and second derivatives are zero not just at = x, but everywhere,
then f(z) = yo is just a level straight line, but you knew that already. Whether one chooses
to call some arbitrary point on a level straight line an inflection point or an extremum, or
both or neither, would be a matter of definition, best established not by prescription but
rather by the needs of the model at hand.
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In the case in which z = z, is a root, I'Hopital’s rule is proved by reasoning3”

lim /(z) = lim 7f(z) —0

2520 g(2) 2% g(2) = 0

= lim M — lim df — lim df /dz
Z—2o g(z) — g(zo) zZ—2o dg z—2o dg/dz'

In the case in which z = z, is a pole, new functions F(z) = 1/f(z) and
G(z) =1/g(z) of which z = 2, is a root are defined, with which
_ 2
f() _ oy G@) o dG L —dg/g

M) T A pe) T A e T e

where we have used the fact from (4.16) that d(1/u) = —du/u? for any wu.
Canceling the minus signs and multiplying by g2/ f2, we have that

tim 9% _ oy Y

S F(2)  eote df

Inverting,

lim 23—y &y G2

22z g(2) 220 dg 2oz dg/dz

And if z, itself is infinite? Then, whether it represents a root or a pole, we
define the new variable Z = 1/z and the new functions ®(Z2) = f(1/2) =
f(2) and I'(Z) = g(1/Z) = g(z), with which we apply I’'Hopital’s rule for
Z — 0 to obtain

&) _ o, 2@ _ o d®/dZ L df/dZ

zggog(z) Z—>OF() Z—>0dI‘/dZ Z—>Odg/dZ
po (d/A2)(d2/dZ) L (dpd)(=2) | dffde

- 51:‘12 (dg/d2)(dz]dZ) ~ +500 (dg/dz)(—22) _ +oee dg/dz

Nothing in the derivation requires that z or z, be real. Nothing prevents
one from applying ’'Hépital’s rule recursively, should the occasion arise.3

37Partly with reference to [146, “L’Hopital’s rule,” 03:40, 5 April 2006].

3 Consider for example the ratio lim,_,o(x® 4 x)? /2%, which is 0/0. The easier way to
resolve this particular ratio would naturally be to cancel a factor of 2% from it; but just to
make the point let us apply 'Hépital’s rule instead, reducing the ratio to limg_o 2(z> +
x)(3z? + 1)/2z, which is still 0/0. Applying 'Hépital’s rule again to the result yields
limg_0 2[(32%+1)2+(2*+x)(62)] /2 = 2/2 = 1. Where expressions involving trigonometric
functions (chapters 3 and 5) or special functions (mentioned in part III) appear in ratio,
a recursive application of 'Hopital’s rule can be just the thing one needs.

Observe that one must stop applying I’'Hopital’s rule once the ratio is no longer 0/0 or
o0o/o0. In the example, applying the rule a third time would have ruined the result.
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L’Hopital’s rule is used in evaluating indeterminate forms of the kinds
0/0 and 0o /o0, plus related forms like (0)(oco) which can be recast into either
of the two main forms. Good examples of the use require mathematics from
chapter 5 and later, but if we may borrow from (5.8) the natural logarithmic
function and its derivative,3’

=2
de P T

then a typical 'Hopital example is*®

0.

. Inz
im — = lim
x—o00 \/x = z—00

o _

1 2
lim —— =
1/2z w000 /T

The example incidentally shows that natural logarithms grow slower than
square roots, an instance of a more general principle we shall meet in § 5.3.

Section 5.3 will put ’'Hopital’s rule to work.

4.8 The Newton-Raphson iteration

The Newton-Raphson iteration is a powerful, fast converging, broadly appli-
cable method for finding roots numerically. Given a function f(z) of which
the root is desired, the Newton-Raphson iteration is

Zk4+1 =

- jjj(j(:i)] n (4.30)

One begins the iteration by guessing the root and calling the guess zg.
Then zi, 22, z3, etc., calculated in turn by the iteration (4.30), give suc-
cessively better estimates of the true root z.

To understand the Newton-Raphson iteration, consider the function y =
f(z) of Fig 4.6. The iteration approximates the curve f(x) by its tangent

39This paragraph is optional reading for the moment. You can read chapter 5 first, then
come back here and read the paragraph if you prefer.
07115, § 10-2]
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Figure 4.6: The Newton-Raphson iteration.

line*! (shown as the dashed line in the figure):

R0 = o)+ |1 1@)] )

- d
o) =0= S+ [ @) (o - o).
Solving for xx11, we have that

_ f(z)
Tht+1 = |k — 3 ., ~ )

(
ff(@)],

T

which is (4.30) with z < z.
Although the illustration uses real numbers, nothing forbids complex z
and f(z). The Newton-Raphson iteration works just as well for these.

4L A tangent line, also just called a tangent, is the line which most nearly approximates
a curve at a given point. The tangent touches the curve at the point, and in the neighbor-
hood of the point it goes in the same direction the curve goes. The dashed line in Fig. 4.6
is a good example of a tangent line.

The relationship between the tangent line and the trigonometric tangent function of
chapter 3 is slightly obscure, maybe more of linguistic interest than of mathematical. The
trigonometric tangent function is named from a variation on Fig. 3.1 in which the triangle’s
bottom leg is extended to unit length, leaving the rightward leg tangent to the circle.
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The principal limitation of the Newton-Raphson arises when the function
has more than one root, as most interesting functions do. The iteration often
converges on the root nearest the initial guess z, but does not always, and in
any case there is no guarantee that the root it finds is the one you wanted.
The most straightforward way to beat this problem is to find all the roots:
first you find some root «, then you remove that root (without affecting any
of the other roots) by dividing f(z)/(z — «), then you find the next root by
iterating on the new function f(z)/(z — «), and so on until you have found
all the roots. If this procedure is not practical (perhaps because the function
has a large or infinite number of roots), then you should probably take care
to make a sufficiently accurate initial guess if you can.

A second limitation of the Newton-Raphson is that, if you happen to
guess zg especially unfortunately, then the iteration might never converge at
all. For example, the roots of f(z) = 2% + 2 are z = +i/2, but if you guess
that zp = 1 then the iteration has no way to leave the real number line, so
it never converges?? (and if you guess that zg = v/2—well, try it with your
pencil and see what zo comes out to be). You can fix the problem with a
different, possibly complex initial guess.

A third limitation arises where there is a multiple root. In this case,
the Newton-Raphson normally still converges, but relatively slowly. For
instance, the Newton-Raphson converges relatively slowly on the triple root
of f(z) = 23. However, even the relatively slow convergence is still pretty
fast and is usually adequate, even for calculations by hand.

Usually in practice, the Newton-Raphson iteration works very well. For
most functions, once the Newton-Raphson finds the root’s neighborhood, it
converges on the actual root remarkably quickly. Figure 4.6 shows why: in
the neighborhood, the curve hardly departs from the straight line.

The Newton-Raphson iteration is a champion square-root calculator, in-
cidentally. Consider

f(ZE) = LE2 - D,
whose roots are
x = %./p.

Per (4.30), the Newton-Raphson iteration for this is

1
If you start by guessing
o =1

42Tt is entertaining to try this on a computer. Then try again with zo = 1 4 2719,
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and iterate several times, the iteration (4.31) converges on z, = ,/p fast.
To calculate the nth root z = p'/™, let

fl)=2"—p

and iterate?3:44

1 p
T+t = (n— 1)z +

4.32)
- (
Tk
Section 13.7 generalizes the Newton-Raphson iteration to handle vector-
valued functions.
This concludes the chapter. Chapter 8, treating the Taylor series, will

continue the general discussion of the derivative.

“3Equations (4.31) and (4.32) work not only for real p but also usually for complex.
Given zg = 1, however, they converge reliably and orderly only for real, nonnegative p.
(To see why, sketch f[z] in the fashion of Fig. 4.6.)

If reliable, orderly convergence is needed for complex p = v + iv = ocis¥y, o > 0, you
can decompose p'/™ per de Moivre’s theorem (3.28) as p'/™ = o'/™ cis(y/n), in which
cis(y/n) = cos(y/n) + isin(¢/n) is calculated by the Taylor series of Table 8.1. Then o
is real and nonnegative, upon which (4.32) reliably, orderly computes ol/m.

The Newton-Raphson iteration however excels as a practical root-finding technique, so
it often pays to be a little less theoretically rigid in applying it. If so, then don’t bother to
decompose; seek p*/™ directly, using complex z; in place of the real zj. In the uncommon
event that the direct iteration does not seem to converge, start over again with some
randomly chosen complex zo. This saves effort and usually works.

441115, § 4-9][91, § 6.1.1][142]
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Chapter 5

The complex exponential

The complex exponential, especially the complex natural exponential, is
ubiquitous in higher mathematics. There seems hardly a corner of calculus,
basic or advanced, in which the complex exponential does not strongly im-
press itself and frequently arise. Because the complex exponential emerges
(at least pedagogically) out of the real exponential—and, especially, because
the complex matural exponential emerges out of the real natural exponen-
tial—this chapter introduces first the real natural exponential and its in-
verse, the real natural logarithm; and then proceeds to show how the two
can operate on complex arguments.

This chapter develops the close relationship between the natural expo-
nential and chapter 3’s trigonometrics, showing that all these (including the
complex natural exponential) belong to a single exponential /trigonometric
family. After developing the relationship, the chapter works out the deriva-
tives of the family’s several functions. Also, the chapter treats the functions’
inverses and works out the derivatives of these inverses—the derivatives of
the inverses turning out to be particularly interesting.

5.1 The real exponential

Consider the factor
(1+e)N.

This is the overall factor by which a quantity grows after IV iterative rounds
of multiplication® by (1 + €). What happens when e is very small but N is

!For example, let a quantity A be multiplied by (1 + ¢), then by (1 + ¢) again, and
then by (1 + ¢€) a third time. The product (1 + €)®4 results from these three rounds of

123
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very large? The really interesting question is, what happens in the limit, as
e — 0 and N — oo, while x = €N remains a finite number? The answer is
that the factor becomes

expx = lim(1 + €)*/<. (5.1)
e—0

Equation (5.1) defines the natural exponential function—commonly, more

briefly named the exponential function. Another way to write the same

definition is

expr = €, (5.2)
— 1 1/e
e = l%(l +e)/e. (5.3)

In whichever form we write it, the question remains as to whether the
limit actually exists; that is, whether 1 < e < oo; whether in fact we can
put some concrete bound on e. To show that we can,? we observe per (4.13)
and (4.6) that the derivative of the exponential function is

¢ expr = y_r}% exp(xz +9/2) g exp(z — §/2)
i (1 +€)(:c+5/2)/e _ (1 +6)(z—6/2)/e
d,e—0 1)

. (14 )02 (1 4 )02
e
i (1 e L8 — (1= 872)

§,e—0 )
= lim(1 + €)*/¢,

e—0

which is to say that

d
4 SXPT = expa. (5.4)

This is a curious, important result: the derivative of the exponential function
is the exponential function itself; the slope and height of the exponential

multiplication. Overall, such a product is (1 + €)® times the quantity A with which we
started. In this example, N = 3.

*Excepting (5.4), the author would prefer to omit much of the rest of this section, but
even at the applied level cannot think of a logically permissible way to do it. It seems
nonobvious that the limit limeo(1 + 6)1/6 actually does exist. The rest of this section
shows why it does.
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function are everywhere equal. For the moment, however, what interests us

is that
d

— =exp0=lim(1+¢)° =1
7y X . exp E1_1(}(1)( +€) )
which says that the slope and height of the exponential function are both
unity at z = 0, implying that the straight line which best approximates
the exponential function in that neighborhood—the tangent line, which just
grazes the curve—is

y(xz) =1+

With the tangent line y(z) found, the next step toward putting a concrete
bound on e is to show that y(x) < expx for all real x, that the curve runs
nowhere below the line. To show this, we observe per (5.1) that the essential
action of the exponential function is to multiply repeatedly by 1 + € as =
increases, to divide repeatedly by 1+ € as x decreases. Since 1+ € > 1, this
action means for real z that

expry <expxo if z1 < xo.

However, a positive number remains positive no matter how many times one
multiplies or divides it by 1 4+ €, so the same action also means that

0<expz

for all real . In light of (5.4), the last two equations imply further that

d d .
—expx < —expzx if 1 < x9,
dx oz, 0T R
d
0< —expz.
S Ir p

But we have already established the tangent line y(z) = 1 + = such that

exp0= y(0) =1,

_dy
dx

d
—expzT

dz ’

=0

=0

that is, such that the line just grazes the curve of exp x at x = 0. Rightward,
at «x > 0, the curve’s slope evidently only increases, bending upward away
from the line. Leftward, at x < 0, the curve’s slope evidently only decreases,
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Figure 5.1: The natural exponential.

expx

again bending upward away from the line. Either way, the curve never
crosses below the line for real z. In symbols,

y(z) < expu.

Figure 5.1 depicts.
Evaluating the last inequality at z = —1/2 and x = 1, we have that

But per (5.2) expx = €”, so

or in other words,
2 <e<4, (5.5)

which in consideration of (5.2) puts the desired bound on the exponential
function. The limit does exist.
Dividing (5.4) by exp x yields the logarithmic derivative (§ 4.4.10)

d
dlexpr) _ (5.6)
(expx)dx

a form which expresses or captures the deep curiosity of the natural expo-

nential maybe even better than does (5.4).
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By the Taylor series of Table 8.1, the value?
e ~ 0x2.B7E1

can readily be calculated, but the derivation of that series does not come
until chapter 8.

5.2 The natural logarithm

In the general exponential expression ¥ one can choose any base b; for
example, b = 2 is an interesting choice. As we shall see in § 5.4, however, it
turns out that b = e, where e is the constant introduced in (5.3), is the most
interesting choice of all. For this reason among others, the base-e logarithm
is similarly interesting, such that we define for it the special notation

In(-) = log.(-)

and call it the natural logarithm. Just as for any other base b, so also for
base b = e; thus the natural logarithm inverts the natural exponential and

vice versa:
Inexpx =Ine® =z,

explnz = e™? = 7. (5.7)
Figure 5.2 plots the natural logarithm.
If
y=Inx,
then
T = expy,
and per (5.4),
dx
— =expy.
dy Py
But this means that
do _
dy 7
the inverse of which is
dy 1
dr
In other words,
d 1
—Inx =—. 5.8
dx e T (58)

3[119, sequence A004593]
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Figure 5.2: The natural logarithm.

Inx

Like many of the equations in these early chapters, here is another rather
significant result.

One can specialize Table 2.5’s logarithmic base-conversion identity to
read

1 = —, 5.9
ogy W 0 (5.9)

This equation converts any logarithm to a natural logarithm. Base b = 2
logarithms are interesting, so we note here that®

1
In2=—1In 3 ~ 0x0.B172,

which chapter 8 and its Table 8.1 will show how to calculate.

5.3 Fast and slow functions

The exponential exp z is a fast function. The logarithm Inz is a slow func-
tion. These functions grow, diverge or decay respectively faster and slower
than z.

4Besides the result itself, the technique which leads to the result is also interesting and
is worth mastering. We will use the technique more than once in this book.
5[119, sequence A002162]
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Such claims are proved by I’'Hopital’s rule (4.29). Applying the rule, we
have that

. Inz . -1 0 if a >0,
lim = lim =
z—oo z—o0 qT? 400 ifa <0,
(5.10)
. Inz =1 —o0 ifa >0,
lim = lim =
z—0 19 z—0 ax? 0 if a <0,

which reveals the logarithm to be a slow function. Since the exp(-) and In(-)
functions are mutual inverses, we can leverage (5.10) to show also that

+ [ +

T G TR eXPU«“)}
T—00 e T—00 L xre

= lim exp [tz —alnzx]

r—r0Q0

— tim exp (o) (1 - 07 )|

T—00 X

= lim exp[(x) (£1 — 0)]

T—00
= lim exp [£z].

T—00

That is,

iy XPCET)
T—00 xra
lim SPC)

T—00 xa

(5.11)
=0,

which reveals the exponential to be a fast function. Exponentials grow or
decay faster than powers; logarithms diverge slower.

Such conclusions are extended to bases other than the natural base e
simply by observing that log, x = Inx/Inb and that b* = exp(zInb). Thus
exponentials generally are fast and logarithms generally are slow, regardless
of the base.%

It is interesting and worthwhile to contrast the sequence

5There are of course some degenerate edge cases like b= 0 and b = 1. The reader can
detail these as the need arises.
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against the sequence

3! 2! 1! 0! b x? 23 gt
o — = =, — . Inx, —, —, —
Tt g3 227 gl 17217317 417

As x — 400, each sequence increases in magnitude going rightward. Also,
each term in each sequence is the derivative with respect to x of the term to
its right—except left of the middle element in the first sequence and right of
the middle element in the second. The exception is peculiar. What is going
on here?

The answer is that 2° (which is just a constant) and Inz both are of
zeroth order in x. This seems strange at first because In x diverges as © — oo
whereas 2° does not, but the divergence of the former is extremely slow—
so slow, in fact, that per (5.10) lim, oo (Inz)/x¢ = 0 for any positive € no
matter how small.” Figure 5.2 has plotted In x only for 2 ~ 1, but beyond the
figure’s window the curve (whose slope is 1/z) flattens rapidly rightward, to
the extent that it locally resembles the plot of a constant value; and indeed

because
. T+ U
0= lim In ,
U—00 u

whence
0= lim In(z +u) — Inu,
U—00

lim Inu = lim In(x 4 u),

| = Jim &Y
U—00 Inu

one can write,

2 = lim In(z +u)

U—00 Inu

which casts 20 as a logarithm greatly shifted and moderately scaled. Ad-
mittedly, one ought not strain such logic too far, because Inzx is not in
fact a constant, but the point nevertheless remains that 2% and Inz often
play analogous roles in mathematics. The logarithm can in some situations
profitably be thought of as a “diverging constant” of sorts.

"One does not grasp how truly slow the divergence is until one calculates a few concrete
values. Consider for instance how far out  must run to make Inz = 0x100. It’s a long,
long way. The natural logarithm does indeed eventually diverge to infinity, in the literal
sense that there is no height it does not eventually reach, but it certainly does not hurry.
As we have seen, it takes practically forever just to reach 0x100.
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Less strange-seeming perhaps is the consequence of (5.11) that exp x is
of infinite order in z, that x°*° and exp x play analogous roles.

It befits an applied mathematician to internalize subjectively (5.10)
and (5.11), to remember that In z resembles 2° and that exp = resembles x°°.
A qualitative sense that logarithms are slow and exponentials, fast, helps
one to grasp mentally the essential features of many mathematical models
one encounters in practice.

Now leaving aside fast and slow functions for the moment, we turn our
attention in the next section to the highly important matter of the expo-
nential of a complex argument.

5.4 Euler’s formula

The result of § 5.1 leads to one of the central questions in all of mathematics.
How can one evaluate
expif = lim(1 + €)*/¢,
e—0
where i2 = —1 is the imaginary unit introduced in § 2.11?
To begin, one can take advantage of (4.7) to write the last equation in
the form
expif = lim(1 + ie)?/<,
e—0

but from here it is not obvious where to go. The book’s development up
to the present point gives no obvious direction. In fact it appears that the
interpretation of exp 76 remains for us to define, if we can find a way to define
it which fits sensibly with our existing notions of the real exponential. So,
if we don’t quite know where to go with this yet, what do we know?

One thing we know is that if € = ¢, then

exp(ie) = (14 i€)/ = 1+ ie.

But per § 5.1, the essential operation of the exponential function is to multi-
ply repeatedly by some factor, the factor being not quite exactly unity and,
in this case, being 1 + ie. With such thoughts in mind, let us multiply a
complex number z = x + 1y by 1 + ¢, obtaining

(14ie)(z 4+ 1y) = (z —ey) +i(y + ex).

The resulting change in z is®

Az = (1 +ie)(z +iy) — (v +iy) = (e)(—y + iz),

8As the context implies, the notation Az means “the change in z.” We have briefly
met such notation already in § 2.7.
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Figure 5.3: The complex exponential and Euler’s formula.
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in which it is seen that

[Az[ = (Vy?+a® = ep,

arg(Az) = arctan — = qﬁ—i—%%.
The Az, p = |z| and ¢ = arg z are as shown in Fig. 5.3. Whether in the
figure or in the equations, the change Az is evidently proportional to the
magnitude of z, but at a right angle to z’s radial arm in the Argand plane.
To travel about a circle wants motion always perpendicular to the circle’s
radial arm, which happens to be just the kind of motion Az represents.
Referring to the figure and the last equations, we have then that

Ap = |z+ Az|— |7 = 0,
[Az[ _ep

Ap = arg(z+ Az) —argz =
PP

= 6’

which results evidently are valid for infinitesimal ¢ — 0 and, importantly,
stand independently of the value of p. (But does p not grow at least a little,
as the last equations almost seem to suggest? The answer is no; or, if you
prefer, the answer is that Ap ~ {/1+€2] — 1}p =~ €2p/2 ~ 0, a second-
order infinitesimal inconsequential on the scale of ep, utterly vanishing by
comparison in the limit ¢ — 0. Remember that Az has a phase, a direction in
the Argand plane; and that, as the figure depicts, this phase points at a right
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angle to the phase of z. In mathematical symbols, arg[Az] — arg z = 27 /4.
Now, if the difference between these phases were greater than 27/4, that
would mean that Az pointed inward, which would cause |z + Az| < |z|,
wouldn’t it? And if the difference were less than 27 /4, that would mean
that Az pointed outward, which would cause |z 4+ Az| > |z|. So, what phase
differential exactly causes |z + Az| = |z|? Where indeed is the boundary
between the inward and outward domains? Answer: 27/4. Such are the
paradoxes of calculus!) With such results in hand, now let us recall from
earlier in the section that—as we have asserted or defined—

T . \0/e
exp i6 51_1}(1)(14-16) )

and that this remains so for arbitrary real 6. Yet what does such an equation
do, mechanically, but to compute exp ¢0 by multiplying 1 by 1+ie repeatedly,
/e times? The plain answer is that such an equation does precisely this and
nothing else.” We have recently seen how each multiplication of the kind
the equation suggests increments the phase ¢ by A¢ = € while not changing
the magnitude p. Since the phase ¢ begins from arg1 = 0 it must become

d):Qe:H
€

after 0/e increments of € each, while the magnitude must remain
p=1

Reversing the sequence of the last two equations and recalling that p =
lexp 6| and that ¢ = arg(exp i),

lexpif| = 1,
arg(expif) = 0.

Moreover, had we known that 6 were just ¢ = arg(expif), naturally we
should have represented it by the symbol ¢ from the start. Changing ¢ < 6
now, we have for real ¢ that

lexpig] = 1,
arg(expig) = ¢,

which equations together say neither more nor less than that

expi¢ = cos ¢ + isin ¢ = cis ¢, (5.12)

9See footnote 1.
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where the notation cis(-) is as defined in § 3.11.

Along with the Pythagorean theorem (1.1), the fundamental theorem
of calculus (7.2), Cauchy’s integral formula (8.29) and Fourier’s equation
(18.1), eqn. (5.12) is one of the most famous results in all of mathematics.
It is called Euler’s formula,'®' and it opens the exponential domain fully
to complex numbers, not just for the natural base e but for any base. How?
Consider in light of Fig. 5.3 and (5.12) that one can express any complex
number in the form

z=2a+1iy = pexpio.

If a complex base w is similarly expressed in the form
w=u+ v = oexp iy,

then it follows that

= exp|ln w?]

= exp|z lInw|

= exp|(z +iy) (i) + Ino)]
=exp[(zlno —¢y) +i(ylno + ¢z)).

Since exp(a + 3) = e*T# = exp aexp 3, the last equation is

w? =exp(zrlno — Yy)expi(ylno + Yx), (5.13)
where
T = pcos o,
y = psing,
o= vVu?+v2,
tant) = g
u

Equation (5.13) serves to raise any complex number to a complex power.

OFor native English speakers who do not speak German, Leonhard Euler’s name is
pronounced as “oiler.”

' An alternate derivation of Euler’s formula (5.12)—less intuitive and requiring slightly
more advanced mathematics, but briefer—constructs from Table 8.1 the Taylor series
for expi¢, cos¢ and isin¢, then adds the latter two to show them equal to the first
of the three. Such an alternate derivation lends little insight, perhaps, but at least it
builds confidence that we actually knew what we were doing when we came up with the
incredible (5.12).
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Curious consequences of Euler’s formula (5.12) include that!?

eXi2n/4 — 4.
eii27r/2 =1, (514)
T =1, nez.

For the natural logarithm of a complex number in light of Euler’s formula,
we have that '
Inw =In (0'6“[)) =Ino + . (5.15)

5.5 Complex exponentials and de Moivre’s theo-
rem

Euler’s formula (5.12) implies that complex numbers z; and 23 can be written
as

2 = pre,
L= e (5.16)
e ,02€Z¢2.
By the basic power properties of Table 2.2, then,
sz = pipae @) = pipoexpli(er + o)),
Ao Plthi—e) AL expli(d1 — P2)l, (5.17)
Z2 P2 P2
2% = plei? = p%expliad].
This is de Moivre’s theorem, introduced in § 3.11.
5.6 Complex trigonometrics
Applying Euler’s formula (5.12) to +¢ then to —¢, we have that
exp(+i¢) = cos¢+ising,
exp(—i¢) = cos¢ — isin@.
Adding the two equations and solving for cos ¢ yields that
COS¢ — eXp(—l—Zd)) + exp(_ZqS) . (518)

2

12Notes of the obvious, like n € Z, are sometimes omitted by this book because they
clutter the page. However, the note is included in this instance.




136 CHAPTER 5. THE COMPLEX EXPONENTIAL

Subtracting the second equation from the first and solving for sin ¢ yields

that . )
e i¢) — exp(—1i
sin g — ZPLHP) > xp(Zi9), (5.19)
i
Thus are the trigonometrics expressed in terms of complex exponentials.

5.6.1 The hyperbolic functions
The forms (5.18) and (5.19) suggest the definition of new functions

exp(+¢) + exp(=9)

coshg = 5 , (5.20)
sinh¢ = @mHﬁ);mM—@’ (5.21)
tanh¢ = 22&?' (5.22)

These are called the hyperbolic functions. Their inverses arccosh, etc., are de-
fined in the obvious way. The Pythagorean theorem for trigonometrics (3.2)
is that cos?¢ 4 sin?¢ = 1, verified by combining (5.18) and (5.19); and
from (5.20) and (5.21) one can derive the hyperbolic analog:

cos? ¢ +sin? ¢ =1,

5.23
cosh? ¢ — sinh? ¢ = 1. (5.23)

Although Fig. 5.3 has visualized only real ¢, complex ¢ can be con-
sidered, too. Nothing prevents one from taking (5.18) through (5.21), as
written, to define the trigonometrics of complex ¢; so that’s what we now
do. From this it follows that (5.23) and others must likewise hold!? for
complex ¢.

13Chapter 15 teaches that the dot product of a unit vector and its own conjugate is
unity—v* - v = 1, in the notation of that chapter—which tempts one to suppose in-
correctly by analogy that (cos®)* cos¢ + (sin¢g)*sing = 1 and that (cosh¢)* cosh¢ —
(sinh ¢)* sinh ¢ = 1 when the angle ¢ is complex. However, (5.18) through (5.21) can be
generally true only if (5.23) holds exactly as written for complex ¢ as well as for real.
Hence in fact (cos ¢)* cos ¢ + (sinp)” sin ¢ # 1 and (cosh ¢)* cosh ¢ — (sinh ¢)* sinh ¢ # 1.

Fig. 3.1 is quite handy for real ¢ but what if anything the figure means when ¢ is com-
plex is not obvious. The ¢ of the figure cannot quite be understood to mean an actual
direction or bearing in the east-north-west-south sense. Therefore, visual analogies be-
tween geometrical vectors like v, on the one hand, and Argand-plotted complex numbers,
on the other, can analytically fail, especially in circumstances in which ¢ may be complex.
(The professional mathematician might smile at this, gently prodding us that this is why
one should rely on analysis rather than on mere geometrical intuition. If so, then we would
acknowledge the prod [25] without further comment in this instance.)
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The notation expi(-) or €'(") is sometimes felt to be too bulky. Although
less commonly seen than the other two, the notation

cis(+) = expi(:) = cos(-) + isin(-)

is also conventionally recognized, as earlier seen in § 3.11. Also conven-
tionally recognized are sin~!(-) and occasionally asin(-) for arcsin(-), and
likewise for the several other trigs.

Replacing z < ¢ in this section’s several equations implies a coherent
definition for trigonometric functions of a complex variable. Then, compar-
ing (5.18) and (5.19) respectively to (5.20) and (5.21), we have that

cosh z = cos iz,
isinh z = siniz, (5.24)

ittanh z = taniz,

by which one can immediately adapt the many trigonometric properties of
Tables 3.1 and 3.3 to hyperbolic use.

At this point in the development one begins to notice that the cos, sin,
exp, cis, cosh and sinh functions are each really just different facets of the
same mathematical phenomenon. Likewise their respective inverses: arccos,
arcsin, In, —iln, arccosh and arcsinh. Conventional names for these two
mutually inverse families of functions are unknown to the author, but one
might call them the natural exponential and natural logarithmic families.
Or, if the various tangent functions were included, then one might call them
the trigonometric and inverse trigonometric families.

5.6.2 Inverse complex trigonometrics

Since one can express the several trigonometric functions in terms of com-
plex exponentials one would like to know, complementarily, whether one
cannot express the several inverse trigonometric functions in terms of com-
plex logarithms. As it happens, one can.™

Let us consider the arccosine function, for instance. If per (5.18)

14[120, chapter 2]
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then by successive steps
eV =2z —e ™
(6] = [e™] [22 — e™] = 22 () — 1,

e =2+ /22 -1,

the last step of which has used the quadratic formula (2.2). Taking the
logarithm, we have that

1
w= f,ln<z:|:z'\/1—z2);
i
or, since by definition z = cosw, that
1
arccos z = — In (z +iv1— z2) . (5.25)
i

Similarly,

1
arcsinz = — In (zz +V1-— 22) . (5.26)
i

The arctangent goes only a little differently:

W _ gmiw
z=tanw = —1————,
el’UJ + e—’L’LU
ze" + ze7" = —ie" +ie” ",
(1+2)e" = (i —2z)e” ™,
2w _ LT F
e = —,
1+ z

implying that ‘
i—z

1
t =—1 . 5.27
arctan z = = In - — (5.27)
By the same means, one can work out the inverse hyperbolics to be
arccosh z = In (z +2% — 1) ,
arcsinh z = In (z +v22+ 1) , (5.28)
1. 142
tanh z = =1 .
arctanhz = 5 In -—

5.7 Summary of properties

Table 5.1 gathers properties of the complex exponential from this chapter
and from §§ 2.11, 3.11 and 4.4.
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Table 5.1: Complex exponential properties.
7 = —1=(—i)?
1 )
- = 1
7
e = cos¢+ising
e? = cosz+isinz
nze = pip2e’ @) = (2129 — y1yo) +i(y1xe + T1Y2)
A PLi(bi—¢2) (z122 + y1y2) + i(y172 — T132)
29 P2 x% + y%
P — paeia¢
w? = €7 In afwyei(y In o+yz)
Inw = Ino+w
2z 1z z _ z
sinz = € - € siniz = 4sinhz sinhz = € ©
12 2
etz + ez e +e %
cosz = — cosiz = coshz coshz = —
sin z . . sinh z
tanz = taniz = idtanhz tanhz =
CcoS z cosh z
. 1 ) .
arcsinz = =In (zz +4/1— z2> arcsinhz = In (z 4+ /22 + 1)
)
arccosz = —In (z +iv1— z2) arccoshz = In (z 4+ /22 — 1)
7
1 ) — 1. 1
arctanz = —1In Z i arctanhz = =1In B
12 1+ z 2 11—z
cos® z +sin?z = 1 = cosh? z — sinh? 2
_ - i d
z = xz4iy=pe —expz = expz
dz
- d 1
w = U+Z"U:O'€“p ——nw = —
dw w
df /d d
expz = €° ;(/Z)Z = - In f(2)
. _ . iz Inw
cisz = cosz+isinz=ce log,w =

Inb
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Figure 5.4: The derivatives of the sine and cosine functions.
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5.8 Derivatives of complex exponentials

This section computes the derivatives of the various trigonometric and in-
verse trigonometric functions.

5.8.1 Derivatives of sine and cosine

One could compute derivatives of the sine and cosine functions from (5.18)
and (5.19). To do so is left as an exercise. Meanwhile, however, another,
more sporting way to find the derivatives is known: one can directly examine
the circle from which the sine and cosine functions come.

Refer to Fig. 5.4. Suppose that the point z in the figure is not fixed but
travels steadily about the circle such that!®

z(t) = (p) [cos(wt + ¢o) + isin(wt + ¢)] . (5.29)

How fast then is the rate dz/dt, and in what Argand direction? Answer:

dz d .d .
i (p) p cos(wt + ¢,) + o sin(wt + ¢,) | - (5.30)

Evidently however, considering the figure,

15Observe the Greek letter w, omega, which is not a Roman w. Refer to appendix B.
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e the speed |dz/dt| is also (p)(d¢/dt) = pw;

e the direction is at right angles to the arm of p, which is to say that
arg(dz/dt) = ¢ + 2w /4.

With these observations we can write that

% = (pw) [cos (wt + o + 2;) + isin (wt + o + 2;)}
= (pw) [—sin(wt + ¢o) + i cos(wt + ¢)] . (5.31)

Matching the real and imaginary parts of (5.30) against those of (5.31), we
have that

i cos(wt + ¢,) = —wsin(wt + ¢,),

dj (5.32)
pr sin(wt + ¢,) = +w cos(wt + ¢,).
If w=1and ¢, = 0, these are that
T cost = —sint,
t (5.33)

—sint = +cost.
dt

5.8.2 Derivatives of the trigonometrics

Equations (5.4) and (5.33) give the derivatives of exp(-), sin(-) and cos(-).
From these, with the help of (5.23) and the derivative chain and product
rules (§ 4.5), we can calculate the several derivatives of Table 5.2.16

5.8.3 Derivatives of the inverse trigonometrics

Observe the pair

d

—expz =expz
dZ p p7
dl 1
—lhw=—.
dw w

The natural exponential exp z belongs to the trigonometric family of func-
tions, as does its derivative. The natural logarithm In w, by contrast, belongs

16[115, back endpaper]
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Table 5.2: Derivatives of the trigonometrics.

d d 1 1
—expz = +expz - = -
dz dz expz exp z
. n d 1 1
—sinz = CcoS 2 — = -——
dz dz sin z tan z sin z
. d 1 tan z
—cosz = —sinz — = +
dz dz cos z CcoS 2

e tanz = + (1 + tan z) = P

d 1 B 14 1 B 1

dztanz tan? z N sin? 2
d 1 1

d
—sinhz = +coshz =

dz dz sinh 2 ~ tanh zsinh 2
h 4 sinh d 1 tanh z
—coshz = sinh z — - _
dz dz cosh z cosh z
d 1
—tanhz = 1—tanh?z = +——
dz cosh? z
d 1 1 1

dztanhz B tanh? z B sinh? 2
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to the inverse trigonometric family of functions; but its derivative is simpler,
not a trigonometric or inverse trigonometric function at all. In Table 5.2,
one notices that all the trigonometrics have trigonometric derivatives. By
analogy with the natural logarithm, do all the inverse trigonometrics have
simpler derivatives?

It turns out that they do. Refer to the account of the natural logarithm’s
derivative in § 5.2. Following a similar procedure, we have by successive steps
that

arcsinw =z,
w = sinz,
dw
— = co0sz
dz ’
d
d—w = +v1—sin?z,
z
d
d—w = +v1—w?,
z
dz +1
dw 1—w?’
+1
% arcsinw = \/ﬁ (534)
Similarly,
arctanw = 2z,
w = tanz,
d
dij = 1+ tan® z,
dw
= -1 2
dz T,
dz 1
dw 14+ w?’
d 1
. arctanw = w2 (5.35)

Derivatives of the other inverse trigonometrics are found in the same way.
Table 5.3 summarizes.

Table 5.3 may prove useful when the integration technique of § 9.1 is
applied.
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Table 5.3: Derivatives of the inverse trigonometrics.

%ln’w =

—arcsinw =
dw 1 — w2

— arccosw =
d

g~
=Tl T
— [
gl\)

w 1—
_ t —
o arctan w T w?

) +1
—arcsinhw = ——
dw w? 41

+1

— arccoshw =
dw _

H%
—

d tanh
— arctanhw =
dw 1 — w?

5.9 The actuality of complex quantities

Doing all this theoretically interesting complex mathematics, the applied
mathematician can lose sight of some questions he probably ought to keep
in mind: do complex quantities arise in nature? If they do not, then what
physical systems do we mean to model with them? Hadn’t we better avoid
these complex quantities, leaving them to the professional mathematical
theorists?

As developed by Oliver Heaviside in 1887,'7 the answer depends on your
point of view. If I have 300 g of grapes and 100 g of grapes, then I have 400 g
altogether. Alternately, if I have 500 g of grapes and —100 g of grapes,
again I have 400 g altogether. (What does it mean to have —100 g of
grapes? Maybe that I ate some!) But what if I have 200 + 100 g of grapes
and 200 — 7100 g of grapes? Answer: again, 400 g.

Probably you would not choose to think of 200 + 100 g of grapes
and 200 — ¢100 g of grapes, but because of (5.18) and (5.19), one often
describes wave phenomena as linear superpositions (sums) of countervailing

17[93}
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complex exponentials. Consider for instance the propagating wave
A , A .
Acos[wt — kz] = 5 exp[+i(wt — kz)] + 5 exp[—i(wt — kz)].

The benefit of splitting the real cosine into two complex parts is that, while
the magnitude of the cosine changes with time ¢, the magnitude of either
exponential alone remains steady (see the circle in Fig. 5.3). It turns out
to be easier to analyze two complex wave quantities of constant magnitude
than to analyze one real wave quantity of varying magnitude. Better yet,
since each complex wave quantity is the complex conjugate of the other,
the analyses thereof are mutually conjugate, too (§ 2.11.2); so one normally
need not actually analyze the second. The one analysis suffices for both.!®

Some authors have gently denigrated the use of imaginary parts in phys-
ical applications as a mere mathematical trick, as though the parts were not
actually there.'® Well, that is one way to treat the matter, but it is not the
way this book recommends. Nothing in the mathematics requires you to
regard the imaginary parts as physically nonexistent. One need not abuse
Ockham’s razor! (Ockham’s razor, “Do not multiply objects without neces-
sity,”2 is a sound philosophical indicator when properly used. However, the
razor is overused in some circles, particularly in circles in which Aristotle?!
is believed—mistakenly, in this writer’s view—to be vaguely outdated; or

181f the point is not immediately clear, an example: suppose that by the Newton-
Raphson iteration (§ 4.8) you have found a root of the polynomial ® + 222 4 3z + 4 at
x ~ —0x0.2D + i0x1.8C. Where is there another root? Answer: there is a conjugate root
at ¢ &~ —0x0.2D — i0x1.8C. Because the polynomial’s coefficients are real, one need not
actually run the Newton-Raphson again to find the conjugate root.

Another example, this time with a wave: suppose that, when fed by a time-
varying electric current of (5.0 milliamps)exp{+i(60 sec™!)2xt}, an electric ca-
pacitor develops a voltage—that is, develops an electric tension or potential—
of (40 volts) exp{+i[(60 sec™')2mt — 2m/4]}. It immediately follows, with-
out further analysis, that the same capacitor, if fed by a time-varying elec-
tric current of (5.0 milliamps)exp{—i(60 sec™')2nt}, would develop a voltage of
(40 volts) exp{—i[(60 sec™")2mt — 27 /4]}. The conjugate current gives rise to a conju-
gate voltage.

The reason to analyze an electric circuit in such a way is that, after analyzing it, one
can sum the two complex currents to get a real a.c. current like the current an electric wall
receptacle supplies. If one does this, then one can likewise sum the two complex voltages to
compute the voltage the capacitor would develop. Indeed, this is how electrical engineers
normally analyze a.c. systems (well, electrical engineers know some shortcuts, but this is
the idea), because exp(:) is so much easier a function to handle than cos(-) or sin(:) is.

90ne who gently denigrates the use can nevertheless still apply the trick! They often
do.

20125, chapter 12]

21 [44]
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more likely in circles in which Aristotle has been altogether forgotten. More
often than one likes to believe, the necessity to multiply objects remains
hidden until one has ventured the multiplication, nor reveals itself to the
one who wields the razor, whose hand humility should stay.) It is true by
Euler’s formula (5.12) that a complex exponential expi¢ can be decomposed
into a sum of trigonometrics. However, it is equally true by the complex
trigonometric formulas (5.18) and (5.19) that a trigonometric can be decom-
posed into a sum of complex exponentials. So, if each can be decomposed
into the other, then which of the two is the true decomposition? Answer:
that depends on your point of view. Experience seems to recommend view-
ing the complex exponential as the basic element—as the element of which
the trigonometrics are composed—rather than the other way around. From
this point of view, it is (5.18) and (5.19) which are the true decomposition.
Euler’s formula (5.12) itself could be viewed in this sense as secondary.

The complex exponential method of offsetting imaginary parts offers an
elegant yet practical mathematical means to model physical wave phenom-
ena. It may find other uses, too, so go ahead: regard the imaginary parts
as actual. Aristotle would regard them so (or so the writer suspects). To
regard the imaginary parts as actual hurts nothing, and it helps with the
math.



Chapter 6

Primes, roots and averages

This chapter gathers a few significant topics, each of whose treatment seems
too brief for a chapter of its own.

6.1 Prime numbers

A prime number—or simply, a prime—is an integer greater than one, divis-
ible only by one and itself. A composite number is an integer greater than
one and not prime. A composite number can be composed as a product of
two or more prime numbers. All positive integers greater than one are either
composite or prime.

The mathematical study of prime numbers and their incidents consti-
tutes number theory, and it is a deep area of mathematics. The deeper
results of number theory seldom arise in applications,’ however, so we will
confine our study of number theory in this book to one or two of its simplest,
most broadly interesting results.

6.1.1 The infinite supply of primes

The first primes are evidently 2,3,5,7,0xB,.... Is there a last prime?

To show that there is no last prime, suppose that there were. More
precisely, suppose that there existed exactly N primes, with N finite, letting
p1,P2,- .., PN represent these primes from least to greatest. Now consider

!The deeper results of number theory do arise in cryptography, or so the author has
been led to understand. Although cryptography is literally an application of mathematics,
its spirit is that of pure mathematics rather than of applied. If you seek cryptographic
derivations, this book is probably not the one you want.

147
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the product of all the primes,

N
C = Hpj.
j=1

What of C' 4+ 17 Since p; = 2 divides C, it cannot divide C' + 1. Similarly,
since po = 3 divides C, it also cannot divide C' + 1. The same goes for
p3 = 5, pa = 7, ps = 0xB, etc. Apparently none of the primes in the p;
series divides C' + 1, which implies either that C' + 1 itself is prime, or that
C + 1 is composed of primes not in the series. But the latter is assumed
impossible on the ground that the p; series includes all primes; and the
former is assumed impossible on the ground that C' +1 > C > py, with py
the greatest prime. The contradiction proves false the assumption that gave
rise to it. The false assumption: that there were a last prime.

Thus there is no last prime. No matter how great a prime number one
finds, a greater can always be found. The supply of primes is infinite.?

Attributed to the ancient geometer Fuclid, the foregoing proof is a clas-
sic example of mathematical reductio ad absurdum, or as usually styled in
English, proof by contradiction.’

6.1.2 Compositional uniqueness

Occasionally in mathematics, plausible assumptions can hide subtle logical
flaws. One such plausible assumption is the assumption that every positive
integer has a unique prime factorization. It is readily seen that the first
several positive integers—1 = (), 2 = (2!), 3 = (31), 4 = (2%), 5 = (5!),
6 = (24)(3Y), 7= (7'), 8 = (23), ...—each have unique prime factorizations,
but is this necessarily true of all positive integers?

To show that it is true, suppose that it were not.* More precisely, sup-
pose that there did exist positive integers factorable each in two or more
distinct ways, with the symbol C representing the least such integer. Noting
that C' must be composite (prime numbers by definition are each factorable

2[122]

3[110, appendix 1][146, “Reductio ad absurdum,” 02:36, 28 April 2006)

4Unfortunately the author knows no more elegant proof than this, yet cannot even
cite this one properly. The author encountered the proof in some book in the library of
Hayward State University, California, during the 1990s. The identity of that book is now
long forgotten.
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only one way, like 5 = [5]), let

149

NP
Cp = H pja
j=1
Nq
C'q = H gk,
k=1
C,=Cqy = C,
pi < DPj+i,
G < Qrtr,
D1 S q1,
N, > 1,
N, > 1,

where C), and C, represent two distinct prime factorizations of the same
number C' and where the p; and g, are the respective primes ordered from
least to greatest. We see that

Pj 7 U

for any j and k—that is, that the same prime cannot appear in both
factorizations—because if the same prime r did appear in both then C/r
either would be prime (in which case both factorizations would be [r][C/r],
defying our assumption that the two differed) or would constitute an am-
biguously factorable composite integer less than C' when we had already
defined C to represent the least such. Among other effects, the fact that
Pj # qr strengthens the definition p; < g1 to read

p1<q1.

Let us now rewrite the two factorizations in the form

C1p = plAzn

Oq = q1Aq7
C,=C, = C,
Np

Ap = ]]p‘77
=2
Nq

Aq = HQk7
k=2
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where p; and ¢; are the least primes in their respective factorizations.
Since C' is composite and since p; < q1, we have that

l<p<q <VC<A; <A, <C,

which implies that
piqn < C.

The last inequality lets us compose the new positive integer
B=C-piq,

which might be prime or composite (or unity), but which either way enjoys
a unique prime factorization because B < C, with C' the least positive
integer factorable two ways. Observing that some integer s which divides C
necessarily also divides C' + ns, we note that each of p; and ¢; necessarily
divides B. This means that B’s unique factorization includes both p; and ¢,
which further means that the product p1q; divides B. But if p1q; divides B,
then it divides B 4+ p1q1 = C, also.

Let E represent the positive integer which results from dividing C

by p1qa:

p= ¢
p1q1
Then,
C
E(h = — = Apa
b1
C
Ep1 = — = Aq.
q1

That Eq; = A, says that ¢; divides A4,. But A, < C, so A,’s prime factor-
ization is unique—and we see above that A,’s factorization does not include
any qx, not even ¢;. The contradiction proves false the assumption that
gave rise to it. The false assumption: that there existed a least composite
number C prime-factorable in two distinct ways.

Thus no positive integer is ambiguously factorable. Prime factorizations
are always unique.

We have observed at the start of this subsection that plausible assump-
tions can hide subtle logical flaws. Indeed this is so. Interestingly however,
the plausible assumption of the present subsection has turned out absolutely
correct; we have just had to do some extra work to prove it. Such effects
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are typical on the shadowed frontier where applied shades into pure math-
ematics: with sufficient experience and with a firm grasp of the model at
hand, if you think that it’s true, then it probably is. Judging when to delve
into the mathematics anyway, seeking a more rigorous demonstration of a
proposition one feels pretty sure is correct, is a matter of applied mathe-
matical style. It depends on how sure one feels, and more importantly on
whether the unsureness felt is true uncertainty or is just an unaccountable
desire for more precise mathematical definition (if the latter, then unlike
the author you may have the right temperament to become a professional
mathematician). The author does judge the present subsection’s proof to
be worth the applied effort; but nevertheless, when one lets logical minutiae
distract him to too great a degree, one admittedly begins to drift out of the
applied mathematical realm that is the subject of this book.

6.1.3 Rational and irrational numbers

A rational number is a finite real number expressible as a ratio of integers®

r=—, (p7Q)€Z7q>0

The ratio is fully reduced if p and ¢ have no prime factors in common. For
instance, 4/6 is not fully reduced, whereas 2/3 is.

An idrrational number is a finite real number which is not rational. For
example, v/2 is irrational. In fact any 2 = \/n is irrational unless integral;
there is no such thing as a v/n which is not an integer but is rational.

To proveS the last point, suppose that there did exist a fully reduced

x:E:\/ﬁ7 (n,p,q)EZ,n>0,p>07Q>l

q
Squaring the equation, we have that

P

which form is evidently also fully reduced. But if ¢ > 1, then the fully
reduced n = p?/q? is not an integer as we had assumed that it was. The
contradiction proves false the assumption which gave rise to it. Hence there
exists no rational, nonintegral \/n, as was to be demonstrated. The proof is
readily extended to show that any z = n//¥ is irrational if nonintegral, the

5Section 2.3 explains the € Z notation.
A proof somewhat like the one presented here is found in [110, appendix 1].
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extension by writing that p*/¢* = n/ then following similar steps as those
this paragraph outlines.

That’s all the number theory the book treats; but in applied math, so
little will take you pretty far. Now onward we go to other topics.

6.2 The existence and number of polynomial roots

This section shows that an Nth-order polynomial must have exactly N roots.

6.2.1 Polynomial roots
Consider the quotient B(z)/A(z), where
Alz) = z—aq,

N
B(z) = Y 2", N >0, by #0,
k=0

B(a) = 0.
In the long-division symbology of Table 2.3,
B(z) = A(2)Qo(2) + Ro(z),

where Qo(z) is the quotient and Ry(z), a remainder. In this case the divisor
A(z) = z — « has first order, and as § 2.6.2 has observed, first-order divisors
leave zeroth-order, constant remainders Ry(z) = p. Thus substituting yields
that

B(2) = (= — a)Qo(2) + p.

When z = «, this reduces to
B(a) = p.
But B(«) = 0 by assumption, so
p=0.

Evidently the division leaves no remainder p, which is to say that z — «
exactly divides every polynomial B(z) of which z = « is a root.”

Note that if the polynomial B(z) has order N, then the quotient Q(z) =
B(z2)/(z — ) has exactly order N — 1. That is, the leading, V! term of
the quotient is never null. The reason is that if the leading term were null, if
Q(z) had order less than N — 1, then B(z) = (z — a)Q(z) could not possibly
have order N as we have assumed.

"See also [116, § 5.86], which reaches the same result in nearly the same way.
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6.2.2 The fundamental theorem of algebra

The fundamental theorem of algebra holds that any polynomial B(z) of or-
der N can be factored

N N
B(z) => b2* =ty [[(z = o), by #0, (6.1)
k=0 j=1

where the a4, are the N roots of the polynomial.®

To prove the theorem, it suffices to show that all polynomials of order
N > 0 have at least one root; for if a polynomial of order N has a root ay,
then according to § 6.2.1 one can divide the polynomial by z — an to obtain
a new polynomial of order N — 1. To the new polynomial the same logic
applies: if it has at least one root ay_1, then one can divide it by z—an_1 to
obtain yet another polynomial of order N — 2; and so on, one root extracted
at each step, factoring the polynomial step by step into the desired form
bn vazl(z — aj).

It remains however to show that there exists no polynomial B(z) of order
N > 0 lacking roots altogether. To show that there is no such polynomial,
consider the locus® of all B(pe’?) in the Argand range plane (Fig. 2.6), where
z = pe'®, p is held constant, and ¢ is variable. Because el(dtn2m) — ¢i¢ anqd
no fractional powers of z appear in (6.1), this locus forms a closed loop. At
very large p, the byz" term dominates B(z), so the locus there evidently
has the general character of by p™¥eN?. As such, the locus is nearly but not
quite a circle at radius by p? from the Argand origin B(z) = 0, revolving N
times at that great distance before exactly repeating. On the other hand,
when p = 0 the entire locus collapses on the single point B(0) = bg.

Now consider the locus at very large p again, but this time let p slowly
shrink. Watch the locus as p shrinks. The locus is like a great string or
rubber band, joined at the ends and looped in N great loops. As p shrinks
smoothly, the string’s shape changes smoothly. Eventually p disappears and
the entire string collapses on the point B(0) = bg. Since the string originally
has looped N times at great distance about the Argand origin, but at the
end has collapsed on a single point, then at some time between it must have
swept through the origin and every other point within the original loops.

8Professional mathematicians typically state the theorem in a slightly different form.
They also usually prove it in rather a different way. [65, chapter 10, Prob. 74][116, § 5.85]

9A locus is the geometric collection of points which satisfy a given criterion. For
example, the locus of all points in a plane at distance p from a point O is a circle; the
locus of all points in three-dimensional space equidistant from two points P and Q is a
plane; etc.
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After all, B(z) is everywhere differentiable, so the string can only sweep
as p decreases; it can never skip. The Argand origin lies inside the loops at
the start but outside at the end. If so, then the values of p and ¢ precisely
where the string has swept through the origin by definition constitute a
root B(pe'®) = 0. Thus as we were required to show, B(z) does have at
least one root, which observation completes the applied demonstration of
the fundamental theorem of algebra.

(The purist might object that we have failed to prove that some trick
does not exist whereby the N loops smoothly collapsed without passing
through every point within. The applicationist might reply that, on an
applied level, such an objection were less than wholly serious, but anyway,
here is at least one formal tactic by which one could rule out the possibility
of a trick: as p shrinks, observing arg{B[pe'®] — by} as a function of ¢, keep
count of the net number of times the loops wind counterclockwise about the
point B[0] = by as, given a particular value of p, ¢ is let to sweep the domain
—2m/2 < ¢ < 2mw/2. To fill details is left as an exercise to the interested
reader.)

The fact that the roots exist is one thing. Actually finding the roots nu-
merically is another matter. For a quadratic (second order) polynomial, (2.2)
gives the roots. For cubic (third order) and quartic (fourth order) polynomi-
als, formulas for the roots are known (see chapter 10) though seemingly not
so for quintic (fifth order) and higher-order polynomials;!? but the Newton-
Raphson iteration (§ 4.8) can be used to locate a root numerically in any
case. The Newton-Raphson is used to extract one root (any root) at each
step as described above, reducing the polynomial step by step until all the
roots are found.

The reverse problem, finding the polynomial given the roots, is much
easier: one just multiplies out [[;(z — ), as in (6.1).

Incidentally, the reverse problem and its attendant multiplication show
that an Nth-order polynomial can have no other roots than the N roots
z = a;. Reason: the product [];(z — o) is nonzero for all other z.

10Tp a celebrated theorem of pure mathematics [141, “Abel’s impossibility theorem”], it
is said to be shown that no such formula even exists, given that the formula be constructed
according to certain rules. Undoubtedly the theorem is interesting to the professional
mathematician, but to the applied mathematician it probably suffices to observe merely
that no such formula is known.
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6.3 Addition and averages

This section discusses the two basic ways to add numbers and the three
basic ways to calculate averages of them.

6.3.1 Serial and parallel addition

Consider the following problem. There are three masons. The strongest
and most experienced of the three, Adam, lays 60 bricks per hour.!! Next
is Brian who lays 45. Charles is new; he lays only 30. Given eight hours,
how many bricks can the three men lay? Answer:

(8 hours) (60 + 45 + 30 bricks per hour) = 1080 bricks.

Now suppose that we are told that Adam can lay a brick every 60 seconds;
Brian, every 80 seconds; Charles, every 120 seconds. How much time do the
three men need to lay 1080 bricks? Answer:

1080 brick 1 h
< < - r_lc S = 28,800 seconds (\OM 1 >
(g5 + 55 + T55) bricks per second 3600 seconds

= 8 hours.

The two problems are precisely equivalent. Neither is stated in simpler terms
than the other. The notation used to solve the second is less elegant, but
fortunately there exists a better notation:

(1080 bricks)(60 || 80 || 120 seconds per brick) = 8 hours,

where
1 1 1 1

60[/80([120 _ 60 ' 80 " 120°

The operator || is called the parallel addition operator. It works according

to the law
11 6.2)
allb a + b’ (6.
where the familiar operator + is verbally distinguished from the | when
necessary by calling the + the serial addition or series addition operator.
With (6.2) and a bit of arithmetic, the several parallel-addition identities of

Table 6.1 are soon derived.

"The figures in the example are in decimal notation.
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Table 6.1: Parallel and serial addition identities.

(allb) e

a+b
a+b

a+ -

a+b

a+ (b+c)
a+0=0+a
a+ (—a)

(@)(b+c)

>k Ok
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The writer knows of no conventional notation for parallel sums of series,
but suggests that the notation which appears in the table,

b
YoIFR) = f@) |l flat+ D)l fla+2) ] - I f(b),
k=a

might serve if needed.
Assuming that none of the values involved is negative, one can readily
show that!?
allxz<b|z iff a<b. (6.3)

This is intuitive. Counterintuitive, perhaps, is that

alz<a. (6.4)
Because we have all learned as children to count in the sensible man-
ner 1,2,3,4,5,...—rather than as 1, %, %, i, %, ...—serial addition (+) seems

more natural than parallel addition (]|) does. The psychological barrier is
hard to breach, yet for many purposes parallel addition is in fact no less
fundamental. Its rules are inherently neither more nor less complicated, as
Table 6.1 illustrates; yet outside the electrical engineering literature the par-
allel addition notation is seldom seen.'® Now that you have seen it, you can
use it. There is profit in learning to think both ways. (Exercise: counting
from zero serially goes 0,1,2,3,4,5,...; how does the parallel analog go?)'4

Convention brings no special symbol for parallel subtraction, inciden-
tally. One merely writes

all (=b),

which means exactly what it appears to mean.

6.3.2 Averages

Let us return to the problem of the preceding section. Among the three
masons, what is their average productivity? The answer depends on how
you look at it. On the one hand,

(60 + 45 + 30) bricks per hour
3

2The word 4ff means, “if and only if.”

13In electric circuits, loads are connected in parallel as often as, in fact probably more
often than, they are connected in series. Parallel addition gives the electrical engineer a
neat way of adding the impedances of parallel-connected loads.

141114, eqn. 1.27]

= 45 bricks per hour.
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On the other hand,

(60 + 80 + 120) seconds per brick
3

These two figures are not the same. That is, 1/(86% seconds per brick) #
45 bricks per hour. Yet both figures are valid. Which figure you choose
depends on what you want to calculate. Will the masons lay bricks at the
same time in different parts of the wall? Then choose the 45 bricks per hour.
Will the masons lay bricks at different times in the same part of the wall?
Then, especially if the masons have each equal numbers of bricks to lay,
choose the 86% seconds per brick.

When it is unclear which of the two averages is more appropriate, a third
average is available, the geometric mean

= 86% seconds per brick.

[(60)(45)(30)]'/% bricks per hour.

The geometric mean does not have the problem either of the two averages
discussed above has. The inverse geometric mean

[(60)(80)(120)]1/3 seconds per brick

implies the same average productivity. The mathematically savvy sometimes
prefer the geometric mean over either of the others for this reason.

Generally, the arithmetic, geometric and harmonic means are defined to
be

D ok WETk 1
= 2k WRTE — Wi | 6.5
o= R (S ) (S (65
1/ 325 we 3ok L/ wy
pn = Ha:;‘)] = Ha:;)] , (6.6)
J J

Sl (s~ ) (3
SR A 7 ‘(Z ) (%3” wk)’ &)

where the x; are the several samples and the wj; are weights. For two
samples weighted equally, these are

a+b
pn = Vab, (6.9)
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If a > 0 and b > 0, then, by successive steps,'®

0 < (a—b)Q,

0 < a2—2ab+b2,

4ab < a®+ 2ab + b2,
2Wab < a+b,

2v/ab a+b

< 1 < :
a+b — ~ 2WVab
2ab S \/% S a+b’
a+b 2
b
2Aalh) < Vab < L2
That is,

py < prn < p (6.11)

The arithmetic mean is greatest and the harmonic mean, least; with the
geometric mean falling between.

Does (6.11) hold when there are several nonnegative samples of various
nonnegative weights? To show that it does, consider the case of N = 2™
nonnegative samples of equal weight. Nothing prevents one from dividing
such a set of samples in half, considering each subset separately, for if (6.11)
holds for each subset individually then surely it holds for the whole set (this
is so because the average of the whole set is itself the average of the two sub-
set averages, where the word “average” signifies the arithmetic, geometric
or harmonic mean as appropriate). But each subset can further be divided
in half, then each subsubset can be divided in half again, and so on until
each smallest group has two members only—in which case we already know
that (6.11) obtains. Starting there and recursing back, we have that (6.11)

15The steps are logical enough, but the motivation behind them remains inscrutable
until the reader realizes that the writer originally worked the steps out backward with his
pencil, from the last step to the first. Only then did he reverse the order and write the
steps formally here. The writer had no idea that he was supposed to start from 0 < (a—b)?
until his pencil working backward showed him. “Begin with the end in mind,” the saying
goes. In this case the saying is right.

The same reading strategy often clarifies inscrutable math. When you can follow the
logic but cannot understand what could possibly have inspired the writer to conceive the
logic in the first place, try reading backward.
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obtains for the entire set. Now consider that a sample of any weight can
be approximated arbitrarily closely by several samples of weight 1/2™, pro-
vided that m is sufficiently large. By this reasoning, (6.11) holds for any
nonnegative weights of nonnegative samples, which was to be demonstrated.

6.4 The continued-fraction representation
Besides representing a number like
21 = 0x6.487F - - -

in the usual way via a sequence of bits,'® one can represent it in the curious
form of a continued fraction,'”

27T:6+ )
3+

1+

1+

7+
2+
0x92
X2ty

in which the “--.” means that, if truncated, the continued fraction is to be
truncated in the manner of

1 0x2C6

2mr =~ 6 = )
RO 1 0x71

In terser notation,'®

M — L — ==
T e T I T2y

180r of decimal digits, but this book prefers hexadecimal/binary. See appendix A.
17146, “Continued fraction,” 18:08, 7 Sept. 2019)
'8 The notation follows [1, eqn. 6.1.48].



Chapter 7

The integral

Chapter 4 has observed that the mathematics of calculus concerns a com-
plementary pair of questions:

e Given some function f(t), what is the function’s instantaneous rate of
change, or derivative, f'(t)?

e Interpreting some function f’(¢) as an instantaneous rate of change,
what is the corresponding accretion, or integral, f(t)?

Chapter 4 has built toward a basic understanding of the first question. This
chapter builds toward a basic understanding of the second. The understand-
ing of the second question constitutes the concept of the integral, one of the
profoundest ideas in all of mathematics.

This chapter, which introduces the integral, is undeniably a hard chapter.

Experience knows no reliable way to teach the integral adequately to
the uninitiated except through dozens or hundreds of pages of suitable ex-
amples and exercises, yet the book you are reading cannot be that kind of
book. The sections of the present chapter concisely treat matters which
elsewhere rightly command chapters or whole books of their own. Concision
can be a virtue—and by design, nothing essential is omitted here—but the
bold novice who wishes to learn the integral from these pages alone faces a
daunting challenge. It can perhaps be done. Meanwhile, the less intrepid
who prefer a gentler initiation might first try a good tutorial like [57].

7.1 The concept of the integral

An integral is a finite accretion or sum of an infinite number of infinitesimal
elements. This section introduces the concept.

161
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Figure 7.1: Areas representing discrete sums.
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7.1.1 An introductory example

Consider the sums
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What do these sums represent? One way to think of them is in terms of the
shaded areas of Fig. 7.1. In the figure, S; is composed!® of several tall, thin

If the reader does not fully understand this paragraph’s illustration, if the relation of
the sum to the area seems unclear, then the reader is urged to pause and consider the
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rectangles of width 1 and height k; Sa, of rectangles of width 1/2 and height
k/2. As n grows, the shaded region in the figure looks more and more like
a triangle of base length b = 0x10 and height h = 0x10. In fact it appears
that

lim S, = % = 0x80,

n—oo

or more tersely

Seo = 0x80,

is the area the increasingly fine stairsteps approach.

Notice how we have evaluated S.,, the sum of an infinite number of
infinitely narrow rectangles, without actually adding anything up. We have
taken a shortcut directly to the total.

In the equation

(0x10)n—1
1 k
Sn = - )
n 2
k=0

let us now change the variables

k
T —,
n
1
AT — —,
n
to obtain the representation
(0x10)n—1
Sp = AT T3
k=0
or more properly,
(klr=0x10)—1
Sp = Z T AT,
k=0

where the notation k|,;—ox10 indicates the value of k¥ when 7 = 0x10. Then

(k|T:OX10)71
Soeo = lim Z T AT,
AT—0F P

illustration carefully until he does understand it. If it still seems unclear, then the reader
should probably suspend reading here and go to study a good basic calculus text like [57].
The concept is important.
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Figure 7.2: An area representing an infinite sum of infinitesimals. (Observe
that the infinitesimal d7 is now too narrow to show on this scale. Compare
against A7 in Fig. 7.1.)

0x10

in which it is conventional as A7 vanishes to change the symbol dr < Ar,
where dr7 is the infinitesimal of chapter 4:

(klr=0x10)—1

Seo = lim Z TdrT.
dr—0+t P

The symbol lim,_,o+ Z,gif):oxw)_l is cumbersome, so we replace it with the

0x10

0 to obtain the form

0x10
Soo = / TdT.
0

This means, “stepping in infinitesimal intervals of dr, the sum of all 7dr
from 7 =0 to 7 = 0x10.” Graphically, it is the shaded area of Fig. 7.2.

new symbol?

2Like the Greek S, Y, denoting discrete summation, the seventeenth century-styled
Roman S, [, stands for Latin “summa,” English “sum.” See [146, “Long s,” 14:54, 7 April
2006].
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7.1.2 Generalizing the introductory example

Now consider a generalization of the example of § 7.1.1:

s=nS1(5)

(In the example of § 7.1.1, f[r] was the simple f[r] = 7, but in general it
could be any function.) With the change of variables
k
T+ —,
n

1
AT — —,
n

whereby

k’T:a = an,
k’T:b =bn
(k,n) €Z, n#0,

(but @ and b need not be integers), this is

(k“r=b)_1
Sa= Y f(r)Ar
k=(k|r=a)
In the limit,
(k|7' b
li T)dT =
dTEE(l)+ k:z )f = /f

This is the integral of f(7) in the interval a < 7 < b. It represents the area
under the curve of f(7) in that interval.

7.1.3 The balanced definition and the trapezoid rule

Actually, just as we have defined the derivative in the balanced form (4.8),
we do well to define the integral in balanced form, too:

(k’|7’:b)71

b
/f(T)dTE IR CACLA f(T)dTJrf(bQ)dT (1)

dr—0+ 2
k=(k|r=a)+1
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Figure 7.3: Integration by the trapezoid rule (7.1). Notice that the shaded
and dashed areas total the same.

a = dr — b

Here, the first and last integration samples are each balanced “on the edge,”
half within the integration domain and half without.

Equation (7.1) is known as the trapezoid rule. Figure 7.3 depicts it. The
name “trapezoid” comes of the shapes of the shaded integration elements in
the figure. Observe however that it makes no difference whether one regards
the shaded trapezoids or the dashed rectangles as the actual integration
elements; the total integration area is the same either way.? The important
point to understand is that the integral is conceptually just a sum. It is a
sum of an infinite number of infinitesimal elements as dr tends to vanish,
but a sum nevertheless; nothing more.

3The trapezoid rule (7.1) is perhaps the most straightforward, general, robust way
to define the integral, but other schemes are possible, too. For example, taking the
trapezoids in adjacent pairs—such that a pair enjoys not only a sample on each end but
a third sample in the middle—one can for each pair fit a second-order curve f(7) =
(c2)(T — Tmiddie)? 4 (¢1)(T — Tmiddie) + co to the function, choosing the coefficients cz2, c1
and co to make the curve match the function exactly at the pair’s three sample points;
and then substitute the area under the pair’s curve (an area which, by the end of § 7.4,
we shall know how to calculate exactly) for the areas of the two trapezoids. Changing the
symbol AT < d7 on one side of the equation to suggest coarse sampling, the result is the
unexpectedly simple

/ f(r) A ~ Ef(a) + %f(a L AT+ §f<a +2AT)

+5F@FBAT) 2 flat AAT) 4o+ S - AT) + £ f(0)| AT,
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Nothing actually requires the integration element width dr to remain
constant from element to element, incidentally. Constant widths are usually
easiest to handle but variable widths find use in some cases. The only
requirement is that d7 remain infinitesimal. (For further discussion of the
point, refer to the treatment of the Leibnitz notation in § 4.4.)

7.2 The antiderivative and the fundamental theo-
rem of calculus

If

then what is the derivative dS/dx? After some reflection, one sees that the

derivative must be
dS

dz
This is so because the action of the integral is to compile or accrete the
area under a curve. The integral accretes area at a rate proportional to the
curve’s height f(7): the higher the curve, the faster the accretion. In this
way one sees that the integral and the derivative are inverse operators; the
one inverts the other. The integral is the antiderivative.

9().

More precisely,

[ L= s, (12)

where the notation f(7)|% or [f(7)]% means f(b) — f(a).

as opposed to the trapezoidal
b
/ f(r) AT ~ Bf(a) + fla+ AT + fla+2A7)
T fa+3A7)+ flatAAT) + 4 f(b— A7)+ ()| AT

implied by (7.1). The curved scheme is called Simpson’s rule. It is clever and well known.

Simpson’s rule had real uses in the slide-rule era when, for practical reasons, one pre-
ferred to let A7 be sloppily large, sampling a curve only a few times to estimate its
integral; yet the rule is much less useful when a computer is available to do the arithmetic
over an adequate number of samples. At best Simpson’s rule does not help much with
a computer; at worst it can yield spurious results; and because it is easy to program it
tends to encourage thoughtless application. Other than in the footnote you are reading,
Simpson’s rule is not covered in this book.
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The importance of (7.2), fittingly named the fundamental theorem of
calculus,* can hardly be overstated. As the formula which ties together the
complementary pair of questions asked at the chapter’s start, (7.2) is of
utmost importance in the practice of mathematics. The idea behind the
formula is indeed simple once grasped, but to grasp the idea firmly in the
first place is not entirely trivial.’> The idea is simple but big. The reader
is urged to pause now and ponder the formula thoroughly until he feels
reasonably confident that indeed he does grasp it and the important idea
it represents. One is unlikely to do much higher mathematics without this
formula.

As an example of the formula’s wuse, consider that because
(d/dr)(73/6) = 72/2, it follows that

/‘r 2 dr /m d <T3> 3

= — | = |dr= —
2 2 2 dr 6 6
Gathering elements from (4.16) and from Tables 5.2 and 5.3, Table 7.1

lists a handful of the simplest, most useful derivatives for antiderivative use.
Section 9.1 speaks further of the antiderivative.

o3 -8

9 6

4[57, § 11.6][115, § 5-4][146, “Fundamental theorem of calculus,” 06:29, 23 May 2006]

SHaving read from several calculus books and, like millions of others perhaps including
the reader, having sat years ago in various renditions of the introductory calculus lectures
in school, the author has never yet met a more convincing demonstration of (7.2) than the
formula itself. Somehow the underlying idea is too simple, too profound to explain. It’s like
trying to explain how to drink water, or how to count or to add. Elaborate explanations
and their attendant constructs and formalities are indeed possible to contrive, but the idea
itself is so simple that somehow such contrivances seem to obscure the idea more than to
reveal it.

One ponders the formula (7.2) a while, then the idea dawns on him.

If you want some help pondering, try this: sketch some arbitrary function f(7) on a set
of axes at the bottom of a piece of paper—some squiggle of a curve like

will do nicely—then on a separate set of axes directly above the first, sketch the cor-
responding slope function df /dr. Mark two points a and b on the common horizontal
axis; then on the upper, df/dr plot, shade the integration area under the curve. Now
consider (7.2) in light of your sketch.

There. Does the idea not dawn?

Another way to see the truth of the formula begins by canceling its (1/d7) dr to obtain
the form f_f:a df = f(7)|%. If this way works better for you, fine; but make sure that you
understand it the other way, too.
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Table 7.1: Basic derivatives for the antiderivative.

bdf b
| = s

d a
T“_1:<T>, a#0
dr \ a
d
— = —Inr, Inl1 =0
T dr nr .
d
exXpT = ——expT, exp0 =1
dr
d . .
COST = —sinT, sin0 = 0
dr
sint = E(—COST), cos0 =1

7.3 Operators, linearity and multiple integrals

This section presents the operator concept, discusses linearity and its conse-
quences, treats the commutivity of the summational and integrodifferential
operators, and introduces the multiple integral.

7.3.1 Operators

An operator is a mathematical agent that combines several values of a func-
tion.

Such a definition, unfortunately, is extraordinarily unilluminating to
those who do not already know what it means. A better way to introduce
the operator is by giving examples. Operators include 4, —, multiplication,
division, Y, [], [ and 9. The essential action of an operator is to take
several values of a function and combine them in some way. For example, ||
is an operator in

5
1125 —1) = 1)3)(5)(7)(9) = 0x3B1.
j=1

Notice that the operator has acted to remove the variable j from the
expression 25 — 1. The j appears on the equation’s left side but not on its
right. The operator has used the variable up. Such a variable, used up by
an operator, is a dummy variable, as encountered earlier in § 2.3.
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7.3.2 A formalism

But then how are + and — operators? They don’t use any dummy variables
up, do they?

Well, that depends on how you look at it. Consider the sum S =3 + 5.
One can write this as

S=>_fk),

1

0
where
3 if k=0,
f(k) =45 ifk=1,
undefined otherwise.
Then,

1
S=> f(k)=f0)+f(1)=3+5=8.
k=0

By such admittedly excessive formalism, the 4+ operator can indeed be said
to use a dummy variable up. The point is that + is in fact an operator just
like the others.

Another example of the kind:

D =g(2) = h(2) + p(2) +4(2)

=9(2) = h(z) +p(2) = 0+ q(2)
O(0,2) —P(1,2) + D(2,2) — ®(3,2) + (4, 2)

~— —

4
=Y (=) (K, 2),
k=0
where
9(2) if k=0,
h(z) if k=1,
O(k,z) = p(z) %f k=2,
0 if k=3,
q(2) if k=4,
undefined otherwise.

Such unedifying formalism is essentially useless in applications, except
as a vehicle for definition. Once you understand why + and — are operators
just as Y~ and [ are, you can forget the formalism. It doesn’t help much.
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7.3.3 Linearity
A function f(z) is linear iff (if and only if) it has the properties

f(z1 4 22) = f(21) + f(22),
flaz) =

The functions f(z) = 3z, f(u,v) = 2u — v and f(z) = 0 are examples of
linear functions. Nonlinear functions include® f(z) = 22, f(u,v) = uw,
f(t) = coswt, f(z) =32+ 1 and even f(z) = 1.

An operator L is linear iff it has the properties

L(f1 + f2) = Lf1 + L fa,

L(af) = aLf,
L(0) =0.
The operators >, [, +, — and 0 are examples of linear operators. For
instance,’
_dn, di

LA+ REI= T 2

Nonlinear operators include multiplication, division and the various trigono-
metric functions, among others.
Section 16.1.2 will have more to say about operators and their notation.

7.3.4 Summational and integrodifferential commutivity

Consider the sum
b q k

s=y (00

k=a | j=p

SIf 32 + 1 is a linear expression, then how is not f(z) = 3z + 1 a linear function?
Answer: the matter is a matter partly of purposeful definition, partly of semantics. The
equation y = 3x + 1 plots a line, so the expression 3z + 1 is literally “linear” in this
sense; but the definition has more purpose to it than merely this. When you see the linear
expression 3z + 1, think 324+ 1 = 0, then g(z) = 3z = —1. The g(z) = 3z is linear; the —1
is the constant value it targets. That’s the sense of it.

"You don’t see d in the list of linear operators? But d in this context is really just
another way of writing 0, so, yes, d is linear, too. See § 4.4.
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This is a sum of the several values of the expression z¥/j!, evaluated at every
possible pair (7, k) in the indicated domain. Now consider the sum

ey

!
j=p Lk=a 7°

This is evidently a sum of the same values, only added in a different order.
Apparently S = S3. Reflection along these lines must soon lead the reader
to the conclusion that, in general,

SN rGR =D G k)
kg J k

Now consider that an integral is just a sum of many elements, and that
a derivative is just a difference of two elements. Integrals and derivatives
must then have the same commutative property discrete sums have. For

example,
/_oo [ f dudv—/ /Oo_oof(u,v)dvdu;
/;fk(v)dv:;/fk(v)dv;
zi/fd“:/gid
In general,

LvLuf(u’ U) = Luva(uv 1)), (73)

where L is any of the linear operators Y, [ or 0.
Some convergent summations, like

co 1 ;
—= 2k +5+1 + J + I
diverge once reordered, as
1 o ;
oo 2k:+] +1°

One cannot blithely swap operators here. This is not because swapping is
wrong, but rather because the inner sum after the swap diverges, whence the
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outer sum after the swap has no concrete summand on which to work. (Why
does the inner sum after the swap diverge? Answer: 1+ 1/3+1/5+ .- =
1] +[1/3+1/5] +[1/7+1/9+ 1/0xB + 1/0xD] + --- > 1[1/4] + 2[1/8] +

4[1/0x10] + --- = 1/4+1/4+ 1/4+ ---. See also § 8.10.5.) For a more
twisted example of the same phenomenon, consider®
114_114__111_1_111+
2 3 4 B 2 4 3 6 8 ’

which associates two negative terms with each positive, but still seems to
omit no term. Paradoxically, then,

1_1+1_1_|_...:(1_1>+<1_1>+...
2 3 4 2 4 6 8
1 11 1
"2 176 8"
1

B ) 1+1 1+
2 2 3 4 ’

or so it would seem, but cannot be, for it claims falsely that the sum is half
itself. A better way to have handled the example might have been to write

the series as
. 1 1 n 1 1 n + 1 1
oo 27374 m—1 2n

in the first place, thus explicitly specifying equal numbers of positive and
negative terms.” So specifying would have forestalled the error. In the

earlier example,
Jﬂig%§%2k+j+1
= ]:

83, § 1.2.3]

9Some students of pure mathematics would assert that the false conclusion had been
reached through lack of rigor. Well, maybe. This writer however does not feel sure that
rigor is quite the right word for what was lacking here. Pure mathematics does bring
an elegant notation and a set of formalisms which serve ably to spotlight certain limited
kinds of blunders, but these are blunders no less by the applied approach. The stalwart
Leonhard Euler—arguably the greatest series-smith in mathematical history—wielded his
heavy analytical hammer in thunderous strokes before modern professional mathematics
had conceived the notation or the formalisms. If the great Euler did without, then you
and I might not always be forbidden to follow his robust example. See also footnote 11.

On the other hand, the professional approach to pure mathematics is worth study if
you have the time. Recommended introductions include [77], preceded if necessary by [57]
and/or [3, chapter 1].
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would likewise have forestalled the error, or at least have made the error
explicit.

The conditional convergence'© of the last paragraph, which can occur in
integrals as well as in sums, seldom poses much of a dilemma in practice.
One can normally swap summational and integrodifferential operators with
little worry. The reader however should at least be aware that conditional
convergence troubles can arise where a summand or integrand varies in sign
or phase.

7.3.5 Multiple integrals

Consider the function

u?

f(u’w) i

w

Such a function would not be plotted as a curved line in a plane, but rather
as a curved surface in a three-dimensional space. Integrating the function
seeks not the area under the curve but rather the volume under the surface:

u2 wo ’U,2
V= / / — dw du.
ul w1 w
This is a double integral. Inasmuch as it can be written in the form

uz
V=gt du,

1

wo ,,2
sy = [ dw,

w1i w

its effect is to cut the area under the surface into flat, upright slices, then
the slices crosswise into tall, thin towers. The towers are integrated over w
to constitute the slice, then the slices over u to constitute the volume.

In light of § 7.3.4, evidently nothing prevents us from swapping the
integrations: wu first, then w. Hence

wo uz ,,2
V= / / 2 dudw.
w1 ul w
And indeed this makes sense, doesn’t it? What difference should it make

whether we add the towers by rows first then by columns, or by columns first
then by rows? The total volume is the same in any case—albeit the integral

10077, § 16]
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over w is potentially ill-behaved'' near w = 0; so that, if for instance w;
were negative, wy were positive, and both were real, one might rather write
the double integral as'?

—€ wo ug U2
V = lim </ +/ )/ — du dw.
e—07t wy +e u W

Double integrations arise very frequently in applications. Triple integra-
tions arise about as often. For instance, if u(r) = u(x,y, z) represents the
position-dependent mass density of some soil,'® then the total soil mass in
some rectangular volume is

2 Y2 z2
M :/ / / w(z,y,z)dzdy dx.
x1 Y1 Z1

As a concise notational convenience, the last is likely to be written,

M—AM&M

where the V' stands for “volume” and is understood to imply a triple inte-
gration. Similarly for the double integral,

Qzéﬂmw,

where the S stands for “surface” and is understood to imply a double inte-
gration.

Even more than three nested integrations are possible. If we integrated
over time as well as space, the integration would be fourfold. A spatial
Fourier transform (§ 19.6) implies a triple integration; and its inverse, an-
other triple: a sixfold integration altogether. Manifold nesting of integrals
is thus not just a theoretical mathematical topic; it arises in sophisticated
real-world engineering models. The topic concerns us here for this reason.

LA great deal of ink is spilled in the applied mathematical literature when summations
and/or integrations are interchanged. The author tends to recommend saving the ink, for
pure and applied mathematics want different styles. What usually matters in applications
is not whether a particular summation or integration satisfies some formal test but rather
whether one clearly understands the summand to be summed or the integrand to be
integrated. See also footnote 9.

121t is interesting to consider the effect of withdrawing the integral’s limit at —e to —2e,
as lim,_,o+ (fw_fe + ff:) f;f % du dw; for, surprisingly—despite that the parameter € is
vanishing anyway—the withdrawal does alter the integral unless the limit at +¢ also is
withdrawn. The reason is that lim,_, o+ ffe(l/w) dw=1n2#0.

13Conventionally, the Greek letter p rather than p is used for density. However, it
happens that we shall need the letter p for a different purpose later in the paragraph.
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Figure 7.4: The area within a parabola.

Yy
\ -’||<—d.’E/

7.4 Areas and volumes

By composing and solving appropriate integrals, one can calculate the peri-
meters, areas and volumes of interesting common shapes and solids.

7.4.1 The area within a parabola
Figure 7.4 depicts an element of the area within the parabola
y = ax’. (7.4)

The element—which is shaded in the figure—is nearly rectangular (or, if
you prefer, nearly trapezoidal), and indeed is the more nearly rectangular
(trapezoidal) the smaller dx is made to be. Evidently, therefore, the ele-
ment’s area is Arectangle = (af? — az?) dx. Integrating the many rectangles,
we find the area within the parabola to be

¢ ¢

2 2

Aparabola = Arectangle = / (aﬁ —ar )d$
r=—/ —L

4 l
:aEQ/ da:—a/ 22 dz
—/ —/

V4

237°¢
= af? [x] —a [] .
rz=—/ 3 z=—/

But [alf__, = (£) — (~6) = 20 and [¢/3/%__, = (£)*/3 — (~0)*/3 = 2633,

4al3

Aparabola = 3 (75)
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7.4.2 The length of a parabola

Section 7.4.1 has computed the area within the parabola of Fig. 7.4, but
what if one wishes instead to compute the parabola’s length? According to
Pythagoras, (1.1),

(ds)? = (dzx)* + (dy)?,

the ds being an element of the curve’s length. Taking the derivative of (7.4),
dy = 2ax dzx,
SO
(ds)? = (dz)? + (2az dz)?,

or, solving for ds,
ds = dx+/1+ (2ax)?.

Integrating,

l l l
s:/ ds:/ dx \/1+(2a:r)2:2/ dx \/1+ (2ax)?,
T -/ 0

=/

the last step of which observes that, symmetrically, the parabola’s left half
does not differ in length from its right. Defining

u = 2az,

whose derivative is
du = 2adz,

permits s to be expressed in a slightly simpler form,

1 2al
s = / du/1+ u?, (7.6)
0

a

but after this it is not obvious what should be done next.

Several techniques can be tried, most of which however seem to fail
against an integrand like v/1 + u2. Paradoxically, a modified integrand like
uv/1 + u2, which looks more complicated, would have been easier to handle,
for the technique of'* § 9.2 would have resolved it neatly; whereas neither the
technique of § 9.2 nor any of several others seems to make headway against

MThis is a forward reference. It is given for information. You need not follow it for
now, for the present section’s logic does not depend on it.
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the simpler-looking v/1 + u2. Nevertheless, after some trial and error, one
may recall Table 5.3 which affords a clue. From the table,'®
1

d
— arcsinh uy = ——, 7.7
- s (7.7)

the right side of which resembles our integrand 1+ u2. To the above
derivative we can append two more,
u

d
du V14 u? (78)
2

d U
—uvVi1i+u2 = V1+u2+ —m, 7.9

computed by the chain and product rules of § 4.5. The last includes the
expression u?/v/1 + u? which, after adding and subtracting 1/v/1 + u2, one
can alternately write as u?/v1+u2 = (1 +u?)/V1+u2 —1/V1+u2 =
V14 u? —1/v1+u? Thus,

1
V1tu?

Not all the derivatives of this paragraph turn out to be useful to the present
problem but (7.7) and (7.10) do. The average of those two is

V1 2 inh
i (u + u* 4 arcsin u) :m’ (7.11)

dEU\/lJruQ:Q\/ququ (7.10)
U

du 2

whose right side matches our integrand.

Why should one care that the right side of the average (7.11) matches
our integrand? Because the match lets one use the fundamental theorem of
calculus, (7.2) of § 7.2. Applying the average, according to the fundamental
theorem, to (7.6),

2af
uv' 1+ u? + arcsinh u] ¢
5 )

1
s = —
a

u=0

15The table’s relevant entry includes a =+ sign but only the + sign interests us here.
Why only? Because we shall have to choose one branch or the other of the hyperbolic
arcsine along which to work whether we will or nill. Nothing prevents us from choosing
the positive branch.

You can try the negative branch if you wish. After some signs have canceled, you will
find that the negative branch arrives at the same result.
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Figure 7.5: The area of a circle.

d¢

Evaluating,
1
s =Lly/1+ (2a0)%? + % arcsinh 2a/, (7.12)
a

or, if you prefer, expanding arcsinh(-) according to Table 5.1,

s =01+ (2a0)? + % In [M VI (w)ﬂ (7.13)

(in which we have chosen the + sign for the table’s + because the — sign
would have returned a complex length). This is the parabola’s length, mea-
sured along its curve.

That wasn’t so easy. If you are not sure that you have followed it, that’s
all right, for you can return to study it again later. Also, you can learn more
about the parabola in § 15.7.1 and, in § 9.8, more too about the technique by
which the present subsection has evaluated (7.6). Meanwhile, fortunately,
the next subsection will be easier and also more interesting. It computes
the area of a circle.

7.4.3 The area of a circle

Figure 7.5 depicts an element of a circle’s area. The element has wedge
shape, but inasmuch as the wedge is infinitesimally narrow, the wedge is
indistinguishable from a triangle of base length p d¢ and height p. The area
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Figure 7.6: The volume of a cone.

of such a triangle is Agiangle = p*dp/2. Integrating the many triangles, we
find the circle’s area to be

™ T 2 d 2(;5
Acircle = / Atriangle = / P ¢ = L
p=—m -7 2 2

Evaluated,
21 p?

: (7.14)

Acircle =
(The numerical value of 2r—the circumference or perimeter of the unit
circle—we have not calculated yet. We will calculate it in § 8.11. The
reason to write 27/2 rather than the deceptively simpler-looking 7 is that
the symbol 7 alone obscures the sense in which the circle resembles a rolled-
up triangle. See appendix A. Sometimes the book uses the symbol 7 alone,
anyway, just to reduce visual clutter; but that an alternate symbol like'6
m = 27 is not current is unfortunate. If such a symbol were current, then
we could have written that Apce = mp?/2.)

7.4.4 The volume of a cone

One can calculate the volume of any cone (or pyramid) if one knows its
base area B and its altitude h measured normally!” to the base. Refer to
Fig. 7.6. A cross-section of a cone, cut parallel to the cone’s base, has the
same shape the base has but a different scale. If coordinates are chosen such
that the altitude h runs in the z direction with z = 0 at the cone’s vertex,

16The symbol m has no name of which the writer is aware. One might provisionally call
it “palais” after the mathematician who has suggested it. [95]
17 Normally here means “at right angles.”
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then the cross-sectional area is evidently'® (B)(z/h)2. For this reason, the
cone’s volume is

h 2 B h B 37h B h3

_ Z _ 2 20, = 2 |2 e

V‘me_/o(B)(h> dz=132 | = h2[3] h2<3>
Evaluating,

Vcone = 5 (7.15)

7.4.5 The surface area and volume of a sphere

Of a sphere, Fig. 7.7, one wants to calculate both the surface area and
the volume. For the surface area, the sphere’s surface is sliced vertically
down the z axis into narrow, constant-¢, tapered strips (each strip broadest
at the sphere’s equator, tapering to points at the sphere’s £z poles) and
horizontally across the z axis into narrow, constant-6 rings, as in Fig. 7.8. A
surface element so produced (seen as shaded in the latter figure) evidently
has the area!?

dS = (rdf)(pdo) = r*sinf df do.

8The fact may admittedly not be evident to the reader at first glance. If it is not yet
evident to you, then ponder Fig. 7.6 a moment. Consider what it means to cut parallel
to a cone’s base a cross-section of the cone, and how cross-sections cut nearer a cone’s
vertex are smaller though the same shape. What if the base were square? Would the
cross-sectional area not be (B)(z/h)? in that case? What if the base were a right triangle
with equal legs—in other words, half a square? What if the base were some other strange
shape like the base depicted in Fig. 7.67 Could such a strange shape not also be regarded
as a definite, well-characterized part of a square? (With a pair of scissors one can cut any
shape from a square piece of paper, after all.) Thinking along such lines must soon lead
one to the insight that the parallel-cut cross-sectional area of a cone can be nothing other
than (B)(z/h)?, regardless of the base’s shape.

19Tt can be shown, incidentally—the details are left as an exercise—that dS = —r dz d¢
also. The subsequent integration arguably goes a little easier if dS is accepted in this
mildly clever form. The form is interesting in any event if one visualizes the specific,
annular area the expression f;r:—w dS = —27rdz represents: evidently, unexpectedly, an
equal portion of the sphere’s surface corresponds to each equal step along the z axis,
pole to pole; so, should you slice an unpeeled apple into parallel slices of equal thickness,
though some slices will be bigger across and thus heavier than others, each slice curiously
must take an equal share of the apple’s skin. (This is true, anyway, if you judge Fig. 7.8
to represent an apple. The author’s children judge it to represent “the Death Star with a
square gun” [89], so maybe it depends on your point of view.)
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Figure 7.7: A sphere.

Figure 7.8: An element of the sphere’s surface (see Fig. 7.7).
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The sphere’s total surface area then is the sum of all such elements over the
sphere’s entire surface:

Ssphere = / /0 as
=—1 =0
= / / r?sin 6 df do
¢p=—m JO=0
2

= r /7r [— cos 0] do

=—Tr

=2 [ pla
= 47r?, (7.16)

where we have used the fact from Table 7.1 that sin7T = (d/dr)(—cosT).
Having computed the sphere’s surface area, one can find its volume just
as § 7.4.3 has found a circle’s area—except that instead of dividing the circle
into many narrow triangles, one divides the sphere into many narrow cones,
each cone with base area dS and altitude r, with the vertices of all the cones

meeting at the sphere’s center. Per (7.15), the volume of one such cone is
Veone = 1 dS/3. Hence,

rdS r T
%here:%%one:% :de:Ss here)
P S s 3 3/ 37

where the useful symbol
1

indicates integration over a closed surface. In light of (7.16), the total volume
is

473

Vvsphere =

; (7.17)

(One can compute the same spherical volume more prosaically, without ref-
erence to cones, by writing dV = r?sinfdr df d¢ then integrating fV av.
The derivation given above, however, is preferred because it lends the addi-
tional insight that a sphere can sometimes be viewed as a great cone rolled
up about its own vertex. The circular area derivation of § 7.4.3 lends an
analogous insight: that a circle can sometimes be viewed as a great triangle
rolled up about its own vertex.)
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7.5 Checking an integration

Dividing 0x46B/0xD = 0x57 with a pencil, how does one check the result?2

Answer: by multiplying (0x57)(0xD) = 0x46B. Multiplication inverts divi-

sion. Easier than division, multiplication provides a quick, reliable check.
Likewise, integrating

with a pencil, how does one check the result? Answer: by differentiating

o (B-a\] _7
ob 6 by 2

Differentiation inverts integration. Easier than integration, differentiation
like multiplication provides a quick, reliable check.
More formally, according to (7.2),

b df
S= / Y g = 1) = fla). (7.18)
o ar
Differentiating (7.18) with respect to b and a,
os|
b |,_. ~ dr’
= 1
o5 o (7.19)
dal|,_.  dr

Either line of (7.19) can be used to check an integration. Evaluating (7.18)
at b = a yields that
Slp=q =0, (7.20)

which can be used to check further.?!
As useful as (7.19) and (7.20) are, they nevertheless serve only inte-
grals with variable limits. They are of little use to check definite integrals

20 Admittedly, few readers will ever have done much such multidigit hezadecimal arith-
metic with a pencil, but, hey, go with it. In decimal, it’s 1131/13 = 87.

Actually, hexadecimal is just proxy for binary (see appendix A), and long division in
straight binary is kind of fun. If you have never tried it, you might. It is simpler than
decimal or hexadecimal division, and it’s how computers divide. The insight gained is
worth the trial.

21Using (7.20) to check the example, (b* — a®)/6|p=q = 0.
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like (9.18) below, which lack variable limits to differentiate. However, many
or most integrals one meets in practice have or can be given variable limits.
Equations (7.19) and (7.20) do serve such indefinite integrals.

It is a rare irony of mathematics that, though numerically differentiation
is indeed harder than integration, analytically the opposite is true. Analyt-
ically, differentiation is the easier. So far, mostly, the integrals the book has
introduced have been easy ones (§ 7.4.2 excepted), but chapter 9 will bring
harder ones. Even experienced mathematicians are apt to err in analyzing
these. Reversing an integration by taking a relatively easy derivative is thus
an excellent way to check a hard-earned integration result.

7.6 Contour integration

To this point we have considered only integrations in which the variable
of integration advances in a straight line from one point to another: for
instance, ff f(7)dr, in which the function f(7) is evaluated at 7 = a,a +
dr,a+2dr,...,b. The integration variable is a real-valued scalar which can
do nothing but make a straight line from a to b.

Such is not the case when the integration variable is a vector. Consider
the integral

yp
sz/ (z% 4 y?) de,
r=xXp

where d¢ is the infinitesimal length of a step along the path of integration.
What does this integral mean? Does it mean to integrate from r = Xp to
r = 0, then from there to r = yp? Or does it mean to integrate along the
arc of Fig. 7.97 The two paths of integration begin and end at the same
points, but they differ in between, and the integral certainly does not come
out the same both ways. Yet many other paths of integration from xp to yp
are possible, not just these two.
Because multiple paths are possible, we must be more specific:

S —/(x2+y2)d€,
C

where C stands for “contour” and means in this example the specific contour
of Fig. 7.9. In the example, 22 +y? = p? (by the Pythagorean theorem) and

dl = pde, so
2w /4 9
S:/pzdez/ pPdp =L pB.
c 0 4
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Figure 7.9: A contour of integration.

In the example the contour is open, but closed contours which begin and
end at the same point are also possible, indeed common. The useful symbol

/

indicates integration over a closed contour. It means that the contour ends
where it began: the loop is closed. The contour of Fig. 7.9 would be closed,
for instance, if it continued to r = 0 and then back to r = xp.

Besides applying where the variable of integration is a vector, contour
integration applies equally where the variable of integration is a complex
scalar. In the latter case some interesting mathematics emerge, as we shall
see in §§ 8.8 and 9.6.

7.7 Discontinuities

The polynomials and trigonometrics studied to this point in the book of-
fer flexible means to model many physical phenomena of interest, but one
thing they do not model gracefully is the simple discontinuity. Consider a
mechanical valve opened at time ¢ = t,. The flow z(t) past the valve is

0 t <ty
flf(t)={ ’

Lo, T >t
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Figure 7.10: The Heaviside unit step u(t).

u(t)
1 —
t
One can write this more concisely in the form
xz(t) = u(t — to) o,
where u(t) is the Heaviside unit step,
0, t < 0;
u(t)=4q1/2, t=0; (7.21)
1, t > 0;

plotted in Fig. 7.10.
Incidentally, the value u(0) = 1/2 of u(t) on the edge is a matter of
definition. Equation (7.21) has defined u(0) = 1/2 for symmetry’s sake

but?2
0, t<O0;
ui(t) = ’ ’ 7.22
1() {17 £ > 0. (7.22)

is also possible. This book generally prefers (7.21) except for the purpose of
the Laplace transform of chapter 19, which instead uses (7.22).
The derivative of the Heaviside unit step is the curious Dirac delta
5(t) = Sult) (7.23)
=—u .
dt ’
also called?? the impulse function, plotted in Fig. 7.11. This function is zero
everywhere except at t = 0, where it is infinite, with the property that

/ TSy dt =1, (7.24)

22[82]
23071, § 19.5]
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Figure 7.11: The Dirac delta §(t).

o(t)

and the interesting consequence that
ot trwa = sie, (7.25)

for any function f(t), eqn. (7.25) being the Dirac delta’s sifting property.?*

241t seems inadvisable for the narrative to digress at this point to explore u(z) and
0(z), the unit step and delta of a complex argument, though by means of Fourier analysis
(chapter 18) or by conceiving the Dirac delta as an infinitely narrow Gaussian pulse (§ 18.4)
it could perhaps do so. The book has more pressing topics to treat. For the book’s present
purpose the interesting action of the two functions is with respect to the real argument t.

In the author’s country at least, a sort of debate seems to have run for decades between
professional and applied mathematicians over the Dirac delta §(¢). Some professional
mathematicians seem to have objected that §(t) is not a function inasmuch as it lacks
certain properties common to functions as they define them [99, § 2.4][40]. From the
applied point of view the objection is admittedly a little hard to understand until one
realizes that it is more a dispute over methods and definitions than over facts. What the
professionals seem to be saying is that 6(¢) does not fit as neatly as they would like into
the abstract mathematical framework they had established for functions in general before
Paul Dirac came along in 1930 [146, “Paul Dirac,” 05:48, 25 May 2006] and slapped his
disruptive 4(¢) down on the table. The objection is not so much that §(¢) is not allowed
as it is that professional mathematics for years after 1930 lacked a fully coherent theory
for it.

The objection, if it is an objection, might tell one more about shortcomings of the
abstract mathematical framework than it does about the uses of Dirac’s §(t).

Whether the professional mathematician’s definition of the function specifically is flawed
is not, of course, for this writer to judge. Nevertheless, the fact of the Dirac delta dispute,
coupled with the difficulty we applied mathematicians experience in trying to understand
the reason the dispute even exists, has unfortunately surrounded the Dirac delta with a
kind of mysterious aura, an elusive sense that §(¢) hides subtle mysteries—when what it
really hides is an internal discussion of words and means among the professionals. The
professionals who had established the theoretical framework before 1930 justifiably felt
reluctant to throw the whole framework away because some scientists and engineers like
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Noteworthy is that
o(t
d(at) = ‘£y|), S(a) =0, (7.26)
a formula that results from changing at <t in (7.24).
The Dirac delta is defined for vectors, too, such that

/S(S(p)dp = 1, (7.27)
/5(r)dr = 1, (7.28)
\%

where dp = dxdy = pdpde is a surface infinitesimal and dr is likewise a
volume infinitesimal.

7.8 Remarks (and exercises)

The concept of the integral is relatively simple once grasped, but its im-
plications are broad, deep and hard. This chapter is short. One reason
introductory calculus texts run so long is that they include many pages
of integration examples and exercises. The reader who desires a gentler
introduction to the integral might consult among others the textbook the
chapter’s introduction has recommended.

Even if this book is not an instructional textbook, to let the book include
no exercises at all here would seem unmeet. Here are a few. Some of them
need material from later chapters, so you should not expect to be able to
complete them all now. The harder ones are marked with *asterisks. Work
the exercises if you like.

1. Evaluate (a) [ 7dr; (b) [y 72d7. (Answer: z?/2; 2°/3.)

2. Evaluate (a) [[(1/7%)dr; (b) [F372dr; (c) [FCr"dr; (d) [y
(am? 4 ay7)dr; *(e) flx(l/T) dr.

3. *dEvaluate (a) fy Sreorhdr; (b) Yoply fo ™hdrs (c) J3 > ono(T%/K!)

4. Evaluate [y exp a7 dr.

us came along one day with a useful new function which didn’t quite fit, but that was
the professionals’ problem not ours. To us the Dirac delta §(¢) is just a function. The
internal discussion of words and means, we leave to the professionals, who know whereof
they speak.
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5. Evaluate (a) f52(372 —273)dr; (b) f5_2(372 — 273)dr. Work the
exercise by hand in hexadecimal and give the answer in hexadecimal.

6. Evaluate [;~(3/72)dr.

7. *Evaluate the integral of the example of § 7.6 along the alternate con-
tour suggested there, from xp to 0 to yp.

8. Evaluate (a) [ coswrdr; (b) [ sinwrdr; *(c)® [ 7sinwrdr.

9. *Evaluate?® (a) [ V1+27dr; (b) [f[(cos\/T)/\/T]dr.

10. *Evaluate®” (a) [J[1/(1 + 72)]d7 (answer: arctanz); (b) [)[(4 +
i3)/v2 — 372] dr (hint: the answer involves another inverse trigono-
metric); (¢) [; V1—72dr; (d) [; 7v1—72dr (hint: use a different
technique than for part c); (e) [ 72v1—72d7 (hint: use a similar
technique as for part c).

11. **Evaluate (a) [*__exp[—72/2]dr; (b) [T exp[—72/2]dr.

The last exercise in particular requires some experience to answer. Moreover,
it requires a developed sense of applied mathematical style to put the answer
in a pleasing form (the right form for part b is very different from that for
part a). Some of the easier exercises, of course, you should be able to work
right now.

The point of the exercises is to illustrate how hard integrals can be to
solve, and in fact how easy it is to come up with an integral which no one
really knows how to solve very well. Some solutions to the same integral
are better than others (easier to manipulate, faster to numerically calculate,
etc.) yet not even the masters can solve them all in practical ways. On the
other hand, integrals which arise in practice often can be solved very well
with sufficient cleverness—and the more cleverness you develop, the more
such integrals you can solve. The ways to solve them are myriad. The
mathematical art of solving diverse integrals is well worth cultivating.

Chapter 9 introduces some of the basic, most broadly useful integral-
solving techniques. Before addressing techniques of integration, however, as
promised earlier we turn our attention in chapter 8 back to the derivative,
applied in the form of the Taylor series.

25115, § 8-2]
26115, § 5-6]
2"Parts (a) and (b) are sourced from [115, back endpaper].



Chapter 8

The Taylor series

The Taylor series is a power series that fits a function in a limited domain
neighborhood. Fitting a function in such a way brings at least two advan-
tages:

e it lets us take derivatives and integrals in the same straightforward
way (4.15) one can take them given any power series; and

e it implies a simple procedure to calculate values of the function nu-
merically.

This chapter introduces the Taylor series and some of its incidents. It also
derives Cauchy’s integral formula. The chapter’s early sections prepare the
ground for the treatment of the Taylor series proper in § 8.3.1

(The chapter’s early sections, §§ 8.1 and 8.2, are thick with tiny alge-
braic details. The reader who does not wish, for now, to pick through tiny
algebraic details can safely just skim the two sections and then turn ahead
to start reading in § 8.3. Notwithstanding, the reader who would not skip

'Because even at the applied level the proper derivation of the Taylor series involves
mathematical induction, analytic continuation and the matter of convergence domains,
no balance of rigor the chapter might strike seems wholly satisfactory. The chapter errs
maybe toward too much rigor; for, with a little less, most of §§ 8.1, 8.2, 8.4 and 8.6 would
cease to be necessary. For the impatient, to read only the following sections might not
be an unreasonable way to shorten the chapter: §§ 8.3, 8.5, 8.8, 8.9 and 8.11, plus the
introduction of § 8.1.

From another point of view, the chapter errs maybe toward too little rigor. Some
pretty constructs of pure mathematics serve the Taylor series and Cauchy’s integral for-
mula. However, such constructs drive the applied mathematician on too long a detour (a
detour appendix C briefly overviews). The chapter as written represents the most nearly
satisfactory compromise the writer has been able to strike.
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details, howsoever tiny the details might be, can sharpen his pencil and
continue to § 8.1, next.)

8.1 The power-series expansion of 1/(1 — z)"*!

Before approaching the Taylor series proper in § 8.3, we shall find it both
interesting and useful to demonstrate that

u_%:i(”jﬁ)zk n > 0. (8.1)

k=0

The demonstration comes in three stages. Of the three, it is the second
stage (§ 8.1.2) which actually proves (8.1). The first stage (§ 8.1.1) comes
up with the formula for the second stage to prove. The third stage (§ 8.1.3)
establishes the sum’s convergence. In all the section,

1,7, k,m,n, K € Z.

8.1.1 The formula
In § 2.6.4 we found that

1
1 :E =1tz 4+224+2+---
—z

k=0

for |z| < 1. What about 1/(1—2)2,1/(1—2)3, 1/(1—2)%, and so on? By the

long-division procedure of Table 2.4, one can calculate the first few terms of

1/(1 — 2)? to be
1

= =1+4+224+322+43+--.
(1-2)2 1-—22+422 oA A

whose coefficients 1,2,3,4,... happen to be the numbers down the first
diagonal of Pascal’s triangle (Fig. 4.2 on page 96; see also Fig. 4.1). Dividing
1/(1 — 2)3 seems to produce the coefficients 1, 3,6,0xA, ... down the second
diagonal; dividing 1/(1 — 2)*, the coefficients down the third. A curious
pattern seems to emerge, worth investigating more closely. The pattern
recommends the conjecture (8.1).

To motivate the conjecture a bit more formally (though without actually
proving it yet), suppose that 1/(1—2z)"T!, n > 0, is expandable in the power
series

1 o)
— § k
(1 _ Z)n+1 - ankz 9 (82)
k=0
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where the a,; are coefficients to be determined. Multiplying by 1 — 2, we
have that

1 > k
m = Z[ank — Qn(k-1))2".
k=0
This is to say that
A(n—1)k = Ank = An(k-1),

or in other words that

An(k—1) + A(n-1)k = Ank- (8.3)

Thinking of Pascal’s triangle, (8.3) reminds one of a formula of Table 4.1,
transcribed here in the symbols

(G ()-0) .

except that (8.3) is not a(m_1);j—1) + G(m-1); = Amy-
Various changes of variable are possible to make (8.4) better match (8.3).
We might try at first a few false ones, but eventually the change
n+k < m,
k< j,

recommends itself. Thus changing in (8.4) gives

(e ()= ()

Transforming according to a rule of Table 4.1, this is

<n+[:—1]>+<[n;i]l+k>:<n:k>’ &5

which fits (8.3) perfectly if
k
%:c+> (8.6)

n

Hence we conjecture that (8.6), applied to (8.2), would make (8.1) true.

Equation (8.1) is thus suggestive. It works at least for the important
case of n = 0; this much is easy to test. In light of (8.3), it seems to imply
a relationship between the 1/(1 — 2z)"*! series and the 1/(1 — 2)" series for
any n. But to seem is not to be. At this point, all we can say is that (8.1)
seems right. We will establish that it is right in the next subsection.
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8.1.2 The proof by induction

Equation (8.1) is proved by induction as follows. Consider the sum

S, = i (” ;: k) 2, (8.7)

k=0
Multiplying by 1 — z yields that

s, S - ()]

k=0
Per (8.5), this is
[e.o]
[n—=1]+k\ 4
(1_Z)Sn:kzo< o) (8.8)
Now suppose that (8.1) is true for n =i — 1 (where ¢ denotes an integer
rather than the imaginary unit):
o0
Z — 1 + k k
. 8.9
1 —z)! kz—o < 1 —1 )Z (8.9)
In light of (8.8), this means that
1
a=7 =(1-2)5;
Dividing by 1 — z,
! =85
I T

Applying (8.7), N
1 1+ k
(1_2)2+1:2< . )zk (8.10)
k=0
Evidently (8.9) implies (8.10). In other words, if (8.1) is true for n =7 — 1,
then it is also true for n = i. Thus by induction, if it is true for any one n,
then it is also true for all greater n.
The “if” in the last sentence is important. Like all inductions, this one
needs at least one start case to be valid (many inductions actually need a
consecutive pair of start cases). The n = 0 supplies the start case

1 2R\, =
o= (o) # =X
k=0 k=0

which per (2.34) we know to be true.



8.1. THE POWER-SERIES EXPANSION OF 1/(1 — Z)N+1 195

8.1.3 Convergence

The question remains as to the domain over which the sum (8.1) converges.?
To answer the question, consider that per Table 4.1,

(5)-m5(")

= - . , m>0.

J m—=7 J

With the substitution n + k <— m, n < 7, this means that

<n:ks> :n—l:k(nﬂ?lj—l])’

n+k
Ank = A An(k—1)>

_ <n+ k>
ank = n

are the coefficients of the power series (8.1). Rearranging factors,

or more tersely,

where

Ak _n—i—k_

14
Qp(k—1) k k-

(8.11)

2The meaning of the verb to converge may seem clear enough from the context and
from earlier references, but if explanation here helps: a series converges if and only if it
approaches a specific, finite value after many terms. A more rigorous way of saying the
same thing is as follows: the series
oo
S = Z Tk
k=0

converges iff (if and only if), for all possible positive constants e, there exists a finite
K > —1 such that

n

2 ™

k=K+1

< €,

for all n > K (of course it is also required that the 75 be finite, but you knew that already).

The professional mathematical literature calls such convergence “uniform convergence,”
distinguishing it through a test devised by Weierstrass from the weaker “pointwise con-
vergence” [3, § 1.5]. The applied mathematician can profit by learning the professional
view in the matter but the effect of trying to teach the professional view in a book like
this would not be pleasing. Here, we avoid error by keeping a clear view of the physical
phenomena the mathematics is meant to model.

It is interesting nevertheless to consider an example of an integral for which convergence
is not so simple, such as Frullani’s integral of § 9.10.
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Multiplying (8.11) by 2¥/2zF~! gives the ratio

k
Ank? ( n
— =1+ —) z,
an(k_l)zk_l k

which is to say that the kth term of (8.1) is (1 + n/k)z times the (k — 1)th
term. So long as the criterion®

n
1+2) ’ <1-9
(1+ %) 2] <
is satisfied for all sufficiently large k > K—where 0 < § < 1 is a small posi-
tive constant—then the series evidently converges (see § 2.6.4 and eqn. 3.22).
But we can bind 14n/k as close to unity as desired by making K sufficiently
large, so to meet the criterion it suffices that

2] < 1. (8.12)

The bound (8.12) thus establishes a sure convergence domain for (8.1).

8.1.4 General remarks on mathematical induction

We have proven (8.1) by means of a mathematical induction. The virtue
of induction as practiced in § 8.1.2 is that it makes a logically clean, air-
tight case for a formula. Its vice is that it conceals the subjective process
which has led the mathematician to consider the formula in the first place.
Once you obtain a formula somehow, maybe you can prove it by induction;
but the induction probably does not help you to obtain the formula! A
good inductive proof usually begins by motivating the formula proven, as in
§ 8.1.1.
Richard W. Hamming once said of mathematical induction,

The theoretical difficulty the student has with mathematical in-
duction arises from the reluctance to ask seriously, “How could
I prove a formula for an infinite number of cases when I know
that testing a finite number of cases is not enough?” Once you

3Although one need not ask the question to understand the proof, the reader may
nevertheless wonder why the simpler |(1+ n/k)z| < 1 is not given as a criterion. The
surprising answer is that not all series > 75 with |7%/7x—1| < 1 converge! For example,
the extremely simple > 1/k does not converge. As we see however, all series Y 7, with
|7k /Te—1] < 1 — & do converge. The distinction is subtle but rather important.

The really curious reader may now ask why > 1/k does not converge. Answer: it
magjorizes [, (1/7)dr =Inz. See (5.8) and § 8.10.
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really face this question, you will understand the ideas behind
mathematical induction. It is only when you grasp the problem
clearly that the method becomes clear. [57, § 2.3]

Hamming also wrote,

The function of rigor is mainly critical and is seldom construc-
tive. Rigor is the hygiene of mathematics, which is needed to
protect us against careless thinking. [57, § 1.6]

The applied mathematician may tend to avoid rigor for which he finds no
immediate use, but he does not disdain mathematical rigor on principle.
The style lies in exercising rigor at the right level for the problem at hand.
Hamming, a professional mathematician who sympathized with the applied
mathematician’s needs, wrote further,

Ideally, when teaching a topic the degree of rigor should follow
the student’s perceived need for it. ... It is necessary to require
a gradually rising level of rigor so that when faced with a real
need for it you are not left helpless. As a result, [one cannot
teach| a uniform level of rigor, but rather a gradually rising level.
Logically, this is indefensible, but psychologically there is little
else that can be done. [57, § 1.6]

Applied mathematics holds that the practice is defensible, on the ground
that the math serves the model; but Hamming nevertheless makes a perti-
nent point.

Mathematical induction is a broadly applicable technique for construct-
ing mathematical proofs. We will not always write inductions out as ex-
plicitly in this book as we have done in the present section—often we will
leave the induction as an implicit exercise for the interested reader—but this
section’s example at least lays out the general pattern of the technique.

8.2 Shifting a power series’ expansion point

One more question we should treat before approaching the Taylor series
proper in § 8.3 concerns the shifting of a power series’ expansion point.
How can the expansion point of the power series

fz) = D (an)(z - 2)", (8.13)
k=K
(k,K) € 7, K<O0,
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which may have terms of negative order, be shifted from 2z = z, to z = 217
The first step in answering the question is straightforward: one rewrites
(8.13) in the form

o0

F2) = (ar)([z — 21] — [z0 — 21])F,
k=K
then changes the variables
Rz
w = ,
20 — 21 (8.14)
cr = [—(20 — 21))%an,
to obtain .
F(z) =D (er)( —w). (8.15)
k=K
Splitting the £ < 0 terms from the £ > 0 terms in (8.15), we have that
f(z) = [-(2) + f+(2), (8.16)
ety
_ —(k+
f-(z) = Z Wa
k=0
f+(2) = Y (el —w)
k=0

Of the two subseries, the f_(z) is expanded term by term using (8.1), after
which combining like powers of w yields the form

f-(2) =,
5=0
(8.17)

—(K+1) n+ j
6= ) (C[—(n+1>])< N >

n=0

The f4(z) is even simpler to expand: one need only multiply the series out
term by term per (4.5), combining like powers of w to reach the form

f+(2) = Zp]wja
j=0

b= (e (7).

n=j

(8.18)
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Equations (8.13) through (8.18) serve to shift a power series’ expansion
point, calculating the coefficients of a power series for f(z) about z = z1,
given those of a power series about z = z,. Notice that—unlike the original,
2 = 2, power series—the new, z = z; power series has terms (z — z1)* only
for k > 0; it has no terms of negative order. At the price per (8.12) of
restricting the convergence domain to |w| < 1, our shift of the expansion
point away from the pole at z = z, has resolved the k < 0 terms. Moreover,
though one recognizes the price, we actually pay the price only to the extent
to which there are k < 0 terms—which often there aren’t.

The method fails if z = z; happens to be a pole or other nonanalytic
point of f(z). The convergence domain vanishes as z; approaches such
a forbidden point. (Examples of such forbidden points include z = 0 in
hlz] = 1/z and in g[z] = \/z. See §§ 8.4 through 8.8.) Furthermore, even
if z; does represent a fully analytic point of f(z), it also must lie within
the convergence domain of the original, z = z, series for the shift to be
trustworthy as derived.

The attentive reader might observe that we have formally established
the convergence neither of f_(z) in (8.17) nor of fi(z) in (8.18). Regarding
the former convergence, that of f_(z), we have strategically framed the
problem so that one needn’t worry about it, running the sum in (8.13)
from the finite K = K < 0 rather than from the infinite & = —oo; and
since according to (8.12) each term of the original f_(z) of (8.16) converges
for |w| < 1, the reconstituted f_(z) of (8.17) safely converges in the same
domain. The latter convergence, that of fi(z), is harder to establish in the
abstract because that subseries has an infinite number of terms. As we will
see by pursuing a different line of argument in § 8.3, however, the f,(2)
of (8.18) can be nothing other than the Taylor series about z = z; of the
function f4(z) in any event, enjoying the same convergence domain any such
Taylor series enjoys.*

4A rigorous argument can be constructed without appeal to § 8.3 if desired, from the
ratio n/(n — k) of Table 4.1, which ratio approaches unity with increasing n. A more
elegant rigorous argument can be made indirectly by way of a complex contour integral.
In applied mathematics, however, one does not normally try to shift the expansion point
of an unspecified function f(z), anyway. Rather, one shifts the expansion point of some
concrete function like sinz or In(1 — z). The imagined difficulty (if any) vanishes in the
concrete case. Appealing to § 8.3, the important point is the one made in the narrative:
f+(z) can be nothing other than the Taylor series in any event.
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8.3 Expanding functions in Taylor series

Having prepared the ground, we now stand in position to treat the Taylor
series proper. The treatment begins with a question: if you had to express
some function f(z) by a power series

(ar)(z = 20)",

WE

f(z) =

il

0

with terms of nonnegative order k£ > 0 only, then how would you do it? The
procedure of § 8.1 worked well enough in the case of f(2) = 1/(1 — 2)"*,
but it is not immediately obvious that the same procedure would work more
generally. What if f(z) = sin z, for example?>

Fortunately a different way to attack the power-series expansion problem
is known. It works by asking the question: what power series, having terms
of nonnegative order only, most resembles f(z) in the immediate neighbor-
hood of z = 2,7 To resemble f(z), the desired power series should have
ap = f(2o); otherwise it would not have the right value at z = z,. Then it
should have a; = f/(z,) for the right slope. Then, as = f"(z,)/2 for the
right second derivative, and so on. With this procedure,

o0 k 2 2k
flz)=>" (ZZ{ B > (k,) (8.19)

k=0
Equation (8.19) is the Taylor series. Where it converges, it has all the same
derivatives f(z) has, so if f(z) is infinitely differentiable then the Taylor
series exactly represents the function.® (At the cost of abandoning applied
methods, appendix C elaborates for the benefit of readers that would like
elaboration. However, one might study the present chapter at least as far
as the end of § 8.9 before attempting the appendix.)

5The actual Taylor series for sin z is given in § 8.9.

5The professional mathematician demands greater rigor at this juncture [7][47][120]
[116][65][116][78]. An applicationist ordinarily impatient with professional scruples might
nevertheless pause to attend to the professional’s objection in this instance. Consider for
example the function

g(t) = exp(~1/8%), 3(t) =0,

proposed by [4], a function whose derivatives are all null at ¢ = 0 despite that function
(along with its derivatives) is nonnull elsewhere over the real domain. Is the Taylor series
of g(t) an exact representation?

Extension to the complex domain relieves the trouble but the writer has never encoun-
tered, nor been able to devise, a suitable applications-level proof of this fact. Appendix C
instead outlines a professional-style proof.
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The Taylor series is not guaranteed to converge outside some neighbor-
hood near z = z,, but where it does converge it is precise.

When 2, = 0, the series is also called the Maclaurin series. By either
name, the series is a construct of great importance and tremendous practical
value, as we shall soon see.

8.4 Analytic continuation

As earlier mentioned in § 2.11.3, an analytic function is a function which is
infinitely differentiable in the domain neighborhood of interest—or, maybe
more appropriately for our applied purpose, a function expressible as a Tay-
lor series in that neighborhood. As we have seen, only one Taylor series
about z, is possible for a given function f(z):

f(2) =D (ar)(z = 20)".

k=0

However, nothing prevents one from transposing the series to a different
expansion point z = z; by the method of § 8.2, except that the transposed
series may there enjoy a different convergence domain. As it happens, this
section’s purpose finds it convenient to swap symbols z, <> z1, transposing
rather from expansion about z = z; to expansion about z = z,. In the
swapped notation, so long as the expansion point z = z, lies fully within
(neither outside nor right on the edge of) the z = z; series’ convergence
domain, the two series evidently describe the selfsame underlying analytic
function.

Since an analytic function f(z) is infinitely differentiable and enjoys a
unique Taylor expansion f,(z—z,) = f(z) about each point z, in its domain,
it follows that if two Taylor series fi(z —z1) and fa(z — z2) find even a small
neighborhood |z — z,| < € which lies in the domain of both, then the two can
both be transposed to the common z = z, expansion point. If the two are
found to have the same Taylor series there, then f; and fo both represent
the same function. Moreover, if a series f3 is found whose domain overlaps
that of fo, then a series f4 whose domain overlaps that of f3, and so on,
and if each pair in the chain matches at least in a small neighborhood in
its region of overlap, then the whole chain of overlapping series necessarily
represents the same underlying analytic function f(z). The series f; and
the series f, represent the same analytic function even if their domains do
not directly overlap at all.
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This is a manifestation of the principle of analytic continuation. The
principle holds that if two analytic functions are the same within some do-
main neighborhood |z — 2,| < ¢, then they are the same everywhere.” Ob-
serve however that the principle fails at poles and other nonanalytic points,
because the function is not differentiable there.

The result of § 8.2, which shows general power series to be expressible as
Taylor series except at their poles and other nonanalytic points, extends the
analytic continuation principle to cover power series in general, including
power series with terms of negative order.

Now, observe: though all convergent power series are indeed analytic,
one need not actually expand every analytic function in a power series.
Sums, products and ratios of analytic functions are hardly less differentiable
than the functions themselves—as also, by the derivative chain rule, is an
analytic function of analytic functions. For example, where g(z) and h(z) are
analytic, there also is f(z) = g(z)/h(z) analytic (except perhaps at isolated
points where hlz] = 0). Besides, given Taylor series for g(z) and h(z) one
can make a power series for f(z) by long division if desired, so that is all
right. Section 8.15 speaks further on the point.

The subject of analyticity is rightly a matter of deep concern to the
professional mathematician. It is also a long wedge which drives pure and
applied mathematics apart. When the professional mathematician speaks
generally of a “function,” he means any function at all. One can construct
some pretty unreasonable functions if one wants to, such as

f(RE+127) = (=)™, (k,m) €Z;
f(z) = 0 otherwise.

However, neither functions like this f(z) nor more subtly unreasonable func-
tions normally arise in the modeling of physical phenomena. When such
functions do arise, one transforms, approximates, reduces, replaces and/or
avoids them. The full theory which classifies and encompasses—or explicitly
excludes—such functions is thus of limited interest to the applied mathe-
matician, and this book does not cover it.8

"The writer hesitates to mention that he is given to understand [120] that the domain
neighborhood can technically be reduced to a domain contour of nonzero length but zero
width. Having never met a significant application of this extension of the principle, the
writer has neither researched the extension’s proof nor asserted its truth. He does not
especially recommend that the reader worry over the point. The domain neighborhood
|z — zo| < € suffices.

8Many books do cover it in varying degrees, including [47][120][65][116] and numerous
others. The foundations of the pure theory of a complex variable, though abstract, are
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This does not mean that the scientist or engineer never encounters non-
analytic functions. On the contrary, he encounters several, but they are not
subtle: |z|; arg z; z*; R(2); 3(2); u(t); 6(t). Refer to §§ 2.11 and 7.7. Such
functions are nonanalytic either because they lack proper derivatives in the
Argand plane according to (4.13) or because one has defined them only over
a real domain.

8.5 Branch points

The function g(z) = /z is an interesting, troublesome function. Its deriv-
ative is dg/dz = 1/24/z, so even though the function is finite at z = 0,
its derivative is not finite there. Evidently ¢g(z) has a nonanalytic point at
z = 0, yet the point is not a pole. What is it?

We call it a branch point. The defining characteristic of the branch point
is that, given a function f(z) with such a point at z = z,, if one encircles®
the point once alone (that is, without also encircling some other branch
point) by a closed contour in the Argand domain plane, while simultaneously
tracking f(z) in the Argand range plane—and if one demands that z and
f(2) move smoothly, that neither of these suddenly skip from one spot to
another—then one finds that f(z) ends in a different place than it began,
even though z itself has returned precisely to its own starting point. The
range contour remains open even though the domain contour is closed.

In complex analysis, a branch point may be thought of informally
as a point z, at which a “multiple-valued function” changes val-
ues when one winds once around z,.'9

An analytic function like g(z) = y/z having a branch point evidently is
not single-valued. It is multiple-valued. For a single z more than one distinct
g(z) is possible, as Fig. 8.1 suggests. (Looking at the figure, incidentally,
the perceptive reader might ask why the figure does not merely plot g[z]

beautiful, and though they do not comfortably fit a book like this even an applied math-
ematician can profit substantially by studying them. The few pages of appendix C trace
only the pure theory’s main thread. However that may be, the pure theory is probably
best appreciated after one already understands its chief conclusions. Though not for the
explicit purpose of serving the pure theory, the present chapter does develop just such an
understanding.

9For readers whose native language is not English, “to encircle” means “to surround”
or “to enclose.” The verb does not require the boundary to have the shape of an ac-
tual, geometrical circle; any closed shape suffices. However, the circle is a typical shape,
probably the most fitting shape to imagine when thinking of the concept abstractly.

19146, “Branch point,” 18:10, 16 May 2006]
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Figure 8.1: A coordinated evolution of z and g(z) = v/z.

3{z} 3 {g(z) = vz}

+-/ R{z} f\ R{g(z) = vz}

against z on a single pair of axes. Of course, the reader knows why, but the
question is worth asking, anyway. The answer is that the figure would indeed
like to plot g[z] against z on a single pair of axes but cannot because four di-
mensions would be required for the visual! Three dimensions are sometimes
let to overburden two-dimensional paper—as in Fig. 7.7 for example—but
four dimensions are too many; so, instead, Fig. 8.1 coérdinates a pair of plots
at two visual dimensions per plot. There is irony in this, for the real and
imaginary parts of a scalar together constitute only a single actual dimen-
sion, but no one seems to know how to display an imaginary part visually
without using an extra axis.)

An analytic function like h(z) = 1/z, by contrast to g(z), is single-valued
even though it has a pole. This function does not suffer the syndrome
described. When a domain contour encircles a pole of h(z) or of any other
function that has a pole, the corresponding range contour is properly closed.
Poles do not cause their functions to be multiple-valued and, thus, poles are
not branch points.

Evidently f(z) = (z — 2,)® has a branch point at z = z, if and only if a
is not an integer. If f(z) does have a branch point—if a is not an integer—
then the mathematician must draw a distinction between z; = z, + pei‘z’
and zo = 2, + pei(¢+2”), even though the two are exactly the same number.
Indeed z; = z2, but paradoxically f(z1) # f(z2).

This is difficult. It is confusing, too, until one realizes that the fact
of a branch point says nothing whatsoever about the argument z. As far
as z is concerned, there really is no distinction between z; = z, + pe'® and
29 = 2+ pe'®2™)_none at all. What draws the distinction is the multiple-
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Figure 8.2: A coordinated evolution of z and p(z) = In 2.

{z} S{p(z) =Inz}

+ R{z} R{p(z) =nz}

valued function f(z) which uses the argument.

It is as though I had a mad colleague who called me Thaddeus H. Black,
until one day I happened to walk past behind his desk (rather than in front
as I usually did), whereupon for some reason he began calling me Gorbag J.
Pfufnik. I had not changed at all, but now the colleague calls me by a
different name. The change isn’t really in me, is it? It’s in my colleague,
who seems to suffer a branch point. If it is important to me to be sure that
my colleague really is addressing me when he cries, “Pfufnik!” then I had
better keep a running count of how many times I have turned about his
desk, hadn’t I, even though the number of turns is personally of no import
to me.

The usual analysis strategy when one encounters a branch point is simply
to avoid the point. Where an integral follows a closed contour as in § 8.8,
the strategy is to compose the contour to exclude the branch point, to shut
it out. Such a strategy of avoidance usually prospers.!!

Curiously, the function p(z) = Inz has a branch point at z = 0 de-
spite that the function’s order is zero (§ 5.3). By contrast, the order of
g(z) = \/z was 1/2, a noninteger, so a branch point was to be expected
there; whereas a branch point in a zeroth-order function like In(-) comes
perhaps as a surprise—see Fig. 8.2. Fortunately, as § 8.8 will soon show,
the branch point of In(+) is not a point one needs to avoid. On the contrary,
one often explicitly seeks out such a point. Before addressing that interest-

HTraditionally associated with branch points in complex variable theory are the notions
of branch cuts and Riemann sheets. These ideas are interesting, but are not central to the
analysis as developed in this book and are not covered here. The interested reader might
consult a book on complex variables or advanced calculus like [65], among many others.
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ing matter, though, let us turn attention briefly to the definitions of entire
and meromorphic functions, next, and after that to extrema over a complex
domain.

8.6 Entire and meromorphic functions

Though an applied mathematician is unwise to let abstract definitions en-
thrall his thinking, pure mathematics nevertheless brings some technical
definitions the applied mathematician can use. Two such are the definitions
of entire and meromorphic functions.?

A function f(z) which is analytic for all finite 2 is an entire function.'
Examples include f(z) = 22 and f(z) = expz, but not f(z) = 1/z which
has a pole at z = 0.

A function f(z) which is analytic for all finite z except at isolated poles
(which can be n-fold poles if n is a finite, positive integer), which has no
branch points, of which no circle of finite radius in the Argand domain plane
encompasses an infinity of poles, is a meromorphic function.'* Examples
include f(z) =1/z, f(2) =1/(2 +2) +1/(z — 1)3 + 222 and f(z) = tanz—
the last of which has an infinite number of poles, but of which the poles
nowhere cluster in infinite numbers. The function f(z) = tan(1/z) is not
meromorphic since it has an infinite number of poles within (for instance) the
Argand unit circle. Even the function f(z) = exp(1/z) is not meromorphic:
it has only the one, isolated nonanalytic point at z = 0, and that point is no
branch point; but the point is an essential singularity, having the character
of an infinitifold (co-fold) pole.!®

Incidentally, if it seems unclear that the singularities of tan z are actual
poles, then consider that

3

sin z CcCosw
tan z = = —— ,
CcoS 2 sin w

wherein we have changed the variable

2

w<—z—(2n+1)z, n € Z.

12[142]

13[120, chapter 6]

“The definition follows [84, § 1.1]. At least one competent author [120, chapter 6]
however seems (inadvertently?) to exclude functions with an infinite number of poles like
the P(2) = 3°7° ,[—]"/[k!(z + k)] of [84]. Nevertheless, according to the book you are now
reading, a function like P(z) remains meromorphic because, though it has an infinity of
poles, it does not crowd this infinity into any finite domain.

15[78}
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Section 8.9 and its Table 8.1, below, give Taylor series for cos z and sin z,
with which

—1+w?/2 —w*/0x18 — - -
w—w3/6 +w®/0x78 — -+

tan z =

By long division,

1 w/3 — w3 /0x1E + - - -
tanz = —— + .
w  1—w?/6+w/0x78 — -

(On the other hand, if it is unclear that z = [2n + 1][27/4] are the only
singularities tan z has—that it has no singularities of which 3[z] # 0—then
consider that the singularities of tanz occur where cosz = 0, which by
Euler’s formula, eqn. 5.18, occurs where exp[+iz] = exp[—iz|. This in turn
is possible only if |exp[+iz]| = |exp[—iz]|, which happens only for real z.)

Sections 8.14, 8.15 and 9.7 speak further of the matter.

8.7 Extrema over a complex domain

If a function f(z) is expanded by (8.19) or by other means about an analytic
expansion point z = z, such that

F(2) = f(z0) + > (ar)(z — 20)";

k=1

and if

ar = 0 for k< K, but

ag # 0,
(k,K) € Z, 0< K < o0,



208 CHAPTER 8. THE TAYLOR SERIES

such that ag is the series’ first nonzero coefficient; then, in the immediate
neighborhood of the expansion point,'6

F(2) = f(z0) + (ar)(z = 20)", |2 = 20| < 1,
Changing p'e’?’ < z — z,, this is
f(2) = f(z0) + ax (p’)KeiK¢/, 0<p <1. (8.20)

Evidently one can shift the output of an analytic function f(z) slightly in
any desired Argand direction by shifting slightly the function’s input z.
Specifically according to (8.20), to shift f(z) by Af ~ ee'¥, one can shift z
by Az ~ (¢/ag)/KeW+n2m/K ¢ 7. Except at a nonanalytic point of
f(2) or in the trivial case that f(z) were everywhere constant, this always
works—even where [df /dz],—., = 0.

That by varying an analytic function’s input one can smoothly shift the
function’s output in any desired Argand direction has the significant conse-
quence that neither the real nor the imaginary part of the function—nor for
that matter any linear combination R[e~ f(2)] of the real and imaginary
parts—can have an extremum within the interior of a domain over which
the function is fully analytic. That is, a function’s extrema over a bounded
analytic domain never lie within the domain’s interior but always on its
boundary'™18 (
that is everywhere constant).

The last consequence is perhaps unexpected. It would not have been
so for a real domain bounded by a pair of end points, but for an analytic
domain bounded by a complex contour that is the way it is. When looking
for a complex function’s extrema, one need not search an analytic domain’s

except, as earlier mentioned, in the trivial case of an f[z]

The pure logicist might prefer to express this in the d-¢ style of § 4.4.9, especially
since z and z, might have physical units of measure attached, in which case the inequality
that |z — 20| < 1 though suggestive would be strictly meaningless. However, the practical
applicationist is probably not so fussy.

What the notation intends to specify, and what the applied mathematician understands
it to mean, is that z lie infinitesimally close to z,, or at any rate that z lie sufficiently close
to 2z, to emphasize the behavior described. Just how close z should lie is not the point. If
in doubt, go closer!

In case the reader is still unsatisfied, here it is in d-€ style: for any positive quantity e
whose physical units of measure (if any) are compatible as follows, there exists a positive
quantity & such that |[f(z.) + (ax)(z — 20)® — £(2)]/[z — 20)%| < € for all |z — 2z,| < 4.
Nevertheless, in applications, the narrative’s briefer style, |z — z,| < 1, probably suffices.

7Professional mathematicians tend to define the domain and its boundary more care-
fully.

18[126][78]



8.8. CAUCHY’S INTEGRAL FORMULA 209

interior, for if the domain contains no poles nor any other nonanalytic points
then, apparently, the domain’s boundary is the only place an extremum can
exist.

8.8 Cauchy’s integral formula

In § 7.6 we considered the problem of vector contour integration, in which the
sum value of an integration depends not only on the integration’s endpoints
but also on the path, or contour, over which the integration is done, as in
Fig. 7.9. Because real scalars are confined to a single line, no alternate choice
of path is possible where the variable of integration is a real scalar, so the
contour problem does not arise in that case. It does however arise where
the variable of integration is a complex scalar, because there again different
paths are possible. Refer to the Argand plane of Fig. 2.6.
Consider the integral

22
Sp = / 2" Ydz, nel. (8.21)

1

If z were always a real number, then by the antiderivative (§ 7.2) this integral
would evaluate to (2 — z1")/n; or, in the case of n = 0, to In(za/21) [though
complications could still arise if n < 0 and 2z differed in sign from z].
Inasmuch as z is complex, however, the correct evaluation is less obvious.
To evaluate the integral sensibly in the latter case, one must consider some
specific path of integration in the Argand plane. One must also consider the
meaning of the symbol dz.

8.8.1 The meaning of the symbol dz

The symbol dz represents an infinitesimal step in some direction in the
Argand plane:

dz = [z + dz] — [7]
- [(H dp)ei(w@} _ [pei¢]
= [(p+ dp)eid¢ei¢] — [peiﬂ

= [(p-i— dp)(1 +id¢)eiﬂ — [peiﬂ .
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Figure 8.3: A contour of integration in the Argand plane, in two segments:
constant-p (z4 to zp); and constant-¢ (2 to z).

_
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AN /
N v
N 7
\\ //

Since the product of two infinitesimals is negligible even on an infinitesimal
scale, we can drop the dpd¢ term.'® After canceling finite terms, we are left
with the peculiar but fine formula

dz = (dp +ipdg)e®®. (8.22)

8.8.2 Integrating along the contour

Now consider the integration (8.21) along the contour of Fig. 8.3. Integrat-

19The dropping of second-order infinitesimals like dp d¢, added to first order infinites-
imals like dp, is a standard calculus technique. One cannot always drop them, however.
Occasionally one encounters a sum in which not only do the finite terms cancel, but also
the first-order infinitesimals. In such a case, the second-order infinitesimals dominate and
cannot be dropped. An example of the type is

lim (1—e)®*+3(1+¢) —4 i (1 —3e+3€*) + (3+3¢) — 4

e—0 62 e—0 62

=3.

One typically notices that such a case has arisen when the dropping of second-order
infinitesimals has left an ambiguous 0/0. To fix the problem, you simply go back to the step
during which you dropped the infinitesimal and you restore it, and then you proceed from
there. Otherwise there isn’t much point in carrying second-order infinitesimals around. In
the relatively uncommon event that you need them, you’ll know it. The math itself will
tell you.
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ing along the constant-¢ segment,

Zec Pc X .
/ 2 hdz = / (pe)"Hdp +ipdp)e™®

Zb Pb

= [ e tape

2

eind)
_ n__.n
- (e — py)
n n
_ Fe — &
n

Integrating along the constant-p arc,
Zp ®b ) )
/ 2" ldz = / (pe')"Y(dp + ipde)e®
Za a

Db
= [ty ipde)e

oy
= ip”/ em? dep
— ﬁ <ei”¢b _ e”“ba)
m
_ %~
= —

Adding the two, we have that

Zc n n
_ 2" —z
/ T hdy = Z¢ 2.
v n

surprisingly the same as for real z. Moreover, contrary to the diagram but
nevertheless fairly obviously, nothing prevents one from specifying an alter-
nate path from z, to z. that reverses the sequence, traversing a constant-¢
segment first and then a constant-p arc afterward; as long as n # 0 and, if
n < 0, the path observes to avoid the point z = 0, such a change apparently
would not alter the last result. Either way, since any path of integration
between any two complex numbers z; and zy is approximated arbitrarily
closely per (8.22) by a succession of short constant-p and constant-¢ ele-
ments, it follows generally that

z2 . PO
/ 2y = 22 L nezZ n#0. (8.23)
n
z

1
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The applied mathematician might reasonably ask, “Was (8.23) really
worth the trouble? We knew that already. It’s the same as for real numbers.”

Well, we really didn’t know it before deriving it, but the point is well
taken nevertheless. However, notice the exemption of n = 0. Equation (8.23)
does not hold in that case. Consider the n = 0 integral

22
SO:/ =«
21 z

Following the same steps as before and using (5.8) and (2.40), we find that

P2 P2 i i P2
/ dZ:/ W:/ dp _ P2 (8.24)
< p1 pe o P P1

This is always real-valued, but otherwise it brings no surprise. However,

P2 ¢ b2 (4 0 dd)et® 02
/ ZZ:/ W:iél dp = i(¢a — b1). (8.25)

1 1

The odd thing about this is in what happens when the contour closes a
complete loop in the Argand plane about the z = 0 pole. In this case,
P2 = ¢1 + 27, so

So = 127

even though the integration ends where it begins.
Generalizing, we have that

?{(z—zo)"_ldz = 0, n€Z, n#0;

d
j{ : = 12m;
Z— 2

where as in § 7.6 the symbol ¢ represents integration about a closed contour
that ends where it begins, and where it is implied that the contour loops
positively (counterclockwise, in the direction of increasing ¢) exactly once
about the z = z, pole.

Notice that the formula’s 27 does not depend on the precise path of
integration but only on the fact that the path loops once positively about
the pole. Notice also that nothing in the derivation of (8.23) actually requires
that n be an integer, so one can write,

(8.26)

z2 20 _ o0
/ 2l dy =2 "L a0 (8.27)
21 a
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However, (8.26) does not hold in the latter case; its integral comes to zero
for nonintegral a only if the contour does not enclose the branch point at
zZ = 2.

For a closed contour which encloses no pole or other nonanalytic point,
(8.27) has that ¢ 2471 dz = 0, or with the change of variable z — z, « z,

?{(z —2,)* tdz=0.

But because any analytic function can be expanded in the form f(z) =
S i(ck)(z — 2o)® 1 (which is just a Taylor series if the a; happen to be
positive integers), this means that

ff(z) dz =0 (8.28)

if f(2) is everywhere analytic within the contour.?’

8.8.3 The formula

The combination of (8.26) and (8.28) is powerful. Consider the closed con-
tour integral
=) 4.

Z— 2o

where the contour encloses no nonanalytic point of f(z) itself but does en-
close the pole of f(z)/(z — z,) at z = z,. If the contour were a tiny circle
of infinitesimal radius about the pole, then the integrand would reduce to
f(20)/(# — 2z,); and then per (8.26),

f(2)

Z— Z

dz =127 f(z,). (8.29)

But if the contour were not an infinitesimal circle but rather the larger
contour of Fig. 8.47 In this case, if the dashed detour which excludes the

20The careful reader will observe that (8.28)’s derivation does not explicitly handle
an f(z) represented by a Taylor series with an infinite number of terms and a finite
convergence domain (for example, f[z] = In[l — z]). However, by § 8.2 one can transpose
such a series from z, to an overlapping convergence domain about z;. Let the contour’s
interior be divided into several cells, each of which is small enough to enjoy a single
convergence domain. Integrate about each cell. Because the cells share boundaries within
the contour’s interior, each interior boundary is integrated twice, once in each direction,
canceling. The original contour—each piece of which is an exterior boundary of some
cell—is integrated once piecewise. This is the basis on which a more rigorous proof is
constructed.
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Figure 8.4: A Cauchy contour integral.

pole is taken, then according to (8.28) the resulting integral totals zero;
but the two straight integral segments evidently cancel; and similarly as
we have just reasoned, the reverse-directed integral about the tiny detour
circle is —i27 f(z,); so to bring the total integral to zero the integral about
the main contour must be i27f(2,). Thus, (8.29) holds for any positively-
directed contour which once encloses a pole and no other nonanalytic point,
whether the contour be small or large. Equation (8.29) is Cauchy’s integral
formula.

If the contour encloses multiple poles (§§ 2.10 and 9.7.2), then by the
principle of linear superposition (§ 7.3.3),

7{ [fa(z) +> sz—(zz)k] dz =i2m ) fulz), (8.30)
k k

where the f,(2) is a regular part;?' and again, where neither f,(z) nor any
of the several fi(z) has a pole or other nonanalytic point within (or on) the
contour. The values fi(zx), which represent the strengths of the poles, are
called residues. In words, (8.30) says that an integral about a closed contour
in the Argand plane comes to 27 times the sum of the residues of the poles
(if any) thus enclosed. (Note however that eqn. 8.30 does not handle branch

points. If there is a branch point, the contour must exclude it or the formula

21784, § 1.1]



8.8. CAUCHY’S INTEGRAL FORMULA 215

will not work.)

As we shall see in § 9.6, whether in the form of (8.29) or of (8.30) Cauchy’s

integral formula is an extremely useful result.??

8.8.4 Enclosing a multiple pole

When a complex contour of integration encloses a double, triple or other
n-fold pole, the integration can be written,

S = y{ m+1 dz, meZ, m>0,
where m 4+ 1 = n. Expanding f(z) in a Taylor series (8.19) about z = z,,
oo
d*f
S = j'{ > (dzk
k=0 Z

But according to (8.26), only the kK = m term contributes, so

dmf dz
5= 7{ <dzm o) (m!)(z — zo)
1 [y dz
=l (dzm ZZO) 7{ (z — 20)
27
=\ @)

where the integral is evaluated in the last step according to (8.29). Alto-
gether,

f(2) i2m [ d™f
%(z—zo)mH dz = m‘ dam . , M S Z, m Z 0. (831)

Equation (8.31) evaluates a contour integral about an n-fold pole as (8.29)
does about a single pole. (When m = 0, the two equations are the same.)?3

dz
—., ) (B)(z = zp)m— kL

2265, § 10.6][120][146, “Cauchy’s integral formula,” 14:13, 20 April 2006]
23[78][120]
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8.9 Taylor series for specific functions

With the general Taylor series formula (8.19), the derivatives of Tables 5.2
and 5.3, and the observation from (4.16) that

d(z%)
dz

_ CLZa_l,

one can calculate Taylor series for many functions. For instance, expanding
about z =1,

Inzl,_, = Inz[,_, = 0,

d 1

—Inz = - = 1,
dz z=1 z z=1

d? -1
71112 g —_— == _1,
d22 z=1 22 z=1

d? 2
—Inz = — = 2,
d23 z=1 23 z=1

d" —(=)k(k —1)!
B e . R VA
dz z=1 z z=1

With these derivatives, the Taylor series about z =1 is

() L 1)k o0 Lk
lnz = Z [—(_)k(k _ 1)!] (ks'l) — _Z (1]{:)7
k=1 ' k=1

evidently convergent for |1 — z| < 1. (And if z lies outside the convergence
domain? Several strategies are then possible. One can expand the Taylor
series about a different point; but cleverer and easier is to take advantage
of some convenient relationship like Inw = —In[1/w]. Section 8.10.4 elab-
orates.) Using such Taylor series, one can relatively efficiently calculate
actual numerical values for In z and many other functions.

Table 8.1 lists Taylor series for a few functions of interest. All the se-

ries converge for |z| < 1. The exp z, sinz and cos z series converge for all
complex z. Among the several series, the series for arctanz is computed
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exp z

sin 2

COS 2z

sinh z

cosh z

—1In(1 - 2)

arctan z

Table 8.1: Taylor series.

(_)kzz2k+l

2k +1

217



218 CHAPTER 8. THE TAYLOR SERIES

indirectly?* by way of Table 5.3 and (2.33):

21
arctan z = / —dw
0 1 + w2
2 00
/ (_)kw2k dw
0 k=0
Z _)kz2k+1

o
Py 2k +1

It is interesting to observe from Table 8.1 the useful first-order approxi-
mations that

limexpz =1+ z,
=0 (8.32)
lim sinz = z,
z—0
among others.

Professional mathematicians tend to prefer a different, terser, more ab-
stract development of the Taylor series and its incidents than this chapter’s.
Appendix C outlines it. We lacked the theoretical preparation to tackle
appendix C when the chapter began but we have it now. Some will find
appendix C more persuasive. You can read appendix C now if you wish.

8.10 Error bounds

One naturally cannot actually sum a Taylor series to an infinite number of
terms. One must add some finite number of terms and then quit—which
raises the question: how many terms are enough? How can one know that
one has added adequately many terms; that the remaining terms, which
constitute the tail of the series, are sufficiently insignificant? How can one
set error bounds on the truncated sum?

8.10.1 Examples

Some series alternate sign. For these it is easy if the numbers involved
happen to be real. For example, from Table 8.1,

3 1 1 1 1 1
m2‘m0+2>‘man‘&m%*wm%‘uma*”

241115, § 11-7]
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Each term is smaller in magnitude than the last, so the true value of In(3/2)
necessarily lies between the sum of the series to n terms and the sum to
n + 1 terms. The last and next partial sums bound the result. Up to but
not including the fourth-order term, for instance,

1 3
R P
Sy ()(24)<n2<5’4,

1 1 1

=ey T 0@ T )

Other series however do not alternate sign. For example,

In2 = —ln;:—ln<l—;>:5’5—|—R5,
6 — t 1t 1
ST WEh) T @) " 6)28) T @@ty
Ry = —+— ..
T (B)(2%) T (6)(29)

The basic technique in such a case is to find a replacement series (or inte-
gral) R}, which one can collapse analytically, each of whose terms equals or
exceeds in magnitude the corresponding term of R,,. For the example, one
might choose

—_

, =1 2
=52 % = @y
wherein (2.34) had been used to collapse the summation. Then,
S5 <In2 < S5+ RE.
For real 0 < x < 1 generally,

S, < —In(l—z) < S, +R
k

n—1
x
Sn = Z?v
k=1
R = ia‘j_ a”
S n (n)(l-az)

Many variations and refinements are possible, some of which we will meet
in the rest of the section, but that is the basic technique: to add several terms
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of the series to establish a lower bound, then to overestimate the remainder
of the series to establish an upper bound. The overestimate R], majorizes
the series’ true remainder R,,. Notice that the R], in the example is a fairly
small number, and that it would have been a lot smaller yet had we included
a few more terms in S,, (for instance, n = 0x40 would have bound In 2 tighter
than the limit of a computer’s typical double-type floating-point accuracy).
The technique usually works well in practice for this reason.

8.10.2 Majorization

To majorize in mathematics is to be, or to replace by virtue of being, ev-
erywhere at least as great as. This is best explained by example. Consider

the summation
o0

1 1 1 1
S=) m=ltmtmtagt
k=1
The exact value this summation totals to is unknown to us, but the sum-

mation does rather resemble the integral (refer to Table 7.1)

1 X 331

Figure 8.5 plots S and I together as areas—or more precisely, plots S — 1
and I together as areas (the summation’s first term is omitted). As the plot
shows, the unknown area S — 1 cannot possibly be as great as the known
area I. In symbols, S —1 < I =1; or,

S < 2.

o0}

=1

The integral I majorizes the summation S — 1, thus guaranteeing the ab-
solute upper limit on S. (Of course S < 2 is a very loose limit, but that
isn’t the point of the example. In practical calculation, one would let a com-
puter add many terms of the series first numerically, and only then majorize
the remainder. Even so, cleverer ways to majorize the remainder of this
particular series will occur to the reader, such as in representing the terms
graphically—not as flat-topped rectangles—but as slant-topped trapezoids,
shifted in the figure a half unit rightward.)

Majorization serves surely to bound an unknown quantity by a larger,
known quantity. Reflecting, minorization®® serves surely to bound an un-
known quantity by a smaller, known quantity. The quantities in question

25The author does not remember ever encountering the word minorization heretofore
in print, but as a reflection of majorization the word seems logical. This book at least will
use the word where needed. You can use it too if you like.
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Figure 8.5: Majorization. The area I between the dashed curve and the z
axis majorizes the area S — 1 between the stairstep curve and the z axis,
because the height of the dashed curve is everywhere at least as great as
that of the stairstep curve.
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are often integrals and/or series summations, the two of which are akin as
Fig. 8.5 illustrates. The choice of whether to majorize a particular unknown
quantity by an integral or by a series summation depends on the convenience
of the problem at hand.

The series S of this subsection is interesting, incidentally. It is a har-
monic serites rather than a power series, because though its terms do de-
crease in magnitude it has no 2¥ factor (or seen from another point of view,
it does have a z* factor, but z = 1), and the ratio of adjacent terms’ mag-
nitudes approaches unity as k grows. Harmonic series can be hard to sum
accurately, but clever majorization can help.

Incidentally, a much faster method to sum the series S of this particular
subsection happens to be known. We are not yet ready to investigate it but
shall reach it in § 17.5.3.

8.10.3 Geometric majorization

Harmonic series can be hard to sum as § 8.10.2 has observed, but more
common than harmonic series are true power series, easier to sum in that
they include a z* factor in each term. There is no one, ideal bound that
works equally well for all power series. However, the point of establishing
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a bound is not to sum a power series exactly but rather to fence the sum
within some sufficiently (rather than optimally) small neighborhood. A
simple, general bound which works quite adequately for most power series
encountered in practice, including among many others all the Taylor series
of Table 8.1, is the geometric majorization

|70
1- |pn’
Here, 7, represents the power series’ nth-order term (in Table 8.1’s series for

exp z, for example, 7, = 2"/[n!]). The |p,| is a positive real number chosen,
preferably as small as possible, such that

len| < (8.33)

el < lpnl for all k > n, (8.34)
Tk
% < |pn| for at least one k > n,
k
0 < |pn‘ < 1 (8.35)

which is to say, more or less, such that each term in the series’ tail is smaller
than the last by at least a factor of |p,|. Given these definitions, if2®

n—1
Sn = ZTk,

it (8.36)
€n = Soo — Sh,

where S represents the true, exact (but uncalculatable, unknown) infinite
series sum, then (2.34) and (3.22) imply the geometric majorization (8.33).

If the last paragraph seems abstract, a pair of concrete examples should
serve to clarify. First, if the Taylor series

—In(l1-2)= Z -
k=1

of Table 8.1 is truncated before the nth-order term, then

n—1 p
—In(l —2)~ :

26Some scientists and engineers—as, for example, the authors of [97] and even this
writer in earlier years—prefer to define €, = S, — S, oppositely as we define it here.
This choice is a matter of taste. Professional mathematicians—as, for example, the author
of [135]—seem to tend toward the e, = Soc — Sy of (8.36).
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where €, is the error in the truncated sum.?” Here, |74 1/7%| = [k/(k +
D] |z| < |z| for all K > n > 0, so we have chosen |p,| = |z|.
Second, if the Taylor series

oo k > <k
)| EE at
k=0j=1 k=0

also of Table 8.1 is truncated before the nth-order term, and if we choose to
stipulate that

n+1>|z|,
then
n—1 k 5 n—1 Zk
eXPZ”ZHEZng
k=0 j=1 k=0
|z /n!
| < —mM—— .
e 1—|z[/(n+1)
Here, |1k41/7c| = |2] /(k + 1), whose maximum value for all & > n occurs
when k = n, so we have chosen |p,| = |z| /(n + 1).

8.10.4 Calculation outside the fast convergence domain

Used directly, the Taylor series of Table 8.1 tend to converge slowly for some
values of z and not at all for others. The series for —In(1—z) and (1+ z)%~*
for instance each converge for |z| < 1 (though slowly for |z| ~ 1); whereas
each series diverges when asked to compute a quantity like —In3 or 3¢~!
directly. To shift the series’ expansion points per § 8.2 is one way to seek
convergence, but for nonentire functions (§ 8.6) like these a more probably
profitable strategy is to find and exploit some property of the functions to
transform their arguments, such as
—Iny = In

)

,yafl _ 1
(1/y)e=t

which leave the respective Taylor series to compute quantities like —In(1/3)
and (1/3)%~! they can handle.

1
~

2TThis particular error bound fails for n = 0, but that is no flaw. There is no reason
to use the error bound for n = 0 when, merely by taking one or two more terms into the
truncated sum, one can quite conveniently let n =1 or n = 2.
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Let f(14¢) be a function whose Taylor series about ¢ = 0 converges for
|| < 1 and which obeys properties of the forms?®

1
ren=a|t(2)] .
flav) = hf(a), F(7)],
where g[-] and h[-, -] are functions we know how to compute like g[-] = —[/]
or g[-] = 1/[-]; and like A[-,-] = [:] + [] or A[-,-] = [][:]. Identifying
Loite
N
v = 141r (8.38)
T,
~
we have that
f() =g [f (1 + 1;7)] , (8.39)

whose convergence domain (| < 1is [1 —~|/|y| < 1, which is |y — 1] < ||
or in other words

R(7) > %

Although the transformation from ( to ~ has not lifted the convergence
limit altogether, we see that it has apparently opened the limit to a broader
domain.

For example, if f(y) = Invy and R(y) > 1/2, then?® g[] = —[] and thus,
according to (8.39),
1—
Iny=—1In <1—i— 7)
Y
-1
=—In(l-2), z= L,

Y

a formulation that lets one apply Table 8.1 to calculate, say, In 3.

28This paragraph’s notation is necessarily abstract. To make it seem more concrete,
consider that the function f(1+¢) = —In(1—2) has ( = —z, f(v) = g[f(1/y)] = = f(1/7)
and f(ay) = h[f(), f(7)] = f(a) + f(v); and that the function f(14¢) = (14 2)*"' has
C=2z f(v) =glf(1/7)] =1/f(1/7) and f(ay) = h[f(a), fF(7)] = f(a)f(7)-

29See footnote 28.
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Though this writer knows no way to lift the convergence limit altogether
that does not cause more problems than it solves, one can take advantage of
the h[-, -] property of (8.37) to sidestep the limit, computing f(w) indirectly
for any w # 0 by any of several tactics. One nonoptimal but entirely effective
tactic is represented by the equations

w =1"2M,

1S(7)] < R(v),

| < R(y) <2, (8.40)
m,n € 7,
whereupon the formula
f(w) = h[f(E"2™), f(7)] (8.41)

calculates f(w) fast for any w # 0—provided only that we have other means
to compute f(i"2™), which not infrequently we do.3"

Notice how (8.40) fences v within a comfortable zone, keeping v mod-
erately small in magnitude but never too near the R(y) = 1/2 frontier in
the Argand plane. In theory all finite v rightward of the frontier let the
Taylor series converge, but extreme v of any kind let the series converge
only slowly (and due to compound floating-point rounding error perhaps in-
accurately) inasmuch as they imply that || ~ 1. Besides allowing all w # 0,
the tactic (8.40) also thus significantly speeds series convergence.

The method and tactic of (8.37) through (8.41) are useful in themselves
and also illustrative generally. Of course, most nonentire functions lack
properties of the specific kinds that (8.37) demands, but such functions may
have other properties one can analogously exploit.3!

30Equation (8.41) admittedly leaves open the question of how to compute f(i"2™),
but at least for the functions this subsection has used as examples this is not hard.
For the logarithm, —In(i"2™) = mIn(1/2) — in(2w/4). For the power, (i"2™)* ! =
cis[(n27/4)(a — 1)]/[(1/2)*"*]™. The sine and cosine in the cis function are each calcu-
lated directly by Taylor series (possibly with the help of Table 3.1), as are the numbers
In(1/2) and (1/2)*"'. The number 27, we have not calculated yet, but will in § 8.11.
31To draw another example from Table 8.1, consider that

arctan w = « + arctan (,
(=

wcos o — sina
wsina + cosa’
where arctanw is interpreted as the geometrical angle the vector X + yw makes with x.

Axes are rotated per (3.7) through some angle a to reduce the tangent from w to ¢, where
arctan ¢ is interpreted as the geometrical angle the vector X + yw = X' (wsina + cosa) +
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8.10.5 Divergent series

Variants of this section’s techniques can be used to prove that a series does
not converge at all. For example,

S
1

>

k=1

x|

does not converge because
1 N /k-l—l dT.
k k T ’

=1 = R ar *dr
Zk>2/k 7'_/1 7:1noo.

k=1 k=1

hence,

8.10.6 Remarks

The study of error bounds is not a matter of rules and formulas so much
as of ideas, suggestions and tactics. As far as the writer knows, there is
no such thing as an optimal error bound—with sufficient cleverness, some
tighter bound can usually be discovered—Dbut often easier and more effec-
tive than cleverness is simply to add a few extra terms into the series before
truncating it (that is, to increase n a little). To eliminate the error entirely
usually demands adding an infinite number of terms, which is impossible;
but since eliminating the error entirely also requires recording the sum to
infinite precision, which is impossible anyway, eliminating the error entirely
is not normally a goal one seeks. To eliminate the error to the 0x34-bit
(sixteen-decimal place) precision of a computer’s double-type floating-point
representation typically requires something like 0x34 terms—if the series be
wisely composed and if care be taken to keep z moderately small and reason-
ably distant from the edge of the series’ convergence domain. Besides, few
engineering applications really use much more than 0x10 bits (five decimal
places) in any case. Perfect precision is impossible, but adequate precision
is usually not hard to achieve.

¥/ (wcosa — sina) makes with X', thus causing the Taylor series to converge faster or
indeed to converge at all.

Any number of further examples and tactics of the kind will occur to the creative reader,
shrinking a function’s argument by some convenient means before feeding the argument
to the function’s Taylor series.
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Occasionally nonetheless a series arises for which even adequate precision
is quite hard to achieve. An infamous example is

(GO LS NS SR B
VEk V2 V3 V4 ’

which obviously converges, but sum it if you can! It is not easy to do.

Before closing the section, we ought to arrest one potential agent of
terminological confusion. The “error” in a series summation’s error bounds
is unrelated to the error of probability theory (chapter 20). The English
word “error” is thus overloaded here. A series sum converges to a definite
value, and to the same value every time the series is summed; no chance
is involved. It is just that we do not necessarily know exactly what that
value is. What we can do, by this section’s techniques or perhaps by other
methods, is to establish a definite neighborhood in which the unknown value
is sure to lie; and we can make that neighborhood as tight as we want, merely
by including a sufficient number of terms in the sum.

The topic of series error bounds is what G. S. Brown refers to as “trick-
based.”3? There is no general answer to the error-bound problem, but there
are several techniques which help, some of which this section has introduced.
Other techniques, we shall meet later in the book as the need for them arises.

S=-

o0
k=

1

8.11 Calculating 27

The Taylor series for arctan z in Table 8.1 implies a neat way of calculating
the constant 2. We already know that tan(27/8) = 1, or in other words
that

T
arctanl = —.
8

Applying the Taylor series, we have that
o0
(=)
2r =8 .
i kzo 2k + 1

The series (8.42) is simple but converges extremely slowly. Much faster con-
vergence is given by angles smaller than 27 /8. For example, from Table 3.2,

(8.42)

3— _ 2
V341 0x18

arctan

32 [23]
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Applying the Taylor series at this angle, we have that33:34

. 2k+1
(=)* [(V3-1
27 = 0x18 ~ 0x6.487F. 8.43
T kZ:02k+1 Bl * (8.43)

8.12 0Odd and even functions

An odd function is one for which f(—z) = —f(z). Any function whose
Taylor series about z, = 0 includes only odd-order terms is an odd function.
Examples of odd functions include 2% and sin z.

An even function is one for which f(—z) = f(z). Any function whose
Taylor series about z, = 0 includes only even-order terms is an even function.
Examples of even functions include 22 and cos z.

0Odd and even functions are interesting because of the symmetry they
bring—the plot of a real-valued odd function being symmetric about a point,
the plot of a real-valued even function being symmetric about a line. Many
functions are neither odd nor even, of course, but one can always split an
analytic function into two components—one odd, the other even—by the
simple expedient of sorting the odd-order terms from the even-order in the
function’s Taylor series. For example, exp z = sinh z 4 cosh z. Alternately,

f(Z) = fodd(z) + feven(z)a

foaa(z) = W’ (8.44)
fcvcn(z) = W?

the latter two lines of which are verified by substituting —z < z and ob-
serving the definitions at the section’s head of odd and even, and then the
first line of which is verified by adding the latter two.

Section 18.2.9 will have more to say about odd and even functions.

33119, sequence A004601]

34The writer is given to understand that clever mathematicians have invented subtle,
still much faster-converging iterative schemes toward 27. However, there is fast and there is
fast. The relatively straightforward series this section gives converges to the best accuracy
of your computer’s floating-point register within a paltry fourteen (0xE) iterations—and,
after all, you only need to compute the numerical value of 27 once.

Admittedly, the writer supposes that useful lessons lurk in the clever mathematics
underlying the subtle schemes, but such schemes are not covered here.
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8.13 Trigonometric poles

The singularities of the trigonometric functions are single poles of residue 1
or +i. For the circular trigonometrics, all the poles lie along the real number
line; for the hyperbolic trigonometrics, along the imaginary. Specifically, of
the eight trigonometric functions

1 1 1
- , , ,tan z,
sinz cosz tanz
1 1 1
,tanh z,

sinh z’ cosh 2’ tanh z

the poles and their respective residues are

z—km :(_)k7
sinz |, _ .
z—(k—1/2)x _ ()
oS 2 = (k—1/2)r ’
z—km _q
tanz |, _ .. ’

[z = (k = 1/2)x]tanz|, _ s 1 /9)r = —1,

z —ikm B (_)k (8.45)
sinhz |, _ .. N ’
z—i(k—1/2)7 _ (—)kz
cosh 2 z=1i(k—1/2)m
z —ikm _,
tanhz |, _ .,
[z —i(k —1/2)7]tanh 2|, _ ;4 _ /9. = 1,
kelZ.

To support (8.45)’s claims, we shall marshal the identities of Tables 5.1
and 5.2 plus I'Hopital’s rule (4.29). Before calculating residues and such,
however, we should like to verify that the poles (8.45) lists are in fact the
only poles that there are; that we have forgotten no poles. Consider for
instance the function 1/sin z = i2/(e** — e~%). This function evidently goes
infinite only when e** = e~%*, which is possible only for real z; but for real z,
the sine function’s very definition establishes the poles z = kn (refer to
Fig. 3.1). With the observations from Table 5.1 that isinhz = siniz and
cosh z = cos iz, similar reasoning for each of the eight trigonometrics forbids
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poles other than those (8.45) lists. Satisfied that we have forgotten no poles,
therefore, we finally apply 'Hopital’s rule to each of the ratios

z—kr z—(k—=1/2)mr z—kr z—(k—1/2)r

sinz ’ oS 2 "tanz ' 1/tanz
z—ikm z—i(k—1/2)w z—ikr z—i(k—1/2)x
sinh z ’ cosh z "tanhz > 1/tanhz

to reach (8.45).

Trigonometric poles evidently are special only in that a trigonometric
function has an infinite number of them. The poles are ordinary, single
poles, with residues, subject to Cauchy’s integral formula and so on. The
trigonometrics are meromorphic functions (§ 8.6) for this reason.3?

The six simpler trigonometrics, sinz, cosz, sinhz, coshz, cisz and
exp z—conspicuously excluded from this section’s gang of eight—have no
poles for finite z because e™* and e** are finite. These simpler trigono-
metrics are not only meromorphic but also entire. Observe however that
the inverse trigonometrics are multiple-valued and have branch points, and
thus are not meromorphic at all.

8.14 The Laurent series

Any analytic function can be expanded in a Taylor series, but never about
a pole or branch point of the function. Sometimes one nevertheless wants
to expand at least about a pole. Consider for example expanding

fe)=—— (3.46)

1 —cosz

about the function’s pole at z = 0. Expanding dividend and divisor sepa-
rately,

1—2+2%2/2—23/6+---
22/2 — 24 /0x18 + - - -
X (YA 4]]
= ()RR (2K)!
Y [ (2k) 4 22 /(2K + 1)
B D re (2)F22F/ (2k)!

f(z) =

35 [78}
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By long division,

oo ZQk: Z2kz+1 © (_)k:ZQk
+kzo{_(2k)!+(2k+1)!]}/; 2k
B 3_2 & _(_)k2Z2k72 (_)k222k71
~ 2 z+{;[ e T (2R ]
0 Z2k Z2k+1 > (_)kZQk
+Z[_(2k)!+(2k+1)!]}/; 20!

B ) 2 o0 N )k222k’ ( )k222k+1
_22_z+{z[(2k¢+2) (2k +2)! ]

k=0
& ZQk 2k+1 k 2k
+k§0[_(2k) 2k + 1)! Z
22 KN [-CE+ D)2k +2) + (—)F2
T2 z+kz_0[ (2k +2)! :

(2k +2) — (—)*2 )k 22k
+ (2k " 2) 2k+1:| Z .

The remainder’s k = 0 terms now disappear as intended; so, factoring 22/ 2>
from the division leaves

2 2 =[(2k+3)(2k+4)+ (—)k2
f(z) = +Z[( )((%H;! () L2k

- 2
z z
k=0

(2k +4) + (—)*2 )k 22k
2k +4)! %H} Z 2k +2)!

(8.47)

One can continue dividing to extract further terms if desired, and if all the
terms

2 2 7 =z
M =224 2%
are extracted the result is the Laurent series proper,
o)
Z (z—2)F, (k,K)eZ, K<O. (8.48)

k=K
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However for many purposes (as in eqn. 8.47) the partial Laurent series

-1
2 — a)(z — 2 )k > o (br) (2 — Zo)k
f( ) - k:z;{( k)( 0) + Zzozo(ck)(z _ Zo)k’ (8'49)

(k,K) € Z, K<0, cg#0,

suffices and may even be preferable. In either form,

-1

F2) =S (@)= = 20" + folz —20), (k,K)€Z, K <0, (850
k=K

where, unlike f(2), fo(z — 2o) is analytic at z = z,. The f,(z — 2,) of (8.50)
is f(z)’s regular part at z = z,.

The ordinary Taylor series diverges at a function’s pole. Handling the
pole separately, the Laurent series remedies this defect.?6:37

Sections 9.6 and 9.7 tell more about poles generally, including multiple
poles like the one in the example here.

8.15 Taylor series in 1/z

A little imagination helps the Taylor series a lot. The Laurent series of
§ 8.14 represents one way to extend the Taylor series. Several other ways
are possible. The typical trouble one has with the Taylor series is that
a function’s poles and branch points limit the series’ convergence domain.
Thinking flexibly, however, one can often evade the trouble.

Consider the function

sin(1/z)
cosz

flz) =

This function has a nonanalytic point of a most peculiar nature at z = 0.
The point is an essential singularity, and one cannot expand the function
directly about it. One could expand the function directly about some other
point like z = 1, but calculating the Taylor coefficients would take a lot
of effort and, even then, the resulting series would suffer a straitly limited

36The professional mathematician’s treatment of the Laurent series usually seems to
begin by defining an annular convergence domain (a convergence domain bounded without
by a large circle and within by a small) in the Argand plane. From an applied point of view
however what interests us is the basic technique to remove the poles from an otherwise
analytic function.

37165, § 10.8][47, § 2.5]
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convergence domain. All that however tries too hard. Depending on the
application, it may suffice to write,
_ sinw

f(z) = w

cosz’

ISE

This is
1 z*3/3! —|—z’5/5! .

f(z) = 1—22/20 4 24/40 — ...

which is all one needs to calculate f(z) numerically—and may be all one
needs for analysis, too.
As an example of a different kind, consider

1
Z2) = —=.
Most often, one needs no Taylor series to handle such a function (one sim-
ply does the indicated arithmetic). Suppose however that a Taylor series

specifically about z = 0 were indeed needed for some reason. Then by (8.1)
and (4.2),

o= = 1 (] - S e

That expansion is good only for |z| < 2, but for |z| > 2 we also have that

z

)

k=2

which expands in negative rather than positive powers of z. Note that
we have computed the two series for g(z) without ever actually taking a
derivative.

Neither of the section’s examples is especially interesting in itself, but
their point is that it often pays to think flexibly in extending and applying
the Taylor series. One is not required immediately to take the Taylor series
of a function as it presents itself; one can first change variables or otherwise
rewrite the function in some convenient way, and then take the Taylor series
either of the whole function at once or of pieces of it separately. One can
expand in negative powers of z equally validly as in positive powers. And,
though taking derivatives per (8.19) may be the canonical way to determine
Taylor coefficients, any effective means to find the coefficients suffices.



234 CHAPTER 8. THE TAYLOR SERIES

8.16 The multidimensional Taylor series

Equation (8.19) has given the Taylor series for functions of a single variable.
The idea of the Taylor series does not differ where there are two or more
independent variables, only the details are a little more complicated. For
example, consider the function f(z1, 22) = z%—kzl 294229, which has terms z%
and 2zo—these we understand—Dbut also has the cross-term 23z for which
the relevant derivative is the cross-derivative 9%f /0z1 0z3. Where two or
more independent variables are involved, one must account for the cross-
derivatives, too.
With this idea in mind, the multidimensional Taylor series is

Kk z— 7,k
flz) =" (gzl{ - ) (k,) (8.51)

k
Well, that’s neat. What does it mean?

e The z is a vector3® incorporating the several independent variables
Z1,%2y++-+32N-

e The k is a nonnegative integer vector of N counters—ki, ko, ..., kn—
one for each of the independent variables. Each of the k, runs indepen-
dently from 0 to oo, and every permutation is possible. For example,

if N =2 then
k = (ki,k9)
= (0,0),(0,1),(0,2),(0,3),...;
(1,0),(1,1),(1,2),(1,3),...;
(2,0),(2,1),(2,2),(2,3),...;
(3,0),(3,1),(3,2),(3,3),...;

e The 0¥f/0zX represents the kth cross-derivative of f(z), meaning that

o _ ({y 9
oz ~ (H (8zn)k’n> A

n=1

38In this generalized sense of the word, a vector is an ordered set of N elements. The
geometrical vector v = Xz + yy + 2z of § 3.3, then, is a vector with N =3, vi =z, v2 =y
and vs = z. (Generalized vectors of arbitrary N will figure prominently in the book from
chapter 11 onward.)
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e The (z — z,)* represents

e The k! represents
N
k! = H k!
n=1

With these definitions, the multidimensional Taylor series (8.51) yields all
the right derivatives and cross-derivatives at the expansion point z = z,.
Thus within some convergence domain about z = z,, the multidimensional
Taylor series (8.51) represents a function f(z) as accurately as the simple
Taylor series (8.19) represents a function f(z), and for the same reason.
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Chapter 9

Integration techniques

Equation (4.13) implies a general technique for calculating a derivative sym-
bolically. Its counterpart (7.1), unfortunately, implies a general technique
only for calculating an integral numerically—and even for this purpose it is
imperfect; for, when it comes to adding an infinite number of infinitesimal
elements, how is one actually to do the sum?

It turns out that there is no one general answer to this question. Some
functions are best integrated by one technique, some by another. It is hard
to guess in advance which technique might work best.

This chapter surveys several weapons of the intrepid mathematician’s
arsenal against the integral.

9.1 Integration by antiderivative

The simplest way to solve an integral is just to look at it, recognizing its
integrand to be the derivative of something already known:!

4 df .
/a Y i = 1ol (9.1)

For instance,

1
/ —dr =In7|{ =lnz.
1

T

One merely looks at the integrand 1/7, recognizing it to be the derivative
of In7, and then directly writes down the solution In7|{. Refer to § 7.2.

'The notation f(7)|Z or [f(7)]Z means f(z) — f(a).

237
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Again for instance,

/x 1 J in 7|7 . 2m
———dr1 = arcsinT|},, = arcsinz — ——,
12 V1 —12 1/2 0xC
or, if you prefer decimal notation,
/m 1 J in 7|7 ) 21
————dr = arcsinT|{,, = arcsinz — —.
12 V1 — 12 12 12

Refer to Table 3.2 and, more importantly, to Table 5.3.

The technique by itself is pretty limited. However, the frequent object of
other integration techniques is to transform an integral into a form to which
this basic technique can be applied.

Besides the essential
d a
= (:L) , (9.2)

Tables 7.1, 5.2, 5.3 and 9.1 provide several further good derivatives this
antiderivative technique can use.

One particular, nonobvious, useful variation on the antiderivative tech-
nique seems worth calling out specially here. If z = pe’®, then (8.24)
and (8.25) have that

P10 i, -
/z ?—lnpl—l—z(qﬁg ¢1). (9.3)

1

This helps, for example, when z; and 29 are real but negative numbers.

9.2 Integration by substitution

2 xdx
S = P —
/x 1+ 22

1

Consider the integral

This integral is not in a form one immediately recognizes. However, with
the change of variable
u<— 1+ 1‘2,

whose differential by successive steps is

d(u) = d(1 + %),
du = 2z dzx,
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the integral is

u:1+x§
1+ 22

n R
1+ 27

To check the result, we can take the derivative per § 7.5 of the final expression
with respect to xs:

01, 1+a3 10 2 2

) =|=—{In(1 —1In(1

D5 2 n1+x% - {2 83:2{11( +332) H( +$1)} -
T
142

which indeed has the form of the integrand with which we started.

The technique is integration by substitution. It does not solve all inte-
grals but it does solve many, whether alone or in combination with other
techniques.

9.3 Reversal and scaling of the independent vari-
able

Section 9.2 has introduced integration by substitution. Many substitutions
are possible but the simple change of variable

—u T,

9.4
—du = dz, (94)

is so easy a substitution, and is so often helpful, that it merits a section of

its own.
If

b
S = / f(z)dz, (9.5)
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where f(x) is a function one wishes to integrate, then changing variables
according to (9.4) gives that

b —-b
S={  f-u)(—du) = - / f(—u) du,

—u=a

which is that

s= " f—udu (9.6)

u=—>b

Even easier is the case that a = —o0, b = oo, in which

/_Z F()da = /_Z F(—u) du. (9.7)

The technique of reversal of the independent variable seldom solves an
integral on its own but can put an integral in a form to which other tech-
niques can be applied, as for example in § 18.2.6.

Related is the change of variable

ku < x,
kdu = dz, (9.8)
S(k) =0,
by which
b/k
S = k/ f(ku) du. (9.9)
u=a/k
In the case that a = —oc0, b = 00,

/_Z f(x) dz = |k| /_Z f(ku) du. (9.10)

9.4 Integration by parts

Integration by parts is a curious but very broadly applicable technique which
begins with the derivative product rule (4.22),

d(uwv) = udv + v du,

where u(7) and v(7) are functions of an independent variable 7. Reordering
terms,

udv = d(uv) — v du.
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b b
/ udv = uv|l;:a —/ vdu. (9.11)

Equation (9.11) is the rule of integration by parts.
For an example of the rule’s operation, consider the integral

Integrating,

x
S(z) = / T cos T dr.
0
Unsure how to integrate this, we can begin by integrating part of it. We can

begin by integrating the cos at dr part. Letting

U< T,

dv < cosaT dT,

we find that?

du = dr,

sin at

v =
(0%

According to (9.11), then,

r T gin T T .
— dr = —sinax + cosax — 1.
0 0 « a

T sin ot

S(x) =

(07

Though integration by parts is a powerful technique, one should under-
stand clearly what it does and does not do. The technique does not just
integrate each part of an integral separately. It isn’t that simple. What
it does is to integrate one part of an integral separately—whichever part
one has chosen to identify as dv—while contrarily differentiating the other
part u, upon which it rewards the mathematician only with a new integral
J vdu. The new integral may or may not be easier to integrate than was
the original [wdv. The virtue of the technique lies in that one can often
find a part dv which does yield an easier [ vdu. The technique is powerful
for this reason.

For another kind of example of the rule’s operation, see § 21.3 in the
chapter on the gamma function.

2The careful reader will observe that v = (sin a7)/a 4+ C matches the chosen dv for
any value of C, not just for C' = 0. This is true. However, nothing in the technique of
integration by parts requires us to consider all possible v. Any convenient v suffices. In
this case, we choose v = (sinar)/a.
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9.5 Integration by unknown coefficients

One of the more powerful integration techniques is relatively inelegant, yet

it easily cracks some integrals that give other techniques trouble. The tech-

nique is the method of unknown coefficients, and it is based on the antideriva-

tive (9.1) plus intelligent guessing. It is best illustrated by example.
Consider the integral (which arises in probability theory)

S(m):/ e*(p/")2/2pdp. (9.12)
0

If one does not know how to solve the integral in a more elegant way, one
can guess a likely-seeming antiderivative form, such as

00212, = (/02
dp

9

where the a is an unknown coefficient. Having guessed, one has no guarantee
that the guess is right, but see: if the guess were right, then the antiderivative
would have the form

e~002/2, = L=/ /2
dp
= 2P/,
g
implying that
a=—o’

(evidently the guess is right, after all). Using this value for a, one can write
the specific antiderivative

e~z — 4 {_026—@/@2/2} 7
dp
with which one can solve the integral, concluding that

T

() = _J2e—<p/a>2/2} (0?) [1 - 6_@/0)2/2} . (9.13)

0

The same technique solves differential equations, too. Consider for ex-
ample the differential equation

dx = (Iz — P)dt, x|i—0 = ©o, z|i=7 =0, (9.14)
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which conceptually represents® the changing balance z of a bank loan ac-
count over time ¢, where I is the loan’s interest rate and P is the borrower’s
payment rate. If it is desired to find the correct payment rate P which pays
the loan off in the time T, then (perhaps after some bad guesses) we guess
the form

z(t) = Ae® + B,

where «, A and B are unknown coefficients. The guess’ derivative is
dr = aAe® dt.
Substituting the last two equations into (9.14) and dividing by dt yields that
ade® =TAe™ + 1B — P,
which at least is satisfied if both of the equations

ade® = TAe™,
0=1IB - P,

are satisfied. Evidently good choices for o and B, then, are

a=1,
P
B=—.
I
Substituting these coefficients into the z(t) equation above yields the general
solution P
x@):,mJt+if (9.15)

to (9.14). The constants A and P, we establish by applying the given bound-
ary conditions x|;—p = z, and x|y = 0. For the former condition, (9.15)
is

P P
o=AeDO y — =44 —
T e + 7 + 7
and for the latter condition,
P
= Ae!T + =,
0 e + 7

3Real banks (in the author’s country, at least) by law or custom actually use a needlessly
more complicated formula—and not only more complicated, but mathematically slightly
incorrect, too.
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Solving the last two equations simultaneously, we have that

A— —e_ITxO
T 1—e T

I (9.16)
P=_—"_
1 —eIT

Applying these to the general solution (9.15) yields the specific solution
Zo _

to (9.14) meeting the boundary conditions, with the payment rate P required
of the borrower given by (9.16).

The virtue of the method of unknown coefficients lies in that it permits
one to try an entire family of candidate solutions at once, with the family
members distinguished by the values of the coefficients. If a solution exists
anywhere in the family, the method usually finds it.

The method of unknown coefficients is an elephant. Slightly inelegant the
method may be, but it is pretty powerful, too—and it has surprise value (for
some reason people seem not to expect it). Such are the kinds of problems
the method can solve.

9.6 Integration by closed contour

We pass now from the elephant to the falcon, from the inelegant to the
sublime. Consider the definite integral®

o TCL
SE/ dr, —1<a<0.
0 T+ 1

This is a hard integral. No obvious substitution, no evident factoring into
parts, seems to solve the integral; but there is a way. The integrand has
a pole at 7 = —1. Observing that 7 is only a dummy integration variable,
if one writes the same integral using the complex variable z in place of the
real variable 7, then Cauchy’s integral formula (8.29) has that integrating
once counterclockwise about a closed complex contour, with the contour
enclosing the pole at z = —1 but shutting out the branch point at z = 0,
yields that

z¢ - : jom/2\ Y _ o i2ma/2
I= 7{ dz = 272%|,=—1 =27 (eZ 4 ) = i2mei2ma/2,
z

+1

1[84, § 1.2]
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Figure 9.1: Integration by closed contour.

1o

I,

I3

The trouble, of course, is that the integral S does not go about a closed
complex contour. One can however construct a closed complex contour I of
which S is a part, as in Fig 9.1. If the outer circle in the figure is of infinite
radius and the inner, of infinitesimal, then the closed contour I is composed
of the four parts

I = h+L+1I3+1
(I + I3) + I + 1.

The figure tempts one to make the mistake of writing that I; = S = —I3,
but besides being incorrect this defeats the purpose of the closed contour
technique. More subtlety is needed. One must take care to interpret the
four parts correctly. The integrand z%/(z + 1) is multiple-valued; so, in
fact, the two parts Iy + I3 # 0 do not cancel. The integrand has a branch
point at z = 0, which, in passing from I3 through I4 to I, the contour has
circled. Even though z itself takes on the same values along I3 as along I,
the multiple-valued integrand z%/(z 4+ 1) does not. Indeed,

o] (pei0>a /oo pa
L = BV A dp = 8,
! /0 (pe) +1 7 o pr1”

(o] i2m\a ) 0 a )
_13 — / (p;ﬂ ) dp — ez27ra / 4 dp — el2ﬂaS.
o (pe?m)+1 o pt+1
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Therefore,

I = h+DLb+1I3+1
— L+ L) +h+l

) 2m a 2m a
= (1—¢*)S + lim dz — lim © 4
p—=0 Jomo 2+ 1 p=0 Jy—o 2+ 1
) 2w 21
= (1—¢€?™)S + lim 2 ldz — hH[l) 2% dz
a |27 Za+1 27

= (1—€?")S + lim z

p—o0 A

— lim
$=0 p—0a+1

=0 .

Since a < 0, the first limit vanishes; and because a > —1, the second
limit vanishes, too, leaving

[=(1-e*)s.

But by Cauchy’s integral formula we have already found an expression for 1.
Substituting this expression into the last equation yields, by successive steps,

,L'27_[_€i27ra/2 _ (1 - ei27ra)5’
g _ i27rei2f“/2’
1 — ei2ma
127
S = o—i2raj2 _ gi2ma/2’
¢ — __ 22
sin(2ma/2)
That is,
[o¢] a 2 2
/‘ ™ =22 o) (9.18)
o T+1 sin(2ma/2)

an astonishing result.? Section 21.6 will use it.
Another example® is

T:/%M S(a) = 0, [R(a)] < 1
~Jo l4acosf’ - '

®S0 astonishing is the result, that one is unlikely to believe it at first encounter. How-
ever, straightforward (though computationally highly inefficient) numerical integration
per (7.1) confirms the result, as the interested reader and his computer can check. Such
results vindicate the effort we have spent in deriving Cauchy’s integral formula (8.29).
°[78]
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As in the previous example, here again the contour is not closed. The
previous example closed the contour by extending it, excluding the branch
point. In this example there is no branch point to exclude, nor need one
extend the contour. Rather, one changes the variable

z<—ei9

and takes advantage of the fact that z, unlike 8, begins and ends the inte-
gration at the same point. One thus obtains the equivalent integral

_ e e 4
= 7{1-1-(&/2)(73—1-1/2)_ afz2+2z/a+1

Zj f{ [z _ (—1 + m) /aﬁz _ (—1 - \/W) /a} ’

whose contour is the unit circle in the Argand plane. The integrand evidently
has poles at

L lEVica

a

whose magnitudes are such that

|2_2—a22|22\/1—a2
= - :

|z
a

One of the two magnitudes is less than unity and one is greater, meaning
that one of the two poles lies within the contour and one lies without, as is
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seen by the successive steps’

a®> < 1,

0 < 1-—ad?
(=a*)(0) > (=a®)(1—a?),
0 > —a®+a,
1—a®> > 1-—2a%+d?,
1—a®> > (1—a2)2,

Vi—a?2 > 1—a?,

—V1-a? < —(1-a?) < V1-a2
1-vV1-a?2 < a? < 1+m,
2-2V1-a? < 2a? < 2+2V1-a?,

2-a2-2/1-a2 < a? < 2—a?+2V1—a2,

2—a?—2V1-a?
2

a

2 —a®+2V1—a?
. :

a

1 <

N

Per Cauchy’s integral formula (8.29), integrating about the pole within the
contour yields that

T — 9 —i2/a 2
= 127 = .
— (=1 —-+v1=a2 V1 —a?
& ( @ >/a = (- 14VIa®)/a

Observe that by means of a complex variable of integration, each example
has indirectly evaluated an integral whose integrand is purely real. If it seems
unreasonable to the reader to expect so flamboyant a technique actually
to work, this seems equally unreasonable to the writer—but work it does,
nevertheless. It is a great technique.

The technique, integration by closed contour, is found in practice to solve
many integrals other techniques find almost impossible to crack. The key
to making the technique work lies in closing a contour one knows how to
treat. The robustness of the technique lies in that any contour of any shape
will work, so long as the contour encloses appropriate poles in the Argand
domain plane while shutting branch points out.

"These steps are perhaps best read from bottom to top. See chapter 6’s footnote 15.
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/Z 122 () d=

of the complex triangle sum inequality (3.22) from the discrete to the con-
tinuous case sometimes proves useful in evaluating integrals by this section’s
technique, as in § 17.6.4.

The extension

< / Y1) (9.19)

21

9.7 Integration by partial-fraction expansion

This section treats integration by partial-fraction expansion. It introduces
the expansion itself first.® Throughout the section,

j’j/?k7€7m7n’p’p(')7M7N 6 Z'

9.7.1 Partial-fraction expansion

Consider the function
f(z) = 0
S RS

Combining the two fractions over a common denominator? yields that

z+3
(z—1)(z—2)

Of the two forms, the former is probably the more amenable to analysis.
For example, using (9.3),

0 0 _y4 0 5
dr = d d
/_1f(7—) T /—17'—1 T+/—1T—2 !

= [~4In(1 —7) +5In(2 - 7)]°, .

f(z) =

The trouble is that one is not always given the function in the amenable
form.
Given a rational function

Yoo et
Hj’vﬂ(z - )

8199, appendix F][65, §§ 2.7 and 10.12]

9Terminology (you probably knew this already): a fraction is the ratio of two numbers
or expressions B/A. In the fraction, B is the numerator and A is the denominator. The
quotient is Q = B/A.

f(z) = (9.20)
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in which no two of the several poles «; are the same, the partial-fraction
expansion has the form

N
=3 2 (9.21)
k=

z— oy

where multiplying each fraction of (9.21) by

5 =) /(2= aw)
T =) /(== aw)

puts the several fractions over a common denominator, yielding (9.20). Di-
viding (9.20) by (9.21) gives the ratio

Lk tee /i Ay
Hj-vzl(z—aj) 1 ° T Gk

=1
In the immediate neighborhood of z = ayy,, the mth term A,,/(z — o)
dominates the summation of (9.21). Hence,

Rearranging factors, we have that

N-1, _k
b
Ay = 20 2 — Jim (- an)f()], (9.22)
LG —a)] /=am)| 7o
where A,,, the value of f(z) with the pole canceled, is called the residue
of f(z) at the pole z = a,,,. Equations (9.21) and (9.22) together give the
partial-fraction expansion of (9.20)’s rational function f(z).

9.7.2 Repeated poles

The weakness of the partial-fraction expansion of § 9.7.1 is that it cannot
directly handle repeated poles. That is, if a;, = aj, n # j, then the residue
formula (9.22) finds an uncanceled pole remaining in its denominator and
thus fails for A, = A; (it still works for the other A,,). The conventional
way to expand a fraction with repeated poles is presented in § 9.7.6 below;
but because at least to this writer that way does not lend much applied
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insight, the present subsection treats the matter in a different way. Here,
we separate the poles.
Consider the function

N-1 opi2nk/N
g(z)zzm, N>1 0<e<1, (9.23)
k=0

where C' is a real-valued constant. This function evidently has a small circle
of poles in the Argand plane at ay = ee?2™/N . Factoring,

g Nz—:l oi2mk/N
5 1— (ee2™k/N) /7

k=0

9(z) =

Using (2.34) to expand the fraction,

-1 2 k/]vz ( 127rk/N>

=

Q
z

HGM

N-— j—lez’27rjk/N

Sy
J
k=0 j=1 “
00 i1 N—-1
_ ¢ i2mj /N k
=CX S ()
j=1 k=0
But!®
N-1 e
(ei27rj/N)k _JN itj=mN,
P 0  otherwise,
SO

> emN-1
=NC Z smN °
m=1
For |z| > e—that is, except in the immediate neighborhood of the small

circle of poles—the first term of the summation dominates. Hence,

6N—l
g(Z)%chiN, ‘Z| > €.

107f you don’t see why, then for N = 8 and j = 3 plot the several (ei27rj/]\7)]C in the
Argand plane. Do the same for j = 2 then 7 = 8. Only in the j = 8 case do the terms
add coherently; in the other cases they cancel.

This effect—reinforcing when j = nlN, canceling otherwise—is a classic manifestation
of Parseval’s principle, which § 17.1 will formally introduce later in the book.
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Having achieved this approximation, if we strategically choose

= NeN-1’

then

1
9e) ~ ol >

But given the chosen value of C, (9.23) is

1 NI giemk/N

NeN-1 e cei2nk/N’

g9(z) = N>1 0<e< 1l

Joining the last two equations together, changing z — 2z, <— z, and writing
more formally, we have that

1 1 N-1 ei27rk/N

= li : N > 1. 9.24
(Z — ZO)N 61_I>I(1) NelN-1 z — [Zo + Eel2ﬂk/N] ’ ( )

The significance of (9.24) is that it lets one replace an N-fold pole with
a small circle of ordinary poles, which per § 9.7.1 we already know how to
handle. Notice incidentally that 1/NeV~! is a large number not a small.
The poles are close together but very strong.
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9.7.3 An example
An example to illustrate the technique, separating a double pole:

22— 246
1@ = oe

~ lim 22—2+6
0 (2 — [1 4 €e27(0)/2])(z — [1 + ee?27(D/2]) (2 + 2)
22 —246

S T - =-De+2)

=i { (=) [<z—i:i1>+<f+2>]z_l+€
(=)l —Z;;Z;fw)]zzl_e
() [e=rrae sl )
Zlii%{ <z_ ﬁm) [Gaffgj]
+<z—ﬁ—d>{€&:2i]

()75

+

+

253

As usual when handling infinitesimals like €, we can drop from each sum its
insignificant terms in the limit, but which terms are insignificant depends

on the ratio in which each sum is:

. b6xet+e 6 +e , +1/e 1/6
lim — = lim + = lim —_—
e—0 £6€ + 262 =0 | £6€ + 2¢2  +6¢ 0 | 14+¢€/3 1

—timd (=) (15 S0 )4 L

_ﬁgl(l) € :':3 6
111 11

— 4t 4 =4 _ =

e 3 6 e 6

Thus,

o [1)e—1/6  —1/e—1/6  4/3
f(z)_llm{z—[l+e]+z—[1—e]+z—|—2}

gives the partial-fraction expansion of f(z).

|
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Incidentally, one can recombine terms to reach the alternate form

SR V/ le 1B 43
f(z)—lgi%{z_[l_i_e]+Z_[1_6]+Z_1+z—|—2}.

This alternate form is valid and, for many purposes (as in § 9.7.4), is even
handy; but one should interpret it cautiously: counting terms in the alter-
nate form, you would think that f(z) had four poles whereas it has in fact
only three. The pole of the ratio (—1/3)/(z — 1)—infinitely weaker than,
yet lying infinitely near to, the poles of the two ratios (1/€)(z — [1 & €])—is
indeed a pole of the ratio (—1/3)/(z — 1), but it is not a proper, distinct
pole of f(z). It can be understood as a sort of shadow pole, if you like, that
lurks near or hides under the twin dominant poles that loom over it. To see
the proper, distinct poles of f(z), refer rather to the earlier form.

However one might choose to account for and to describe the shadow
pole, one cannot merely omit it. If one did omit it, then recombining the
remaining partial fractions over a common denominator (try it!) would fail
to recover our original expression for f(z).

9.7.4 Integrating a rational function

If one can find the poles of a rational function of the form (9.20), then one
can use (9.21) and (9.22)—and, if needed, (9.24)—to expand the function
into a sum of partial fractions, each of which one can integrate individually.
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Continuing the example of § 9.7.3, for 0 < z < 1,

x{ e e +_1/3+4/3}d7

=1
= L+ 7-[1—¢ 7-1 7+2

e—0 0

~ g T+ d -0 - i - )

e—0 | € €
—;1n(1—r)+§1n(r+2)}:
:1%{11n<m>—;ln(l—T)—Fgln(T—&—Q)}:
:liirg){iln<m)—;ln(1—7)+§ln(7+2)}:
:liin{iln<1+12_€7_>—;ln(1—7)+§ln(7+2)}:
zlm{1< 2¢ )-111(1—7) 1(T+2)}m
e\ .
:15%{12 —;1(1—7) gln(T-i—Q)}:
_1358—2—5111(1—3;) §1n<$—2i_2>

To check per § 7.5 that the result is correct, we can take the derivative of
the final expression:

d 2 1 4 x+2
@ 9 C(l—a) 4 -1

2 1/3 4/3
(r—1)2 7-1 742
2746

which indeed has the form of the integrand with which we started, confirm-
ing the result. (Notice incidentally how much easier it is symbolically to
differentiate than to integrate!)

Section 19.4 exercises the technique in a more sophisticated way, ap-
plying it in the context of chapter 18’s Laplace transform to solve a linear
differential equation.
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9.7.5 The derivatives of a rational function

Not only the integral of a rational function interests us; its derivatives in-
terest us, too. One needs no special technique to compute such derivatives,
of course, but the derivatives do bring some noteworthy properties.

First of interest is the property that a function in the general rational

form
w) = wPhy(w)
2w) g(w)

enjoys derivatives in the general rational form

, 9(0) #0, (9.25)

d*®  wPFhy(w)
= <k< 2
dk gyt PRSP 20

where ¢ and hj are polynomials in nonnegative powers of w. The property
is proved by induction. When k& = 0, (9.26) is (9.25), so (9.26) is good at
least for this case. Then, using the product rule (4.24), if (9.26) holds for
k=n—1.

o d (A7) d [wr g (w)] | wPhy, (w)

dw®  dw |[dw 1| dw [g(w)]" Cg(w)]tt
dhn—l d.g

hn(w) = _nwhnflﬁ‘{'(p_n‘i’l)ghnfla 0<n<p,

which makes h,, (like h,_1) a polynomial in nonnegative powers of w. By
induction on this basis, (9.26) holds for all 0 < k < p, as was to be demon-
strated.

A related property is that

dF®

Tk =0 for0<k<p. (9.27)
w=0

That is, the function and its first p — 1 derivatives are all zero at w = 0. The
reason is that (9.26)’s denominator is [g(w)]**! # 0, whereas its numerator
has a wP~* = 0 factor, when 0 < k < p and w = 0.

9.7.6 Repeated poles (the conventional technique)

Though the technique of §§ 9.7.2 and 9.7.4 affords extra insight, it is not
the conventional technique to expand in partial fractions a rational function
having a repeated pole. The conventional technique is worth learning not
only because it is conventional but also because it is usually quicker to apply
in practice. This subsection derives it.
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A rational function with repeated poles,

fo) = oo it (9.28)
Hjj\/;(z_aj)pj, '

M
N = ij,
j=1
pi = 0,
ajy # aj; forall j/ # 7,

where j, k, M, N and the several p; are integers, cannot be expanded solely
in the first-order fractions of § 9.7.1, but can indeed be expanded if higher-
order fractions are allowed:

(9.29)

What the partial-fraction expansion (9.29) lacks are the values of its several
coefficients Ajy.

One can determine the coefficients with respect to one (possibly re-
peated) pole at a time. To determine them with respect to the p,-fold
pole at z = auy, 1 < m < M, one multiplies (9.29) by (z — a;,)P™ to obtain
the form

M pjfl Oém)pm pm—1 '
(2 — am)Pm f Z ot + Z(Amg)(z—am) )

j=1, ¢=0 =0

J#Fm

But (9.27) with w = z — a;, reveals the double summation and its first
pm — 1 derivatives all to be null at z = «,,; that is,

M pi—1

dr — (4;0)(z — ap)Pr

- — < .
G#m

Z=Qm

so, the (z — ay,)P™ f(2) equation’s kth derivative reduces at that point to

j; (2 = am)" f(2)] —mel ka [(Am)(z = )|
2=t —0 z=am

= K Ak, 0<k < pp.
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Changing j <~ m and £ < k and solving for A, then produces the coeffi-

cients
dZ
= (2') el (O]

to weight the expansion (9.29)’s partial fractions. In case of a repeated pole,
these coefficients evidently depend not only on the residual function itself
but also on its several derivatives, one derivative per repetition of the pole.

Z=0

9.7.7 The existence and uniqueness of solutions

Equation (9.30) has solved (9.28) and (9.29). A professional mathematician
might object however that it has done so without first proving that a unique
solution actually exists.

Comes from us the reply, “Why should we prove that a solution exists,
once we have actually found it?”

Ah, but the hypothetical professional’s point is that we have found the
solution only if in fact it does exist, and uniquely; otherwise what we have
found is a phantom. A careful review of § 9.7.6’s logic discovers no guaran-
tee that all of (9.30)’s coefficients actually come from the same expansion.
Maybe there exist two distinct expansions, and some of the coefficients come
from the one, some from the other. On the other hand, maybe there exists
no expansion at all, in which event it is not even clear what (9.30) means.

“But these are quibbles, cavils and nitpicks!” we are inclined to grumble.
“The present book is a book of applied mathematics.”

Well, yes, but on this occasion let us nonetheless follow the professional’s
line of reasoning, if only a short way.

Uniqueness is proved by positing two solutions

M p;j—1 M p;j—1
DY T T e
gleo leO J

and computing the difference
M p;—1
YX
7j=1 ¢=0 Z %

between them. Logically this difference must be zero for all z if the two
solutions are actually to represent the same function f(z). This however
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is seen to be possible only if Bj, = Aj, for each (j,£). Therefore, the two
solutions are one and the same. (The professional might request a further
demonstration of orthogonality, § 13.8; but we will leave the point in that
form.)

FEzistence comes of combining the several fractions of (9.29) over a com-
mon denominator and comparing the resulting numerator against the numer-
ator of (9.28). Each coefficient by, is seen thereby to be a linear combination
of the several Ajy, where the combination’s weights depend solely on the
locations «; and multiplicities p; of f(2)’s several poles. From the N coeffi-
cients by, and the NV coefficients A;,, an N x N system of N linear equations
in N unknowns results—which might for example (if, say, NV = 3) look like

bo = —2Ago + A1 + 3A10,
b1 = Aoo + Ao1 + Aio,
by = 2A01 — 5A10.

We will show in chapters 11 through 14 that when such a system has no
solution, there always exists an alternate set of by for which the same system
has multiple solutions. But uniqueness, which we have already established,
forbids such multiple solutions in all cases. Therefore it is not possible for
the system to have no solution—which is to say, the solution necessarily
exists.

We will not often in this book prove existence and uniqueness explicitly,
but such proofs when desired tend to fit the pattern outlined here.

9.8 Integration by the manipulation of a Pythag-
orean expression

In context of the chapter you are reading, a Pythagorean expression is an
expression of the form of +1 + 72. This section suggests ways to approach
integrands that contain Pythagorean expressions.

9.8.1 Pythagorean radicals

In applications, as for instance in the path-length computation of § 7.4.2,
one often meets integrands that contain Pythagorean expressions under a
radical sign, like v1 — 72, /72 — 1 or v/72 + 1. An example would be

roodr
S = —_—,
1) /0 1—172
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which contains the Pythagorean radical v/1 — 72. Such a Pythagorean radi-
cal recalls the inverse trigonometrics of Table 5.3, whereby

Si(x) = arcsin7|f = arcsin x.

Unfortunately, not every integrand that features such a radical appears in
the table; so, for example,

Sa(x) = /Ox dTTm

wants a substitution like u% 1 —72, updug = —7dr, by which the tech-
nique of § 9.2 finds that

3 |V1-a® 213/2
U 1—-(1—x
dus u% = 2 = —( ) .

Ve
J ) ;

SQ(."L‘) = —

1

That’s all relatively straightforward, but now try an integral like
Sz(x) = / dr /1 — 12,
0

This doesn’t look harder. Indeed, if anything, it looks slightly easier than
S1(z) or Sa(x). Notwithstanding, the techniques used to solve those some-
how don’t quite seem to work on S3(z) [try it!].

As it happens, we have already met, and solved, a similar integral in
§ 7.4.2. That subsection has illustrated the technique. Applying the same
technique here, we assemble by trial a small table of potentially relevant
antiderivatives,

1
—arcsinT =

dr \/1—7’27

d T
S
dr 4 \/1—7‘2’
2

d T 1
il 2 2 ' _o1_s2___ -
dTT\/l T \/1 T T 2v1—r71 T

wherein the pivotal step on the last line is to have manipulated the Pythag-
orean radical, observing that

2

T 1—72 1 / 1
= — + = — 1—72+ .
V1—712 Vi—72 J1-72 1—172
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Using some of the above-computed derivatives, the desired integrand
v/1 — 72 can now be built up by stages:

d
ﬁarCSIHT—{—ﬁT\/l—TZ \/1—72.

Hence,

1 1 | 1
S3(z) = 5 arcsint + -7y 1 — 72| = 5 arcsin z + 22V 1— a2,

2 0

a result which can (and should) be checked by differentiating in the manner
of § 7.5.

Here is another example of integration by the manipulation of a Pythag-
orean radical:

Sy(z) = dr 72\/72 — 1;
1
i arccosh 1t = ;;
dr 72 —1

—T\/T—l—\/r—l—i— ]

1
—2\/7+ = i

@ sy 1=sm 14 L

dT V2 —1
= 472/ 2—1+7
TV VT2 —1

1
=@+ VT2 = 1+ ———;
(47> + 1)V —
d 1
7372 — :<72+4>\/7‘2—1—|—

1
4dr 42 -1

Having assembled the above small table of potentially relevant antideriva-



262 CHAPTER 9. INTEGRATION TECHNIQUES
tives, we proceed:

d d
_ 2 _ 3 2_1
8dTT g +4d VT

1
=T \/72—14-78 > 1;
N>

d d d
_ hr — — 2_1 = 3 2_1
8darccos,T 8dTT +4dT T

22— 1;

-
[ arccosh 7

Sy(z) = 3
72 1 r
+(—=—= |7V 1] ;
4 8 .
h 21
:_BMC8M3+<Z_8>:E‘/7$2_L

For yet more examples, consider

T dT z T dr
= dT\/72—1+/ _—
/ 1 1 V-1

to complete whose evaluation is left as an exercise, and
2 T
Se( / drva? — 72 = d? / 1—(I> = a8y (*)
(r/a)= a

9.8.2 Pythagorean nonradicals

Besides Pythagorean radicals, Pythagorean nonradicals occur, too. How-
ever, these tend to be easier to solve. For example,

T r2dr v 1
S7(x)z/0 1—%7'2:/0 <1—1+72> dt = x — arctan x;

x 3 x 2 x
Ss(x)z/ Tdez/ o — dT::C—/ 7TdT,
0 1+’7’ 0 1—1—7’2 2 0 1+7_2

ut 1+ 1%, ugdug = 7dr,

2 /\/1+$2 % B 2 —In(1 _HUQ)
1

ug 2
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9.9 Trial derivatives

Besides the technique of the Pythagorean radical, § 9.8.1 has also inciden-
tally demonstrated another, different technique, vaguer but more broadly
applicable. It has incidentally demonstrated the technique of trial deriva-
tives.!!

Review the S3(z) and Ssi(z) of § 9.8.1. To solve each has required us
to develop a small table of potentially relevant antiderivatives. How did we
develop each small table? Well, we began by copying a relevant inverse-
trigonometric entry from Table 5.3; but then, to extend the table, we tried
taking the derivatives of various functions that resembled the integrand or
part of the integrand. Not all our trials gave useful antiderivatives but some
did.

To decide which derivatives to try during a given integration depends on
the mathematician’s creativity and experience. However, a typical theme is
to multiply the integrand (or part of the integrand) by 7, 72 or maybe 73,
taking the derivative of the product as § 9.8.1 has done. It is not usually
necessary, nor helpful, to build up a huge table but—well, when you read
§ 9.8.1, you saw how it went.

The reason to take trial derivatives, incidentally, is that one does not
generally know very well how to take trial antiderivatives! Analytically,
derivatives are the easier to take. To seek an antiderivative by taking de-
rivatives might (or might not) seem counterintuitive, but it’s a game of
feedback and educated guesses, like nineteenth-century artillery finding the
range to its target. It is a game that can prosper, as we have seen.

9.10 Frullani’s integral

One occasionally meets an integral of the form
Py o ES TP
0 T

where a and b are real, positive coefficients and f(7) is an arbitrary complex
expression in 7. One wants to split such an integral in two as [[f(br) /7] dT—
[1f(aT)/7]dr, except that each half-integral alone may diverge. Nonethe-
less, splitting the integral in two is the right idea, provided that one first

"See [65, § 1.5], which introduces the technique in another guise under a different name.
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relaxes the limits of integration as

L Yeper) Y fan)
5'251_1>I(,§1+{/E = d7'—/6 . dr » .

Changing o < b7 in the left integral and ¢ < a7 in the right yields that

s g { [ I [0 0}
= lim, {/GEG_J;MCJUJF/I:/GJC(U);JC(U) da+/;:€]cgj)da}

_ VI 4o [T @
_el—lglJr {/a/s o do ac O do

(here on the face of it, we have split the integration as though a < b, but in
fact it does not matter which of a and b is the greater, as is easy to verify).
So long as each of f(e) and f(1/€) approaches a constant value as e vanishes,

this is
b/e be
5= tim {ﬂw [ g0 [ da}
e—0t a/e o ac O

= lim {f(—i—oo) 1n2§z _ f(0+)1n2i}

e—0T

b
= [f(D)]g In a
Thus we have Frullani’s integral,
[T (9.31)
0 T a

which, if @ and b are both real and positive, works for any f(7) which has
definite f(07) and f(+00).!2

9.11 Integrating products of exponentials, powers
and logarithms

The products exp(a7)7™ (where n € Z) and 7! In 7 tend to arise!® among

other places in integrands related to special functions (as in the book’s

12[84, § 1.3][3, § 2.5.1][142, “Frullani’s integral”]
130ne could write the latter product more generally as 7% ' In 87. According to Ta-
ble 2.5, however, In 87 = In 8 + In 7; wherein In § is just a constant.
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part III). The two occur often enough to merit investigation here.
Concerning exp(a7)7™, by § 9.5’s method of unknown coefficients we
guess its antiderivative to fit the form

n
exp(ar)T E ay exp(ar)T
T =

n n
aay exp(ar)Th + Z kay, exp(ar)ri 1

k=0 k=1

i
L

= aapexp(ar)t”" +exp(ar) Y [aap + (k+ 1)agsq] 7
0

x>
I

If so, then evidently

1
Ap = —;
o}
k+1
ap = — + apt+1, 0<k<n
e
That is,
1 = , n!/k!
= H (=ja) (—a)n—Fk+1’ O<k<n
j=k+1
Therefore, !4
d = /K
exp(ar)t" = | exp(ar) 2 (_Z)é—kﬂTk , n€Z, n>0, a+#0.

(9.32)

The right form to guess for the antiderivative of 7¢~!In 7 is less obvious.

Remembering however § 5.3’s observation that In 7 is of zeroth order in 7,
after maybe some false tries we eventually do strike the right form

7 nT = %TG[B InT+ C]

= 7% HaBInT + (B + aC)),

which demands that B = 1/a and that C' = —1/a?. Therefore,!®

7oy - — dil (h’lT — (1z> , a#0. (9.33)

T a

140121, eqn. 17.25.4][115, appendix 2, eqn. 73]
15[121, eqn. 17.26.3][115, appendix 2, eqn. 74]
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Table 9.1: Antiderivatives of products of exponentials, powers and loga-
rithms.

1
exp(ar) = . exp(ar) (a)}
d T 1
exp(ar)r = . exp(ar) (a - oﬁ)]
d 2 2r 2
2 _
exp(ar)T® = e exp(ar) <a -3 + 043)]
) a | DOonlkl
exp(ar)t" = e exp(ar) kzzo (—a)Tk‘HT ]
neZ, n>0, a#0
% lnr = iT— <1n7'—1>, a#0
dr a a
o d(nr)
T dr 2

Antiderivatives of terms like 797 (In7)?, exp(a7)7™In7 and so on can be
computed in like manner as the need arises.

Equation (9.33) fails when a = 0, but in this case with a little imagination
the antiderivative is not hard to guess:'®

7 _ d (n7)* (9.34)

Table 9.1 summarizes.

9.12 Integration by Taylor series

With sufficient cleverness the techniques of the foregoing sections solve many;,
many integrals. But not all. When all else fails, as sometimes it does, the
Taylor series of chapter 8 and the antiderivative of § 9.1 together offer a
concise, practical way to integrate some functions, at the price of losing the

151121, eqn. 17.26.4]
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functions’ known closed analytic forms. For example,

[oo(-5)or- [ S0

k=0
[i (—)kr2h+1 r

k.
k:O 2k+12k
0 k2k+1 o k 2
Z 2k+ 2’%': H 2
k:O k: 7=1

The result is no function one recognizes; it is just a series. This is not
necessarily bad, however. After all, when a Taylor series from Table 8.1
is used to calculate sin z, then sin z is just a series, too. The series above
converges just as accurately and just as fast.

Sometimes it helps to give the series a name like!”

e
[\V]

0 ( )k 2k+1 o0 1
fr=S" 5 .
e = kZ(Qk—irl 2Rkl ZQ/-H—l 2

T 7_2
/ exp (—) dr = myf x.
0 2

The myf z is no less a function than sin z is; it’s just a function you hadn’t
heard of before. You can plot the function, or take its derivative

dme e T
el —exp [ ——
dr Y P 2 )’

Then,

or calculate its value, or do with it whatever else one does with functions.
It works just the same.

Beyond the several integration techniques this chapter has introduced,
a special-purpose technique of integration by cylindrical transformation will
surface in § 18.4.

"The myf = “my function,” but you can use any name for a function like this.
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Chapter 10

Cubics and quartics

Under the heat of noonday, between the hard work of the morning and the
heavy lifting of the afternoon, one likes to lay down one’s burden and rest a
spell in the shade. Chapters 2 through 9 have established the applied mathe-
matical foundations upon which coming chapters will build; and chapter 11,
hefting the weighty topic of the matrix, will indeed begin to build on those
foundations. But in this short chapter which rests between, we shall refresh
ourselves with an interesting but lighter mathematical topic: the topic of
cubics and quartics.
The expression
Z + ap

is a linear polynomial, the lone root z = —ag of which is plain to see. The
quadratic polynomial
22+ a1z + ap

has of course two roots, which though not plain to see the quadratic for-
mula (2.2) extracts with little effort. So much algebra has been known since
antiquity. The roots of higher-order polynomials, the Newton-Raphson iter-
ation (4.30) locates swiftly, but that is an approximate iteration rather than
an exact formula like (2.2), and as we have seen in § 4.8 it can occasionally
fail to converge. One would prefer an actual formula to extract the roots.

No general formula to extract the roots of the nth-order polynomial
seems to be known.! However, to extract the roots of the cubic and quartic
polynomials

23 + a2z2 + a1z + ag,

2+ a3z3 + a2z2 + a1z + ag,

1Refer to chapter 6’s footnote 10.

269
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though the ancients never discovered how, formulas do exist. The 16th-
century algebraists Ferrari, Vieta, Tartaglia and Cardan have given us the
clever technique. This chapter explains.?

10.1 Vieta’s transform

There is a sense to numbers by which 1/2 resembles 2, 1/3 resembles 3,
1/4 resembles 4, and so forth. To capture this sense, one can transform a
function f(z) into a function f(w) by the change of variable?

1
w+ — < 2,
w

or, more generally,
2

w0 (10.1)
w

Equation (10.1) is Vieta’s transform.*

For |w| > |w,|, we have that z ~ w; but as |w| approaches |w,| this
ceases to be true. For |w| < |w,|, 2 &~ w2 /w. The constant w, is the corner
value, in the neighborhood of which w transitions from the one domain to
the other. Figure 10.1 plots Vieta’s transform for real w in the case that
w, = 1.

An interesting alternative to Vieta’s transform is

2
w || Yo o z, (10.2)
w

which in light of § 6.3 might be named Vieta’s parallel transform.
Section 10.2 shows how Vieta’s transform can be used.

10.2 Cubics

The general cubic polynomial is too hard to extract the roots of directly, so
one begins by changing the variable

x4+ h<+z (10.3)

2142, “Cubic equation”][142, “Quartic equation”][146, “Quartic equation,” 00:26,
9 Nov. 2006][146, “Frangois Viete,” 05:17, 1 Nov. 2006][146, “Gerolamo Cardano,” 22:35,
31 Oct. 2006][123, § 1.5]

3This change of variable broadly recalls the sum-of-exponentials form (5.20) of the
cosh(-) function, inasmuch as exp[—¢] = 1/ exp ¢.

4Also called “Vieta’s substitution.” [142, “Vieta’s substitution”]
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Figure 10.1: Vieta’s transform (10.1) for w, = 1, plotted logarithmically.

Inz

} } Inw

to obtain the polynomial

23+ (ag + 3h)x? + (a1 + 2hay + 3h*)x + (ag + hay + h2ag + h3).

The choice a
= _32 (10.4)
casts the polynomial into the improved form
2 3
a aia a
z® + [al—;]x—k [ao— 132—%2(?2) ],
or better yet
z* —pr —q,
where
2
a
p=—a + 727
3 (10.5)
_ 4 ma (a2>3
= —Q — .
q 0 3 3
The solutions to the equation
23 =pr+q, (10.6)

then, are the cubic polynomial’s three roots.
So we have struck the asz? term. That was the easy part; what to do
next is not so obvious. If one could strike the pz term as well, then the
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roots would follow immediately, but no very simple substitution like (10.3)
achieves this—or rather, such a substitution does achieve it, but at the
price of reintroducing an unwanted z? or z? term. That way is no good.
Lacking guidance, one might try many, various substitutions, none of which
seems to help much; but after weeks or months of such frustration one might
eventually discover Vieta’s transform (10.1), with the idea of balancing the
equation between offsetting w and 1/w terms. This works.
Vieta-transforming (10.6) by the change of variable

2
wt 2o g (10.7)
w
we get the new equation
3 2 2 wy | we _
w +(3wo_p)w+(3wo_p)z+$ =4q, (108)
which invites the choice
w? = B, (10.9)
3
reducing (10.8) to read
3
w3+ (p/?;) _
w

Multiplying by w® and rearranging terms, we have the quadratic equation

(W) = 2 (g) w3 — (%)37 (10.10)

which by (2.2) we know how to solve.

Vieta’s transform has reduced the original cubic to a quadratic.

The careful reader will observe that (10.10) seems to imply six roots,
double the three the fundamental theorem of algebra (§ 6.2.2) allows a cubic
polynomial to have. We shall return to this point in § 10.3. For the moment,
however, we should like to improve the notation by defining®

P+ —B,
; (10.11)
Q < +§7

*Why did we not define P and Q so to begin with? Well, before unveiling (10.10),
we lacked motivation to do so. To define inscrutable coefficients unnecessarily before the
need for them is apparent seems poor applied mathematical style.
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Table 10.1: A method to extract the three roots of the general cubic poly-
nomial. (In the definition of w3, one can choose either sign for the =+.)

0 = z3—|—a222—|—a1z+a0
P = —-— (Q)Q
3 3
1 a az\3
= 3|0+3(3) (3)2(3)
@ 2 { wr\3) (3 3
o (20 if P =0,
- Q=+ + P3  otherwise.
R 0 if P=0and @ =0,
- w — P/w otherwise.
z = x—

with which (10.6) and (10.10) are written,

3 = 2Q — 3Pz, (10.12)
(w)? = 2Qu+ P3. (10.13)

Table 10.1 summarizes the complete cubic-polynomial root-extraction meth-
od® in the revised notation—including a few fine points regarding superflu-
ous roots and edge cases, treated in §§ 10.3 and 10.4 below.

10.3 Superfluous roots

As § 10.2 has observed, the equations of Table 10.1 seem to imply six roots,
double the three the fundamental theorem of algebra (§ 6.2.2) allows a cubic
polynomial to have. However, what the equations really imply is not six
distinct roots but six distinct w. The definition + = w — P/w maps two w
to any one z, so in fact the equations imply only three z and thus three
roots z. The question then is: of the six w, which three do we really need
and which three can we ignore as superfluous?

The six w naturally come in two groups of three: one group of three from
the one w? and a second from the other. For this reason, we will guess—and

6[121, eqn. 5.3]
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logically it is only a guess—that a single w? generates three distinct = and
thus (because z differs from x only by a constant offset) all three roots z. If
the guess is right, then the second w? cannot but yield the same three roots,
which means that the second w? is superfluous and can safely be overlooked.
But is the guess right? Does a single w? in fact generate three distinct 2?
To prove that it does, let us suppose that it did not. Let us suppose
that a single w? did generate two w which led to the same x. Letting
the symbol wy represent the third w, then (since all three w come from the

same w?) the two w are w = e*2™/3y;. Because = w— P/w, by successive
steps,
+i2m/3 P _ —i27/3 P
(& w1 — on/3 =e w1 — on /3 s
eti2m/ w1y e—i2m/ w
; P s P
6+l27r/3w1 + — —e 227r/3w1 + —
e~127/3u, eti2m/3q,

e+i27r/3 <w1+P> :e—i27r/3 <w1+ P>7
w1 w1

which can only be true if
Cubing” the last equation,

but squaring the table’s w3 definition for w = wy,

wl = 2Q? + P? +20Q/Q? + P3.

Combining the last two on w{,

—P3 =2Q%+ P?+2Q/Q? + P3,
or, rearranging terms and halving,
@4 P = QU T

Squaring,
Q4+2Q2P3+P6 — Q4+Q2P3,

then canceling offsetting terms and factoring,

(P*(Q*+ P%) =o.

"The verb to cube in this context means “to raise to the third power,” as to change y
to 3, just as the verb to square means “to raise to the second power.”
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The last equation demands rigidly that either P = 0 or P? = —Q?. Some
cubic polynomials do meet the demand—§ 10.4 will treat these and the
reader is asked to set them aside for the moment—but most cubic polyno-
mials do not meet it. For most cubic polynomials, then, the contradiction
proves false the assumption which gave rise to it. The assumption: that the
three z descending from a single w? were not distinct. Therefore, provided
that P # 0 and P? # —Q?, the three  descending from a single w? are
indeed distinct, as was to be demonstrated.

The conclusion: either, not both, of the two signs in the table’s quadratic
solution w3 = Q + \/Q? + P3 demands to be considered. One can choose
either sign; it matters not which.® The one sign alone yields all three roots
of the general cubic polynomial.

To calculate the three w from w?, one can apply the Newton-Raphson
iteration (4.32), the Taylor series of Table 8.1, or any other convenient root-
finding technique to find a single root w; such that w$ = w3. The other two
roots then come easier. They are e**2™/3w;; but e*27/3 = (—141i+/3)/2, so

3

—1+iV3
e — )

. 10.14
5 1 ( )

w = wi,

10.4 Edge cases

Section 10.3 excepts the edge cases P = 0 and P? = —Q?. Mostly the book
does not worry much about edge cases, but the effects of these cubic edge
cases seem sufficiently nonobvious that the book might include here a few
words about them, if for no other reason than to offer the reader a model of
how to think about edge cases on his own. Table 10.1 gives the quadratic

solution
w? = Q=+ /Q? + P3,

in which § 10.3 generally finds it sufficient to consider either of the two signs.
In the edge case P =0,
3 _
w” = 2Q) or 0.

In the edge case P3 = —Q?,
w = Q.

Both edge cases are interesting. In this section, we shall consider first the
edge cases themselves, then their effect on the proof of § 10.3.

8Numerically, it can matter. As a simple rule, because w appears in the denominator
of z’s definition, when the two w® differ in magnitude one might choose the larger.
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The edge case P = 0, @ # 0, like the general non-edge case, gives two
distinct quadratic solutions w®. One of the two however is w3 = Q —Q = 0,
which is awkward in light of Table 10.1’s definition that © = w — P/w. For
this reason, in applying the table’s method when P = 0, one chooses the
other quadratic solution, w3 = Q + Q = 2Q. (A reader who wishes to take
extra care of the logic might here ask how one can be entirely sure that
w® = 0 is not the w3 we want to use despite that r = w — P/w. More
than one answer to this concern could be given. One answer would be that
the fundamental theorem of algebra, § 6.2.2, implies three finite roots; so,
since w? = 0 can supply none of the three, it must be that w? = 2@Q supplies
all of them. A different answer is given later in the section.)

The edge case P3 = —Q? # 0 gives only the one quadratic solution
w3 = Q; or, more precisely, it gives two quadratic solutions which happen
to have the same value. This is fine. One merely accepts that w? = @ and

does not worry about choosing one w? over the other.

Neither edge case yields more than one, distinct, usable value for w3,
evidently. It would seem that the two edge cases were not troubled by the
superfluous roots of § 10.3.

The double edge case, or corner case, arises where the two edges meet—
where P = 0 and P? = —Q?, or equivalently where P = 0 and Q = 0. At
the corner, the trouble is that w3 = 0 and that no alternate w? is available.
However, according to (10.12), 23 = 2Q — 3Pz, which in this case means
that 22 = 0 and thus that = = 0 absolutely, no other x being possible. This
implies the triple root z = —asg/3.

And how about merely double roots? Section 10.3 has already shown
that double roots cannot arise in non-edge cases. One can conclude that
all cases of double roots are edge cases. (To identify to which of the two
edge cases a double root corresponds is left as an exercise to the interested
reader.”)

Section 10.3 has excluded the edge cases from its proof of the sufficiency
of a single w3. Let us now add the edge cases to the proof. In the edge case
P3 = —@Q?, both w? are the same, so the one w? suffices by default because
the other w? brings nothing different. The edge case P = 0 however does
give two distinct w?, one of which is w® = 0, which puts an awkward 0/0 in
the table’s definition of x. We address this edge in the spirit of ’'Hopital’s
rule, by sidestepping it, changing P infinitesimally from P = 0 to P = e.

9The writer has not had cause to investigate the matter.
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Then, choosing the — sign in the definition of w3,

3 3
w?’:Q—\/QMeS:Q—(Q)(H;cg?):_6

2Q’
€
RNl
v = gy TR =20

But choosing the + sign,

w’=Q+VQ+ ¢ =20,

w=(2Q)"?,
mzw—iz@@“tjiﬁgz@@“?

Evidently the roots come out the same, either way. This completes the
proof.

10.5 Quartics

Having successfully extracted the roots of the general cubic polynomial, we
now turn our attention to the general quartic. The kernel of the cubic tech-
nique lay in reducing the cubic to a quadratic. The kernel of the quartic
technique lies likewise in reducing the quartic to a cubic. The details dif-
fer, though; and, strangely enough, in some ways the quartic reduction is
actually the simpler.!?

As with the cubic, one begins solving the quartic by changing the variable

r+h<+z (10.15)

to obtain the equation

zt = s2® 4+ px 4 ¢, (10.16)

%Fven stranger, historically Ferrari discovered it earlier [142, “Quartic equation”]. Ap-
parently Ferrari discovered the quartic’s resolvent cubic (10.22), which he could not solve
until Tartaglia applied Vieta’s transform to it. What motivated Ferrari to chase the quar-
tic solution while the cubic solution remained still unknown, this writer does not know,
but one supposes that it might make an interesting story.

The reason the quartic is simpler to reduce is perhaps related to the fact that (1)
41, 4, whereas (1)/% = 1, (=14iv/3)/2. The (1)'/* brings a much neater result, the roots
lying nicely along the Argand axes. This may also be why the quintic is intractable—but
here we trespass the professional mathematician’s territory and stray from the scope of
this book. See chapter 6’s footnote 10.

1/4 _
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where
a3
47
aa 2
s=—ay+6 (f) ,

a as\3
e (§)5(5)"

a as\ 2 az\4
= () () (3
To reduce (10.16) further, one must be cleverer. Ferrari'! supplies the clev-

erness. The clever idea is to transfer some but not all of the sz? term to the
equation’s left side by

h=-—

(10.17)

zt + 2ua? = (2u + s)2°* 4 pz + ¢,

where u remains to be chosen; then to complete the square on the equation’s
left side as in § 2.2, but with respect to 22 rather than x, as

(2 + u)2 = k*2% + px + 52, (10.18)
where
k2 =2u+s,
5 ) (10.19)
177 =u" +gq.

Now, one must regard (10.18) and (10.19) properly. In these equations, s,
p and ¢ have definite values fixed by (10.17), but not so u, j or k. The
variable u is completely free; we have introduced it ourselves and can assign
it any value we like. And though j? and k? depend on wu, still, even after
specifying u we remain free at least to choose signs for j and k. As for u,
though no choice would truly be wrong, one supposes that a wise choice
might at least render (10.18) easier to simplify.

So, what choice for u would be wise? Well, look at (10.18). The left
side of that equation is a perfect square. The right side would be, too, if
it were that p = £+2jk; so, arbitrarily choosing the + sign, we propose the
constraint that

p = 2jk, (10.20)
or, better expressed,
. p
= —. 10.21
i=5 (10.21)

1142, “Quartic equation”]
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Squaring (10.20) and substituting for j2 and k% from (10.19), we have that
p* = 4(2u+ 5)(u® + q);
or, after distributing factors, rearranging terms and scaling, that
0=u+ §u2 + qu + 48q8—p2.

Equation (10.22) is the resolvent cubic, which we know by Table 10.1 how
to solve for u, and which we now specify as a second constraint. If the
constraints (10.21) and (10.22) are both honored, then we can safely substi-
tute (10.20) into (10.18) to reach the form

(10.22)

(22 +u)® = k22® + 2jka + 52,

which is
(2® +u)? = (kz +4)°. (10.23)

The resolvent cubic (10.22) of course yields three u not one, but the
resolvent cubic is a voluntary constraint, so we can just pick one u and
ignore the other two. Equation (10.19) then gives k (again, we can just
pick one of the two signs), and (10.21) then gives j. With w, j and k
established, (10.23) implies the quadratic

? = +(kz + j) — u, (10.24)
which (2.2) solves as
k 2%
=5 (2) +j—u, (10.25)

wherein the two + signs are tied together but the third, 4, sign is indepen-
dent of the two. Equation (10.25), with the other equations and definitions
of this section, reveals the four roots of the general quartic polynomial.
In view of (10.25), the change of variables
K ﬁ,
2 (10.26)
J 7,

improves the notation. Using the improved notation, Table 10.2 summarizes
the complete quartic-polynomial root-extraction method.
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Table 10.2: A method to extract the four roots of the general quartic poly-
nomial. (In the table, the resolvent cubic is solved for u by the method
of Table 10.1, where any one of the three resulting u serves. Either of the
two K similarly serves. Of the three + signs in 2’s definition, the £, is inde-
pendent but the other two are tied together, the four resulting combinations
giving the four roots of the general quartic.)

0 = 2*4+a32>+ a2 +a12+ao
as 2
s = —e+6(Y)
as as 3
- o (3)-3(3)
p a1 + 2a2 1 1
as az\? az\4
e () (3) 4 3)
q a0+a1<4> a2(4> + 1
4sq — 2
0 = u3+§u2+qu+%
K o= 4YAuts
2
J = +yvu2+q if K =0,
| p/4AK otherwise.

r = K £, VK?2+J—u
as
z2 = T— —

4
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10.6 Guessing the roots

It is entertaining to put pencil to paper and use Table 10.1’s method to
extract the roots of the cubic polynomial

0=[z—1[z—i|[z4+i]=2>-22+2—1.

One finds that

rmw i 2
a 3 32w’
2(5+\/33)
w=s—-~"7
3

which says indeed that z = 1, 44, but just you try to simplify it! A more
baroque, more impenetrable way to write the number 1 is not easy to con-
ceive. One has found the number 1 but cannot recognize it. Figuring the
square and cube roots in the expression numerically, the root of the poly-
nomial comes mysteriously to 1.0000, but why? The root’s symbolic form
gives little clue.

In general no better way is known;"* we are stuck with the cubic baro-
quity. However, to the extent to which a cubic, a quartic, a quintic or any
other polynomial has real, rational roots, a trick is known to sidestep Ta-
bles 10.1 and 10.2 and guess the roots directly. Consider for example the
quintic polynomial

12

1
25—;Z4+4z3+§z2—5z+3.

Doubling to make the coefficients all integers produces the polynomial
225 — 724 + 823 + 122 — 0xAz + 6,

which naturally has the same roots. If the roots are complex or irrational,
they are hard to guess; but if any of the roots happens to be real and rational,
it must belong to the set

1 2 3 6
{il,iQ,i3,i6,i2,i2,i2,i2}.

12 At least, no better way is known to this author. If any reader can straightforwardly
simplify the expression without solving a cubic polynomial of some kind, the author would
like to hear of it.
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No other real, rational root is possible. Trying the several candidates on the
polynomial, one finds that 1, —1 and 3/2 are indeed roots. Dividing these
out leaves a quadratic which is easy to solve for the remaining roots.

The real, rational candidates are the factors of the polynomial’s trailing
coefficient (in the example, 6, whose factors are +1, £2, +3 and +6) divided
by the factors of the polynomial’s leading coefficient (in the example, 2,
whose factors are £1 and £2). The reason no other real, rational root is
possible is seen'® by writing z = p/q¢—where p,q € Z are integers and the
fraction p/q is fully reduced—and then multiplying the nth-order polynomial
by g™ to reach the form

anp" + an—1p" g+ +a1pg”t + apg™ =0,

where all the coefficients a; are integers. Moving the ¢" term to the equa-
tion’s right side, we have that

(anp" '+ an—1p""2q+ -+ a1q" ") p = —aoq",

which implies that apq™ is a multiple of p. But by demanding that the
fraction p/q be fully reduced, we have defined p and ¢ to be relatively prime
to one another—that is, we have defined them to have no factors but +1
in common—so, not only agq™ but ag itself is a multiple of p. By similar
reasoning, a, is a multiple of q. But if ag is a multiple of p, and a,,, a multiple
of ¢, then p and ¢ are factors of ag and a, respectively. We conclude for this
reason, as was to be demonstrated, that no real, rational root is possible
except a factor of ag divided by a factor of a,.'*

Such root-guessing is little more than an algebraic trick, of course, but it
can be a pretty useful trick if it saves us the embarrassment of inadvertently
expressing simple rational numbers in ridiculous ways.

One could write much more about higher-order algebra, but now that
the reader has tasted the topic he may feel inclined to agree that, though the
general methods this chapter has presented to solve cubics and quartics are
interesting, further effort were nevertheless probably better spent elsewhere.
The next several chapters turn to the topic of the matrix, harder but much
more profitable, toward which we mean to put substantial effort.

13The presentation here is quite informal. We do not want to spend many pages on
this.
141123, § 3.2]
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Chapter 11

The matrix

Chapters 2 through 9 have solidly laid the basic foundations of applied
mathematics. This chapter begins to build on those foundations, demanding
some heavier mathematical lifting.

Taken by themselves, most of the foundational methods of the earlier
chapters have handled only one or at most a few numbers (or functions) at
a time. However, in practical applications the need to handle large arrays
of numbers at once arises often. Some nonobvious effects then emerge, as
for example the eigenvalue of chapter 14.

Regarding the eigenvalue: the eigenvalue was always there, but prior to
this point in the book it was usually trivial—the eigenvalue of 5 is just 5,
for instance—so we didn’t bother much to talk about it. It is when numbers
are laid out in orderly grids like

|
1
0

that nontrivial eigenvalues arise (though you cannot tell just by looking, the
eigenvalues of C happen to be —1 and [7 £ v/0x49]/2). But, just what is an
eigenvalue? Answer: an eigenvalue is the value by which an object like C
scales an eigenvector without altering the eigenvector’s direction. Of course,
we have not yet said what an eigenvector is, either, or how C' might scale
something, but it is to answer precisely such questions that this chapter and
the three which follow it are written.

6 4
C=1]130
3 1

So, we are getting ahead of ourselves. Let’s back up.
An object like C is called a matriz. It serves as a generalized coefficient or
multiplier. Where we have used single numbers as coefficients or multipliers

285
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heretofore, one can with sufficient care often use matrices instead. The
matrix interests us for this reason among others.

The technical name for the “single number” is the scalar. Such a number,
as for instance 5 or —4 + ¢3, is called a scalar because its action alone
during multiplication is simply to scale the thing it multiplies. Besides acting
alone, however, scalars can also act in concert—in orderly formations—thus
constituting any of three basic kinds of arithmetical object:

e the scalar itself, a single number like o =5 or f = —4 + i3;

e the vector, a column of m scalars like

u—= 5
T —4+443

which can be written in-line with the notation u = [5 —4 + 43]7 (here
there are two scalar elements, 5 and —4+-i3, so in this example m = 2);

e the matriz, an m x n grid of scalars, or equivalently a row of n vectors,

like 0 6 o

A= [ 11 -1 }’
which can be written in-line with the notation A =1[06 2;1 1 —1] or
the notation A = [0 1;6 1;2 —1]7 (here there are two rows and three

columns of scalar elements, so in this example m = 2 and n = 3).

Several general points are immediately to be observed about these various
objects. First, despite the geometrical Argand interpretation of the com-
plex number, a complex number is not a two-element vector but a scalar;
therefore any or all of a vector’s or matrix’s scalar elements can be complex.
Second, an m-element vector does not differ for most purposes from an m x 1
matrix; generally the two can be regarded as the same thing. Third, the
three-element (that is, three-dimensional) geometrical vector of § 3.3 is just
an m-element vector with m = 3. Fourth, m and n can be any nonnegative
integers, even one, even zero, even infinity.!

Where one needs visually to distinguish a symbol like A representing
a matrix, one can write it [A], in square brackets.? Normally however a
simple A suffices.

LFifth, though the progression scalar, vector, matriz suggests next a “matrix stack” or
stack of p matrices, such objects in fact are seldom used. As we shall see in § 11.1, the chief
advantage of the standard matrix is that it neatly represents the linear transformation of
one vector into another. “Matrix stacks” bring no such advantage. This book does not
treat them.

2 Alternate notations seen in print include A and A.
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The matrix is a notoriously hard topic to motivate. The idea of the
matrix is deceptively simple. The mechanics of matrix arithmetic are de-
ceptively intricate. The most basic body of matrix theory, without which
little or no useful matrix work can be done, is deceptively extensive. The
matrix neatly encapsulates a substantial knot of arithmetical tedium and
clutter, but to understand the matrix one must first understand the tedium
and clutter the matrix encapsulates. As far as the author is aware, no one
has ever devised a way to introduce the matrix which does not seem shallow,
tiresome, irksome, even interminable at first encounter; yet the matrix is too
important to ignore. Applied mathematics brings nothing else quite like it.3

Chapters 11 through 14 treat the matrix and its algebra. This chapter,

3In most of its chapters, the book seeks a balance between terseness the determined
beginner cannot penetrate and prolixity the seasoned veteran will not abide. The matrix
upsets this balance.

Part of the trouble with the matrix is that its arithmetic is just that, an arithmetic,
no more likely to be mastered by mere theoretical study than was the classical arithmetic
of childhood. To master matrix arithmetic, one must drill it; yet the book you hold is
fundamentally one of theory not drill.

The reader who has previously drilled matrix arithmetic will meet here the essential
applied theory of the matrix. That reader will find this chapter and the next three te-
dious enough. The reader who has not previously drilled matrix arithmetic, however, is
likely to find these chapters positively hostile. Only the doggedly determined beginner
will learn the matrix here alone; others will find it more amenable to drill matrix arith-
metic first in the early chapters of an introductory linear algebra textbook, dull though
such chapters be (see [83] or better yet the fine, surprisingly less dull [61] for instance,
though the early chapters of almost any such book give the needed arithmetical drill.)
Returning here thereafter, the beginner can expect to find these chapters still tedious but
no longer impenetrable. The reward is worth the effort. That is the approach the author
recommends.

To the mathematical rebel, the young warrior with face painted and sword agleam,
still determined to learn the matrix here alone, the author salutes his honorable defiance.
Would the rebel consider alternate counsel? If so, then the rebel might compose a dozen
matrices of various sizes and shapes, broad, square and tall, decomposing each carefully
by pencil per the Gauss-Jordan method of § 12.3, checking results (again by pencil; using
a machine defeats the point of the exercise, and using a sword, well, it won’t work) by
multiplying factors to restore the original matrices. Several hours of such drill should build
the young warrior the practical arithmetical foundation to master—with commensurate
effort—the theory these chapters bring. The way of the warrior is hard, but conquest is
not impossible.

To the matrix veteran, the author presents these four chapters with grim enthusiasm.
Substantial, logical, necessary the chapters may be, but exciting they are not. At least, the
earlier parts are not very exciting (later parts are better). As a reasonable compromise,
the veteran seeking more interesting reading might skip directly to chapters 13 and 14,
referring back to chapters 11 and 12 as need arises.
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chapter 11, introduces the rudiments of the matrix itself.*

11.1 Provenance and basic use

It is in the study of linear transformations that the concept of the matrix
first arises. We begin there.
11.1.1 The linear transformation

Section 7.3.3 has introduced the idea of linearity. The linear transformation®
is the operation of an m x n matrix A, as in

Ax = b, (11.1)

to transform an n-element vector x into an m-element vector b, while re-
specting the rules of linearity

A(x1 +x2) = Ax;+ Axa = by + by,
Alax) = aAx = ab, (11.2)
A(0) = 0.
For example,
[0 6 2
A= { 11 -1 }

is the 2 x 3 matrix which transforms a three-element vector x into a two-
element vector b such that

_ 0x1 + 622 + 223 _
AX— [ 1:]31—|—1132—1:173 :| _b7

where

[11][48] 61][83)

Professional mathematicians conventionally are careful to begin by drawing a clear
distinction between the ideas of the linear transformation, the basis set and the simul-
taneous system of linear equations—proving from suitable axioms that the three amount
more or less to the same thing, rather than implicitly assuming the fact. The professional
approach [11, chapters 1 and 2][83, chapters 1, 2 and 5] has much to recommend it, but
it is not the approach we will follow here.
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In general, the operation of a matrix A is that®”’

bi = Zaijxj, (11.3)
j=1

where z; is the jth element of x, b; is the ith element of b, and
ai; = [Ali;

is the element at the ith row and jth column of A, counting from top left
(in the example for instance, aj2 = 6).

Besides representing linear transformations as such, matrices can also
represent simultaneous systems of linear equations. For example, the system

Ox1 + 622 + 223 = 2,
1561 + 11,‘2 - 1.583 = 4,
is compactly represented as
Ax = b,

with A as given above and b = [2 4]7. Seen from this point of view, a
simultaneous system of linear equations is itself neither more nor less than
a linear transformation.

11.1.2 Matrix multiplication (and addition)

Nothing prevents one from lining several vectors x; up in a row, industrial
mass production-style, transforming them at once into the corresponding

6As observed in appendix B, there are unfortunately not enough distinct Roman and
Greek letters available to serve the needs of higher mathematics. In matrix work, the
Roman letters ijk conventionally serve as indices, but the same letter ¢ also serves as the
imaginary unit, which is not an index and has nothing to do with indices. Fortunately,
the meaning is usually clear from the context: ¢ in ), or a;; is an index; ¢ in —4 + 43
or €' is the imaginary unit. Should a case arise in which the meaning is not clear, one
can use £jk or some other convenient letters for the indices.

"Whether to let the index j run from 0 to n—1 or from 1 to n is an awkward question of
applied mathematical style. In computers, the index normally runs from 0 to n— 1, and in
many ways this really is the more sensible way to do it. In mathematical theory, however,
a 0 index normally implies something special or basic about the object it identifies. The
book you are reading tends to let the index run from 1 to n, following mathematical
convention in the matter for this reason.

Conceived more generally, an m X n matrix can be considered an co X co matrix with
zeros in the unused cells. Here, both indices 7 and j run from —oo to +00 anyway, so the
computer’s indexing convention poses no dilemma in this case. See § 11.3.
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vectors by by the same matrix A. In this case,

X = [ x1 x2 -+ %xp |,
B = [ b1 bg cee bp ],
AX = B, (11.4)
bir = Qif k-
j=1

Equation (11.4) implies a definition for matrix multiplication. Such matrix
multiplication is associative since

[(AXY)]y, = Z%[Xy]jk

n p
= Z Qi Z TjeYek
j=1 =1

p n

= Z Z QijLjeYek

=1 j=1
= [(AX)(Y)]i - (11.5)

Matrix multiplication is not generally commutative, however;
AX # XA, (11.6)

as one can show by a suitable counterexample like A = [0 1;0 0], X =
[1 0;0 0]. To multiply a matrix by a scalar, one multiplies each of the
matrix’s elements individually by the scalar:

[OéA]Z'j = ozaij. (11.7)

Evidently multiplication by a scalar is commutative: aAx = Aax.

Matrix addition works in the way one would expect, element by element;
and as one can see from (11.4), under multiplication, matrix addition is
indeed distributive:

(X + Y]y = zij + yij;
(A)(X+Y)=AX + AY; (11.8)
(A+C)(X) = AX + CX.
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11.1.3 Row and column operators

The matrix equation Ax = b represents the linear transformation of x
into b, as we have seen. Viewed from another perspective, however, the
same matrix equation represents something else; it represents a weighted
sum of the columns of A, with the elements of x as the weights. In this
view, one writes (11.3) as

b= i[A]*jxj, (11.9)
j=1

where [A],; is the jth column of A. Here x is not only a vector; it is also an
operator. It operates on A’s columns. By virtue of multiplying A from the
right, the vector x is a column operator acting on A.

If several vectors x; line up in a row to form a matrix X, such that
AX = B, then the matrix X is likewise a column operator:

n

[Blaw = > _[Aljajn. (11.10)

j=1

The kth column of X weights the several columns of A to yield the kth
column of B.

If a matrix multiplying from the right is a column operator, is a matrix
multiplying from the left a row operator? Indeed it is. Another way to write

that AX = B, besides (11.10), is
[Blix =Y _ aij[X]ja (11.11)
j=1

The ith row of A weights the several rows of X to yield the ith row of B.
The matrix A is a row operator. (Observe the notation. The * here means
“any” or “all.” Hence [X];, means “jth row, all columns of X”—that is,
the jth row of X. Similarly, [A],; means “all rows, jth column of A”—that
is, the jth column of A.)

Column operators attack from the right; row operators, from the left.
This rule is worth memorizing; the concept is important. In AX = B, the
matrix X operates on A’s columns; the matrix A operates on X'’s rows.

Since matrix multiplication produces the same result whether one views
it as a linear transformation (11.4), a column operation (11.10) or a row
operation (11.11), one might wonder what purpose lies in defining matrix
multiplication three separate ways. However, it is not so much for the sake
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of the mathematics that we define it three ways as it is for the sake of
the mathematician. We do it for ourselves. Mathematically, the latter
two do indeed expand to yield (11.4), but as written the three represent
three different perspectives on the matrix. A tedious, nonintuitive matrix
theorem from one perspective can appear suddenly obvious from another
(see for example eqn. 11.63). Results hard to visualize one way are easy
to visualize another. It is worth developing the mental agility to view and
handle matrices all three ways for this reason.

11.1.4 The transpose and the adjoint

One function peculiar to matrix algebra is the transpose

C=AT,
(11.12)
Cij = Qjis

which mirrors an m X n matrix into an n x m matrix. For example,

0o 1
AT =16 1.
2 —1

Similar and even more useful is the conjugate transpose or adjoint®

C = A%,
(11.13)

%
= Qjj,

Cij
which again mirrors an m X n matrix into an n X m matrix, but conjugates
each element as it goes.

The transpose is convenient notationally to write vectors and matrices in-
line and to express certain matrix-arithmetical mechanics; but algebraically
the transpose is artificial. It is the adjoint rather which mirrors a matrix
properly. (If the transpose and adjoint functions applied to words as to ma-
trices, then the transpose of “derivations” would be “snoitavired,” whereas
the adjoint would be “emoidsviab.” See the difference?) On real-valued
matrices like the A in the example, of course, the transpose and the adjoint
amount to the same thing.

8 Alternate notations sometimes seen in print for the adjoint include Af (a notation
which in this book means something unrelated) and A” (a notation which recalls the
name of the mathematician Charles Hermite). However, the book you are reading writes
the adjoint only as A", a notation which better captures the sense of the thing in the
author’s view.



11.2. THE KRONECKER DELTA 293

If one needed to conjugate the elements of a matrix without transposing
the matrix itself, one could contrive notation like A*T. Such a need seldom
arises, however.

Observe that

(A2A1)" = AT A7,

L (11.14)
(A241)" = ATA3,

and more generally that?
T
(H Ak) = H AT7
k k
(H Ak> =14
k k

11.2 The Kronecker delta

(11.15)

Section 7.7 has introduced the Dirac delta. The discrete analog of the Dirac
delta is the Kronecker delta'®

1 ifi=0
5 = nr=n (11.16)
0 otherwise;

or

1 ifi—
sy=4 T (11.17)
0 otherwise.

The Kronecker delta enjoys the Dirac-like properties that

i 0; = i (5ij = i 5ij =1 (11.18)

1=—00 1=—00 j=—00
and that
oo
Z 5ijajk = Ak, (11.19)
j=—o00
the latter of which is the Kronecker sifting property. The Kronecker equa-
tions (11.18) and (11.19) parallel the Dirac equations (7.24) and (7.25).

Chapters 11 and 14 will find frequent use for the Kronecker delta. Later,
§ 15.4.3 will revisit the Kronecker delta in another light.

9Recall from § 2.3 that [[, Ax = --- A3A2A1, whereas [[, Ar = A142A43---.
19146, “Kronecker delta,” 15:59, 31 May 2006]
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11.3 Dimensionality and matrix forms

An m x n matrix like

can be viewed as the oo X 0o matrix

0 00 00O 0 O

0 00 0 0 0 O

0 04 0 0 0 O

X = 0012000 ,

00 2-1 0 0 O

0 00 00 0 O

0 00 00 0 O
with zeros in the unused cells. As before, 11 = —4 and x32 = —1, but
now z;; exists for all integral ¢ and j; for instance, z(_y)—1) = 0. For

such a matrix, indeed for all matrices, the matrix multiplication rule (11.4)
generalizes to

B = AX,

oo
bik = Z Qi T k- (11.20)

j=—00

For square matrices whose purpose is to manipulate other matrices or
vectors in place, merely padding with zeros often does not suit. Consider
for example the square matrix

1 0 0
As=1|5 1 0 |.
0 0 1

This Az is indeed a matrix, but when it acts A3X as a row operator on
some 3 X p matrix X, its effect is to add to X’s second row, 5 times the first.
Further consider

1 000
|5 100
A4_0010’

00 0 1

which does the same to a 4 X p matrix X. We can also define As, Ag, A7, .. .,
if we want; but, really, all these express the same operation: “to add to the
second row, 5 times the first.”
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The oo x oo matrix

N
I
_ O o0 OO0

expresses the operation generally. As before, a1 = 1 and as; = 5, but now
also a(_1)—1) = 1 and agg = 0, among others. By running ones infinitely
both ways out the main diagonal, we guarantee by (11.20) that when A
acts AX on a matrix X of any dimensionality whatsoever, A adds to the
second row of X, 5 times the first—and affects no other row. (But what if X
is a 1 X p matrix, and has no second row? Then the operation AX creates
a new second row, 5 times the first—or rather so fills in X’s previously null
second row.)

In the infinite-dimensional view, the matrices A and X differ essen-
tially.'! This section explains, developing some nonstandard formalisms
the derivations of later sections and chapters can use.'?

HThis particular section happens to use the symbols A and X to represent certain
specific matrix forms because such usage flows naturally from the usage Ax = b of § 11.1.
Such usage admittedly proves awkward in other contexts. Traditionally in matrix work
and elsewhere in the book, the letter A does not necessarily represent an extended operator
as it does here, but rather an arbitrary matrix of no particular form.

2The idea of infinite dimensionality is sure to discomfit some readers, who have studied
matrices before and are used to thinking of a matrix as having some definite size. There is
nothing wrong with thinking of a matrix as having some definite size, only that that view
does not suit the present book’s development. And really, the idea of an oo x 1 vector or
an oo X oo matrix should not seem so strange. After all, consider the vector u such that

ug = sin le,

where 0 < € < 1 and ¢ is an integer, which holds all values of the function sin 8 of a real
argument 6. Of course one does not actually write down or store all the elements of an
infinite-dimensional vector or matrix, any more than one actually writes down or stores
all the bits (or digits) of 2. Writing them down or storing them is not the point. The
point is that infinite dimensionality is all right; that the idea thereof does not threaten
to overturn the reader’s preéxisting matrix knowledge; that, though the construct seem
unfamiliar, no fundamental conceptual barrier rises against it.

Different ways of looking at the same mathematics can be extremely useful to the applied
mathematician. The applied mathematical reader who has never heretofore considered
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11.3.1 The null and dimension-limited matrices

The null matriz is just what its name implies:

o
I

or more compactly,
[0];; = 0.

Special symbols like 6, 0 or O are possible for the null matrix, but usually a
simple 0 suffices. There are no surprises here; the null matrix brings all the
expected properties of a zero, like

0+A = A4,
0][x] = o.

The same symbol 0 used for the null scalar (zero) and the null matrix
is used for the null vector, too. Whether the scalar 0, the vector 0 and the
matrix 0 actually represent different things is a matter of semantics, but the
three are interchangeable for most practical purposes in any case. Basically,
a zero is a zero is a zero; there’s not much else to it.!3

Now a formality: the ordinary m x n matrix X can be viewed, infinite-
dimensionally, as a variation on the null matrix, inasmuch as X differs from
the null matrix only in the mn elements ;;, 1 <7 <m, 1 < j < n. Though
the theoretical dimensionality of X be oo X 0o, one need record only the mn
elements, plus the values of m and n, to retain complete information about
such a matrix. So the semantics are these: when we call a matrix X an
m X n matriz, or more precisely a dimension-limited matriz with an m x n

infinite dimensionality in vectors and matrices would be well served to take the opportunity
to do so here. As we shall discover in chapter 12, dimensionality is a poor measure of a
matrix’s size in any case. What really counts is not a matrix’s m X n dimensionality but
rather its rank.

13YWell, of course, there’s a lot else to it, when it comes to dividing by zero as in chapter 4,
or to summing an infinity of zeros as in chapter 7, but those aren’t what we were speaking
of here.
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active region, we will mean formally that X is an oo X co matrix whose
elements are all zero outside the m x n rectangle:

x;5 = 0 except where 1 <¢<mand 1<j <n. (11.21)

By these semantics, every 3 x 2 matrix (for example) is also a formally a
4 x 4 matrix; but a 4 X 4 matrix is not in general a 3 X 2 matrix.

11.3.2 The identity and scalar matrices and the extended
operator

The general identity matriz—or simply, the identity matriz—is

1 0 0 0 O
0 1 0 0 O
I= 00100 ,
0 0 0 1 0
0 0 0 0 1
or more compactly,
[]ij = 6ij, (11.22)

where ¢;; is the Kronecker delta of § 11.2. The identity matrix I is a matrix 1,
as it were,!? bringing the essential property one expects of a 1:

IX =X =XI. (11.23)

The scalar matriz is

A0 0 0 0
0O X 0 0 O
M = 00 A 0O ,
0O 0 0 X O
0O 0 0 0 X
or more compactly,
[Mij = Ay, (11.24)

1n fact you can write it as 1 if you like. That is essentially what it is. The I can be
regarded as standing for “identity” or as the Roman numeral I.
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If the identity matrix I is a matrix 1, then the scalar matrix Al is a matrix A,
such that
A1X = AX = X[\ (11.25)

The identity matrix is (to state the obvious) just the scalar matrix with
A=1.

The extended operator A is a variation on the scalar matrix AI, \ # 0,
inasmuch as A differs from AI only in p specific elements, with p a finite
number. Symbolically,

0 - {(A)(&ﬁak) i (1,0) = (i) LERSD ) o0

A0 otherwise;
A #£ 0.

The several «y, control how the extended operator A differs from AI. One
need record only the several oy along with their respective addresses (i, ji),
plus the scale A, to retain complete information about such a matrix. For
example, for an extended operator fitting the pattern

A0 0 0
Xai A 0 0 0
A= 0 0 )\ PV 0 ,
0 0 0 Al+a3) O
0 0 0 0 A

one need record only the values of oy, ao and ag, the respective addresses
(2,1), (3,4) and (4,4), and the value of the scale \; this information alone
implies the entire co X co matrix A.

When we call a matrix A an extended n X n operator, or an extended
operator with an n X n active region, we will mean formally that A is an
oo X 0o matrix and is further an extended operator for which

1<ip<nandl<jy<nforalll<k<p. (11.27)

That is, an extended n x n operator is one whose several a4 all lie within
the n x n square. The A in the example is an extended 4 x 4 operator (and
also a 5 x 5, a 6 x 6, etc., but not a 3 x 3).

(Often in practice for smaller operators—especially in the typical case
that A = 1—one finds it easier just to record all the n x n elements of
the active region. This is fine. Large matrix operators however tend to be



11.3. DIMENSIONALITY AND MATRIX FORMS 299

sparse, meaning that they depart from Al in only a very few of their many
elements. It would waste a lot of computer memory explicitly to store all
those zeros, so one normally stores just the few elements, instead.)

Implicit in the definition of the extended operator is that the identity
matrix I and the scalar matrix AI, A # 0, are extended operators with 0 x 0
active regions (and also 1 x 1, 2 x 2, etc.). If A = 0, however, the scalar
matrix AI is just the null matrix, which is no extended operator but rather
by definition a 0 x 0 dimension-limited matrix.

11.3.3 The active region

Though maybe obvious, it bears stating explicitly that a product of dimen-
sion-limited and/or extended-operational matrices with n x n active regions
itself has an n x n active region.!> (Remember that a matrix with an m/ x n/
active region also by definition has an n x n active region if m’ < n and
n’ < n.) If any of the factors has dimension-limited form then so does the
product; otherwise the product is an extended operator.'6

11.3.4 Other matrix forms

Besides the dimension-limited form of § 11.3.1 and the extended-operational
form of § 11.3.2, other infinite-dimensional matrix forms are certainly pos-
sible. One could for example advantageously define a “null sparse” form,
recording only nonzero elements and their addresses in an otherwise null
matrix; or a “tridiagonal extended” form, bearing repeated entries not only
along the main diagonal but also along the diagonals just above and just
below. Section 11.9 introduces one worthwhile matrix which fits neither the
dimension-limited nor the extended-operational form. Still, the dimension-

5The section’s earlier subsections formally define the term active region with respect
to each of the two matrix forms.
161f symbolic proof of the subsection’s claims is wanted, here it is in outline:

ai; = Aabi; unless 1 < (4,7) <n,
bi; = i unless 1 < (7,75) < n;
[ABJ;; = Zaikbkj
%

Yok @ik (Aorj) = Apas; unless 1 <j<n
= AaMd;; unless 1 < (4,5) < n.

B {zk(x,l&ik)bkj = Aabi; unless 1 <i<n

It’s probably easier just to sketch the matrices and look at them, though.
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limited and extended-operational forms are normally the most useful, and
they are the ones we will principally be handling in this book.

One reason to have defined specific infinite-dimensional matrix forms is
to show how straightforwardly one can fully represent a practical matrix of
an infinity of elements by a modest, finite quantity of information. Further
reasons to have defined such forms will soon occur.

11.3.5 The rank-r identity matrix

The rank-r identity matriz I, is the dimension-limited matrix for which

0, if1<i< d 1<5<r,
[LM=:{J fl<i<randforl<js<r (11.28)

0  otherwise,

where either the “and” or the “or” can be regarded (it makes no difference).
The effect of I, is that

I, X=X = XI,,

11.29
I,x =x, ( )

where X is an m X n matrix and x, an m X 1 vector. Examples of I,. include

m

1 00
Is=]0 1 0.

00 1

(Remember that in the infinite-dimensional view, I3, though a 3 x 3 matrix,
is formally an co X oo matrix with zeros in the unused cells. It has only the
three ones and fits the 3 x 3 dimension-limited form of § 11.3.1. The areas
of I3 not shown are all zero, even along the main diagonal.)

The rank r can be any nonnegative integer, even zero (though the rank-
zero identity matrix I is in fact the null matrix, normally just written 0).
If alternate indexing limits are needed (for instance for a computer-indexed
identity matrix whose indices run from 0 to r — 1), the notation I%, where

(11.30)

ij =

b 0;j ifa<i<band/ora<j<b,
()i =

0  otherwise,

can be used; the rank in this case is » = b — a + 1, which is just the count
of ones along the matrix’s main diagonal.

The name “rank-r” implies that I, has a “rank” of r, and indeed it does.
For the moment, however, we will discern the attribute of rank only in the
rank-r identity matrix itself. Section 12.5 defines rank for matrices more
generally.
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11.3.6 The truncation operator

The rank-r identity matrix I, is also the truncation operator. Attacking
from the left, as in I.A, it retains the first through rth rows of A but
cancels other rows. Attacking from the right, as in Al,, it retains the first
through rth columns. Such truncation is useful symbolically to reduce an
extended operator to dimension-limited form.

Whether a matrix C' has dimension-limited or extended-operational form
(though not necessarily if it has some other form), if it has an m x n active
region'” and

T’
n<r,
then
I,C =1I1.CI. =CI,. (11.31)

For such a matrix, (11.31) says at least two things:

e [t is superfluous to truncate both rows and columns; it suffices to
truncate one or the other.

e The rank-r identity matrix I, commutes freely past C.

Evidently big identity matrices commute freely where small ones cannot
(and the general identity matrix I = I°%_ commutes freely past everything).

11.3.7 The elementary vector and the lone-element matrix

The lone-element matrixz E,,, is the matrix with a one in the mnth cell and
zeros elsewhere:
1 ifi=m and j =n,

] (11.32)
0 otherwise.

[Emn]ij = 5zm5jn - {

By this definition, C' = ZZ ; CijEij for any matrix C'. The vector analog of
the lone-element matrix is the elementary vector e,,, which has a one as the
mth element:

1 ifi=m
enli = 0im = ’ 11.33
[eml; i {0 otherwise. ( )

By this definition, [I].; = e; and [I];. = el

(2

1"Refer to the definitions of active region in §§ 11.3.1 and 11.3.2. That a matrix has
an m X n active region does not necessarily mean that it is all zero outside the m x n
rectangle. (After all, if it were always all zero outside, then there would be little point in
applying a truncation operator. There would be nothing there to truncate.)
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11.3.8 Off-diagonal entries

It is interesting to observe and useful to note that if
T
[Cl]z* = [02]1* =€,

then also
[C1Cy);, = €] (11.34)

and likewise that if
[Cl]*] = [02]*j - ej’

then also
[ClCQ]*j = e;. (11.35)

The product of matrices has off-diagonal entries in a row or column only
if at least one of the factors itself has off-diagonal entries in that row or
column. Or, less readably but more precisely, the ith row or jth column of
the product of matrices can depart from eiT or ej, respectively, only if the
corresponding row or column of at least one of the factors so departs. The
reason is that in (11.34), C} acts as a row operator on Cy; that if C’s ith
row is eZT, then its action is merely to duplicate C5’s ith row, which itself is

just e!. Parallel logic naturally applies to (11.35).

11.4 The elementary operator

Section 11.1.3 has introduced the general row or column operator. De-
noted T', the elementary operator is a simple extended row or column oper-
ator from sequences of which more complicated extended operators can be
built. The elementary operator T’ comes in three kinds.'®

e The first is the interchange elementary
Tiiesj) = 1 — (B + Ejj) + (Eij + Eji), (11.36)

which by operating Tj;, ;A or ATj;., ;) respectively interchanges A’s
ith row or column with its jth.!®

8Tn § 11.3, the symbol A specifically represented an extended operator, but here and
generally the symbol represents any matrix.

19As a matter of definition, some authors [83] forbid Tiiq as an elementary operator,
where j = i, since after all Tj;,;; = I; which is to say that the operator doesn’t actually
do anything. There exist legitimate tactical reasons to forbid (as in § 11.6), but normally
this book permits.
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e The second is the scaling elementary
Ty =1+ (@-1)E; a#0, (11.37)

which by operating T,; A or AT,; scales (multiplies) A’s ith row or
column, respectively, by the factor a.

o The third and last is the addition elementary
Topij) = I + abyj, i # 7, (11.38)

which by operating T;,};;;A adds to the ith row of A, « times the jth
row; or which by operating AT,;; adds to the jth column of A, «
times the ith column.

Examples of the elementary operators include

01 0 0 O
10 0 0 O
fhrea = 00010 |
0 0 0 0 1
10 0 0 O
01 0 0 O
S DA B o |
0 0 0 0 1
1 0 0 0 O
5 1 0 0 O
T5[21] — 0 0 1 0 0
0 0 01 0
0 0 0 0 1

Note that none of these, and in fact no elementary operator of any kind,
differs from [ in more than four elements.
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11.4.1 Properties

Significantly, elementary operators as defined above are always invertible
(which is to say, reversible in effect), with

-1
Tiey = Tjoi) = Thiog)

To?[il} = T(l/a)[i]v (11.39)
—1
Toii) = T-alig);

being themselves elementary operators such that
T =1=1T""1 (11.40)

in each case.?’ This means that any sequence of elementaries [, T} can
safely be undone by the reverse sequence [[, T}~ .

o' [z =1=1]7]]7." (11.41)
k k k k

The rank-r identity matrix I, is no elementary operator,?’ nor is the
lone-element matrix E,,,; but the general identity matrix I is indeed an
elementary operator. The last can be considered a distinct, fourth kind of
elementary operator if desired; but it is probably easier just to regard it as
an elementary of any of the first three kinds, since I = Tj;sq = T1[; = Topij)-

From (11.31), we have that

LT=ILTL =TI if1<i<rand1<j<r (11.42)

for any elementary operator T which operates within the given bounds.
Equation (11.42) lets an identity matrix with sufficiently high rank pass
through a sequence of elementaries as needed.

In general, the transpose of an elementary row operator is the corre-
sponding elementary column operator. Curiously, the interchange elemen-
tary is its own transpose and adjoint:

* T
Tiivsj) = Thios) = Tics)- (11.43)

29The addition elementary T[4 and the scaling elementary Tp;) are forbidden precisely
because they are not generally invertible.

21Tf the statement seems to contradict statements of some other books, it is only a
matter of definition. This book finds it convenient to define the elementary operator in
infinite-dimensional, extended-operational form. The other books are not wrong; their
underlying definitions just differ slightly.
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11.4.2 Commutation and sorting

Elementary operators often occur in long chains like

A =T 439 203170153 L 123y L5010 T 103)

with several elementaries of all kinds intermixed. Some applications demand
that the elementaries be sorted and grouped by kind, as

A= (TooyThes) (TapnTajoans Tses) (Taysn)

or as
A= (Tapy T oy Tssn) (Taysz) (TeosThos)

among other possible orderings. Though you probably cannot tell just by
looking, the three products above are different orderings of the same ele-
mentary chain; they yield the same A and thus represent exactly the same
matrix operation. Interesting is that the act of reordering the elementaries
has altered some of them into other elementaries of the same kind, but has
changed the kind of none of them.

One sorts a chain of elementary operators by repeatedly exchanging
adjacent pairs. This of course supposes that one can exchange adjacent
pairs, which seems impossible since matrix multiplication is not commuta-
tive: A1Ag # AsAy. However, at the moment we are dealing in elementary
operators only; and for most pairs 77 and 75 of elementary operators, though
indeed T1T» # T5Th, it so happens that there exists either a 77 such that
TW\'Ty = TyT] or a T4 such that Th'T, = T4T1, where T] and T} are elemen-
taries of the same kinds respectively as 77 and Ts. The attempt sometimes
fails when both 77 and 75 are addition elementaries, but all other pairs
commute in this way. Significantly, elementaries of different kinds always
commute. And, though commutation can alter one (never both) of the two
elementaries, it changes the kind of neither.

Many qualitatively distinct pairs of elementaries exist; we will list these
exhaustively in a moment. First, however, we should like to observe a natural
hierarchy among the three kinds of elementary: (i) interchange; (ii) scaling;
(iii) addition.

e The interchange elementary is the strongest. Itself subject to alter-
ation only by another interchange elementary, it can alter any elemen-
tary by commuting past. When an interchange elementary commutes
past another elementary of any kind, what it alters are the other el-
ementary’s indices ¢ and/or j (or m and/or n, or whatever symbols
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happen to represent the indices in question). When two interchange
elementaries commute past one another, only one of the two is al-
tered. (Which one? Either. The mathematician chooses.) Refer to
Table 11.1.

e Next in strength is the scaling elementary. Only an interchange ele-
mentary can alter it, and it in turn can alter only an addition elemen-
tary. Scaling elementaries do not alter one another during commuta-
tion. When a scaling elementary commutes past an addition elemen-
tary, what it alters is the latter’s scale a (or §, or whatever symbol
happens to represent the scale in question). Refer to Table 11.2.

e The addition elementary, last and weakest, is subject to alteration by
either of the other two, itself having no power to alter any elementary
during commutation. A pair of addition elementaries are the only pair
that can altogether fail to commute—they fail when the row index of
one equals the column index of the other—but when they do commute,
neither alters the other. Refer to Table 11.3.

Tables 11.1, 11.2 and 11.3 list all possible pairs of elementary operators, as
the reader can check. The only pairs that fail to commute are the last three
of Table 11.3.

11.5 Inversion and similarity (introduction)

If Tables 11.1, 11.2 and 11.3 exhaustively describe the commutation of one
elementary past another elementary, then what can one write of the com-
mutation of an elementary past the general matrix A? With some matrix
algebra,

one can write that

TA=[TAT T,

) (11.44)
AT = T[T~ AT),

where T~ is given by (11.39). An elementary commuting rightward changes
A to TAT~!; commuting leftward, to 71 AT.
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Table 11.1: Inverting, commuting, combining and expanding elementary
operators: interchange. In the table, ¢ # j # m # n; no two indices are
the same. Notice that the effect an interchange elementary Tj,.,,) has in
passing any other elementary, even another interchange elementary, is simply
to replace m by n and n by m among the indices of the other elementary.

Timesn)
Timesm]
ITimesn)
Timesn Timen)
Timesn) Tficon]

Timesn) Tliess)
Timesn) Tafm]
Timesn)Tafi
Tinesn) Tafig)
Timesn) Tafin)
Timesn) Tajmy)
Timesn) Tafmn)

Tinesm)

I

Timesm ]

Timen Tinem) = Tinom) Timen) = 1
Tiicon) Timesi) = Tlicom) Timesn]
(TicomTimern))”

Tjiesj) Tmesn)

Tofn) Timesn]

Tafi Timesn)

Tofij) Timesn)

Tofim) Timesn]

Tafng) Timesn)

Tafnm)Timesn)
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Table 11.2: Inverting, commuting, combining and expanding elementary
operators: scaling. In the table, i # j #% m # n; no two indices are the

same.

Thjm)
ITgpm)
T(1/8)im Tpim)
Tspm) L ajm)
Tapm)Tafi
Tpim) L afij]
Tim) L apfim)

Taim) Tafmy)

I
Tam T

I
Tam) Taim) = Tapim
TorTaim

Taij) Tsim)
Tafim) T 8m]
Togimg) T im)

Table 11.3: Inverting, commuting, combining and expanding elementary
operators: addition. In the table, i # j # m # n; no two indices are the
same. The last three lines give pairs of addition elementaries that do not

commute.

Tojiy
ITaig)
T afij Talij)
Tfig L oig)
Tgimy) Talis)

I
Tafis)

I

Toig) Tolis) = T(atp)lid]
Tais) Tpimy)

Taij) Tpin)
Tafij) T simn]

Tafij) Tapm) L smi
Tafis) T-aplin To(jn)
Toij) T plji
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First encountered in § 11.4, the notation 7' means the inverse of the
elementary operator 7', such that

T'T=1=1TT"".

Matrix inversion is not for elementary operators only, though. Many matri-
ces C that are more general also have inverses such that

c'c=1=cc™. (11.45)

(Do all matrices have such inverses? No. For example, the null matrix has
no such inverse.) The broad question of how to invert a general matrix C,
we leave for chapters 12 and 13 to address. For the moment however we
should like to observe three simple rules involving matrix inversion.

First, nothing in the logic leading to (11.44) actually requires the ma-
trix T there to be an elementary operator. Any matrix C for which C~! is
known can fill the role. Hence,

CA=[CACTYC,

AC = C[C™rACQ). (11.46)

The transformation CAC~! or C~YAC is called a similarity transformation.
Sections 12.2 and 14.9 speak further of this.
Second,

() =cT= (e,

) =0 = (o (11.47)

where C'™* is condensed notation for conjugate transposition and inversion
in either order and C~7 is of like style. Equation (11.47) is a consequence
of (11.14), since for conjugate transposition

*

() 0 =[O0 =1 = 1= [ = [0 = " (o)

and similarly for nonconjugate transposition.

Third,
-1
<H Ck> =[Icit (11.48)
k k

This rule emerges upon repeated application of (11.45), which yields that

e IIer=1=]]c e
k k k k
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Table 11.4: Matrix inversion properties. (The similarity properties work
equally for C~1") as for C~! if A honors an r X r active region. The full
notation C~1(") for the rank-r inverse incidentally is not standard, usually
is not needed, and normally is not used.)

c’lc = 1 = cct
c-ine = 1. = cc-in
—1 _ _N\T
)t =T = (e
()" = o = ()
CA = [cACcYC

AC = C[CTrAC]

(1) - e

k

A more limited form of the inverse exists than the infinite-dimensional
form of (11.45). This is the rank-r inverse, a matrix C~'(") such that

c'e =1, =cc, (11.49)

The full notation C~1(") is not standard and usually is not needed, since
the context usually implies the rank. When so, one can abbreviate the
notation to C~1. In either notation, (11.47) and (11.48) apply equally for
the rank-r inverse as for the infinite-dimensional inverse. Because of (11.31),
eqn. (11.46) too applies for the rank-r inverse if A’s active region is limited
to rxr. (Section 13.2 uses the rank-r inverse to solve an exactly determined
linear system. This is a famous way to use the inverse, with which many or
most readers will already be familiar; but before using it so in chapter 13,
we shall first learn how to compute it reliably in chapter 12.)
Table 11.4 summarizes.

11.6 Parity

Consider the sequence of integers or other objects 1,2,3,...,n. By succes-
sively interchanging pairs of the objects (any pairs, not just adjacent pairs),
one can achieve any desired permutation (§ 4.2.1). For example, beginning
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with 1,2, 3,4, 5, one can achieve the permutation 3,5, 1,4, 2 by interchanging
first the 1 and 3, then the 2 and 5.
Now contemplate all possible pairs:

(1a2) (1>3> (1a4) (1,??,);
(273) (274) (2,n);
(3a 4) e (37 n)?

(n'—l,n).

In a given permutation (like 3,5,1,4,2), some pairs will appear in proper
sequence with respect to one another, while others will appear in improper
sequence. (In 3,5,1,4,2, the pair [1,2] appears in proper sequence in that
the larger 2 stands to the right of the smaller 1; but the pair [1, 3] appears in
improper sequence in that the larger 3 stands to the left of the smaller 1.) If p
is the number of pairs which appear in improper sequence (in the example,
p = 6), and if p is even, then we say that the permutation has even or
positive parity; if odd, then odd or negative parity.??

Now consider: every interchange of adjacent elements must either incre-
ment or decrement p by one, reversing parity. Why? Well, think about it.
If two elements are adjacent and their order is correct, then interchanging
falsifies the order, but only of that pair (no other element interposes, so
the interchange affects the ordering of no other pair). Complementarily, if
the order is incorrect, then interchanging rectifies the order. Either way, an
adjacent interchange alters p by exactly £1, thus reversing parity.

What about nonadjacent elements? Does interchanging a pair of these
reverse parity, too? To answer the question, let v and v represent the two el-
ements interchanged, with ay,as, ..., a, the elements lying between. Before
the interchange:

e Uy, a1,02, -, Qm—1, Ay, Uy - -

After the interchange:
0,471,092, .0 s Ay —1, Ay Uy o .

The interchange reverses with respect to one another just the pairs

(u,a1) (uya2) -+ (uyam-1) (u,am)
Ealvqj) (a27v) (am—l’v) (amvv)

22For readers who learned arithmetic in another language than English, the even integers
are ...,—4,—2,0,2,4,6,...; the odd integers are ...,—3,—1,1,3,5,7,....
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The number of pairs reversed is odd. Since each reversal alters p by +1, the
net change in p apparently also is odd, reversing parity. It seems that re-
gardless of how distant the pair, interchanging any pair of elements reverses
the permutation’s parity.

The sole exception arises when an element is interchanged with itself.
This does not change parity, but it does not change anything else, either, so
in parity calculations we ignore it.?3 All other interchanges reverse parity.

We discuss parity in this, a chapter on matrices, because parity concerns
the elementary interchange operator of § 11.4. The rows or columns of a
matrix can be considered elements in a sequence. If so, then the interchange
operator Tj;.,;, ¢ # j, acts precisely in the manner described, interchanging
rows or columns and thus reversing parity. It follows that if i, # jr and q is
odd, then [T{_; Tj;, «s;,] # I. However, it is possible that []{_; T, i, = 1
if ¢ is even. In any event, even ¢ implies even p, which means even (positive)
parity; odd ¢ implies odd p, which means odd (negative) parity.

We shall have more to say about parity in §§ 11.7.1 and 14.1.

11.7 The quasielementary operator

Multiplying sequences of the elementary operators of § 11.4, one can form
much more complicated operators, which per (11.41) are always invertible.
Such complicated operators are not trivial to analyze, however, so one finds
it convenient to define an intermediate class of operators, called in this book
the quasielementary operators, more complicated than elementary operators
but less so than arbitrary matrices.

A quasielementary operator is composed of elementaries only of a single
kind. There are thus three kinds of quasielementary—interchange, scaling
and addition—to match the three kinds of elementary. With respect to
interchange and scaling, any sequences of elementaries of the respective kinds
are allowed. With respect to addition, there are some extra rules, explained
in § 11.7.3.

The three subsections which follow respectively introduce the three kinds
of quasielementary operator.

23This is why some authors forbid self-interchanges, as explained in footnote 19.
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11.7.1 The interchange quasielementary or general inter-
change operator

Any product P of zero or more interchange elementaries,

P =] Tyess (11.50)
k

constitutes an interchange quasielementary, permutation matriz, permutor
or general interchange operator.?* An example is

P =Tpou5 11653 =

L oor,rO0O -
—oocoo
N Nl i e S
o000 O -
coo+~o

This operator resembles I in that it has a single one in each row and in each
column, but the ones here do not necessarily run along the main diagonal.
The effect of the operator is to shuffle the rows or columns of the matrix it
operates on, without altering any of the rows or columns it shuffies.

By (11.41), (11.39), (11.43) and (11.15), the inverse of the general inter-
change operator is

-1
1 -1
P~ = (HT[ikﬁjk]> :HT[ikij}

ke

k
= H Tl 5]
k

- HT[ijjk] - (H T[ikﬁjk})
k k
— p*=pT (11.51)

(where P* = PT because P has only real elements). The inverse, transpose
and adjoint of the general interchange operator are thus the same:

PTP=pP*P=1=PP* = PP’ (11.52)

24The letter P here recalls the verb “to permute.”
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A significant attribute of the general interchange operator P is its par-
ity: positive or even parity if the number of interchange elementaries TJ;, .,
which compose it is even; negative or odd parity if the number is odd. This
works precisely as described in § 11.6. For the purpose of parity determina-
tion, only interchange elementaries T;, ,;,) for which g # ji are counted;
any T}, = I noninterchanges are ignored. Thus the example’s P above
has even parity (two interchanges), as does I itself (zero interchanges), but
Tjij) alone (one interchange) has odd parity if i # j. As we shall see in
§ 14.1, the positive (even) and negative (odd) parities sometimes lend actual
positive and negative senses to the matrices they describe. The parity of
the general interchange operator P concerns us for this reason.

Parity, incidentally, is a property of the matrix P itself, not just of
the operation P represents. No interchange quasielementary P has positive
parity as a row operator but negative as a column operator. The reason
is that, regardless of whether one ultimately means to use P as a row or
column operator, the matrix is nonetheless composable as a definite sequence
of interchange elementaries. It is the number of interchanges, not the use,
which determines P’s parity.

11.7.2 The scaling quasielementary or general scaling oper-
ator

Like the interchange quasielementary P of § 11.7.1, the scaling quasielemen-
tary, diagonal matrixz or general scaling operator D consists of a product of
zero or more elementary operators, in this case elementary scaling opera-
tors:

D= H To,m = H T = Z o By =

1=—00 1=—00 1=—00

O O O O *
O ¥ © OO
*» © O O O

) (11.53)
(of course it might be that o; = 1, and thus that T,,, ] = I, for some, most
or even all i; however, o; = 0 is forbidden by the definition of the scaling

25The letter D here recalls the adjective “diagonal.”
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elementary). An example is

D =T 54Ty T7pn) =

OO OO
— O O O o

This operator resembles I in that all its entries run down the main diagonal;
but these entries, though never zeros, are not necessarily ones, either. They
are nonzero scaling factors. The effect of the operator is to scale the rows
or columns of the matrix it operates on.

The general scaling operator is a particularly simple matrix. Its inverse
is evidently

Z)_l %
= I Twepu= 1T Tajeom = o (11.54)

1=—00 1=—00 1=—00

where each element down the main diagonal is individually inverted.

A superset of the general scaling operator is the diagonal matriz, defined
less restrictively that [A];; = 0 for ¢ # j, where zeros along the main diagonal
are allowed. The conventional notation

[diag{x}]ij = 5ijxi:5ij$ja (11.55)
z1 0 0 0 0
0 z2 O 0 0
diag{x} = 0 0 a3 0 O ,
0 0 0 x4 O
0 0 0 0 x5

converts a vector x into a diagonal matrix. The diagonal matrix in general
is not invertible and is no quasielementary operator, but is sometimes useful
nevertheless.

11.7.3 Addition quasielementaries

Any product of interchange elementaries (§ 11.7.1), any product of scaling
elementaries (§ 11.7.2), qualifies as a quasielementary operator. Not so, any
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product of addition elementaries. To qualify as a quasielementary, a product
of elementary addition operators must meet some additional restrictions.

Four types of addition quasielementary are defined:2

e the downward multitarget row addition operator,®”

0 00
i=j+1 i=j+1
oo
= I+ Z aijEij
i=j+1
10000
0 1 0 0 O
= 0 0 1 0 O ,
0 0 = 1 0
0 0 = 0 1
whose inverse is
o0 00
—1 o .
Ly = H T oyylij) = H T oy;i) (11.57)
i=j+1 i=j+1

oo
= I- Y ayBEyj=2I—Ly;
i=j+1

2611 this subsection the explanations are briefer than in the last two, but the pattern is
similar. The reader can fill in the details.
2"The letter L here recalls the adjective “lower.”
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e the upward multitarget row addition operator,?®

Jj—1 j—1
U = H Toiylij) = H T 1ig) (11.58)
1=—00 1=—00
j—1
= I+ ) ol
1=—00
10 % 0 0
01 = 0 O
= 0 0 1 0 O ,
0O 0 0 1 0
0 0 0 0 1
whose inverse is
Jj—1 j—1
-1
1=—00 1=—00
j—1
1=—00

o the rightward multitarget column addition operator, which is the trans-

pose L[j;.} of the downward operator; and

o the leftward multitarget column addition operator, which is the trans-

pose U[:]F.} of the upward operator.

11.8 The unit triangular matrix

Yet more complicated than the quasielementary of § 11.7 is the unit trian-
gular matriz, with which we draw this necessary but tedious chapter toward

28The letter U here recalls the adjective “upper.”
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a long close:

00 i—1 00 00
L = I+ Z Z OéijEij =1+ Z Z OéijEij (11.60)
i=—00 j=—00 j=—00 i=j5+1
1000 0
* 1 0 0 O
= * x 1 0 0 ;
* x *x 1 0
* ok ok ox 1
) o) (%) ] (%) 7j—1
U =TI+ > > aEj=I+ Y Y o5E; (1L61)
i=—00 j=i+1 j=—00 t=—00
1o % o+
0 1 x *x =*
= 0 0 1 =% =«
0 0 0 1 =«
0 0 0 0 1

The former is a unit lower triangular matriz; the latter, a unit upper tri-
angular matriz. The unit triangular matrix is a generalized addition quasi-
elementary, which adds not only to multiple targets but also from multi-
ple sources—but in one direction only: downward or leftward for L or U”
(or U*); upward or rightward for U or LT (or L*).

The general triangular matriz Lg or Ug, which by definition can have
any values along its main diagonal, is sometimes of interest, as in the Schur
decomposition of § 14.10.22 The strictly triangular matriz L —I or U — I is
likewise sometimes of interest, as in Table 11.5.3° However, such matrices
cannot in general be expressed as products of elementary operators and this
section does not treat them.

This section presents and derives the basic properties of the unit trian-
gular matrix.

29The subscript S here stands for Schur. Other books typically use the symbols L and U
for the general triangular matrix of Schur, but this book distinguishes by the subscript.
30146, “Schur decomposition,” 00:32, 30 Aug. 2007
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11.8.1 Construction

To make a unit triangular matrix is straightforward:

L= [T Ly

7 (11.62)
v=11 vy
j=—o00

So long as the multiplication is done in the order indicated,3! then conve-
niently,

(11.63)

which is to say that the entries of L and U are respectively nothing more than
the relevant entries of the several L; and Uj;. Equation (11.63) enables one
to use (11.62) immediately and directly, without calculation, to build any
unit triangular matrix desired.

The correctness of (11.63) is most easily seen if the several Lj; and Uy
are regarded as column operators acting sequentially on [I:

L= I] Zy |

j=—o00

v=m| IT vy

j=—o00

The reader can construct an inductive proof symbolically on this basis with-
out too much difficulty if desired, but just thinking about how L(; adds
columns leftward and Up;}, rightward, then considering the order in which
the several Lj; and Uj;) act, (11.63) follows at once.

31Recall again from § 2.3 that [, Ax = --- A3A2A,, whereas [[, Ar = A1A2A43---.
This means that (], Ax)(C) applies first Ay, then Aa, Az and so on, as row operators
to C; whereas (C)(I], Ax) applies first A;, then A2, Az and so on, as column operators
to C. The symbols [ and [] as this book uses them thus can be thought of respectively
as row and column sequencers.
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11.8.2 The product of like unit triangular matrices

The product of like unit triangular matrices,

LiLy =L,

(11.64)
UhUs = U,

is another unit triangular matrix of the same type. The proof for unit lower
and unit upper triangular matrices is the same. In the unit lower triangular
case, one starts from a form of the definition of a unit lower triangular
matrix:

0 ifi<yj,
[L1]ij or [Lol;; = . ]
1 ifi=j.
Then,
[L1Lo)ij = Z [L1]im [L2)m;-

But as we have just observed, [L1]in, is null when ¢ < m, and [Ls],,; is null
when m < j. Therefore,

0 if i < 4,

> omejlL)im[Lolmj if i > 3.

Inasmuch as this is true, nothing prevents us from weakening the statement
to read

0 if i < 7,

[LiLolij = § L

> m—jlLlim[Lolm; if i =j.

But this is just

0 if 1 < 7,
[Lalij[Lalij = [LalulLeli = (1)(1) =1 ifi=j,

[L1Lo)ij = {

which again is the very definition of a unit lower triangular matrix. Hence
(11.64).

11.8.3 Inversion

Inasmuch as any unit triangular matrix can be constructed from addition
quasielementaries by (11.62), inasmuch as (11.63) supplies the specific quasi-
elementaries, and inasmuch as (11.57) or (11.59) gives the inverse of each
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such quasielementary, one can always invert a unit triangular matrix easily
by

L‘lz'II Ly,

j=—00

U‘lz'II U@?

j=—00

(11.65)

In view of (11.64), therefore, the inverse of a unit lower triangular matriz
is another unit lower triangular matriz; and the inverse of a unit upper
triangular matriz, another unit upper triangular matriz.

It is plain to see but still interesting to note that—unlike the inverse—
the adjoint or transpose of a unit lower triangular matrix is a unit upper
triangular matrix; and that the adjoint or transpose of a unit upper triangu-
lar matrix is a unit lower triangular matrix. The adjoint reverses the sense
of the triangle.

11.8.4 The parallel unit triangular matrix

If a unit triangular matrix fits the special, restricted form

k 0o
j=—o00 i=k+1

I
* % O = O
o= O OO
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or
) oo k-1
UH = I+2€ Z OéijEij (11.67)
Jj=k i=—00

O~ O % % ---

I
cCoO0 O~ -
cocoor~o
OO~ % % ---

confining its nonzero elements to a rectangle within the triangle as shown,
then it is a parallel unit triangular matriz and has some special properties
the general unit triangular matrix lacks.

The general unit lower triangular matrix L acting LA on a matrix A
adds the rows of A downward. The parallel unit lower triangular matrix
Lﬁk} acting L{‘k}A also adds rows downward, but with the useful restriction
that it makes no row of A both source and target. The addition is from A’s
rows through the kth, to A’s (k + 1)th row onward. A horizontal frontier
separates source from target, which thus march in A as separate squads.

Similar observations naturally apply with respect to the parallel unit
upper triangular matrix U, “{k}, which acting U, |{k A adds rows upward, and

{k}T

also with respect to LH and U“UC}T, which acting ALﬁk}T and AU“{k}T

add columns respectively rightward and leftward (remembering that Lﬁk}T
is no unit lower but a unit upper triangular matrix; that U, ”{k} Tis the lower).
Each separates source from target in the matrix A it operates on.

The reason we care about the separation of source from target is that,
in matrix arithmetic generally, where source and target are not separate
but remain intermixed, the sequence matters in which rows or columns are
added. That is, in general,

Tostivjn)Taslings) 7 I + 1By + a2Biyjy 7# ToyigjoTay firj)-

It makes a difference whether the one addition comes before, during or after
the other—but only because the target of the one addition might be the
source of the other. The danger is that i1 = jo or i = j;. Remove this
danger, and the sequence ceases to matter (refer to Table 11.3).

That is exactly what the parallel unit triangular matrix does: it separates
source from target and thus removes the danger. It is for this reason that
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the parallel unit triangular matrix brings the useful property that

k )
Lﬁk} =1+ Z Z aijEij

j=—o0 i=k+1
k 0o k 0o
= I II Zoywn= 11 1I Ty
j=—o00 i=k+1 j=—o00 i=k+1
k [e's) k 00
- H H Toijlig) = H H Toi;is)
j=—00 i=k+1 j=—o00 i=k+1
00 k 00 k
= II I Tasen= I I Tasen (11.68)
i=k+1 j=—o0 i=k+1 j=—o0
00 k 00 k
= II II Zesin= I 1II Zosun
i=k+1 j=—o0 i=k+1 j=—o0
oo k—1
Uit = I*Zk Z aij Eij
j=k i=—o0
oo k—1
CTT I o
j=k i=—o00

which says that one can build a parallel unit triangular matrix equally well
in any sequence—in contrast to the case of the general unit triangular ma-
trix, whose construction per (11.62) one must sequence carefully. (Though
eqn. 11.68 does not show them, even more sequences are possible. You can
scramble the factors’ ordering any random way you like. The multiplication
is fully commutative.) Under such conditions, the inverse of the parallel unit
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triangular matrix is particularly simple:3?

k )
{k} =1 _ B _of _ k)
L7 =13 ) ayE;=21-1
j=—00 i=k+1

k [e'e)
S| SRR
j=—o00 i=k+1
oo k-1
U”{k}_l =1- Z Z aijEij =2I — U“‘{k}
j=k i=—o0

oo k—1

= H I Taiin ="

(11.69)

where again the elementaries can be multiplied in any order. Pictorially,

1 0 0 0 O
0O 1 0 0 O
Lﬁk}*l = |- 0 0 1 0 0 ,
=% —k —x 1 0
=% —x —x 0 1
1 0 —% —% —x
0 1 —%x —% —x
U\I{k}_l = 00 1 0 0
0O 0 0 1 o0
0 0 0 0 1

The inverse of a parallel unit triangular matrix is just the matrix itself,
only with each element off the main diagonal negated. Table 11.5 records a
few properties that come immediately of the last observation and from the
parallel unit triangular matrix’s basic layout.

32There is some odd parochiality at play in applied mathematics when one calls such
collections of symbols as (11.69) “particularly simple.” Nevertheless, in the present context
the idea (11.69) represents is indeed simple: that one can multiply constituent elementaries
in any order and still reach the same parallel unit triangular matrix; that the elementaries
in this case do not interfere.
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Table 11.5: Properties of the parallel unit triangular matrix. (In the table,
the notation I? represents the generalized dimension-limited identity matrix

or truncator of eqn. 11.30. Note that the inverses Lﬁk}fl = Lﬁk}/ and

Ut =t — gl are parallel unit triangular matrices themselves, such that
the table’s properties hold for them, too.)

L+t . v 4+ Ut
2 2

Lt = LY -1 = et - nit

||
e = g™ o1 = o - e

If L‘{‘k} honors an n X n active region, then
(I — L 1 = LY — 1 = (1, — ) (LY - D1
and (I — L)L —1)=0= ¥ - DI - 1,).

l
If U, ‘J‘Ek} honors an n X n active region, then

LU 1y = Ia) = UMY = 1= 1y (U = D (0 = 1)

and (I - L)(U" = 1) =0 = (U = 1)(I - I,).
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11.8.5 The partial unit triangular matrix

Besides the notation L and U for the general unit lower and unit upper
triangular matrices and the notation L{‘k} and U™ for the parallel unit
lower and unit upper triangular matrices, we shall find it useful to introduce

the additional notation

e ]
j=k i=j+1
10000
01 0 0 O
= 00 1 0 O )
0 0 = 1 0
0 0 * x 1
) k j—1 )
U[k} = I+ Z Z OéijEij (11.71)

Jj=—00 t=—00

Il
L oooo R .-
co o~ %
COo R~ % ¥ ---
o~ ooo
e e ===
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for unit triangular matrices whose off-diagonal content is confined to a nar-
row wedge and

k 00

L{k} = I+ Z Z OéijEZ'j (11.72)

j=—o0 i=j+1

1 0 0 0 O
* 1 0 0 O
= * % 1 0 0 ,
* x *x 1 0
* x x 0 1
o j-1
Uikt = I+Z Z aijEij (11.73)
=k i=—
1 0 * =% =%
0 1 *x % =%
= 0 0 1 % =«
0 0 0 1 =«
0 0 0 0 1

for the supplementary forms.®> Such notation is not standard in the liter-
ature, but it serves a purpose in this book and is introduced here for this
reason. If names are needed for LI UK L1k} and U*} | the former pair can
be called minor partial unit triangular matrices, and the latter pair, major
partial unit triangular matrices. Whether minor or major, the partial unit
triangular matrix is a matrix which leftward or rightward of the kth column
resembles 1. Of course partial unit triangular matrices which resemble [
above or below the kth row are equally possible, and can be denoted LT,
UKL [T and UHT,

Observe that the parallel unit triangular matrices Lﬁk} and U”{k} of
§ 11.8.4 are in fact also major partial unit triangular matrices, as the nota-
tion suggests.

33The notation is arguably imperfect in that LI L # L but rather that
L 4 B+ [ = [ The conventional notation Y 0__ f(k) + 3¢_, f(k) # S¢_, f(k)
suffers the same arguable imperfection.
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11.9 The shift operator

Not all useful matrices fit the dimension-limited and extended-operational
forms of § 11.3. An exception is the shift operator Hy, defined that

[Hilij = bigj+r)- (11.74)
For example, i i
0 00 0 0 0 O
0 00 0 0 0 O
1 0 0 00O O O
Hy = 01 0 0 0 0 O
0 01 0 0 0 O
00 0 1 0 0 O
0 00 01 0 O

Operating Hp A, Hj, shifts A’s rows downward k steps. Operating AHy, Hy
shifts A’s columns leftward k steps. Inasmuch as the shift operator shifts
all rows or columns of the matrix it operates on, its active region is co x co
in extent. Obviously, the shift operator’s inverse, transpose and adjoint are
the same:

H!IH, = H;H, =1= HyH; = HH},

(11.75)
—1 *
H '=Hl'=H} =H_.
Further obvious but useful identities include that
Iy — Ipy)H, = Hily_g,
(Ip — I)Hy, wlo—k (11.76)

H_k(fg — Ik) =1y H_j.

11.10 The Jacobian derivative

Chapter 4 has introduced the derivative of a function with respect to a scalar
variable. One can also take the derivative of a function with respect to a
vector variable, and the function itself can be vector-valued. The derivative
is )

€| 9f;

dx ij ~ Oxj

(11.77)

For instance, if x has three elements and f has two, then

ofr O0fi Ofa
[ S I e e
dx fs Ofs Ofs

L 8:1’1 81’2 81’3
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This is called the Jacobian derivative, the Jacobian matriz, or just the Ja-
cobian.>* Each of its columns is the derivative with respect to one element
of x.

The Jacobian derivative of a vector with respect to itself is

dx

— =1 11.78
Ix (11.78)
The derivative is not I, as one might think, because, even if x has only n

elements, still, one could vary x,1 in principle, and 0xy+1/0xn 1 # 0.
The Jacobian derivative obeys the derivative product rule (4.22) in the

35
T
df dg\ T
T JR— JR—
g4 (dx) (dx> Af

T
df dg\ ™
YA — —=) Af
e4(i)) +| (&)
valid for any constant matrix A—as is seen by applying the definition (4.13)
of the derivative, which here is

0(g Af) _ .~ (8+0g/2)"A(f + 0f/2) — (g — Og/2)"A(f — 9f/2)
8xj O0x;—0 0:Uj ’

form

d , r B

)

(11.79)

i

d, .o

and simplifying.

The shift operator of § 11.9 and the Jacobian derivative of this section
complete the family of matrix rudiments we shall need to begin to do in-
creasingly interesting things with matrices in chapters 13 and 14. Before
doing interesting things, however, we must treat two more foundational ma-
trix matters. The two are the Gauss-Jordan decomposition and the matter
of matrix rank, which will be the subjects of chapter 12, next.

341146, “Jacobian,” 00:50, 15 Sept. 2007]
35Notice that the last term on (11.79)’s second line is transposed, not adjointed.
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Chapter 12

Matrix rank and the
Gauss-Jordan decomposition

Chapter 11 has brought the matrix and its rudiments, the latter including

e lone-element matrix £ (§ 11.3.7),

the null matrix 0 (§ 11.3.1),

the rank-r identity matrix I, (§ 11.3.5),

the general identity matrix I and the scalar matrix AI (§ 11.3.2),

the elementary operator 7' (§ 11.4),

the quasielementary operator P, D, Ly or Uy (§ 11.7), and
e the unit triangular matrix L or U (§ 11.8).

Such rudimentary forms have useful properties, as we have seen. The general
matrix A does not necessarily have any of these properties, but it turns out
that one can factor any matrix whatsoever into a product of rudiments which
do have the properties, and that several orderly procedures are known to
do so. The simplest of these, and indeed one of the more useful, is the
Gauss-Jordan decomposition. This chapter introduces it.

Section 11.3 has deémphasized the concept of matrix dimensionality m x
n, supplying in its place the new concept of matrix rank. However, that
section has actually defined rank only for the rank-r identity matrix [,.. In
fact all matrices have rank. This chapter explains.

331
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Before treating the Gauss-Jordan decomposition and the matter of ma-
trix rank as such, however, we shall find it helpful to prepare two preliminar-
ies thereto: (i) the matter of the linear independence of vectors; and (ii) the
elementary similarity transformation. The chapter begins with these.

Except in § 12.2, the chapter demands more rigor than one likes in such
a book as this. However, it is hard to see how to avoid the rigor here, and
logically the chapter cannot be omitted. We will drive through the chapter
in as few pages as can be managed, and then onward to the more interesting
matrix topics of chapters 13 and 14.

12.1 Linear independence

Linear independence is a significant possible property of a set of vectors—
whether the set be the several columns of a matrix, the several rows, or
some other vectors—the property being defined as follows. A vector is lin-
early independent if its role cannot be served by the other vectors in the
set. More formally, the n vectors of the set {aj,as,as,as,as,...,a,} are
linearly independent if and only if none of them can be expressed as a linear
combination—a weighted sum—of the others. That is, the several a; are
linearly independent iff

aia) + asas + azag + -+ + aza, 0 (12.1)

for all nontrivial oy, where “nontrivial «;” means the several oy, at least
one of which is nonzero (trivial oy, by contrast, would be a; = ag = a3 =

- = ay, = 0). Vectors which can combine nontrivially to reach the null
vector are by definition linearly dependent.

Linear independence is a property of vectors. Technically the property
applies to scalars, too, inasmuch as a scalar resembles a one-element vector—
so, any nonzero scalar alone is linearly independent—but there is no such
thing as a linearly independent pair of scalars, because one of the pair can
always be expressed as a complex multiple of the other. Significantly but
less obviously, there is also no such thing as a linearly independent set which
includes the null vector; (12.1) forbids it. Paradoxically, even the single-
member, n = 1 set consisting only of a; = 0 is, strictly speaking, not
linearly independent.

For consistency of definition, we regard the empty, n = 0 set as linearly
independent, on the technical ground that the only possible linear combina-
tion of the empty set is trivial.!

!This is the kind of thinking which typically governs mathematical edge cases. One
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If a linear combination of several independent vectors a; forms a vec-
tor b, then one might ask: can there exist a different linear combination of
the same vectors a; which also forms b? That is, if

prai + Braz + fBzag + - - + Bpan = b,
where the several ay satisfy (12.1), then is
Brar + Byaz + fzas + -+ + fran =b

possible? To answer the question, suppose that it were possible. The differ-
ence of the two equations then would be

(B1 — Br)ar + (85 — Ba)az + (B5 — B3)ag + - + (B, — Bn)an = 0.

According to (12.1), this could only be so if the coefficients in the last
equation where trivial—that is, only if ; — 81 = 0, 85 — B2 = 0, 5 —
s =0, ..., B, — B = 0. But this says no less than that the two linear
combinations, which we had supposed to differ, were in fact one and the
same. Omne concludes therefore that, if a vector b can be expressed as a
linear combination of several linearly independent vectors ay, then it cannot
be expressed as any other combination of the same vectors. The combination
is unique.

Linear independence can apply in any dimensionality, but it helps to
visualize the concept geometrically in three dimensions, using the three-
dimensional geometrical vectors of § 3.3. Two such vectors are independent
so long as they do not lie along the same line. A third such vector is
independent of the first two so long as it does not lie in their common plane.
A fourth such vector (unless it points off into some unvisualizable fourth
dimension) cannot possibly then be independent of the three.

We discuss the linear independence of vectors in this, a chapter on ma-
trices, because (§ 11.1) a matrix is essentially a sequence of vectors—either
of column vectors or of row vectors, depending on one’s point of view. As
we shall see in § 12.5, the important property of matrix rank depends on
the number of linearly independent columns or rows a matrix has.

could define the empty set to be linearly dependent if one really wanted to, but what
then of the observation that adding a vector to a linearly dependent set never renders
the set independent? Surely in this light it is preferable just to define the empty set as
independent in the first place. Similar thinking makes 0! = 1, Z,::IO apz® =0, and 2 not 1
the least prime, among other examples.
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12.2 The elementary similarity transformation

Section 11.5 and its (11.46) have introduced the similarity transformation
CAC~! or C~'AC, which arises when an operator C' commutes respectively
rightward or leftward past a matrix A. The similarity transformation has
several interesting properties, some of which we are now prepared to discuss,
particularly in the case in which the operator happens to be an elementary,
C =T. In this case, the several rules of Table 12.1 obtain.

Most of the table’s rules are fairly obvious if the meaning of the symbols
is understood, though to grasp some of the rules it helps to sketch the
relevant matrices on a sheet of paper. Of course rigorous symbolic proofs
can be constructed after the pattern of § 11.8.2, but they reveal little or
nothing sketching the matrices does not. In Table 12.1 as elsewhere, the
symbols P, D, L and U represent the quasielementaries and unit triangular
matrices of §§ 11.7 and 11.8. The symbols P’, D', L' and U’ also represent
quasielementaries and unit triangular matrices, only not necessarily the same
ones P, D, L and U do.

The rules of Table 12.1 permit one to commute some but not all ele-
mentaries past a quasielementary operator or unit triangular matrix with-
out fundamentally altering the character of the quasielementary operator or
unit triangular matrix, and sometimes without changing it at all. The rules
find use among other places in the Gauss-Jordan decomposition of § 12.3.

12.3 The Gauss-Jordan decomposition

The Gauss-Jordan decomposition of an arbitrary, dimension-limited, m x n
matrix A is?

A=G-1,G. = PDLUIKS,
G. = KS, (12.2)
G- = PDLU,

where

e P and S are general interchange operators (§ 11.7.1);

2Most introductory linear algebra texts this writer has met call the Gauss-Jordan
decomposition instead the “LU decomposition” and include fewer factors in it, typically
merging D into L and omitting K and S. They also omit I,, since their matrices have
pre-defined dimensionality. Perhaps the reader will agree that the decomposition is cleaner
as presented here.
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Table 12.1: Some elementary similarity transformations.

Tiwjl i Tliess) = 1
/
T Pliey = P
TiyDThicsy) = D' = D +([Dlj; — [Dlii) Eii + ([D)ii — [D]};) Ejj
Tij DTy = D if [D]y = [D]y;
Ty, ) LM Ty = LW if i< kand j <k
TigUM T = UW ifi>kand j >k
Tio ) LB Ty = LW ifi>kand j >k
TiosyUM Ty = UM ifi<kand j <k
{k} B {k} ... .
T[i<—>j}L|| Ty = LH ifi>kandj>k
/
Tiog U iy = UM ifi<kand j <k
Lo T/ = 1
Lo PT/ayy = D
Ta[i] AT(l/a)[z] = A where A is any of
L, U, Ly, Uy, LW, UM, L, o8, L, g7
Tap T-ay) = 1
Ta[ij}DTfa[ij] = D+ ([D]jj - [D]”) ki # D’
Ta[ij}DTfoz[ij] = D if [D];; = [D]jj
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D is a general scaling operator (§ 11.7.2);

L and U are respectively unit lower and unit upper triangular matrices
(§ 11.8);

K= Lﬁr}T is the transpose of a parallel unit lower triangular matrix,
being thus a parallel unit upper triangular matrix (§ 11.8.4);

e G- and G are composites® as defined by (12.2); and
e 1 is an unspecified rank.

The Gauss-Jordan decomposition is also called the Gauss-Jordan factoriza-
tion.

Whether all possible dimension-limited, m x n matrices A have a Gauss-
Jordan decomposition (they do, in fact) is a matter this section addresses.
However—at least for matrices which do have one—because G~ and G
are composed of invertible factors, one can left-multiply the equation A =
G- I1,G. by G;l and right-multiply it by Gzl to obtain

UL 'D P ASTIK T = G AGT! = 1,
SRt =Gt (12.3)
ulL'pTtptt = G

the Gauss-Jordan’s complementary form.

12.3.1 Motive

Equation (12.2) seems inscrutable. The equation itself is easy enough to
read, but just as there are many ways to factor a scalar (0xC = [4][3] =
[2]2[3] = [2][6], for example), there are likewise many ways to factor a matrix.
Why choose this particular way?

There are indeed many ways. We shall meet some of the others in
§§ 13.11, 14.6, 14.10 and 14.12. The Gauss-Jordan decomposition we meet
here however has both significant theoretical properties and useful practical
applications, and in any case needs less advanced preparation to appreciate
than the others, and (at least as developed in this book) precedes the others
logically. It emerges naturally when one posits a pair of dimension-limited,

30ne can pronounce G~ and G« respectively as “G acting rightward” and “G acting
leftward.” The letter G itself can be regarded as standing for “Gauss-Jordan,” but ad-
mittedly it is chosen as much because otherwise we were running out of available Roman
capitals!
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square, n x n matrices, A and A~!, for which A~'A = I,,, where A is known
and A~ is to be determined. [The A~! here is the A~1(") of eqn. 11.49.
However, it is only supposed here that A~'A = I,,; it is not yet claimed that
AA™Y = I,. “Square” means that the matrix has an n x n active region
rather than an m xn, m # n, where “active region” is defined as in § 11.3.1.]

To determine A~! is not an entirely trivial problem. The matrix A~!
such that A~'A = I,, may or may not exist (usually it does exist if A is
square, but even then it may not, as we shall soon see), and even if it does
exist, how to determine it is not immediately obvious. And still, if one can
determine A~!, that is only for square A; what if A, having an m x n,
m # n, active region, were not square? In the present subsection however
we are not trying to prove anything, only to motivate, so for the moment
let us suppose an A for which A~! does exist, let us confine our attention
to square A, and let us seek A~! by left-multiplying A by a sequence []7T
of elementary row operators, each of which makes the matrix more nearly
resemble I,,. When I, is finally achieved, then we shall have that

(H T> (A) = I,

or, left-multiplying by I,, and observing that I? = I,,,

() (TI7) (4) = 1,
which implies that

AL = (1) (HT) .

The product of elementaries which transforms A to I,,, truncated (§ 11.3.6)
to n x n dimensionality, itself constitutes A~!. This observation is what
motivates the Gauss-Jordan decomposition.
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By successive steps,? a concrete example:

. 2 —4 ]
A =15 )
[ 0] 1 -2
2 =
0 1_A |3 -1 ]
1 0][ 4% 0] _ 1 —2]
| -3 1 ][0 1_A_ L0 5]
- : - C o]
10 10 3 01y = [1 2]
|0 + [ -3 1[0 1] [0 1|
12 10 10 3 01y = [1 0]
o 1[0 ]| -3 1]|0 1] [0 1|
10 1 2171 0] Loz 0]g = [1 O]
0 1 o 1]jlo [ -31][0o 1|77 — [0 1]
Hence,
Q1| ro 12 10 1o 3 0] _ _%g'
0 1 0 1 0 % -3 1 0 1 -3 3

Using the elementary commutation identity that T, To(mj) = Taspmj)Tm);
from Table 11.2, to group like operators, we have that

R T EE

or, multiplying the two scaling elementaries to merge them into a single
general scaling operator (§ 11.7.2),

S I

The last equation is written symbolically as

o
o Wi
>leo |-
SESHIN]

wtf=

S

I
I
—
[
(oo gl
SN
—_

=

A= LU LD,
from which

A:DLUlgz[g SH

4Theoretically, all elementary operators including the ones here have extended-
operational form (§ 11.3.2), but all those --- ellipses clutter the page too much. Only
the 2 X 2 active regions are shown here.
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Now, admittedly, the equation A = DLU I3 is not (12.2)—or rather, it
is (12.2), but only in the special case that r = 2 and P = S = K = [—which
begs the question: why do we need the factors P, S and K in the first place?
The answer regarding P and S is that these factors respectively gather row
and column interchange elementaries, of which the example given has used
none but which other examples sometimes need or want, particularly to
avoid dividing by zero when they encounter a zero in an inconvenient cell of
the matrix (the reader might try reducing A = [0 1;1 0] to I3, for instance; a
row or column interchange is needed here). Regarding K, this factor comes
into play when A has broad rectangular (m < n) rather than square (m = n)
shape, and also sometimes when one of the rows of A happens to be a linear
combination of the others. The last point, we are not quite ready to detail
yet, but at present we are only motivating not proving, so if the reader will
accept the other factors and suspend judgment on K until the actual need
for it emerges in § 12.3.3, step 12, then we will proceed on this basis.

12.3.2 Method

The Gauss-Jordan decomposition of a matrix A is not discovered at one
stroke but rather is gradually built up, elementary by elementary. It begins
with the equation

A=1TIITAII,

where the six I hold the places of the six Gauss-Jordan factors P, D, L, U,
K and S of (12.2). By successive elementary operations, the A on the right
is gradually transformed into I, while the six I are gradually transformed
into the six Gauss-Jordan factors. The decomposition thus ends with the
equation

A=PDLUI.KS,

which is (12.2). In between, while the several matrices are gradually being
transformed, the equation is represented as

A=PDLUIKS, (12.4)

where the initial value of I is A and the initial values of P, D, etc., are all I.

Each step of the transformation goes as follows. The matrix I is left- or

right-multiplied by an elementary operator T'. To compensate, one of the

six factors is right- or left-multiplied by T~!. Intervening factors are mul-

tiplied by both T" and T~!, which multiplication constitutes an elementary
similarity transformation as described in § 12.2. For example,

A= P (DTijaya) (Tai LT ) (Toi 0T o) (o) K5,
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which is just (12.4), inasmuch as the adjacent elementaries cancel one an-
other; then,

j — Ta[i}j s

U TaUT i)

L= Tap LT o))

D« DT ayi)

thus associating the operation with the appropriate factor—in this case, D.
Such elementary row and column operations are repeated until I = I, at
which point (12.4) has become the Gauss-Jordan decomposition (12.2).

12.3.3 The algorithm

Having motivated the Gauss-Jordan decomposition in § 12.3.1 and having
proposed a basic method to pursue it in § 12.3.2, we shall now establish a
definite, orderly, failproof algorithm to achieve it. Broadly, the algorithm

e copies A, a dimension-limited, m X n matrix (not necessarily square),
into the variable working matrix I (step 1 below),

e reduces I by suitable row (and maybe column) operations to unit
upper triangular form (steps 2 through 7),

e establishes a rank r (step 8), and

e reduces the now unit triangular I further to the rank-r identity ma-
trix I, (steps 9 through 13).

Specifically, the algorithm decrees the following steps. (The steps as written
include many parenthetical remarks—so many that some steps seem to con-
sist more of parenthetical remarks than of actual algorithm. The remarks
are unnecessary to execute the algorithm’s steps as such. They are however
necessary to explain and to justify the algorithm’s steps to the reader.)

1. Begin by initializing

P11, DI L1, U+ I K« 1I, 8«1,
I+ A,
14+ 1,

where I holds the part of A remaining to be decomposed, where i is
a row index, and where the others are the variable working matrices
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of (12.4). (The eventual goal will be to factor all of I away, leaving
I = I,, though the precise value of r will not be known until step 8.
Since A is by definition a dimension-limited m xn matrix, one naturally
need not store A beyond the m x n active region. What is less clear
until one has read the whole algorithm, but nevertheless true, is that
one also need not store the dimension-limited I beyond the m xn active
region. The other six variable working matrices each have extended-
operational form, but they also confine their activity to well-defined
regions: m x m for P, D, L and U; n xn for K and S. One need store
none of the matrices beyond these bounds.)

2. (Besides arriving at this point from step 1 above, the algorithm also
reénters here from step 7 below. From step 1, I = A and L = I, so
this step 2 though logical seems unneeded. The need grows clear once
one has read through step 7.) Observe that neither the ith row of I
nor any row below it has an entry left of the ith column, that I is
all-zero below-leftward of and directly leftward of (though not directly
below) the pivot element i;;.> Observe also that above the ith row, the
matrix has proper unit upper triangular form (§ 11.8). Regarding the
other factors, notice that L enjoys the major partial unit triangular

5The notation 7;; looks interesting, but this is accidental. The 7 relates not to the

doubled, subscribed index i but to I. The notation 7;; thus means [I];:—in other words,
it means the current éith element of the variable working matrix 1.
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form L1~} (§ 11.8.5) and that dy; = 1 for all k > 4. Pictorially,

* 0 0 0 0O 0 O

0O = 00 0 0 O

5 0 0 = 0 0 0 O
D = 0 0 0O1 0 0 O R

0O 0 0O0O1 0 O

0 0 OO0 0 1 0

0 00O 00 0 1

1 0 0 0 0 0O

* 1 0 0 0 0 O

_ ) * x 1 0 0 0 O
L=rt1 x * x 1 0 0 0 ,

* x *x 0 1 0 O

* x x 0 0 1 O

* x x 0 0 0 1

1 % * % % % %

0 1 *x % % * x

_ 0 0 1 * * =% =
I = 0 0 0 * % =*x »* ,

0 0 0 * % % =x

0 0 0 *x *x =* x

0 0 0 * * *x =

where the ¢th row and ith column are depicted at center.

3. Choose a nonzero element #,, # 0 on or below the pivot row, where
p > i and g > i. (The easiest choice may simply be i;;, where p = ¢ = 1,
if 7;; # 0; but any nonzero element from the ith row downward can
in general be chosen. Beginning students of the Gauss-Jordan or LU
decomposition are conventionally taught to choose first the least possi-
ble ¢ and then the least possible p. When one has no reason to choose
otherwise, that is as good a choice as any. There is however no actual
need to choose so. In fact alternate choices can sometimes improve
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practical numerical accuracy.%” Theoretically nonetheless, when do-
ing exact arithmetic, the choice is quite arbitrary, so long as iy, # 0.)
If no nonzero element is available—if all remaining rows p > ¢ are now
null—then skip directly to step 8.

4. Observing that (12.4) can be expanded to read
A = (PTypon) (Tpon DTpon) (TpealTipon ) (TpoaUTpen)
% (Tyoa Tierq) (Tiod KThioq) (Tiead)
= (PTpon) D (Typesy LTy ) O
X (T[p<—>i]f T[i<—>q]) K (T[i<—>q}§ ) )
let

P+ PTLp(—)i]a
L ¢ Tipesi LTy
I+ ThpoifITiiesgs
S T[mq]g,

thus interchanging the pth with the ith row and the gth with the
ith column, to bring the chosen element to the pivot position. (Re-

A typical Intel or AMD x86-class computer processor represents a C/C+-+ double-
type floating-point number, = 2Pb, in 0x40 bits of computer memory. Of the 0x40
bits, 0x34 are for the number’s mantissa 2.0 < b < 4.0 (not 1.0 < b < 2.0 as one might
expect), 0xB are for the number’s exponent —0x3FF < p < 0x3FE, and one is for the
number’s + sign. (The mantissa’s high-order bit, which is always 1, is implied not stored,
being thus one neither of the 0x34 nor of the 0x40 bits.) The out-of-bounds exponents
p = —0x400 and p = 0x3FF serve specially respectively to encode 0 and oco. All this
is standard computing practice. Such a floating-point representation is easily accurate
enough for most practical purposes, but of course it is not generally exact. [69, § 1-4.2.2]

"The Gauss-Jordan’s floating-point errors come mainly from dividing by small pivots.
Such errors are naturally avoided by avoiding small pivots, at least until as late in the
algorithm as possible. Smallness however is relative: a small pivot in a row and a column
each populated by even smaller elements is unlikely to cause as much error as is a large
pivot in a row and a column each populated by even larger elements.

To choose a pivot, any of several heuristics is reasonable. The following heuristic if
programmed intelligently might not be too computationally expensive: define the pivot-
smallness metric

_ 2ipgipg

~2
T]Pq = m ok~ n ko~ .
=i t'ap'q T Eq’:i "pq’tpq’

Choose the p and g of least ﬁgq, If two are equally least, then choose first the lesser column
index g and then if necessary the lesser row index p.
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fer to Table 12.1 for the similarity transformations. The U and K
transformations disappear because at this stage of the algorithm, still
U =K = I. The D transformation disappears because p > i and
because dj, = 1 for all k£ > i. Regarding the L transformation, it does
not disappear, but L has major partial unit triangular form L{—1}
which form according to Table 12.1 it retains since i — 1 < i < p.)

Observing that (12.4) can be expanded to read

A = P(DTy) (Tamon L) (Tasmon0 )
< (T o) 05
= P (DT ) (Tmowlin) U (Tagmonl) KS,
normalize the new 7;; pivot by letting
D+ DTy,
L T LT
I Tagpid-

This forces 7;; = 1. It also changes the value of di;. Pictorially after
this step,

*x 0 0 0 0 0 O
0O = 00 0 0 O
5 0O 0 = 0 0 0 O
D = 0 00 x 0 0 O ,
0O 0 0O0O1 0 O
0O 0 0O0O 0 1 0
0 0 o0 0 0 1
1 % * * *x x x
0 1 * * % *x
B 0 0 1 *x % =* =x
I = 0 0 0 1 =x =x =x
0 0 0 x = =* =%
0 0 0 * % % =x*
0 0 0 % =% % =x*
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(Though the step changes L, too, again it leaves L in the major partial
unit triangular form LU~1} because i — 1 < i. Refer to Table 12.1.)

6. Observing that (12.4) can be expanded to read

A = PD(LT50) (T UTspn) (Ts01) K5
= D (ETy ) U (T 001) K5,
clear I's ith column below the pivot by letting

Lo (L) 1T T ).

p=i+1
Fe (11 7m ) ().
p=i+1

This forces #;;, = 0 for all p > . It also fills in L’s ith column below the
pivot, advancing that matrix from the LU= form to the L{¥ form.

Pictorially,

1 0 0 0 00 O

* 1 0 0 0 0 O

5 ) * x 1 0 0 0 O
L:L{l} = * x x 1 0 0 0 ,

* *x x % 1 0 0

* % x x 0 1 O

* x x *x 0 0 1

1 % *x *x x % %

0 1 % * * *x x

_ 0 0 1 *x * =x =x*

I = 0 0 0 1 % =x =%

0 0 0 0 % *x =x

00 0 0 * *x =

0 0 0 0 * x =x

(Note that it is not necessary actually to apply the addition elemen-
taries here one by one. Together they easily form an addition quasiel-
ementary Lj;, and thus can be applied all at once. See § 11.7.3.)
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7. Increment

141+ 1.
Go back to step 2.

8. Decrement

11— 1

to undo the last instance of step 7 (even if there never was an instance
of step 7), thus letting 7 point to the matrix’s last nonzero row. After
decrementing, let the rank

Notice that, certainly, r < m and r < n.

9. (Besides arriving at this point from step 8 above, the algorithm also
reénters here from step 11 below.) If ¢ = 0, then skip directly to
step 12.

10. Observing that (12.4) can be expanded to read

A= PDL (0T, ) (T, ) K8,

clear I’s ith column above the pivot by letting

i—1
U < (U> H T;pl [pi] | »
p=1
1—1
T (T 75 ) (7)
p=1

This forces #;;, = 0 for all p # <. It also fills in U’s ith column above the
pivot, advancing that matrix from the U {41} form to the UV form.
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Pictorially,

U=yl —

~n
I

347

(As in step 6, here again it is not necessary actually to apply the ad-
dition elementaries one by one. Together they easily form an addition

quasielementary Up;). See § 11.7.3.)

11. Decrement i < i — 1. Go back to step 9.

12. Notice that I now has the form of a rank-r identity matrix, except
with n — 7 extra columns dressing its right edge (often = n however;
then there are no extra columns). Pictorially,

~»
Il

Observing that (12.4) can be expanded to read

A= PDLU (IT 5,10 ) (Tryipa )
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use the now conveniently elementarized columns of I’s main body to
suppress the extra columns on its right edge by

Fe () T1 1170 )

g=r+1 p=1

B [ T T | (5):

q=r+1 p=1

(Actually, entering this step, it was that K =1, so in fact K becomes
just the product above. As in steps 6 and 10, here again it is not neces-
sary actually to apply the addition elementaries one by one. Together
they easily form a parallel unit upper—mot lower—triangular matrix
L. See § 11.8.4.)

13. Notice now that I = I.. Let
P=P, D=D,L=L, U=U, K=K, S=8S.
End.

Never stalling, the algorithm cannot fail to achieve I = I, and thus a com-
plete Gauss-Jordan decomposition of the form (12.2), though what value
the rank r might turn out to have is not normally known to us in advance.
(We have not yet proven, but will in § 12.5, that the algorithm always pro-
duces the same I, the same rank r > 0, regardless of which pivots 7, # 0
one happens to choose in step 3 along the way. We can safely ignore this
unproven fact however for the immediate moment.)

12.3.4 Rank and independent rows

Observe that the Gauss-Jordan algorithm of § 12.3.3 operates always within
the bounds of the original m x n matrix A. Therefore, necessarily,

r<m,
(12.5)
r<n.

The rank r exceeds the number neither of the matrix’s rows nor of its
columns. This is unsurprising. Indeed the narrative of the algorithm’s
step 8 has already noticed the fact.
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Observe also however that the rank always fully reaches r = m if the
rows of the original matrixz A are linearly independent. The reason for this
observation is that the rank can fall short, < m, only if step 3 finds a null
row ¢ < m; but step 3 can find such a null row only if step 6 has created one
(or if there were a null row in the original matrix A; but according to § 12.1,
such null rows never were linearly independent in the first place). How do
we know that step 6 can never create a null row? We know this because the
action of step 6 is to add multiples only of current and earlier pivot rows
to rows in I which have not yet been on pivot.® According to (12.1), such
action has no power to cancel the independent rows it targets.

12.3.5 Inverting the factors

Inverting the six Gauss-Jordan factors is easy. Sections 11.7 and 11.8 have
shown how. One need not however go even to that much trouble. Each
of the six factors—P, D, L, U, K and S—is composed of a sequence [[7T
of elementary operators. Each of the six inverse factors—P~!, D=1 L1,
U~', K~! and S~!—is therefore composed of the reverse sequence [[T~*
of inverse elementary operators. Refer to (11.41). If one merely records the
sequence of elementaries used to build each of the six factors—if one reverses
each sequence, inverts each elementary, and multiplies—then the six inverse
factors result.

And, in fact, it isn’t even that hard. One actually need not record the
individual elementaries; one can invert, multiply and forget them in stream.
This means starting the algorithm from step 1 with six extra variable work-
ing matrices (besides the seven already there):

PleI. DV« I, L7V« T, U '« 1, K'«1I, S« 1.

81If the truth of the sentence’s assertion regarding the action of step 6 seems nonobvious,
one can drown the assertion rigorously in symbols to prove it, but before going to that
extreme consider: the action of steps 3 and 4 is to choose a pivot row p > i and to shift
it upward to the ith position. The action of step 6 then is to add multiples of the chosen
pivot row downward only—that is, only to rows which have not yet been on pivot. This
being so, steps 3 and 4 in the second iteration find no unmixed rows available to choose
as second pivot, but find only rows which already include multiples of the first pivot row.
Step 6 in the second iteration therefore adds downward multiples of the second pivot row,
which already includes a multiple of the first pivot row. Step 6 in the ith iteration adds
downward multiples of the ith pivot row, which already includes multiples of the first
through (¢ —1)th. So it comes to pass that multiples only of current and earlier pivot rows
are added to rows which have not yet been on pivot. To no row is ever added, directly
or indirectly, a multiple of itself—until step 10, which does not belong to the algorithm’s
main loop and has nothing to do with the availability of nonzero rows to step 3.
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(There is no I71, not because it would not be useful, but because its initial
value would be? A=) unknown at algorithm’s start.) Then, for each
operation on any of P, D, L, U, K or S, one operates inversely on the
corresponding inverse matrix. For example, in step 5,

D~ — DTfn[ﬂ’ B Q_l A T(l/z”u)[ﬂ?_l’
LT LTim: L7 T L™ g
I Taml-

With this simple extension, the algorithm yields all the factors not only
of the Gauss-Jordan decomposition (12.2) but simultaneously also of the
Gauss-Jordan’s complementary form (12.3).

12.3.6 Truncating the factors

None of the six factors of (12.2) actually needs to retain its entire extended-
operational form (§ 11.3.2). The four factors on the left, row operators, act
wholly by their m x m squares; the two on the right, column operators, by
their n x n. Indeed, neither I, nor A has anything but zeros outside the
m X n rectangle, anyway, so there is nothing for the six operators to act
upon beyond those bounds in any event. We can truncate all six operators
to dimension-limited forms (§ 11.3.1) for this reason if we want.

To truncate the six operators formally, we left-multiply (12.2) by I,,, and
right-multiply it by I,,, obtaining

I AlL, = I,,PDLUI.KSI,.

According to § 11.3.6, the I,,, and I,, respectively truncate rows and columns,
actions which have no effect on A since it is already a dimension-limited mxn
matrix. By successive steps, then,

A = I1,PDLUI.KSI,
= I'PDLUI’KSI3;

and finally, by using (11.31) or (11.42) repeatedly,
A= (LnPLy)InDLy)(ImLln)(InUIL) (I, KIy,)(I,S1,), (12.6)

where the dimensionalities of the six factors on the equation’s right side are
respectively m X m, m x m, m x m, m x r, r x n and n x n. Equation (12.6)

9Section 11.5 explains the notation.
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expresses any dimension-limited rectangular matrix A as the product of six
particularly simple, dimension-limited rectangular factors.
By similar reasoning from (12.2),

A= InG-L)(I,G1y), (12.7)

where the dimensionalities of the two factors are m x r and r X n.

The book will seldom point it out again explicitly, but one can straight-
forwardly truncate not only the Gauss-Jordan factors but most other factors
and operators, too, by the method of this subsection.!”

12.3.7 Properties of the factors

One would expect such neatly formed operators as the factors of the Gauss-
Jordan to enjoy some useful special properties. Indeed they do. Table 12.2
lists a few. The table’s properties formally come from (11.52) and Table 11.5;
but, if one firmly grasps the matrix forms involved and comprehends the
notation (neither of which is trivial to do), if one understands that the
operator (I, — I,) is a truncator that selects columns r + 1 through n of the
matrix it operates leftward upon, and if one sketches the relevant factors
schematically with a pencil, then the properties are plainly seen without
reference to chapter 11 as such.

The table’s properties regarding P and S express a general advantage
all permutors share. The table’s properties regarding K are admittedly less
significant, included mostly only because § 13.3 will need them. Still, even
the K properties are always true. They might find other uses.

0Comes the objection, “Black, why do you make it more complicated than it needs to
be? For what reason must all your matrices have infinite dimensionality, anyway? They
don’t do it that way in my other linear algebra book.”

It is a fair question. The answer is that this book is a book of applied mathematical the-
ory; and theoretically in the author’s view, infinite-dimensional matrices are significantly
neater to handle. To append a null row or a null column to a dimension-limited matrix
is to alter the matrix in no essential way, nor is there any real difference between Txjo1
when it row-operates on a 3 X p matrix and the same elementary when it row-operates on
a 4 x p. The relevant theoretical constructs ought to reflect such insights. Hence infinite
dimensionality.

Anyway, a matrix displaying an infinite field of zeros resembles a shipment delivering
an infinite supply of nothing; one need not be too impressed with either. The two matrix
forms of § 11.3 manifest the sense that a matrix can represent a linear transformation,
whose rank matters; or a reversible row or column operation, whose rank does not. The
extended-operational form, having infinite rank, serves the latter case. In either case,
however, the dimensionality m X n of the matrix is a distraction. It is the rank r, if any,
that counts.
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Table 12.2: A few properties of the Gauss-Jordan factors.

pr— p-1 _ pT
g — g-1 _ gT
p>*=p =p7T
Sr= 8§ =87T

K+2K ! g
LK(I,-1) = K-I = L(K-II,-1I)
LK-YI, - I,) K*'—I = IL(K'-D(I,-1,)
(I —1,)(K —1I) 0 = (K-D(I-1,)
(I-L)Kt-1) = 0 = (K'-DH{I-1,)

Further properties of the several Gauss-Jordan factors can be gleaned
from the respectively relevant subsections of §§ 11.7 and 11.8.

12.3.8 Marginalizing the factor I,

If A happens to be a square, n X n matrix and if it develops that the rank
r = n, then one can take advantage of (11.31) to rewrite the Gauss-Jordan
decomposition (12.2) in the form

PDLUKSI, = A = I, PDLUKS, (12.8)

thus marginalizing the factor I,,. This is to express the Gauss-Jordan solely
in row operations or solely in column operations. It does not change the
algorithm and it does not alter the factors; it merely reorders the factors
after the algorithm has determined them. It fails however if A is rectangular
or r < n.

12.3.9 Decomposing an extended operator

Sections 12.5 and 13.1 will demonstrate that, if a matrix A is a extended
operator (§ 11.3.2) with an n x n active region and if the operation the
matrix implements is reversible, then the truncated operator I,A = I, Al,, =
Al, necessarily enjoys full rank » = n. Complementarily, those sections
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will demonstrate that, if such an extended operator is irreversible, then the
truncated operator I,A = I,AlI, = AI, must suffer » < n. Full rank
is associated with reversibility. This fact has many consequences, among
which is the following.

To extend the Gauss-Jordan decomposition of the present section to
decompose a reversible, n x n extended operator A is trivial. One merely
writes

A= PDLUKS,

wherein the I, has become an I. Or, equivalently, one decomposes the n x n
dimension-limited matrix I, A = I,,Al,, = Al, as

Al,=PDLUI,KS = PDLUKSI,,

from which, inasmuch as all the factors present but I,, are n x n extended
operators, the preceding equation results.

One can decompose only reversible extended operators so. The Gauss-
Jordan fails on irreversible extended operators. Fortunately, as we have
seen in chapter 11, every extended operator constructible as the product of
elementary, quasielementary, unit-triangular and/or shift operators is indeed
reversible, so a great variety of extended operators are decomposable. (Note
incidentally that shifts, § 11.9, generally prevent the extended operators
whose construction includes them from honoring any finite, n X n active
region. Therefore, in this subsection we are generally thinking of extended
operators constructible without shifts.)

This subsection’s equations remain unnumbered because they say little
new. Their only point, really, is that what an operator does outside some
appropriately delimited active region is seldom interesting because the vector
on which the operator ultimately acts is probably null there in any event.
In such a context it may not matter whether one truncates the operator.
Indeed, this was also the point of § 12.3.6 and, if you like, of (11.31), too.!!

HTf “jt may not matter,” as the narrative says, then one might just put all matrices
in dimension-limited form. Many books do. To put them all in dimension-limited form
however brings at least three effects the book you are reading prefers to avoid. First, it
leaves shift-and-truncate operations hard to express cleanly (refer to §§ 11.3.6 and 11.9
and, as a typical example of the usage, eqn. 13.7). Second, it confuses the otherwise natural
extension of discrete vectors into continuous functions. Third, it leaves one to consider
the ranks of reversible operators like 7}; 2 that naturally should have no rank. The last
of the three is arguably most significant: matrix rank is such an important attribute that
one prefers to impute it only to those operators about which it actually says something
interesting.

Nevertheless, the extended-operational matrix form is hardly more than a formality. All
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Regarding the present section as a whole, the Gauss-Jordan decomposi-
tion is a significant achievement. It is not the only matrix decomposition—
further interesting decompositions include the Gram-Schmidt of § 13.11, the
diagonal of § 14.6, the Schur of § 14.10 and the singular-value of § 14.12,
among others—but the Gauss-Jordan nonetheless reliably factors an arbi-
trary m xn matrix A, which we had not known how to handle very well, into
a product of unit triangular matrices and quasielementaries, which we do.
We shall put the Gauss-Jordan to good use in chapter 13. However, before
closing the present chapter we should like finally, squarely to define and to
establish the concept of matrix rank, not only for I, but for all matrices. To
do that, we shall first need one more preliminary: the technique of vector
replacement.

12.4 Vector replacement
Consider a set of m + 1 (not necessarily independent) vectors

{u,aj,as,...,an}.

As a definition, the space these vectors address consists of all linear combina-
tions of the set’s several vectors. That is, the space consists of all vectors b
formable as

Bou+ frar + fraz + -+ - + Bmam = b. (12.9)

Now consider a specific vector v in the space,

You + Pray + Poag + - + Ypa, =V, (12.10)
for which
Yo 7 0.
Solving (12.10) for u, we find that
iv—ﬂal—@ag—-u—wma =u
Yo Yo Yo Yo

it says is that the extended operator unobtrusively leaves untouched anything it happens
to find outside its operational domain, whereas a dimension-limited operator would have
truncated whatever it found there. Since what is found outside the operational domain is
typically uninteresting, this may be a distinction without a difference, a distinction one
can safely ignore.
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With the change of variables

1
— ARl
Po 7
1
1 & T
i Yo
Y2
2 & T
i Yo
Ym
~ -,
Pm o
for which, quite symmetrically, it happens that
1
w =
° Po
$1
wl - R
Po
_ ¢
v b0
P
1/’m - ¢O )
the solution is
PV + ¢ra1 + goag + - -+ + Ppam = u. (12.11)

Equation (12.11) has identical form to (12.10), only with the symbols u <+ v
and ¢ <> ¢ swapped. Since ¢, = 1/1,, assuming that 1), is finite it even
appears that

bo # 0;

so, the symmetry is complete. Table 12.3 summarizes.
Now further consider an arbitrary vector b which lies in the space ad-
dressed by the vectors

{uvalaa27' . 'aam}'

Does the same b also lie in the space addressed by the vectors

{v,aj,as,...,an}?
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Table 12.3: The symmetrical equations of § 12.4.

Pou + Pray + Poag oV + ¢1a1 + ¢oaz
+ot+Ypa, = v + -+ ona, = u
1 1
0 £ — = & 0 £ — = 4,
# 7 0 #* o (0
¥ _h
5 O 5 -V
Y2 _ b _
o P2 b o
_Ym _ _Om
b~ Om % ~ m

To show that it does, we substitute into (12.9) the expression for u from
(12.11), obtaining the form

(Bo)(@oV + ¢1a1 + ¢poaz + - - + dpay,) + frag + feag + - - + Bpa, = b.

Collecting terms, this is

Bo¢ov + (50@51 + Bl)al + (ﬁo¢2 + 62)3—2 +- (B0¢m + ﬁm)am = b,

in which we see that, yes, b does indeed also lie in the latter space. Nat-
urally the problem’s u <> v symmetry then guarantees the converse, that
an arbitrary vector b which lies in the latter space also lies in the former.
Therefore, a vector b must lie in both spaces or neither, never just in one
or the other. The two spaces are, in fact, one and the same.

This leads to the following useful conclusion. Given a set of vectors

{u,aj,as,...,an},
one can safely replace the u by a new vector v, obtaining the new set
{V7 ap,ag, ... )am}a

provided that the replacement vector v includes at least a little of the re-
placed vector u (¢, # 0 in eqn. 12.10) and that v is otherwise an honest
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linear combination of the several vectors of the original set, untainted by
foreign contribution. Such vector replacement does not in any way alter the
space addressed. The new space is exactly the same as the old.

As a corollary, if the vectors of the original set happen to be linearly in-
dependent (§ 12.1), then the vectors of the new set are linearly independent,
too; for, if it were that

YoV + 7121 + a2+ -+ ymam =0

for nontrivial 7, and 7, then either +, = 0—impossible since that would
make the several aj themselves linearly dependent—or v, # 0, in which
case v would be a linear combination of the several a; alone. But if v were
a linear combination of the several aj alone, then (12.10) would still also
explicitly make v a linear combination of the same a; plus a nonzero multiple
of u. Yet both combinations cannot be, because according to § 12.1, two
distinct combinations among a set of independent vectors can never target
the same v. The contradiction proves false the assumption which gave rise
to it: that the vectors of the new set were linearly dependent. Hence the
vectors of the new set are equally as independent as the vectors of the old.

12.5 Rank

Sections 11.3.5 and 11.3.6 have introduced the rank-r identity matrix I,
where the integer r is the number of ones the matrix has along its main
diagonal. Other matrices have rank, too. Commonly, an n X n matrix has
rank r = n, but consider the matrix

5 1 6
3 6 9.
2 4 6

The third column of this matrix is the sum of the first and second columns.
Also, the third row is just two-thirds the second. Either way, by columns
or by rows, the matrix has only two independent vectors. The rank of this
3 X 3 matrix is not 7 = 3 but r = 2.

This section establishes properly the important concept of matrix rank.
The section demonstrates that every matrix has a definite, unambiguous
rank, and shows how this rank can be calculated.

To forestall potential confusion in the matter, we should immediately
observe that—Ilike the rest of this chapter but unlike some other parts of the
book—this section explicitly trades in exact numbers. If a matrix element
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here is 5, then it is exactly 5; if 0, then exactly 0. Many real-world matrices,
of course—especially matrices populated by measured data—can never truly
be exact, but that is not the point here. Here, the numbers are exact.'?

12.5.1 A logical maneuver

In § 12.5.2 we will execute a pretty logical maneuver, which one might name,
“the end justifies the means.”'> When embedded within a larger logical
construct as in § 12.5.2, the maneuver if unexpected can confuse, so this
subsection is to prepare the reader to expect the maneuver.

The logical maneuver follows this basic pattern.

If Py then Q. If P, then Q. If P53 then (). Which of P, P, and P3
are true is not known, but suppose that it is nevertheless known
that at least one of the three is true: P; or P, or P3. If this is so,
then—though one can draw no valid conclusion regarding any
one of the three conditions P;, P> or P3—one can still conclude
that their common object @ is true.

One valid way to prove @, then, would be to suppose P; and show that it
led to @); and then alternately to suppose P, and show that it separately led
to @; and then again to suppose P35 and show that it also led to . The final
step would be to show somehow that P;, P, and P; could not possibly all be
false at once. Herein, the means is to assert several individually suspicious
claims, none of which one actually means to prove. The end which justifies
the means is the conclusion (), which thereby one can and does prove.

It is a subtle maneuver. Once the reader feels that he grasps its logic,
he can proceed to the next subsection where the maneuver is put to use.'?

121t is false to suppose that because applied mathematics permits inexact or imprecise
quantities, like 3.0£0.1 inches for the length of your thumb, it also requires them. On the
contrary, the length of your thumb may indeed be 3.0 4 0.1 inches, but surely no triangle
has 3.04+0.1 sides! A triangle has exactly three sides. The ratio of a circle’s circumference
to its radius is exactly 2w. The author has exactly one brother. A construction contract
might require the builder to finish within exactly 180 days (though the actual construction
time might be an inexact ¢ = 172.6 £ 0.2 days), and so on. Exact quantities are every bit
as valid in applied mathematics as inexact or imprecise ones are. Where the distinction
matters, it is the applied mathematician’s responsibility to distinguish between the two
kinds of quantity.

13The maneuver’s name rings a bit sinister, does it not? However, the book is not here
setting forth an ethical proposition, but is merely previewing an abstract logical form the
mathematics of § 12.5.2 will use.

14Pure mathematics admittedly advantages the professional mathematician over the
scientific or engineering applicationist when logic like this subsection’s arrives. The writer,
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12.5.2 The impossibility of identity-matrix promotion

Consider the matrix equation
Al.B = 1. (12.12)

If r > s, then it is trivial to find matrices A and B for which (12.12) holds:
A = I, = B, for instance. If instead

r < s,

however, it is not so easy to find such matrices A and B. In fact it is impos-

sible. This subsection proves the impossibility. It shows that one cannot by

any row and column operations, reversible or otherwise, ever transform an

identity matriz into another identity matriz of greater rank (§ 11.3.5).
Equation (12.12) can be written in the form

(AL)B = I, (12.13)

where, because I, attacking from the right is the column truncation oper-
ator (§ 11.3.6), the product AI, is a matrix with an unspecified number of
rows but only r columns—or, more precisely, with no more than r nonzero
columns. Viewed this way, per § 11.1.3, B operates on the r columns of AI,
to produce the s columns of I.

The r columns of AI, are nothing more than the first through rth
columns of A. Let the symbols a1, as, ag, a4, as, . . . , a, denote these columns.
The s columns of I, then, are nothing more than the elementary vectors
e1,e2,€e3,€4,€5,...,€5 (§ 11.3.7). The claim (12.13) makes is thus that
the several vectors a; together address each of the several elementary vec-
tors e;j—that is, that a linear combination'®

bljal + ijaQ + bgjag + -+ brjar =€ (12.14)

exists for each e;, 1 < j < s.

The claim (12.14) will turn out to be false because there are too many e,
but to prove this, we shall assume for the moment that the claim were true.
The proof then is by contradiction,'® and it runs as follows.

an engineer inexpert in symbolic logic except in that restricted form in which the design
of digital electronics employs it, will not attempt a symbolic treatment here.

15Observe that unlike as in § 12.1, here we have not necessarily assumed that the
several ay are linearly independent.

16 As the reader will have observed by this point in the book, the technique—also called
reductio ad absurdum—is the usual mathematical technique to prove impossibility. One
assumes the falsehood to be true, then reasons toward a contradiction which proves the
assumption false. Section 6.1.1 among others has already illustrated the technique, but
the technique’s use here is more sophisticated.
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Consider the elementary vector e;. For j =1, (12.14) is
biiai + bo1as + bg1ag + - - - + b1a, = ey,

which says that the elementary vector e is a linear combination of the
several vectors

{a1,a9,a3,a4,a;5,...,a,}.
Because e; is a linear combination, according to § 12.4 one can safely replace
any of the vectors in the set by e; without altering the space addressed. For
example, replacing a; by ey,

{e17a27a3a a4, as, ... 7a7'}~

The only restriction per § 12.4 is that e; contain at least a little of the
vector ay, it replaces—that bx; # 0. Of course there is no guarantee specif-
ically that b;; # 0, so for e to replace a; might not be allowed. However,
inasmuch as e; is nonzero, then according to (12.14) at least one of the sev-
eral by also is nonzero; and if by is nonzero then e; can replace a;. Some
of the a; might indeed be forbidden, but never all; there is always at least
one a; which e; can replace. (For example, if a; were forbidden because
b11 = 0, then ag might be available instead because b3y # 0. In this case the
new set would be {aj,as,e1,a4,as5,...,a,}.)

Here comes the hard part. Here is where the logical maneuver of § 12.5.1
comes in. The book to this point has established no general method to tell
which of the several a; the elementary vector e; actually contains (§ 13.2
gives the method, but that section depends logically on this one, so we
cannot properly appeal to it here). According to (12.14), the vector e;
might contain some of the several a;, or all of them, but surely it contains
at least one of them. Therefore, even though it is illicit to replace an ay
by an e; which contains none of it, even though we have no idea which of
the several a; the vector e; contains, even though replacing the wrong ay
logically invalidates any conclusion which flows from the replacement, still
we can proceed with the proof—provided only that, in the end, we shall find
that the illicit choice of replacement and the licit choice had led alike to
the same, identical conclusion. If we do so find then—in the end—the logic
will demand of us only an assurance that some licit choice had existed at
the time the choice was or might have been made. The logic will never ask,
even in retrospect, which specific choice had been the licit one, for only the
complete absence of licit choices can threaten the present maneuver.

The claim (12.14) guarantees at least one licit choice. Whether as the
maneuver also demands, all the choices, licit and illicit, lead ultimately alike
to the same, identical conclusion remains to be determined.
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Now consider the elementary vector es. According to (12.14), eg lies in
the space addressed by the original set

{a17 ag,as, a4, as, . .. 7a7’}'
Therefore as we have seen, e, also lies in the space addressed by the new set
{ela a2,as3,a4,as,. .., ar}

(or {aj, as,e1,a4,as,...,a,}, or whatever the new set happens to be). That
is, not only do coefficients by exist such that

bioai + bogsas + byoag + - - - + boa, = es,
but also coefficients Bio exist such that

Br2e1 + Posag + Bigaz + - - - + frea, = es.

Again it is impossible for all the coefficients Sio to be zero but, moreover,
it is impossible for B2 to be the sole nonzero coefficient, for (as should
seem plain to the reader who grasps the concept of the elementary vector,
§ 11.3.7) no elementary vector can ever be a linear combination of other
elementary vectors alone! The linear combination which forms ey evidently
includes a nonzero multiple of at least one of the remaining aj. At least
one of the (o attached to an aj (not 12, which is attached to e1) must be
nonzero. Therefore by the same reasoning as before, we now choose an ay
with a nonzero coefficient iy # 0 and replace it by ey, obtaining an even
newer set of vectors like

{e17a2aa3a €2,as, ..., aT}-

This newer set addresses precisely the same space as the previous set, and
thus also as the original set.

And so it goes, replacing one a; by an e; at a time, until all the a;, are
gone and our set has become

{617627637 €4,€5, ... 7e’r’}7

which, as we have reasoned, addresses precisely the same space as did the
original set

{ai,a2,a3,a4,as,...,a,}.
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And this is the one, identical conclusion the maneuver of § 12.5.1 has de-
manded. All intermediate choices, by various paths licit and illicit, ul-
timately have led alike to the single conclusion of this paragraph, which
thereby is properly established.

Admittedly, such subtle logic may not be easy to discern. Here is an-
other, slightly different light by which to illuminate the question. Suppose
again that, by making exactly r replacements, we wish to convert the set

{ai,az,a3,a4,a5,...,a,}

into
{ela €2,€3,€4,€5,... 7e7‘}7

assuming again per § 12.4 that the several vectors aj of the original set,
taken together, address each of the elementary vectors ej, 1 < j < s, r <s.
Suppose further again that we wish per § 12.4 to convert the set without
altering the space the set addresses. To reach our goal, first we will put the
elementary vector e; in the place of one of the several vectors ag, then we
will put es in the place of one of the remaining ag; and so on until, at last,
we put e, in the place of the last remaining aj,. We will give the several e;,
1 < j < r, in their proper order but we might take the several a; in any
of r! distinct sequences: for instance, in the case that r = 3, we might take
the several a in any of the 3! = 6 distinct sequences

(a1,a2,a3); (ai,as3,a2); (az,ai,a3); (az,as,ar); (as,ar,az); (as,az, a);

except however that we might (or might not) find certain sequences block-
aded in the event. Blockaded? Well, consider for example the sequence
(ag,as,a;), and suppose that e; = 0a; + 4as — 2a3 and that es = ba; —
(1/2)e; + 0as (noticing that the latter already has e; on the right instead
of ag): in this case the sequence (ag,as,a;) is blockaded—which is to say,
forbidden—because, once e; has replaced as, since ey then contains none
of az, ey cannot according to § 12.4 replace az. [Actually, in this example,
both sequences beginning (ay, . ..) are blockaded, too, because the turn of e;
comes first and, at that time, e; contains none of a;.] Clear? No? Too many
subscripts? Well, there’s nothing for it: if you wish to understand then you
will simply have to trace all the subscripts out with your pencil; the example
cannot be made any simpler. Now, although some sequences might be block-
aded, no unblockaded sequence can run to a dead end, so to speak. After
each unblockaded replacement another replacement will always be possible.
The reason is as before: that, according to § 12.4, so long as each elementary
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vector e; in turn contains some of the vector it replaces, the replacement
cannot alter the space the set addresses; that the space by initial assump-
tion includes all the elementary vectors; that each elementary vector in turn
must therefore be found to contain at least one of the vectors then in the set;
that no elementary vector can be composed solely of other elementary vec-
tors; and, consequently, that each elementary vector in turn must be found
to contain at least one of the set’s then remaining aj. The logic though
slightly complicated is nonethemore escapable. The conclusion is that we
can indeed convert {ai,as,as,aq,as,...,a,} into {e1,es,e3,e4,€5,...,€,},
step by step, without altering the space addressed.

The conclusion leaves us with a problem, however. There remain more
ej, 1 < j <s, than there are a;, 1 < k < r, because, as we have stipulated,
r < s. Some elementary vectors ej, r < j < s, are evidently left over. Back
at the beginning of the section, the claim (12.14) made was that

{alaa27 asz, a4, as, . .. 737“}

together addressed each of the several elementary vectors e;. But as we
have seen, this amounts to a claim that

{e17e2>e37e47e51 ey er}

together addressed each of the several elementary vectors e;. Plainly this
is impossible with respect to the left-over e;, » < j < s. The contradiction
proves false the claim which gave rise to it. The false claim: that the
several a;, 1 <k < r, addressed all the ej, 1 < j <'s, even when r < s.

Equation (12.13), which is just (12.12) written differently, asserts that B
is a column operator which does precisely what we have just shown impossi-
ble: to combine the r columns of Al to yield the s columns of I, the latter
of which are just the elementary vectors e, ez, es,ey,€s5,...,es. Hence fi-
nally we conclude that no matrices A and B exist which satisfy (12.12) when
r < s. In other words, we conclude that although row and column operations
can demote identity matrices in rank, they can never promote them. The
promotion of identity matrices is impossible.

12.5.3 General matrix rank and its uniqueness

Step 8 of the Gauss-Jordan algorithm (§ 12.3.3) discovers a rank r for any
matrix A. One should like to think that this rank r were a definite property
of the matrix itself rather than some unreliable artifact of the algorithm,
but until now we have lacked the background theory to prove it. Now we
have the theory. Here is the proof.
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The proof begins with a formal definition of the quantity whose unique-
ness we are trying to prove.

e The rank r of an identity matrix I, is the number of ones along its
main diagonal. (This is from § 11.3.5.)

e The rank r of a general matrix A is the rank of an identity matrix I,
to which A can be reduced by reversible row and column operations.

Let the symbols B and B respectively represent the aforementioned re-

versible row and column operations:
BZ'B. =1=DB.B% 915
BZ'B.=1=B.BZ! (12.15)
< P T T PP

A matrix A has rank r if and only if row and column operations B~ and B.
exist such that

B>AB< - ITa

12.16
A= B;l[ngl' ( )

The question is whether in (12.16) only a single rank r is possible.
To answer the question, we suppose that another rank were possible,
that A had not only rank r but also rank s. Then,

A= BI'I,BZ,
A=GI'I,GZ
Combining these equations,
BI'IL.BZ' = GIULGC
Solving first for I,., then for I,
(B>GSNI(GZ'Bo) = I,
(G=BIHYI.(BZ'G.) = IL.
Were it that r # s, then one of these two equations would constitute the
demotion of an identity matrix and the other, a promotion. But according
to § 12.5.2 and its (12.12), promotion is impossible. Therefore r # s is also

impossible, and
r=s

is guaranteed. No matrix has two different ranks. Matriz rank is unique.
This finding has two immediate implications:
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e Reversible row and/or column operations exist to change any matrix
of rank r to any other matriz of the same rank. The reason is that,
according to (12.16), (12.2) and (12.3), reversible operations exist to
change both matrices to I, and back.

e No reversible operation can change a matrix’s rank.
The finding further suggests a conjecture:
e The matrices A, AT and A* share the same rank r.

The conjecture is proved by using (11.14) or (11.15) to compute the trans-
pose or adjoint of (12.16).

The discovery that every matrix has a single, unambiguous rank and the
establishment of a failproof algorithm—the Gauss-Jordan—to ascertain that
rank have not been easy to achieve, but they are important achievements
nonetheless, worth the effort thereto. The reason these achievements matter
is that the mere dimensionality of a matrix is a chimerical measure of the
matrix’s true size—as for instance for the 3 x 3 example matrix at the head
of the section. Matrix rank by contrast is a solid, dependable measure. We
will rely on it often.

Section 12.5.8 comments further.

12.5.4 The full-rank matrix

According to (12.5), the rank r of a dimension-limited matrix (§ 11.3.1)—let
us refer to it as a matriz (just to reduce excess verbiage)—can exceed the
number neither of the matrix’s rows nor of its columns. The greatest rank
possible for an m x n matrix is the lesser of m and n. A full-rank matrix,
then, is defined to be an m x n matrix with rank » = m or r = n—or, if
m = n, both. A matrix of less than full rank is a degenerate matrix.
Consider a tall m x n matrix C', m > n, one of whose n columns is a
linear combination (§ 12.1) of the others. One could by definition target the
dependent column with addition elementaries, using multiples of the other
columns to wipe the dependent column out. Having zeroed the dependent
column, one could then interchange it over to the matrix’s extreme right,
effectively throwing the column away, shrinking the matrix to m x (n — 1)
dimensionality. Shrinking the matrix necessarily also shrinks the bound on
the matrix’s rank to r < n—1—which is to say, to r < n. But the shrinkage,
done by reversible column operations, is itself reversible, by which § 12.5.3
binds the rank of the original, m x n matrix C' likewise to » < n. The
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matrix C, one of whose columns is a linear combination of the others, is
necessarily degenerate for this reason.

Now consider a tall matrix A with the same m x n dimensionality, but
with a full n independent columns. The transpose AT of such a matrix has
a full n independent rows. One of the conclusions of § 12.3.4 was that a
matrix of independent rows always has rank equal to the number of rows.
Since AT is such a matrix, its rank is a full » = n. But formally, what this
says is that there exist operators BZ and Bz such that I, = BZATBZ7 the
transpose of which equation is Bs AB. = I,—which in turn says that not
only AT, but also A itself, has full rank r = n.

Parallel reasoning rules the rows and columns of broad matrices, m < n,
of course. To square matrices, m = n, both lines of reasoning apply.

Gathering findings, we have that

e a tall m x n matrix, m > n, has full rank if and only if its columns are
linearly independent;

e a broad m x n matrix, m < n, has full rank if and only if its rows are
linearly independent;

e a square n X n matrix, m = n, has full rank if and only if its columns
and/or its rows are linearly independent; and

e a square matrix has both independent columns and independent rows,
or neither; never just one or the other.

To say that a matrix has full column rank is to say that it is tall or
square and has full rank r = n < m. To say that a matrix has full row
rank is to say that it is broad or square and has full rank r = m < n. Only
a square matrix can have full column rank and full row rank at the same
time, because a tall or broad matrix cannot but include, respectively, more
columns or more rows than I,.

Observe incidentally that extended operators, which per § 11.3.2 define
their m x n active regions differently, have infinite rank.

12.5.5 Underdetermined and overdetermined linear systems
(introduction)

The last paragraph of § 12.5.4 provokes yet further terminology. A lin-
ear system Ax = b is underdetermined if A lacks full column rank—that
is, if r < m—because inasmuch as some of A’s columns then depend lin-
early on the others such a system maps multiple n-element vectors x to the
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same m-element vector b, meaning that knowledge of b does not suffice to
determine x uniquely. Complementarily, a linear system Ax = b is overde-
termined if A lacks full row rank—that is, if » < m. If A lacks both, then
the system is paradoxically both underdetermined and overdetermined and
is thereby degenerate. If A happily has both, then the system is exactly
determined.

Section 13.2 solves the exactly determined linear system. Section 13.4
solves the nonoverdetermined linear system. Section 13.6 analyzes the un-
solvable overdetermined linear system among others. Further generalities
await chapter 13; but, regarding the overdetermined system specifically, the
present subsection would observe at least the few following facts.

An overdetermined linear system Ax = b cannot have a solution for
every possible m-element driving vector b. The truth of this claim can be
seen by decomposing the system’s matrix A by Gauss-Jordan and then left-
multiplying the decomposed system by G;l to reach the form

I,G.x = GI'b.

If the m-element vector ¢ = G;lb, then I,G.x = ¢, which is impossible
unless the last m — r elements of ¢ happen to be zero. But since G- is
invertible, each b corresponds to a unique ¢ and vice versa; so, if b is an
unrestricted m-element vector then so also is ¢, which verifies the claim.

Complementarily, a nonoverdetermined linear system Ax = b does have
a solution for every possible m-element driving vector b. This is so because
in this case the last m — r elements of ¢ do happen to be zero; or, better
stated, because c in this case has no nonzeros among its last m —r elements,
because it has no last m — r elements, for the trivial reason that r = m.

It is an analytical error, and an easy one innocently to commit, to require
that

Ax=Db

for unrestricted b when A lacks full row rank. The error is easy to commit
because the equation looks right, because such an equation is indeed valid
over a broad domain of b and might very well have been written correctly in
that context, only not in the context of unrestricted b. Analysis including
such an error can lead to subtly absurd conclusions. It is never such an
analytical error however to require that

Ax =0

because, whatever other solutions such a system might have, it has at least
the solution x = 0.
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12.5.6 The full-rank factorization

One sometimes finds dimension-limited matrices of less than full rank in-
convenient to handle. However, every dimension-limited, m x n matrix of
rank r can be expressed as the product of two full-rank matrices, one m x r
and the other r x n, both also of rank r:

A = BC. (12.17)

The truncated Gauss-Jordan (12.7) constitutes one such full-rank factoriza-
tion:. B = I,G-1I,., C = I,GI,, good for any matrix. Other full-rank
factorizations are possible, however, including among others the truncated
Gram-Schmidt (13.58). The full-rank factorization is not unique.!”

Of course, if an m x n matrix already has full rank » = m or r = n, then
the full-rank factorization is trivial: A = I,,A or A = Al,,.

Section 13.6.4 uses the full-rank factorization.

12.5.7 Full column rank and the Gauss-Jordan factors K
and S

The Gauss-Jordan decomposition (12.2),
A= PDLUILKS,

of a tall or square m x n matrix A of full column rank r = n < m always
finds the factor K = I, regardless of the pivots one chooses during the
Gauss-Jordan algorithm’s step 3. If one happens always to choose ¢ = i as
pivot column then not only K = I but S = I, too.

That K = I is seen by the algorithm’s step 12, which creates K. Step 12
nulls the spare columns ¢ > 7 that dress I’s right, but in this case I has
only r columns and therefore has no spare columns to null. Hence step 12
does nothing and K = 1.

That S = I comes immediately of choosing ¢ = ¢ for pivot column dur-
ing each iterative instance of the algorithm’s step 3. But, one must ask, can
one choose so? What if column ¢ = ¢ were unusable? That is, what if the
only nonzero elements remaining in I’s ith column stood above the main
diagonal, unavailable for step 4 to bring to pivot? Well, were it so, then one
would indeed have to choose ¢ # i to swap the unusable column away right-
ward, but see: nothing in the algorithm later fills such a column’s zeros with
anything else—they remain zeros—so swapping the column away rightward

'7[11, § 3.3][102, “Moore-Penrose generalized inverse”]
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could only delay the crisis. The column would remain unusable. Eventually
the column would reappear on pivot when no usable column rightward re-
mained available to swap it with, which contrary to our assumption would
mean precisely that r < n. Such contradiction can only imply that if r = n
then no unusable column can ever appear. One need not swap. We con-
clude that though one might voluntarily choose q # i during the algorithm’s
step 3, the algorithm cannot force one to do so if ¥ = n. Yet if one always
does choose ¢ = i, as the full-column-rank matrix A evidently leaves one
free to do, then indeed S = I.

Theoretically, the Gauss-Jordan decomposition (12.2) includes the fac-
tors K and S precisely to handle matrices with more columns than rank.
Matrices of full column rank r = n, common in applications, by definition
have no such problem. Therefore, the Gauss-Jordan decomposition theoret-
ically needs no K or S for such matrices, which fact lets us abbreviate the
decomposition for such matrices to read

A= PDLUI,. (12.18)

Observe however that just because one theoretically can set S = I does
not mean that one actually should. The column permutor S exists to be
used, after all—especially numerically to avoid small pivots during early
invocations of the algorithm’s step 5. Equation (12.18) is not mandatory
but optional for a matrix A of full column rank (though still » = n and thus
K =TI for such a matrix, even when the unabbreviated eqn. 12.2 is used).
There are however times when it is nice to know that one theoretically could,
if doing exact arithmetic, set S = I if one wanted to.

Since PDLU acts as a row operator, (12.18) implies that each row of the
square, n X n matrix A whose rank r = n is full lies in the space the rows
of I, address. This is obvious and boring, but interesting is the converse
implication of (12.18)’s complementary form,

UL 'D7ptA=1,,

that each row of I,, lies in the space the rows of A address. The rows of I,
and the rows of A evidently address the same space. One can moreover say
the same of A’s columns since, according to § 12.5.3, AT has full rank just
as A does. In the whole, if a matriz A is square and has full rank r = n,
then A’s columns together, A’s rows together, I,,’s columns together and I,,’s
rows together each address the same, complete n-dimensional space.
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12.5.8 The significance of rank uniqueness

The result of § 12.5.3, that matrix rank is unique, is an extremely important
matrix theorem. It constitutes the chapter’s chief result, which we have
spent so many pages to attain. Without this theorem, the very concept
of matrix rank must remain in doubt, along with all that attends to the
concept. The theorem is the rock upon which the general theory of the
matrix is built.

The concept underlying the theorem promotes the useful sensibility that
a matrix’s rank, much more than its mere dimensionality or the extent of its
active region, represents the matrix’s true size. Dimensionality can deceive,
after all. For example, the honest 2 x 2 matrix

5 1

3 6
has two independent rows or, alternately, two independent columns, and,
hence, rank r = 2. One can easily construct a phony 3 x 3 matrix from

the honest 2 x 2, however, simply by applying some 3 x 3 row and column
elementaries:

5 1 5 1 6
T(2/3)[32][3 6}T1[13]T1[23]= 2 i 2 .

The 3 x 3 matrix on the equation’s right is the one we met at the head
of the section. It looks like a rank-three matrix, but really has only two
independent columns and two independent rows. Its true rank is r = 2. We
have here caught a matrix impostor pretending to be bigger than it really
is. 18

Now, admittedly, adjectives like “honest” and “phony,” terms like “im-
poster,” are a bit hyperbolic. The last paragraph has used them to convey

18 An applied mathematician with some matrix experience actually probably recognizes
this particular 3 X 3 matrix as a fraud on sight, but it is a very simple example. No one
can just look at some arbitrary matrix and instantly perceive its true rank. Consider for
instance the 5 x 5 matrix (in hexadecimal notation)

12 9 31 0
3 F 15
2 2 2 2 12
D 9 -19 -% -6
-2 0 6 1 5
1 -4 4 1 -8

As the reader can verify by the Gauss-Jordan algorithm, the matrix’s rank is not r = 5
but r = 4.
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the subjective sense of the matter, but of course there is nothing mathemat-
ically improper or illegal about a matrix of less than full rank so long as the
true rank is correctly recognized. When one models a physical phenomenon
by a set of equations, one sometimes is dismayed to discover that one of the
equations, thought to be independent, is really just a useless combination
of the others. This can happen in matrix work, too. The rank of a matrix
helps one to recognize how many truly independent vectors, dimensions or
equations one actually has available to work with, rather than how many
seem available at first glance. Such is the sense of matrix rank.
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Chapter 13

Inversion and
orthonormalization

The undeniably tedious chapters 11 and 12 have piled the matrix theory
deep while affording scant practical reward. Building upon the two tedious
chapters, this chapter brings the first rewarding matrix work.

One might be forgiven for forgetting after so many pages of abstract the-
ory that the matrix afforded any reward or had any use at all. Uses however
it has. Sections 11.1.1 and 12.5.5 have already broached! the matrix’s most
basic use, the primary subject of this chapter, to represent a system of m
linear scalar equations in n unknowns neatly as

Ax=Db

and to solve the whole system at once by inverting the matrix A that char-
acterizes it.

Now, before we go on, we want to confess that such a use alone, on
the surface of it—though interesting—might not have justified the whole
uncomfortable bulk of chapters 11 and 12. We already knew how to solve a
simultaneous system of linear scalar equations in principle without recourse
to the formality of a matrix, after all, as in the last step to derive (3.9) as
far back as chapter 3. Why should we have suffered two bulky chapters, if
only to prepare to do here something we already knew how to do?

The question is a fair one, but admits at least four answers. First,
the matrix neatly solves a linear system not only for a particular driving
vector b but for all possible driving vectors b at one stroke, as this chapter

!The reader who has skipped chapter 12 might at least review § 12.5.5.

373
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explains. Second and yet more impressively, the matrix allows § 13.6 to
introduce the pseudoinverse to approximate the solution to an unsolvable
linear system and, moreover, to do so both optimally and efficiently, whereas
such overdetermined systems arise commonly in applications. Third, to solve
the linear system neatly is only the primary and most straightforward use
of the matrix, not its only use: the even more interesting eigenvalue and its
incidents await chapter 14. Fourth, specific applications aside, one should
never underestimate the blunt practical benefit of reducing an arbitrarily
large grid of scalars to a single symbol A, which one can then manipulate by
known algebraic rules. Most students first learning the matrix have probably
wondered at this stage whether it were worth all the tedium; so, if the reader
now wonders, then he stands in good company. The matrix finally begins
to show its worth here.

The chapter opens in § 13.1 by inverting the square matrix to solve the
exactly determined, n X n linear system in § 13.2. It continues in § 13.3 by
computing the rectangular matrix’s kernel to solve the nonoverdetermined,
m X n linear system in § 13.4. In § 13.6, it brings forth the aforementioned
pseudoinverse, which rightly approximates the solution to the unsolvable
overdetermined linear system. After briefly revisiting the Newton-Raphson
iteration in § 13.7, it concludes by introducing the concept and practice of
vector orthonormalization in §§ 13.8 through 13.12.

13.1 Inverting the square matrix

Consider an n x n square matrix A of full rank » = n. Suppose that extended
operators G, G, G;l and Gzl can be found, each with an n x n active



13.1. INVERTING THE SQUARE MATRIX 375

region (§ 11.3.2), such that?

G;1G> = I = G>G;1,
G'G.=T=G.GZ, (13.1)
A = G>InG<.

Observing from (11.31) that

A= A = Al,
L,G2'cT! = ¢2'n,e3t = aZlasln,

we find by successive steps that

A = CTY>ITLG<7

InA - G>G<In,
G'GI' L, A = I,
(GMRGIN(A) = I

2The symbology and associated terminology might disorient a reader who had skipped
chapters 11 and 12. In this book, the symbol I theoretically represents an oo X oo identity
matrix. Outside the m X m or n X n square, the operators G~ and G« each resemble
the oo X 0o identity matrix I, which means that the operators affect respectively only the
first m rows or n columns of the thing they operate on. (In the present section it happens
that m = n because the matrix A of interest is square, but this footnote uses both symbols
because generally m # n.)

The symbol I, contrarily represents an identity matrix of only r ones, though it too
can be viewed as an oo X oo matrix with zeros in the unused regions. If interpreted as
an oo X oo matrix, the matrix A of the m x n system Ax = b has nonzero content only
within the m X n rectangle.

None of this is complicated, really. Its purpose is merely to separate the essential features
of a reversible operation like G~ or G< from the dimensionality of the vector or matrix on
which the operation happens to operate. The definitions do however necessarily, slightly
diverge from definitions the reader may have been used to seeing in other books. In this
book, one can legally multiply any two matrices, because all matrices are theoretically
00 X 00, anyway (though whether it makes any sense in a given circumstance to multiply
mismatched matrices is another question; sometimes it does make sense, as in eqns. 13.25
and 14.50, but more often it does not—which naturally is why the other books tend to
forbid such multiplication).

To the extent that the definitions confuse, the reader might briefly review the earlier
chapters, especially § 11.3.
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or alternately that

A = G-I,G.,
AlL, = I,G-G.,
ALGZ'GTH = I,
(A)(GZ'LGSYH = 1.
Either way, we have that
ATA =1, =447,

13.2
Al =G2LGS (132)

Of course, for this to work, G-, G-, G;l and Gzl must exist, be known
and honor n x n active regions, which might seem a practical hurdle. How-
ever, (12.2), (12.3) and the body of § 12.3 have shown exactly how to find
just such a G-, G, G’;l and G;l for any square matrix A of full rank,
without exception; so, there is no trouble here. The factors do exist, and
indeed we know how to find them.

Equation (13.2) features the important matrix A=, the rank-n inverse
of A.

We have not yet much studied the rank-n inverse, but have at least de-
fined it in (11.49), where we gave it the fuller, nonstandard notation A~1("),
When naming the rank-n inverse in words one usually says simply, “the in-
verse,” because the rank is implied by the size of the square active region
of the matrix inverted; but the rank-n inverse from (11.49) is not quite the
infinite-dimensional inverse from (11.45), which is what GZ' and GZ! are.
According to (13.2), the product of A~! and A—or, written more fully, the
product of A=Y and A—is, not I, but I,,.

Properties that emerge from (13.2) include the following.

e Like A, the rank-n inverse A~! (more fully written as Ail(”)) too is
an n X n square matrix of full rank r = n.

e Since A is square and has full rank (§ 12.5.4), its rows and, separately,
its columns are linearly independent, so it has only the one, unique
inverse A~!. No other rank-n inverse of A exists.

e On the other hand, inasmuch as A is square and has full rank, it does
per (13.2) indeed have an inverse A~!. The rank-n inverse exists.

e If B = A"! then B~! = A. That is, A is itself the rank-n inverse
of A=, The matrices A and A~! thus form an exclusive, reciprocal
pair.
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e If B is an n X n square matrix and either BA = I, or AB = I,,, then
both equalities in fact hold; thus, B = A~!. One can have neither
equality without the other.

e Only a square, n x n matrix of full rank » = n has a rank-n inverse.
A matrix A’ which is not square, or whose rank falls short of a full
r = n, is not invertible in the rank-n sense of (13.2).

That A~ is an n x n square matrix of full rank and that A is itself the
inverse of A~! proceed from the definition (13.2) of A~! plus § 12.5.3’s find-
ing that reversible operations like GS' and GZ! cannot change I,’s rank.
That the inverse exists is plain, inasmuch as the Gauss-Jordan decompo-
sition plus (13.2) reliably calculate it. That the inverse is unique begins
from § 12.5.4’s observation that the columns (like the rows) of A are lin-
early independent because A is square and has full rank. From this begin-
ning and the fact that I, = AA~!, it follows that [A~!].; represents® the
one and only possible combination of A’s columns which achieves e, that
[A~1],2 represents the one and only possible combination of A’s columns
which achieves e, and so on through e,. One could observe likewise re-
specting the independent rows of A. Either way, A~! is unique. Moreover,
no other n x n matrix B # A~! satisfies either requirement of (13.2)—that
BA = I, or that AB = I,,—much less both.

It is not claimed that the matrix factors G~ and G themselves are
unique, incidentally. On the contrary, many different pairs of matrix fac-
tors G~ and G< can yield A = G- I,,G<, no less than that many different
pairs of scalar factors v~ and < can yield a = v~ 17.. Though the Gauss-
Jordan decomposition is a convenient means to G~ and G, it is hardly the
only means, and any proper G~ and G« found by any means will serve so
long as they satisfy (13.1). What are unique are not the factors but the A
and A~! they produce.

What of the degenerate n x n square matrix A’, of rank r < n? Rank
promotion is impossible as §§ 12.5.2 and 12.5.3 have shown, so in the sense
of (13.2) such a matrix has no inverse; for, if it had, then A’~! would by def-
inition represent a row or column operation which impossibly promoted A’
to the full rank r = n of I,,. Indeed, in that it has no inverse such a degen-
erate matrix resembles the scalar 0, which has no reciprocal. Mathematical
convention owns a special name for a square matrix which is degenerate and
thus has no inverse; it calls it a singular matrix.

3The notation [A™'],; means “the jth column of A~'.” Refer to § 11.1.3.
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And what of a rectangular matrix? Is it degenerate? Well, no, not
exactly, not necessarily. The definitions of the present particular section
are meant for square matrices; they do not neatly apply to nonsquare ones.
Refer to §§ 12.5.3 and 12.5.4. However, appending the right number of
null rows or columns to a nonsquare matrix does turn it into a degenerate
square, in which case the preceding argument applies. See also §§ 12.5.5,
13.4 and 13.6.

13.2 The exactly determined linear system
Section 11.1.1 has shown how the single matrix equation
Ax=Db (13.3)

concisely represents an entire simultaneous system of linear scalar equa-
tions. If the system has n scalar equations and n scalar unknowns, then
the matrix A has square, n x n dimensionality. Furthermore, if the n scalar
equations are independent of one another, then the rows of A are similarly
independent, which gives A full rank and makes it invertible. Under these
conditions, one can solve (13.3) and the corresponding system of linear scalar
equations by left-multiplying (13.3) by the A~! of (13.2) and (13.1) to reach
the famous formula

x = A"'b. (13.4)

Inverting the square matrix A of scalar coefficients, (13.4) concisely solves
a simultaneous system of n linear scalar equations in n scalar unknowns. It
is the classic motivational result of matrix theory.

It has taken the book two long chapters to reach (13.4). If one omits
first to prepare the theoretical ground sufficiently to support more advanced
matrix work, then one can indeed reach (13.4) with rather less effort than
the book has done.* As the chapter’s introduction has observed, however, we

4For motivational reasons, introductory, tutorial linear algebra textbooks like [61]
and [83] rightly yet invariably invert the general square matrix of full rank much earlier,
reaching (13.4) with less effort. The deferred price the student pays for the simpler-seeming
approach of the tutorials is twofold. First, the student fails to develop the Gauss-Jordan
decomposition properly, instead learning the less elegant but easier to grasp “row echelon
form” of “Gaussian elimination” [61, chapter 1][83, § 1.2]—which makes good matrix-
arithmetic drill but leaves the student imperfectly prepared when the time comes to study
kernels and eigensolutions or to read and write matrix-handling computer code. Second,
in the long run the tutorials save no effort, because the student still must at some point
develop the theory underlying matrix rank and supporting each of the several coincident
properties of § 14.2. What the tutorials do is pedagogically necessary—it is how the
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shall soon meet additional interesting applications of the matrix which in any
case require the theoretical ground to have been prepared. Equation (13.4)
is only the first fruit of the effort.

Where the inverse does not exist, where the square matrix A is singu-
lar, the rows of the matrix are linearly dependent, meaning that the cor-
responding system actually contains fewer than n useful scalar equations.
Depending on the value of the driving vector b, the superfluous equations
either merely reproduce or flatly contradict information the other equations
already supply. Either way, no unique solution to a linear system described
by a singular square matrix is possible—though a good approximate solu-
tion is given by the pseudoinverse of § 13.6. In the language of § 12.5.5, the
singular square matrix characterizes a system that is both underdetermined
and overdetermined, and thus degenerate.

13.3 The kernel

If a matrix A has full column rank (§ 12.5.4), then the columns of A are
linearly independent and
Ax =0 (13.5)

is impossible if I,x # 0. If the matrix however lacks full column rank
then (13.5) is possible even if I,x # 0. In either case, any n-element x
(including x = 0) that satisfies (13.5) belongs to the kernel of A.

Let A be an m x n matrix of rank r. A second matrix,> A%, minimally
represents the kernel of A if and only if

e AKX has n x (n — r) dimensionality (which gives AX tall rectangular
form unless r = 0),

writer first learned the matrix and probably how the reader first learned it, too—but it is
appropriate to a tutorial, not to a study reference like this book.

In this book, where derivations prevail, the proper place to invert the general square
matrix of full rank is here. Indeed, the inversion here goes smoothly, because chapters 11
and 12 have laid under it a firm foundation upon which—and supplied it the right tools
with which—to work.

®The conventional mathematical notation for the kernel of A is ker{A}, null{A} or
something nearly resembling one of the two—the notation seems to vary from editor
to editor—which technically represent the kernel space itself, as opposed to the nota-
tion A¥ which represents a matrix whose columns address the kernel space. This book
deémphasizes the distinction and prefers the kernel matrix notation AX.

If we were really precise, we might write not A¥ but AX™ to match the A=)
of (11.49). The abbreviated notation A® is probably clear enough for most practical
purposes, though, and surely more comprehensible to those who do not happen to have
read this particular book.
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e AKX has full rank n — r (that is, the columns of AX are linearly inde-
pendent, which gives AX full column rank), and

o AK satisfies the equation
AAK = o. (13.6)

The n—r independent columns of the kernel matrix A% address the complete
space x = AXa of vectors in the kernel, where the (n — r)-element vector a
can have any value. In symbols,

Ax = A(A¥a) = (4A%)a = 0.

The definition does not pretend that the kernel matrix AX is unique.
Except when A has full column rank the kernel matrix is not unique; there
are infinitely many kernel matrices A¥ to choose from for a given matrix A.
What is unique is not the kernel matrix but rather the space its columns
address, and it is the latter space rather than A¥ as such that is technically
the kernel (if you forget and call A “a kernel,” though, you'll be all right).

The Gauss-Jordan kernel formula®

AR = s 'K-'H, I, , =GZ'H, I, (13.7)

gives a complete kernel AX of A, where S~', K~! and Gzl are the factors
their respective symbols indicate of the Gauss-Jordan decomposition’s com-
plementary form (12.3) and H, is the shift operator of § 11.9. Section 13.3.1
derives the formula, next.

13.3.1 The Gauss-Jordan kernel formula

To derive (13.7) is not easy. It begins from the statement of the linear
System
Ax = b, where b = 0 or r = m, or both; (13.8)

and where b and x are respectively m- and n-element vectors and A is an
m X n matrix of rank r. This statement is broader than (13.5) requires but
it serves § 13.4, too; so, for the moment, for generality’s sake, we leave b un-
specified but by the given proviso. Gauss-Jordan factoring A, by successive
steps,

G>I7~KSX = b,
I,KSx = G3I'b,
(K -1)Sx+1,8x = GI'b.

5The name Gauss-Jordan kernel formula is not standard as far as the writer is aware,
but we would like a name for (13.7). This name seems as fitting as any.
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Applying an identity from Table 12.2 on page 352,
I.K(I, — I,)Sx + I,Sx = G'b.
Rearranging terms,
I.Sx = GZ'b — I, K (I, — I,)Sx. (13.9)

Equation (13.9) is interesting. It has Sx on both sides, where Sx is
the vector x with elements reordered in some particular way. The equation
has however on the left only I,.5x, which is the first r elements of Sx; and
on the right only (I,, — I,,)Sx, which is the remaining n — r elements.” No
element of Sx appears on both sides. Naturally this is no accident; we have
(probably after some trial and error not recorded here) planned the steps
leading to (13.9) to achieve precisely this effect. Equation (13.9) implies that
one can choose the last n —r elements of Sx freely, but that the choice then
determines the first r elements.

The implication is significant. To express the implication more clearly
we can rewrite (13.9) in the improved form

f=GZ'b - I,KH,a,

f
Sx = =f+ H,a,
: [ a ] e (13.10)
f = I,.5x,
a=H_,(I, - I,)Sx,
where a represents the n — r free elements of Sx and f represents the r
dependent elements. This makes f and thereby also x functions of the free
parameter a and the driving vector b:
f(a,b) = GI'b — I,KH,a,
13.11
Sx(a,b) = [ .5) ] _f(a,b) + Ha. (13.11)

If b =0 as (13.5) requires, then
f(a,0) = —I,KH,a,

Sx(a,0) = [ fla.0) ] _ £(a,0) + Ha.

"Notice how we now associate the factor (I, — I) rightward as a row truncator, though
it had first entered acting leftward as a column truncator. The flexibility to reassociate
operators in such a way is one of many good reasons chapters 11 and 12 have gone to such
considerable trouble to develop the basic theory of the matrix.
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Substituting the first line into the second,
Sx(a,0) = (I —I,K)H,a. (13.12)

In the event that a = e;, where 1 < j <n —r,

Sx(e;,0) = (I — I,K)H,e;.

For all the e; at once,
Sx(Ip—r,0) = -1, K)H I,,_.

But if all the e; at once—that is, if all the columns of I,,_,—exactly address
the domain of a, then the columns of x(I,_,,0) likewise exactly address
the range of x(a,0). Equation (13.6) has already named this range A%, by
which®

SAK = (I - LK H,I,,_,. (13.13)

Left-multiplying by
St =g*=g" (13.14)

produces the alternate kernel formula

AK = s Y1 - I,LK)H, I, .. (13.15)

8These are difficult steps. How does one justify replacing a by e;, then e; by I,—.,
then x by A®? One justifies them in that the columns of I,,_, are the several e;, of which
any (n — r)-element vector a can be constructed as the linear combination

n—r
a=I, ,ra=[e e e -+ ep_r ]a:E aje;
i=1

weighted by the elements of a. Seen from one perspective, this seems trivial; from another
perspective, baffling; until one grasps what is really going on here.

The idea is that if we can solve the problem for each elementary vector e;—that is,
in aggregate, if we can solve the problem for the identity matrix I,—,—then we shall
implicitly have solved it for every a because a is a weighted combination of the e; and the
whole problem is linear. The solution

K
x=A"a

for a given choice of a becomes a weighted combination of the solutions for each e;, with
the elements of a again as the weights. And what are the solutions for each e;7 Answer:
the corresponding columns of AX, which by definition are the independent values of x
that cause b = 0.
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The alternate kernel formula (13.15) is correct but not as simple as it
could be. By the identity (11.76), eqn. (13.13) is

SAK = (I—-ILK)(I,—I)H,
= [(In—I,) — LK(I, — I,)|H,
= [(In—I) — (K - DH,, (13.16)

where we have used Table 12.2 again in the last step. How to proceed
symbolically from (13.16) is not obvious, but if one sketches the matrices
of (13.16) schematically with a pencil, and if one remembers that K~ is
just K with elements off the main diagonal negated, then it appears that

SAK = K~'H,.I,,_,. (13.17)

The appearance is not entirely convincing,? but (13.17) though unproven still
helps because it posits a hypothesis toward which to target the analysis.

Two variations on the identities of Table 12.2 also help. First, from the
identity that

K+ K!
%:[7

we have that
K—-I=I-K% (13.18)

Second, right-multiplying by I, the identity that
LKYI,-L)=K'-1
and canceling terms, we have that
K'I. =1, (13.19)

(which actually is pretty obvious if you think about it, since all of K’s
interesting content lies by construction right of its rth column). Now we
have enough to go on with. Substituting (13.18) and (13.19) into (13.16)
yields that

SAR =[(I, - K~'I,) - (I - K Y)]H,.

Adding 0 = K—'I,H, — K~'I,,H, and rearranging terms,

SAK = K~YI, - I)H, + [K~' = K7'I, - I + I,]H,.

9Well, no, actually, the appearance pretty much is entirely convincing, but let us finish
the proof symbolically nonetheless.



384 CHAPTER 13. INVERSION AND ORTHONORMALIZATION

Factoring,
SAK = K=Y, - I)H, + (K~ = I)(I — 1,,)]H,.
According to Table 12.2, the quantity in square brackets is zero, so
SAK = K-Y(1, - I)H,,

which, considering that the identity (11.76) has that (I, — I, )H, = H,I,,—,
proves (13.17). The final step is to left-multiply (13.17) by S=! = §* = ST,
reaching (13.7) that was to be derived.

One would like to feel sure that the columns of (13.7)’s AK actually
addressed the whole kernel space of A rather than only part. One would
further like to feel sure that A% had no redundant columns; that is, that it
had full rank. Moreover, the definition of AX in the section’s introduction
demands both of these features. In general such features would be hard
to establish, but here the factors conveniently are Gauss-Jordan factors.
Regarding the whole kernel space, A addresses it because AX comes from
all a. Regarding redundancy, AX lacks it because SAX lacks it, and SAK
lacks it because according to (13.13) the last rows of SAX are H,I,,_,. So,
in fact, (13.7) has both features and does fit the definition.

13.3.2 Converting between kernel matrices

If C is a reversible (n—r) x (n—r) operator by which we right-multiply (13.6),
then the matrix
AR = AKC (13.20)

like AX evidently represents the kernel of A:
AA'E = A(AKC) = (AAK)C = 0.

Indeed this makes sense: because the columns of AXC address the same
space the columns of AX address, the two matrices necessarily represent the
same underlying kernel. Moreover, some C' exists to convert A% into every
alternate kernel matrix A’% of A. We know this because § 12.4 lets one
replace the columns of AX with those of A’K| reversibly, one column at a
time, without altering the space addressed. (It might not let one replace the
columns in sequence, but if out of sequence then a reversible permutation
at the end corrects the order. Refer to §§ 12.5.1 and 12.5.2 for the pattern
by which this is done.)

The orthonormalizing column operator R~! of (13.56) below incidentally
tends to make a good choice for C.
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13.3.3 The degree of freedom

A slightly vague but extraordinarily useful concept has emerged in this sec-
tion, worth pausing briefly to appreciate. The concept is the concept of the
degree of freedom.

A degree of freedom is a parameter one remains free to determine within
some continuous domain. For example, Napoleon’s artillerist'® might have
enjoyed as many as six degrees of freedom in firing a cannonball: two in
where he chose to set up his cannon (one degree in north-south position, one
in east-west); two in aim (azimuth and elevation); one in muzzle velocity (as
governed by the quantity of gunpowder used to propel the ball); and one
in time. A seventh potential degree of freedom, the height from which the
artillerist fires, is of course restricted by the lay of the land: the artillerist
can fire from a high place only if the place he has chosen to fire from happens
to be up on a hill, for Napoleon had no flying cannon. Yet even among the
six remaining degrees of freedom, the artillerist might find some impractical
to exercise. The artillerist probably preloads the cannon always with a
standard charge of gunpowder because, when he finds his target in the field,
he cannot spare the time to unload the cannon and alter the charge: this
costs one degree of freedom. Likewise, the artillerist must limber up the
cannon and hitch it to a horse to shift it to better ground; for this too
he cannot spare time in the heat of battle: this costs two degrees. And
Napoleon might yell, “Fire!” canceling the time degree as well. Two degrees
of freedom remain to the artillerist; but, since exactly two degrees are needed
to hit some particular target on the battlefield, the two are enough.

Now consider what happens if the artillerist loses one of his last two
remaining degrees of freedom. Maybe the cannon’s carriage wheel is broken
and the artillerist can no longer turn the cannon; that is, he can still choose
firing elevation but no longer azimuth. In such a strait to hit some particular
target on the battlefield, the artillerist needs somehow to recover another
degree of freedom, for he needs two but has only one. If he disregards
Napoleon’s order, “Fire!” (maybe not a wise thing to do, but, anyway, .. .)
and waits for the target to traverse the cannon’s fixed line of fire, then he
can still hope to hit even with the broken carriage wheel; for could he choose
neither azimuth nor the moment to fire, then he would almost surely miss.

Some apparent degrees of freedom are not real. For example, muzzle
velocity gives the artillerist little control firing elevation does not also give.

10The author, who has never fired an artillery piece (unless an arrow from a Boy Scout
bow counts), invites any real artillerist among the readership to write in to improve the
example.
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Other degrees of freedom are nonlinear in effect: a certain firing elevation
gives maximum range; nearer targets can be hit by firing either higher or
lower at the artillerist’s discretion. On the other hand, too much gunpowder
might break the cannon.

All of this is hard to generalize in unambiguous mathematical terms,
but the count of the degrees of freedom in a system is of high conceptual
importance to the engineer nonetheless. Basically, the count captures the
idea that to control n output variables of some system takes at least n in-
dependent input variables. The n may possibly for various reasons still not
suffice—it might be wise in some cases to allow n + 1 or n 4+ 2—but in no
event will fewer than n do. Engineers of all kinds think in this way: an
aeronautical engineer knows in advance that an airplane needs at least n
ailerons, rudders and other control surfaces for the pilot adequately to con-
trol the airplane; an electrical engineer knows in advance that a circuit needs
at least n potentiometers for the technician adequately to tune the circuit;
and so on.

In geometry, a line brings a single degree of freedom. A plane brings
two. A point brings none. If the line bends and turns like a mountain
road, it still brings a single degree of freedom. And if the road reaches
an intersection? Answer: still one degree. A degree of freedom has some
continuous nature, not merely a discrete choice to turn left or right. On
the other hand, a swimmer in a swimming pool enjoys three degrees of
freedom (up-down, north-south, east-west) even though his domain in any
of the three is limited to the small volume of the pool. The driver on the
mountain road cannot claim a second degree of freedom at the mountain
intersection (he can indeed claim a choice, but the choice being discrete
lacks the proper character of a degree of freedom), but he might plausibly
claim a second degree of freedom upon reaching the city, where the web or
grid of streets is dense enough to approximate access to any point on the
city’s surface. Just how many streets it takes to turn the driver’s “line”
experience into a “plane” experience is a matter for the mathematician’s
discretion.

Reviewing (13.11), we find n—r degrees of freedom in the general under-
determined linear system, represented by the n — r free elements of a. If the
underdetermined system is not also overdetermined, if it is nondegenerate
such that » = m, then it is guaranteed to have a family of solutions x. This
family is the topic of the next section.
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13.4 The nonoverdetermined linear system

The exactly determined linear system of § 13.2 is common, but also common
is the more general, nonoverdetermined linear system

Ax = b, (13.21)

in which b is a known, m-element vector; x is an unknown, n-element vector;
and A is a square or broad, m x n matrix of full row rank (§ 12.5.4)

r=m<n. (13.22)

Except in the exactly determined edge case » = m = n of § 13.2, the
nonoverdetermined linear system has no unique solution but rather a family
of solutions. This section delineates the family.

13.4.1 Particular and homogeneous solutions

The nonoverdetermined linear system (13.21) by definition admits more than
one solution x for a given driving vector b. Such a system is hard to solve
all at once, though, so we prefer to split the system as

AX1 = b,
A(ARa) =0, (13.23)

x =x; + A¥a,

which, when the second line is added to the first and the third is substi-
tuted, makes the whole form (13.21). Splitting the system does not change
it but does let us treat the system’s first and second lines in (13.23) sepa-
rately. In the split form, the symbol x; represents any one n-element vector
that happens to satisfy the form’s first line—many are possible; the mathe-
matician just picks one—and is called a particular solution of (13.21). The
(n — r)-element vector a remains unspecified, whereupon A% a represents
the complete family of n-element vectors that satisfy the form’s second line.
The family of vectors expressible as A¥a is called the homogeneous solution
of (13.21).

Notice the italicized articles a and the.

The Gauss-Jordan kernel formula (13.7) has given us A% and thereby
the homogeneous solution, which renders the analysis of (13.21) already half
done. To complete the analysis, it remains in § 13.4.2 to find a particular
solution.
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13.4.2 A particular solution

Any particular solution will do. Equation (13.11) has that
f(a,b) = G3'b — I,KH,a,
(S) [x1(a,b) + AKa] = [ f(aa’lb) } — f(a,b) + H,a,
where we have substituted the last line of (13.23) for x. This holds for any a

and b. We are not free to choose the driving vector b, but since we need
only one particular solution, a can be anything we want. Why not

a=207
Then
f(0,b) = GZ'b,
Sx1(0,b) = [ f(o(’)b) ] _ £(0,b).
That is,

x; = ST'GI'b. (13.24)

13.4.3 The general solution

Assembling (13.7), (13.23) and (13.24) in light of (12.3) yields the general
solution

x=S"YGI'b+ K H,I,,_,a) (13.25)

to the nonoverdetermined linear system (13.21).

In exact arithmetic (13.25) solves the nonoverdetermined linear system
in theory exactly. Therefore (13.25) properly concludes the section. Never-
theless, one should like to add a significant practical observation regarding
inexact arithmetic as follows.

Practical calculations are usually done in inexact arithmetic insofar as
they are done in the limited precision of a computer’s floating-point regis-
ters. Exceptions are possible—exact-arithmetic libraries are available for a
programmer to call—but exact-arithmetic libraries are slow and memory-
intensive and, for this reason among others, are only occasionally used in
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practice. When they are not used, compounded rounding error in a floating-
point register’s last bit of mantissa!! eventually disrupts (13.25) for matrices
larger than some moderately large size. Avoiding unduly small pivots early
in the Gauss-Jordan extends (13.25)’s reach to larger matrices, and for yet
larger matrices a bewildering variety of more sophisticated techniques exists
to mitigate the problem, which can be vexing because the problem arises
even when the matrix A is exactly known.

Equation (13.25) is thus useful and correct, but one should at least be
aware that it can in practice lose floating-point accuracy when the matrix it
attacks grows too large. (It can also lose accuracy when the matrix’s rows
are almost dependent, but that is more the fault of the matrix than of the
formula. See § 14.8, which addresses a related problem.)

13.5 The residual

Equations (13.2) and (13.4) solve the exactly determined linear system
Ax = b. Equation (13.25) broadens the solution to include the nonoverde-
termined linear system. None of those equations however can handle the
overdetermined linear system, because for general b the overdetermined lin-
ear system

Ax~b (13.26)

has no exact solution. (See § 12.5.5 for the definitions of underdetermined,
overdetermined, etc.)

One is tempted to declare the overdetermined system uninteresting be-
cause it has no solution and to leave the matter there, but this would be a
serious mistake. In fact the overdetermined system is especially interesting,
and the more so because it arises so frequently in applications. One seldom

"UWhat is a mantissa? Illustration: in the number 1.65 x 10°, the mantissa is 1.65.
However, computers do it in binary rather than in decimal, typically with fifty-two (0x34)
stored bits of mantissa not counting the leading bit which, in binary, is not stored be-
cause it is always 1. (There exist implementational details like floating-point “denormals”
which might seem pedantically to contradict the always-1 rule, but that is a computer-
engineering technicality uninteresting in the context of the present discussion. What might
be interesting in the present context is this: a standard double-precision floating-point rep-
resentation has—besides fifty-two bits of mantissa—also eleven, 0xB, bits for an exponent
and one bit for a sign. The smallest positive number representable without denormaliza-
tion is 2793FE; the largest is 0x1.FFFF FFFF FFFF F x 2°3FF just less than 29400, If
the code for a full 2°%4%° is entered, then that is held to represent infinity. Similarly, the
code for 2793FF represents zero. If you think that the code for 27940 should instead
represent zero, no such code can actually be entered, for the exponent’s representation is
offset by one; and there are many other details beyond the book’s scope.)
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trusts a minimal set of data for important measurements, yet extra data
imply an overdetermined system. We need to develop the mathematics to
handle the overdetermined system properly.
The quantity!?13
r(x)=b— Ax (13.27)

measures how nearly some candidate solution x solves the system (13.26).
We call this quantity the residual, and the smaller, the better. More pre-
cisely, the smaller the nonnegative real scalar

[r(x)]"r(x)] = Z [ri(x) (13.28)

is, called the squared residual norm, the more favorably we regard the can-
didate solution x.

13.6 The Moore-Penrose pseudoinverse and the
least-squares problem

A typical problem is to fit a straight line to some data. For example, suppose
that we are building-construction contractors with a unionized work force,
whose labor union can supply additional, fully trained labor on demand.
Suppose further that we are contracted to build a long freeway and have
been adding workers to the job in recent weeks to speed construction. On
Saturday morning at the end of the second week, we gather and plot the
production data on the left of Fig. 13.1. If w; and b; respectively represent
the number of workers and the length of freeway completed during week 4,
then we can fit a straight line b = ou + v to the measured production data

such that
w1 o | _ | b
=]

inverting the matrix per §§ 13.1 and 13.2 to solve for x = [0 v]", in the hope
that the resulting line will predict future production accurately.

The foregoing is all mathematically irreproachable. By the fifth Saturday
however we shall have gathered more production data, plotted on the figure’s
right, to which we should like to fit a better line to predict production more
accurately. The added data present a problem. Statistically, the added

]T

2 Alas, the alphabet has only so many letters (see appendix B). The r here is unrelated
to matrix rank 7.

13This is as [135] defines it. Some authors [97] however prefer to define r(x) = Ax — b,
instead.
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Figure 13.1: Fitting a line to measured data.
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data are welcome, but geometrically we need only two points to specify a
line; what are we to do with the other three? The five points together
overdetermine the linear system

uy 1 b1
uz 1 ba
us 1 |: a :| — b3
ug 1 v by
us 1 b5

There is no way to draw a single straight line b = ou + v exactly through
all five, for in placing the line we enjoy only two degrees of freedom.!*

The proper approach is to draw among the data points a single straight
line that misses the points as narrowly as possible. More precisely, the proper
approach chooses parameters ¢ and v to minimize the squared residual norm
[r(x)]*[r(x)] of § 13.5, given that

Ul 1 bl
u2 1 b2
us 1 o b3
A = U4 1 9 X = |: :| 9 b = b4
Y
Us 1

MSection 13.3.3 characterized a line as enjoying only one degree of freedom. Why now
two? The answer is that § 13.3.3 discussed travel along a line rather than placement of a
line as here. Though both involve lines, they differ as driving an automobile differs from
washing one. Do not let this confuse you.
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Such parameters constitute a least-squares solution.

The matrix A in the example has two columns, data marching on the
left, all ones on the right. This is a typical structure for A, but in general any
matrix A with any number of columns of any content might arise (because
there were more than two relevant variables or because some data merited
heavier weight than others, among many further reasons). Whatever ma-
trix A might arise from whatever source, this section attacks the difficult
but important problem of approximating optimally a solution to the general,
possibly unsolvable linear system (13.26), Ax = b.

13.6.1 Least squares in the real domain

The least-squares problem is simplest when the matrix A enjoys full column
rank and no complex numbers are involved. In this case, we seek to minimize
the squared residual norm

re) ()] = (b— Ax)T(b— Ax)
= xT'ATAx +b'b — (XTATb + bTAX)
= xTATAx +b'b—-2xT"ATb
= xTAT (Ax — 2b) + bTb,

in which the transpose is used interchangeably for the adjoint because all
the numbers involved happen to be real. The norm is minimized where

d
I (rTr) =0

(in which d/dx is the Jacobian operator of § 11.10). A requirement that

d
— [x"A" (Ax —2b) +b"b] =0
X
comes of combining the last two equations. Differentiating by the Jacobian

product rule (11.79) yields the equation
xT AT A 4 [AT (Ax — 2b)]" = 0;
or, after transposing the equation, rearranging terms and dividing by 2, the

simplified equation
AT Ax = ATb.
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Assuming (as warranted by § 13.6.2, next) that the n x n square matrix AT A
is invertible, the simplified equation implies the approximate but optimal
least-squares solution

x = (AT4)™' ATb (13.29)

to the unsolvable linear system (13.26) in the restricted but quite typical
case that A and b are real and A has full column rank.

Equation (13.29) plots the line on Fig. 13.1’s right. As the reader can
see, the line does not pass through all the points, for no line can; but it does
pass pretty convincingly nearly among them. In fact it passes optimally
nearly among them. No line can pass more nearly, in the squared-residual
norm sense of (13.28).1°

5Here is a nice example of the use of the mathematical adjective optimal in its ad-
verbial form. “Optimal” means “best.” Many problems in applied mathematics involve
discovering the best of something. What constitutes the best however can be a matter
of judgment, even of dispute. We will leave to the philosopher and the theologian the
important question of what constitutes objective good, for applied mathematics is a poor
guide to such mysteries. The role of applied mathematics is to construct suitable models
to calculate quantities needed to achieve some definite good; its role is not, usually, to
identify the good as good in the first place.

One generally establishes mathematical optimality by some suitable, nonnegative, real
cost function or metric, and the less, the better. Strictly speaking, the mathematics
cannot tell us which metric to use, but where no other consideration prevails the applied
mathematician tends to choose the metric that best simplifies the mathematics at hand—
and, really, that is about as good a way to choose a metric as any. The metric (13.28) is
so chosen.

“But,” comes the objection, “what if some more complicated metric is better?”

Well, if the other metric really, objectively is better, then one should probably use it. In
general however the mathematical question is: what does one mean by “better?” Better by
which metric? Each metric is better according to itself. This is where the mathematician’s
experience, taste and judgment come in.

In the present section’s example, too much labor on the freeway job might actually slow
construction rather than speed it. One could therefore seek to fit not a line but some
downward-turning curve to the data. Mathematics offers many downward-turning curves.
A circle, maybe? Not likely. An experienced mathematician would probably reject the
circle on the aesthetic yet practical ground that the parabola b = au® + ou + v lends
itself to easier analysis. Yet even fitting a mere straight line offers choices. One might fit
the line to the points (b;, u;) or (Inw,,lnb;) rather than to the points (u;, b;). The three
resulting lines differ subtly. They predict production differently. The adjective “optimal”
alone evidently does not always tell us all we need to know.

Section 6.3 offers a choice between averages that resembles in spirit this footnote’s choice
between metrics.
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13.6.2 The invertibility of A*A

Section 13.6.1 has assumed correctly but unwarrantedly that the prod-
uct AT A were invertible for real A of full column rank. For real A, it
happens that AT = A*, so it only broadens the same assumption to suppose
that the product A*A were invertible for complex A of full column rank.'6
This subsection warrants the latter assumption, thereby incidentally also
warranting the former.

Let A be a complex, m X n matrix of full column rank » = n < m.
Suppose falsely that A*A were not invertible but singular. Since the prod-
uct A*A is a square, n X n matrix, this is to suppose (§ 13.1) that the prod-
uct’s rank 7 < n were less than full, implying (§ 12.5.4) that its columns
(as its rows) depended on one another. This would mean that there existed
a nonzero, n-element vector u for which

A*Au =0, I,u#0.
Left-multiplying by u* would give that
uw*A*Au =0, I,u#0,

or in other words that

n

(Au)*(Au) = > " |[Au);[* =0, L,u#0.
=1

But this could only be so if
Au=0, I,u#0,

impossible when the columns of A are independent. The contradiction
proves false the assumption which gave rise to it. The false assumption:
that A*A were singular.

Thus, the n X n product A*A is invertible for any tall or square, m X n
matriz A of full column rank r =n < m.

13.6.3 Positive definiteness

An n x n matrix C is positive definite if and only if

S(u*Cu) = 0 and R(u*Cu) > 0 for all I,u # 0. (13.30)

8Notice that if A is tall, then A*A is a compact, n X n square, whereas AA* is a big,
m X m square. It is the compact square that concerns this section. The big square is not
very interesting and in any case is not invertible.
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As in § 13.6.2, here also when a matrix A has full column rank r =n <m
the product u*A*Au = (Au)*(Au) is real and positive for all nonzero, n-
element vectors u. Thus per (13.30) the product A* A is positive definite for
any matriz A of full column rank.

An n x n matrix C is nonnegative definite if and only if

F(u*Cu) = 0 and R(u*Cu) > 0 for all u. (13.31)

By reasoning like the last paragraph’s, the product A*A is nonnegative def-
inite for any matriz A whatsoever.

Such definitions might seem opaque, but their sense is that a positive
definite operator never reverses the thing it operates on, that the product Au
points more in the direction of u than of —u. Section 13.8 explains further.
A positive definite operator resembles a positive scalar in this sense.

13.6.4 The Moore-Penrose pseudoinverse

Not every m x n matrix A enjoys full rank. According to (12.17), however,
every m x n matrix A of rank r can be factored into a product!”

A= BC

of an m x r tall or square matrix B and an r X n broad or square matrix C,
both of which factors themselves enjoy full rank r. (If A happens to have
full row or column rank, then one can just choose B = I, or C' = I,;
but even if A lacks full rank, the Gauss-Jordan decomposition of eqn. 12.2
finds at least the full-rank factorization B = Gs1I,, C = I[,G..) This being
so, a conjecture seems warranted. Suppose that, inspired by (13.29), we
manipulated (13.26) by the successive steps

Ax =~ b,
BCx = b,
(B*B)"'B*BCx ~ (B*B)"'!B*Db,
Cx (B*B)"'B*b
Then suppose that we changed
C*u « x,

17This subsection uses the symbols B and b for unrelated purposes, which is unfortunate
but conventional. See footnote 12.
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thus restricting x to the space addressed by the independent columns of C*.
Continuing,
CC*u =~ (B*B)"'B*b,
u ~ (CC*)YB*B)"'B*Db.

Changing the variable back and (because we are conjecturing and can do as

43 9

we like), altering the “a” sign to “=,
x = C*(CC*)"Y(B*B)"'B*Db. (13.32)

Equation (13.32) has a pleasingly symmetrical form, and we know from
§ 13.6.2 at least that the two matrices it tries to invert are invertible. So
here is our conjecture:

e 10 x enjoys a smaller squared residual norm r*r than the x of (13.32)
does; and

e among all x that enjoy the same, minimal squared residual norm, the x
of (13.32) is strictly least in magnitude.

The conjecture is bold, but if you think about it in the right way it is not un-
warranted under the circumstance. After all, (13.32) does resemble (13.29),
the latter of which admittedly requires real A of full column rank but does
minimize the residual when its requirements are met; and, even if there were
more than one x which minimized the residual, one of them might be smaller
than the others: why not the x of (13.32)? One can but investigate.

The first point of the conjecture is symbolized

r*(x)r(x) <r(x+ Ax)r(x + Ax),

where Ax represents the deviation, whether small, moderate or large, of
some alternate x from the x of (13.32). According to (13.27), this is

[b — Ax]*[b — Ax] < [b — (4)(x + Ax)|*[b — (A)(x + Ax)].
Reorganizing,

[b — Ax|*[b — Ax] < [(b — Ax) — A Ax]*[(b — Ax) — A Ax].
Distributing factors and canceling like terms,

0 < —-Ax"A"(b — Ax) — (b — Ax)"A Ax + Ax* A*A Ax.
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But according to (13.32) and the full-rank factorization A = BC,

A*(b— Ax) = A'b - A"Ax
= [C*B*][b] - [C*B*|[BC][C*(CC*)~H(B*B) ™' Bb]
= C*B*b - C*(B*B)(CC*)(CC*)"YB*B)"'B*b
= C*"B'b-C*"B*'b =0,
which reveals two of the inequality’s remaining three terms to be zero, leav-

ing an assertion that
0 < Ax* A*A Ax.

Each step in the present paragraph is reversible,'® so the assertion in the
last form is logically equivalent to the conjecture’s first point, with which
the paragraph began. Moreover, the assertion in the last form is correct
because the product of any matrix and its adjoint according to § 13.6.3 is a
nonnegative definite operator, thus establishing the conjecture’s first point.

The conjecture’s first point, now established, has it that no x4+ Ax enjoys
a smaller squared residual norm than the x of (13.32) does. It does not claim
that no x + Ax enjoys the same, minimal squared residual norm. The latter
case is symbolized

r'(x)r(x) = r*(x + Ax)r(x + Ax),
or equivalently by the last paragraph’s logic,
0= Ax" A*A Ax;

or in other words,

AAx =0.
But A = BC, so this is to claim that

B(C Ax) =0,
which since B has full column rank is possible only if
C Ax = 0.

Considering the product Ax* x in light of (13.32) and the last equation, we
observe that

Ax*x = Ax*[C*(CC*)"Y(B*B)"!'B*b]
= [Cax]*[(cCr)"Y(B*B)" B,

18The paragraph might inscrutably but logically instead have ordered the steps in reverse
as in §§ 6.3.2 and 9.6. See chapter 6’s footnote 15.
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which is to observe that
Ax*x =0

for any Ax for which x + Ax achieves minimal squared residual norm.
Returning attention to the conjecture, its second point is symbolized

x'x < (x + Ax)*(x + Ax)

for any
Ax #0

for which x+ Ax achieves minimal squared residual norm (note that it’s “<”
this time, not “<” as in the conjecture’s first point). Distributing factors
and canceling like terms,

0 < x*Ax + Ax* x + Ax* Ax.

But the last paragraph has found that Ax*x = 0 for precisely such Ax as
we are considering here, so the last inequality reduces to read

0 < Ax™ Ax,

which naturally for Ax # 0 is true. Since each step in the paragraph is
reversible, reverse logic establishes the conjecture’s second point.

With both its points established, the conjecture is true.

If A= BC is a full-rank factorization, then the matrix'?

Al = c*(cCc*)"Y(B*B)'B* (13.33)

of (13.32) is called the Moore-Penrose pseudoinverse of A, more briefly the
pseudoinverse of A. Whether underdetermined, exactly determined, overde-
termined or even degenerate, every matrix has a Moore-Penrose pseudoin-
verse. Yielding the optimal approximation

x = A'b, (13.34)

the Moore-Penrose solves the linear system (13.26) as well as the system
can be solved—exactly if possible, with minimal squared residual norm if
impossible. If A is square and invertible, then the Moore-Penrose At = A~1
is just the inverse, and then of course (13.34) solves the system uniquely and
exactly. Nothing can solve the system uniquely if A has broad shape but the
Moore-Penrose still solves the system exactly in that case as long as A has

19Some books print At as AT,
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full row rank, moreover minimizing the solution’s squared magnitude x*x
(which the solution of eqn. 13.24 fails to do). If A lacks full row rank,
then the Moore-Penrose solves the system as nearly as the system can be
solved (as in Fig. 13.1) and as a side-benefit also minimizes x*x. The Moore-
Penrose is thus a general-purpose solver and approximator for linear systems.
It is a significant discovery.2’

13.7 The multivariate Newton-Raphson iteration

When we first met the Newton-Raphson iteration in § 4.8 we lacked the
matrix notation and algebra to express and handle vector-valued functions
adeptly. Now that we have the notation and algebra we can write down the
multivariate Newton-Raphson iteration almost at once.

The iteration approximates the nonlinear vector function f(x) by its
tangent

fi.(x) = f(x;,) + {df(x)] (x — Xp),
dx X=X

where df /dx is the Jacobian derivative of § 11.10. It then approximates the
root Xj41 as the point at which f.k-(XkJrl) =0:

fubsin) = 0= £00) + | 1060]  Gowea =)

dx _—

Solving for x;1 (approximately if necessary), we have that

X1 = {x - [dif(x)yf(x)} , (13.35)

X=X

where []' is the Moore-Penrose pseudoinverse of § 13.6—which is just the
ordinary inverse []7! of § 13.1 if f and x happen each to have the same
number of elements. Refer to § 4.8 and Fig. 4.6.%!

Despite the Moore-Penrose notation of (13.35), the Newton-Raphson
iteration is not normally meant to be applied at a value of x for which the

20711, § 3.3][102, “Moore-Penrose generalized inverse”]. For further background and
context, see also [56, chapter 3], which does not mention the Moore-Penrose pseudoinverse
by name but offers a gentler introduction to the topic and affords examples, drawn from
the field of economics, to which one can apply Moore-Penrose.

2111]
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Jacobian is degenerate. The iteration intends rather in light of (13.33) that

; o (ldf/dx]" ([df/dx] [df fdx]*) " if r =m <,

[dxf(x)] =< [df/dx] ! ifr=m=mn, (13.36)
([df /dx]" [df /dx]) " [df /dx]* ifr=n <m,

where B = I, in the first case and C = I, in the last. It does not intend

to use the full (13.33). If both » < m and r < n—which is to say, if the

Jacobian is degenerate—then (13.36) fails, as though the curve of Fig. 4.6

ran horizontally at the test point—when one quits, restarting the iteration
from another point.

13.8 The dot product

The dot product of two vectors, also called the inner product,?? is the product

of the two vectors to the extent to which they run in the same direction. It
is written as

a-b.
In general,
a-b=(aje; +ages+---+ane,) - (bye; +boes + -+ bpey,).
But if the dot product is to mean anything, it must be that
e - ej = d;j, (13.37)
where the Kronecker delta d;; is as defined in § 11.2. Therefore,
a-b=aiby +asbs + -+ a,by;

or, more concisely,
oo

a-b=a"b= > a;b;. (13.38)

j==00

22The term inner product is often used to indicate a broader class of products than
the one defined here, especially in some of the older literature. Where used, the notation
usually resembles (a,b) or (b,a), both of which mean a* - b (or, more broadly, some
similar product), except that which of a and b is conjugated depends on the author. Most
recently, at least in the author’s country, the usage (a,b) = a* - b seems to be emerging as
standard where the dot is not used, as in [11, § 3.1][48, chapter 4] (but slightly contrary
to [35, § 2.1], for example). At any rate, this book prefers the dot.
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The dot notation does not worry whether its arguments are column or row
vectors, incidentally:

a-b=a-bl'=al-b=a’ bl =a’b.

That is, if either vector is wrongly oriented, the notation implicitly reorients
it before using it. (The more orderly notation a’’b by contrast assumes that
both are proper column vectors.)
Where vectors may have complex elements, usually one is not interested
in a- b so much as in
o0
a*-b=ab= > aj; (13.39)

j=—00
The reason is that
R(a*-b) =R(a) - R(b) + I(a) - I(b),

with the product of the imaginary parts added not subtracted, thus honoring
the right Argand sense of “the product of the two vectors to the extent to
which they run in the same direction.”

By the Pythagorean theorem, the dot product

la*> =a*-a (13.40)

gives the square of a vector’s magnitude, always real, never negative. The
unit vector in a’s direction then is

a=— = , (13.41)

from which
al?

—a*.a=1 (13.42)

When two vectors do not run in the same direction at all, such that
a*-b=0, (13.43)

the two vectors are said to lie orthogonal to one another. Geometrically this
puts them at right angles. For other angles 6 between two vectors,

a*-b =cos#, (13.44)

which formally defines the angle # even when a and b have more than three
elements each.
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13.9 Complex vector inequalities

The triangle inequalities (2.45) and (3.21) lead one to hypothesize generally
that
la| —[b| < la+b| < |a| + [b] (13.45)

for any complex, n-dimensional vectors a and b. Section 13.9.2 will prove
(13.45); but first, § 13.9.1 develops a related inequality by Schwarz.

13.9.1 The Schwarz inequality

The Schwarz inequality, alternately the Cauchy-Schwarz inequality,®® has
that
|a* - b| < |a]|b]. (13.46)

Roughly in words: the dot product does not exceed the product of lengths.

If the three-dimensional geometrical vectors with their dot products of
chapters 3 and 15 are already familiar to you then (13.46) might seem too
obvious to bother proving. The present chapter however brings an arbitrary
number n of dimensions. Furthermore, elements in any or every dimension
can be complex. Therefore, the geometry is not so easy to visualize in the
general case. One would prefer an algebraic proof.24

The proof is by contradiction. We suppose falsely that

|a® - b| > [a[b].
Squaring and using (2.62) and (13.40),
(a®-b)(b" -a) > (a” - a)(b" - b),
or in other words,

* k * >k
E a; bzb]a] > E a; albjb],
4,J 4,

wherein each side of the inequality is real-valued by construction (that is,
each side is real-valued because we had started with a real inequality and—
despite that elements on either side may be complex—no step since the start

23Pronounced as “Schwartz,” almost as “Schwortz.” You can sound out the German w

like an English v if you wish. The other name being French is pronounced as “Co-shee,”
preferably with little stress but—to the extent necessary while speaking English—with
stress laid on the first syllable.

21Gee [151] and [35, § 2.1] for various other proofs, one of which partly resembles the
proof given here. See also [146, “Cauchy-Schwarz inequality,” 17:56, 22 May 2017].
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has made either side of the inequality complex as a whole). One would like
to segregate conjugated elements for separate handling; it is not easy to see
how to segregate them all at once but to reorder factors as

Z [(aibj)*(biaj)] > Z (a;bj)* (aib;
i,J

at least makes a step in the right direction. The last inequality is unhelpfully
asymmetric, though, so we swap indices i <> j to write the same inequality

as that

Z [(biaj)*(asbj)] > Z [(biaj)*(biaj)]

i?j
The swapped inequality is asymmetric too but one can add it to the earlier,
unswapped inequality to achieve the symmetric form

> " [(aiby)* (biay) + (biaj)* (asb; >Z [(asb;)*(aib;) + (bia;)*(bia;)] .

i,J
Does this help? Indeed it does. Transferring all terms to the inequality’s
right side,

o>z (a;bj)* (aibj) + (biaz)* (biaj) — (a;b;)* (biaz) — (biaj)*(asb;)]

Factoring,
0> Z (a;bj — biaj)* (aibj — biaj)] Z |a;b; b,-aj|2,

which inequality is impossible because 0 < |- | regardless of what the | - |
might be. The contradiction proves false the assumption that gave rise to
it, thus establishing the Schwarz inequality of (13.46).

13.9.2 Triangle inequalities

The proof of the sum hypothesis (13.45) that |a + b| < |a| 4 |b| is again by
contradiction. We suppose falsely that

la+ b| > |a| + |b]|.
Squaring and using (13.40),

(a+b)* (a+b)>a*-at2lal|b|+b* b.
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Distributing factors and canceling like terms,
a*-b+b*-a>2|al|bl,

where both sides of the inequality remain real for the same reason as in the
last subsection. On the left, the imaginary parts offset because (b* - a)* =
a* - b, leaving

2R (a* - b) > 2|al |b]|.

However, the real part of the Schwarz inequality (13.46) has that
R(a®-b) <|a”-b| < |af|b],

which, when doubled, contradicts the last finding. The contradiction proves
false the assumption that gave rise to it, thus establishing the sum hypothesis
of (13.45).

The difference hypothesis that |a] — |b| < |a + b| is established by defin-
ing a vector ¢ such that

a+b+c=0,

whereupon according to the sum hypothesis

la+c| < la| +[c],
b +c| < [b|+c].

That is,

|=b[ <[a[+[-a—-b|,
|—a| < |b[+[-a—b|,

which is the difference hypothesis in disguise. This completes the proof of
the triangle inequalities (13.45)

The triangle sum inequality is alternately called the Minkowski inequal-
ity.2®
As in § 3.10, here too we can extend the sum inequality to the even more
general form

2 a
k

< laxl. (13.47)
k

25(35, § 2.1]
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13.10 The orthogonal complement
The m x (m — r) kernel (§ 13.3)26
At = 4K (13.48)

is an interesting matrix. By definition of the kernel, the columns of A*%
are the independent vectors u; for which A*u; = 0, which—inasmuch as
the rows of A* are the adjoints of the columns of A—is possible only when
each u; lies orthogonal to every column of A. This says that the columns of
AL = A*K address the complete space of vectors that lie orthogonal to A’s
columns, such that

AT A=0=A"At. (13.49)

The matrix AL is called the orthogonal complement®” or perpendicular ma-
trix to A.

Among other uses, the orthogonal complement A supplies the columns
A lacks to reach full row rank. Properties include that

A*K — AJ',

oL K (13.50)

13.11 Gram-Schmidt orthonormalization

If a vector x = A% a belongs to a kernel space AX (§ 13.3), then so equally
does any ax. If the vectors x; = AKa; and xo = AXa, both belong, then
so does ax1 + apXo. If I claim AX =[345;—110]” to represent a kernel,
then you are not mistaken arbitrarily to rescale each column of my A% by
a separate nonzero factor, instead for instance representing the same kernel
as AKX = [6 8 0xA;1 —1 0]7. Kernel vectors have no inherent scale. Style
generally asks one to remove the false appearance of scale by using (13.41) to
normalize the columns of a kernel matrix to unit magnitude before reporting
them. The same goes for the eigenvectors of chapter 14 to come.

Where a kernel matrix A has two or more columns (or a repeated
eigenvalue has two or more eigenvectors), style generally asks one not only
to normalize but also to orthogonalize the columns before reporting them.

26The symbol A* [61][11][83] can be pronounced “A perp,” short for “A perpendicular,”
since by (13.49) A~ is in some sense perpendicular to A.

If we were really precise, we might write not A% but A+(™) Refer to footnote 5.

#7161, § 3.V1.3]
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One orthogonalizes a vector b with respect to a vector a by subtracting
from b a multiple of a such that

a*-bL:O,
b, =b — fa,

where the symbol b represents the orthogonalized vector. Substituting the
second of these equations into the first and solving for 3 yields that

a*-b
b= a*-a’
Hence,
a*- bL = 0,
‘b (13.51)
b, =b-— a* a.
a*-a
But according to (13.41), a = av/a* - a; and according to (13.42), a*-a = 1;
S0,
b, =b—a(a"-b); (13.52)

or, in matrix notation,
b, =b —a(a*)(b).

This is arguably better written,
b, =[I —(a)(a")]b (13.53)

(observe that it’s [a][a*], a matrix, rather than the scalar [a*][a]).

One orthonormalizes a set of vectors by orthogonalizing them with re-
spect to one another and then normalizing each of them to unit magnitude.
The procedure to orthonormalize several vectors

{XI,X27X3, s 7X7‘L}

therefore is as follows. First, normalize x; by (13.41); call the result x1; .
Second, orthogonalize x3 with respect to X3, by (13.52) or (13.53), then
normalize it; call the result Xo | . Third, orthogonalize x3 with respect to X7 |
then to X5, then normalize it; call the result X3, . Proceed in this manner
through the several x;. Symbolically,

A X5 1

(13.54)
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By the vector replacement principle of § 12.4 in light of (13.51), the resulting
orthonormal set of vectors

{X11,%210,%X30,...,%p1 }

addresses the same space as did the original set.

Orthonormalization naturally works equally for any linearly independent
set of vectors, not only for kernel vectors or eigenvectors. By the technique,
one can conveniently replace a set of independent vectors by an equivalent,
neater, orthonormal set which addresses precisely the same space.

13.11.1 Efficient implementation

To turn an equation like the latter line of (13.54) into an efficient numerical
algorithm sometimes demands some extra thought, in perspective of what-
ever it happens to be that one is trying to accomplish. If all one wants is
some vectors orthonormalized, then the equation as written is neat but is
overkill because the product X; | X7, is a matrix, whereas the product X, x;
implied by (13.52) is just a scalar. Fortunately, one need not apply the
latter line of (13.54) exactly as written. One can instead introduce inter-
mediate vectors xj;, representing the [[ multiplication in the admittedly
messier form

X1 = Xy,
— 5k A
Xj(i+1) = Xji — (XiL - Xji) Ril, (13.55)
XjL = Xjj-

Besides obviating the matrix I —%;, X7, and the associated matrix multipli-
cation, the messier form (13.55) has the significant additional practical virtue
that it lets one forget each intermediate vector x;; immediately after using
it. (A well-written orthonormalizing computer program reserves memory for
one intermediate vector only, which memory it repeatedly overwrites—and,
actually, probably does not even reserve that much, working rather in the
memory space it has already reserved for X; 1.)%8

Other equations one algorithmizes can likewise benefit from thoughtful
rendering.

13.11.2 The Gram-Schmidt decomposition

The orthonormalization technique this section has developed is named the
Gram-Schmidt process. One can turn it into the Gram-Schmidt decomposi-

28146, “Gram-Schmidt process,” 04:48, 11 Aug. 2007
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tion

A=QR=QUDS,

@ @ (13.56)
R=UDS,

also called the orthonormalizing or QR decomposition, by an algorithm

that somewhat resembles the Gauss-Jordan algorithm of § 12.3.3; except
that (12.4) here becomes

A=QUDS (13.57)

and initially Q < A. By elementary column operations based on (13.54)
and (13.55), the algorithm gradually transforms Q into a dimension-limited,
mXxr matrix @) of orthonormal columns, distributing the inverse elementaries
to U, D and S according to Table 12.1—where the latter three working
matrices ultimately become the extended-operational factors U, D and S
of (13.56).

Borrowing the language of computer science we observe that the indices ¢
and j of (13.54) and (13.55) imply a two-level nested loop, one level looping
over j and the other over i. The equations suggest j-major nesting, with
the loop over j at the outer level and the loop over ¢ at the inner, such that
the several (7, j) index pairs occur in the sequence (reading left to right then
top to bottom)

In reality, however, (13.55)’s middle line requires only that no x;; be used
before it is fully calculated; otherwise that line does not care which (i, j)
pair follows which. The ¢-major nesting

(1,2) (1,3) (1,4)
(2,3) (2,4)
(3,4)

bringing the very same index pairs in a different sequence, is just as valid.
We choose i-major nesting on the subtle ground that it affords better infor-
mation to the choice of column index p during the algorithm’s step 3.

The algorithm, in detail:
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1. Begin by initializing

U« I D« 1, S«1I,
Q « A,
14+ 1.

2. (Besides arriving at this point from step 1 above, the algorithm also
reénters here from step 9 below.) Observe that U enjoys the major
partial unit triangular form L{~1T (§ 11.8.5), that D is a general
scaling operator (§ 11.7.2) with cijj =1 for all j > i, that S is permutor
(§ 11.7.1), and that the first through (i — 1)th columns of Q consist of
mutually orthonormal unit vectors.

3. Choose a column p > i of Q containing at least one nonzero element.
(The simplest choice is perhaps p = i as long as the ith column does
not happen to be null, but one might instead prefer to choose the
column of greatest magnitude, or to choose randomly, among other
heuristics.) If @ is null in and rightward of its ith column such that no
column p > i remains available to choose, then skip directly to step 10.

4. Observing that (13.57) can be expanded to read
A = (QTion) (Tion0Teon)) (T DTy ) (T S)

- (QT[z‘<—>p1> (T[i<—>p} f]T[in]) D (T[in] S) ’

where the latter line has applied a rule from Table 12.1, interchange
the chosen pth column to the ith position by

Q + QTjicsp);
U Tiiesp) UThicrp):
S < Tjiep)S-
5. Observing that (13.57) can be expanded to read
A= (QTyjaya) (Toi 0T o) (To D) S,
normalize the ith column of Q by
Q + QT(1 /o))
U TagUTl e
D « TouD,
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where

6. Initialize
J— i+ 1

7. (Besides arriving at this point from step 6 above, the algorithm also
reénters here from step 8 below.) If j > n then skip directly to step 9.
Otherwise, observing that (13.57) can be expanded to read

‘4:(QT$WO(ﬂWﬂ0>Di

orthogonalize the jth column of Q per (13.55) with respect to the ith
column by

Q + QT gy),

ﬁ — Tﬁ[ij}U’

where

8. Increment

j+—j+1
and return to step 7.
9. Increment
141+1
and return to step 2.
10. Let . B - B
Q=Q, U=U,D=D, S=5,
r=1—1.
End.

Though the Gram-Schmidt algorithm broadly resembles the Gauss-Jordan,
at least two significant differences stand out: (i) the Gram-Schmidt is one-
sided because it operates only on the columns of Q, never on the rows;
(ii) since @ is itself dimension-limited, the Gram-Schmidt decomposition
(13.56) needs and has no explicit factor I,.
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Asin § 12.5.7, here also one sometimes prefers that S = I. The algorithm
optionally supports this preference if the m x n matrix A has full column
rank r = n, when null columns cannot arise, if one always chooses p = 1
during the algorithm’s step 3. Such optional discipline maintains S = I
when desired.

Whether S = I or not, the matrix ) = QI has only r columns, so one
can write (13.56) as

A= (QI)(R).

Reassociating factors, this is
A= (Q)LR), (13.58)

which per (12.17) is a proper full-rank factorization with which one can
compute the pseudoinverse A’ of A (see eqn. 13.33, above; but see also
eqn. 13.67, below).

If the Gram-Schmidt decomposition (13.56) looks useful, it is even more
useful than it looks. The most interesting of its several factors is the m x r
orthonormalized matrix (), whose orthonormal columns address the same
space the columns of A themselves address. If @ reaches the maximum
possible rank » = m, achieving square, m x m shape, then it becomes a
unitary matrix—the subject of § 13.12.

Before treating the unitary matrix, however, let us pause to develop the
orthogonal complement by Gram-Schmidt in § 13.11.3, next.

13.11.3 The orthogonal complement by Gram-Schmidt
Having decomposed an m X n matrix as
A=QR=(QL)R, (13.59)

observing that the r independent columns of the m x r matrix Q = QI,
address the same space the columns of A address, Gram-Schmidt computes
an orthogonal complement (13.48) by constructing the m x (r + m) matrix

A=QL+InH_,=[ QI I ]. (13.60)
This constructed matrix A’ is then itself decomposed,
A'=Q'R, (13.61)

again by Gram-Schmidt—with the differences that, this time, one chooses
p=1,2,3,...,r during the first r instances of the algorithm’s step 3 and



412 CHAPTER 13. INVERSION AND ORTHONORMALIZATION

that one skips the unnecessary step 7 for all 5 < r, on the ground that the
earlier Gram-Schmidt application of (13.59) has already orthonormalized
first 7 columns of A’, which columns, after all, are just Q = QI,.. The
resulting m x m, full-rank square matrix

Q=QL+AMH_, =] QI At ] (13.62)
consists of

e 1 columns on the left that address the same space the columns of A
address and

e m—r columns on the right that give a complete orthogonal complement
(§ 13.10) A+ of A.

Each column has unit magnitude and conveniently lies orthogonal—indeed,
orthonormal—to every other column, left and right.

Equation (13.62) is probably the more useful form, but the Gram-
Schmidt orthogonal-complement formula as such is that

A = A+ = Q'H, I,_,. (13.63)

The writer has not encountered a Gram-Schmidt kernel in the style
of (13.7) to accompany the Gram-Schmidt orthogonal complement of
(13.63)—though if necessary one could maybe combine (13.63) with (13.48)
for the purpose. Instead, normally, as far as the writer knows, the Gauss-
Jordan (13.7) is used. Meanwhile however, the matrix @ of this subsection
is interesting. Being square and orthonormal, the m x m matrix @Q’ is a
unitary matrix. Unitary matrices will be the subject of § 13.12, next.

13.12 The unitary matrix

When the orthonormalized matrix @ of the Gram-Schmidt decomposition
(13.56) is square, having the maximum possible rank r» = m, it brings one
property so interesting that the property merits a section of its own. The
property is that

Q°Q =T, = QQ". (13.64)

The reason that Q*Q = I, is that @’s columns are orthonormal, and that
the very definition of orthonormality demands that the dot product [Q]; -
[Q]+; of orthonormal columns be zero unless ¢ = j, when the dot product of
a unit vector with itself is unity. That I, = QQ* is unexpected, however,
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until one realizes?® that the equation Q*Q = I,,, characterizes Q* to be the
rank-m inverse of @), and that § 13.1 lets any rank-m inverse (orthonormal
or otherwise) attack just as well from the right as from the left. Thus,

Q' =0, (13.65)

a very useful property. A matrix @ that satisfies (13.64), whether derived
from the Gram-Schmidt or from elsewhere, is called a unitary matriz. (Note
that the permutor of § 11.7.1 enjoys the property of eqn. 13.65 precisely
because it is unitary.)

One immediate consequence of (13.64) is that a square matriz with either
orthonormal columns or orthonormal rows is unitary and has both.

The product of two or more unitary matrices is itself unitary if the ma-
trices are of the same dimensionality. To prove it, consider the product

Q = Qalb (13.66)

of m x m unitary matrices ), and Q. Let the symbols q;, q,; and qp;
respectively represent the jth columns of @, @, and Q) and let the sym-
bol gp;; represent the ith element of q;;. By the columnwise interpretation
(§ 11.1.3) of matrix multiplication,

q; = Z QvijQai-
i
The adjoint dot product of any two of ()’s columns then is
QA=Y G Qi Qs Aai-
i,
But q}; - q4i = ;3 because @ is unitary,3° so

q;f/ ‘q; = Zq;ij/%ij = qzj’ " Qb = 6]"]"
[

which says neither more nor less than that the columns of () are orthonormal,
which is to say that @) is unitary, as was to be demonstrated.

Unitary operations preserve length. That is, operating on an m-element
vector by an m X m unitary matrix does not alter the vector’s magnitude.
To prove it, consider the system

Qx =Db.

29(48, § 4.4]
30This is true only for 1 < i < m, but you knew that already.
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Multiplying the system by its own adjoint yields that
x*Q*Qx = b*b.
But according to (13.64), Q*Q = I,; so,
x*x = b*b,

as was to be demonstrated.
Equation (13.65) lets one use the Gram-Schmidt decomposition (13.56)
to invert a square matrix as

At =RIQ*=5*D7UQ". (13.67)

Unitary extended operators are certainly possible, for if Q) is an m x m
dimension-limited matrix, then the extended operator

Qoo:Q+(I_Im)y

which is just () with ones running out the main diagonal from its active
region, itself meets the unitary criterion (13.64) for m = oo.

Unitary matrices are so easy to handle that they can sometimes justify
significant effort to convert a model to work in terms of them if possible.
We shall meet the unitary matrix again in §§ 14.10 and 14.12.

The chapter as a whole has demonstrated at least in theory (and usu-
ally in practice) techniques to solve any linear system characterized by a
matrix of finite dimensionality, whatever the matrix’s rank or shape. It has
explained how to orthonormalize a set of vectors and has derived from the
explanation the useful Gram-Schmidt decomposition. As the chapter’s in-
troduction had promised, the matrix has shown its worth here; for without
the matrix’s notation, arithmetic and algebra most of the chapter’s findings
would have lain beyond practical reach. And even so, the single most inter-
esting agent of matrix arithmetic remains yet to be treated. This last is the
eigenvalue, and it is the subject of chapter 14, next.



Chapter 14

The eigenvalue

The eigenvalue is a scalar by which a square matrix scales a vector without
otherwise changing it, such that

Av = dv.

This chapter analyzes the eigenvalue and the associated eigenvector it scales.

Before treating the eigenvalue proper, the chapter gathers from across
chapters 11 through 14 several properties all invertible square matrices share,
assembling them in § 14.2 for reference. One of these regards the determi-
nant, which opens the chapter.

14.1 The determinant

Through chapters 11, 12 and 13 the theory of the matrix has developed
slowly but pretty straightforwardly. Here comes the first unexpected turn.

It begins with an arbitrary-seeming definition. The determinant of an
n X n square matrix A is the sum of n! terms, each term the product of n
elements, no two elements from the same row or column, terms of positive
parity adding to and terms of negative parity subtracting from the sum—a
term’s parity (§ 11.6) being the parity of the permutor (§ 11.7.1) marking
the positions of the term’s elements.

Unless you already know about determinants, the definition alone might
seem hard to parse, so try this. The inverse of the general 2 x 2 square
matrix

ailp a2
A2 = )
az; a2

415
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by the Gauss-Jordan method or any other convenient technique, is found to
be
[ aga  —a1a ]
_ —a21  an
At = :
a11a22 — G12021

The quantity’
det Ay = a11a22 — ar2a21

in the denominator is defined to be the determinant of As. Each of the de-
terminant’s terms includes one element from each column of the matrix and
one from each row, with parity giving the term its + sign. The determinant
of the general 3 x 3 square matrix by the same rule is

det A3 = (ar1a22a33 + a12a23a31 + a13a21a32)

- (613a22a31 + ajza21033 + a11023a32);

and indeed if we tediously invert such a matrix symbolically, we do find that
quantity in the denominator there.

The parity rule merits a more careful description. The parity of a term
like a1sa03as3; is positive because the parity of the permutor, or interchange
quasielementary (§ 11.7.1),

01 0
P=]0 01
1 0 0

marking the positions of the term’s elements is positive. The parity of
a term like aj3agoas; is negative for the same reason. The determinant
comprehends all possible such terms, n! in number, half of positive parity
and half of negative. (How do we know that exactly half are of positive
and half, negative? Answer: by pairing the terms. For every term like
a12a23a31 whose marking permutor is P, there is a corresponding ai3aseas;
whose marking permutor is Tj; 9P, necessarily of opposite parity. The sole
exception to the rule is the 1 x 1 square matrix, which has no second term
to pair.)

!The determinant det A used to be written |A|, an appropriately terse notation for
which the author confesses some nostalgia. The older notation |A| however unluckily
suggests “the magnitude of A,” which though not quite the wrong idea is not quite the right
idea, either. The magnitude |z| of a scalar or |u| of a vector is a real-valued, nonnegative,
nonanalytic function of the elements of the quantity in question, whereas the determinant
det A is a complex-valued, analytic function. The book follows convention by denoting
the determinant as det A for this reason among others.
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Normally the context implies a determinant’s rank n, but the nonstan-
dard notation
det™ A

is available especially to call the rank out, stating explicitly that the deter-
minant has exactly n! terms. (See also §§ 11.3.5 and 11.5 and eqn. 11.49.2)

It is admitted? that we have not, as yet, actually shown the determinant
to be a generally useful quantity; we have merely motivated and defined
it. The true history of the determinant is unknown to this writer, but
one might suppose that the determinant had originally emerged not from
abstract considerations but for the mundane reason that the quantity it
represents occurs frequently in practice (as in the A5 L of the example above).
Nothing however logically prevents one from simply defining some quantity
which, at first, one merely suspects will later prove useful. So we do here.

14.1.1 Basic properties

The determinant det A enjoys several useful basic properties.

o If
ajr, when i =17,
Cix = % ay.  when i = 1",
a;x  otherwise,
or if

a,j»  when j = j',
Cxj = { @4y when j = j",

asj  otherwise,

where i # i’ and j” # 7/, then
det C = —det A. (14.1)

Interchanging rows or columns negates the determinant.

o If
aa;x  when i =17,
Cix =

Qs otherwise,

2And see further chapter 13’s footnotes 5 and 26.
348, § 1.2]
4[48, chapter 1]
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or if

aay; when j = j’,
C*j = .
s otherwise,

then
det C' = acdet A. (14.2)

Scaling a single row or column of a matrix scales the matrix’s deter-
minant by the same factor. (Equation 14.2 tracks the linear scaling
property of § 7.3.3 and of eqn. 11.2.)

If

aix + bix  when i =17,
Cix — .
a;x = bjx  otherwise,

or if
o — Qxj + b*j when j = j/,
* asj = byj otherwise,

then
det C' = det A 4 det B. (14.3)

If one row or column of a matrix C' is the sum of the corresponding rows
or columns of two other matrices A and B, while the three matrices
remain otherwise identical, then the determinant of the one matrix is
the sum of the determinants of the other two. (Equation 14.3 tracks
the linear superposition property of § 7.3.3 and of eqn. 11.2.)

If
Cily — 0,
or if
Cyjr = 0,
then
det C' = 0. (14.4)

A matrix with a null row or column also has a null determinant.
If

Cit'se = Y Cilx,
or if

C*j" = "yc*j/’



14.1. THE DETERMINANT 419

where i # i and j” # 7', then
det C' = 0. (14.5)

The determinant is zero if one row or column of the matrix is a multiple
of another.

e The determinant of the adjoint is just the determinant’s conjugate,
and the determinant of the transpose is just the determinant itself:

det C* = (det O)*;

det CT = det C. (146)
These basic properties are all fairly easy to see if the definition of the de-
terminant is clearly understood. Equations (14.2), (14.3) and (14.4) come
because each of the n! terms in the determinant’s expansion has exactly
one element from row i’ or column j'. Equation (14.1) comes because a
row or column interchange reverses parity. Equation (14.6) comes because
according to § 11.7.1, the permutors P and P* always have the same par-
ity, and because the adjoint operation individually conjugates each element
of C. Finally, (14.5) comes because, in this case, every term in the deter-
minant’s expansion finds an equal term of opposite parity to offset it. Or,
more formally, (14.5) comes because the following procedure does not al-
ter the matrix: (i) scale row i’ or column j” by 1/v; (ii) scale row i’ or
column j" by ~; (iii) interchange rows i’ < i or columns j' + j”. Not
altering the matrix, the procedure does not alter the determinant either;
and indeed according to (14.2), step (ii)’s effect on the determinant cancels
that of step (i). However, according to (14.1), step (iii) negates the determi-
nant. Hence the net effect of the procedure is to negate the determinant—to
negate the very determinant the procedure is not permitted to alter. The
apparent contradiction can be reconciled only if the determinant is zero to
begin with.

From the foregoing properties the following further property can be de-
duced.

o If

ajx + aay,  when i =1,
Cix = .
s otherwise,
or if
asj + aayy  when j = j",
C*j =

Ay otherwise,
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where 7" # ' and j” # j', then
det C' = det A. (14.7)

Adding to a row or column of a matrix a multiple of another row or
column does not change the matrix’s determinant.

To derive (14.7) for rows (the column proof is similar), one defines a matrix B
such that

ik =

b = {aai/* when ¢ = 4",
Qs otherwise.
From this definition, b;s, = ca;, whereas by, = ajr, S0
bins = abyry,
which by (14.5) guarantees that
det B = 0.

On the other hand, the three matrices A, B and C differ only in the (i”)th
row, where [C|yr, = [A]ns + [Blins; so, according to (14.3),

det C = det A + det B.

Equation (14.7) results from combining the last two equations.

14.1.2 The determinant and the elementary operator

Section 14.1.1 has it that interchanging, scaling or adding rows or columns
of a matrix respectively negates, scales or does not alter the matrix’s deter-
minant. But the three operations named are precisely the operations of the
three elementaries of § 11.4. Therefore,

det T[“_)j} A = —detA = det AT[i<—>j] )
det Ta[z’]A = adetA = det ATa[j], (14 8)
det TopjA =  detA = det AT, '

1< (i,7) <n, 15,
for any n x n square matrix A. Obviously also,
det[A = detA = detAl,

det [,A = detA = detAl,, (14.9)
detl = 1 = detl,.
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If A is taken to represent an arbitrary product of identity matrices (I,
and/or I) and elementary operators, then a significant consequence of (14.8)
and (14.9), applied recursively, is that the determinant of a product is the
product of the determinants, at least where identity matrices and elementary
operators are concerned. In symbols,’

det (H Mk> = ][ det M, (14.10)
k k

M, {In, I, Tiis 0 Tagigs Tagij) § »

m

This matters because, as the Gauss-Jordan decomposition of § 12.3 has
shown, one can build up any square matrix of full rank by applying ele-
mentary operators to I,. Section 14.1.4 will put the rule (14.10) to good
use.

14.1.3 The determinant of a singular matrix

Equation (14.8) gives elementary operators the power to alter a matrix’s
determinant almost arbitrarily—almost arbitrarily, but not quite. What an
n x n elementary operator® cannot do is to change an n x n matrix’s deter-
minant to or from zero. Once zero, a determinant remains zero under the
action of elementary operators. Once nonzero, always nonzero. Elementary
operators being reversible have no power to breach this barrier.

Another thing n x n elementaries cannot do according to § 12.5.3 is to
change an n X n matrix’s rank. Nevertheless, such elementaries can reduce
any n X n matrix reversibly to I, where r < n is the matrix’s rank, by
the Gauss-Jordan algorithm of § 12.3. Equation (14.4) has that the n x n
determinant of I, is zero if r < n, so it follows that the n x n determinant
of every rank-r matrix is similarly zero if r < n; and complementarily that
the n x n determinant of a rank-n matrix is never zero. Singular matrices
always have zero determinants; full-rank square matrices never do. One
can evidently tell the singularity or invertibility of a square matrix from its
determinant alone.

5Notation like “€”, first met in § 2.3, can be too fancy for applied mathematics, but it
does help here. The notation My, € {...} restricts M} to be any of the things between the
braces. As it happens though, in this case, (14.11) below is going to erase the restriction.

5That is, an elementary operator which honors an n x n active region. See § 11.3.2.
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14.1.4 The determinant of a matrix product

Sections 14.1.2 and 14.1.3 suggest the useful rule that

det AB = det Adet B. (14.11)

To prove the rule, we consider three distinct cases.

The first case is that A is singular. In this case, B acts as a column
operator on A, whereas according to § 12.5.2 no operator has the power to
promote A in rank. Hence the product AB is no higher in rank than A,
which says that AB is no less singular than A, which implies that AB like A
has a null determinant. Evidently (14.11) holds in the first case.

The second case is that B is singular. The proof here resembles that of
the first case.

The third case is that neither matrix is singular. Here, we use Gauss-
Jordan to decompose both matrices into sequences of elementary operators
and rank-n identity matrices, for which

T e ()] () - (1)
= (H det T) det I, (H det T) (H det T) det I, (H det T)
(T (L7 (L) 5 (117)]

= det Adet B,

which is a schematic way of pointing out in light of (14.10) merely that
since A and B are products of identity matrices and elementaries, the de-
terminant of the product is the product of the determinants.

So it is that (14.11) holds in all three cases, as was to be demonstrated.
The determinant of a matriz product is the product of the matriz determi-
nants.

14.1.5 Determinants of inverse and unitary matrices

From (14.11) it follows that

1
det A=l = —— 14.12
¢ det A (14.12)

because A~ A = I,, and det I,, = 1.
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From (14.6) it follows that if @ is a unitary matrix (§ 13.12), then

det Q* det Q = 1,
et det @ (14.13)
|det Q| = 1.
This reason is that |det Q|2 = (det Q)*(det Q) = det Q* det Q = det Q*Q =
det Q71'Q =det I, = 1.

14.1.6 Inverting the square matrix by determinant

The Gauss-Jordan algorithm comfortably inverts concrete matrices of mod-
erate size, but swamps one in nearly interminable algebra when symbolically
inverting general matrices larger than the A at the section’s head. Slogging
through the algebra to invert Az symbolically nevertheless (the reader need
not actually do this unless he desires a long exercise), one quite incidentally
discovers a clever way to factor the determinant:

CTA = (det A)I,, = ACT;

Cij = det Rij;
1 ifi=iandj =3j, (14.14)
[Rijliryy =40 if i/ =i or 7/ = j but not both,

a;jr  otherwise.

Pictorially,
* *x 0 *x x
¥ *x 0 *x x
Rl] = 0 01 0 O ,
* 0 % %
¥ *x 0 *x x

same as A except in the ith row and jth column. The matrix C', called the
cofactor of A, then consists of the determinants of the various R;;.
Another way to write (14.14) is

[CTA]l’j = (det A)(Sl] = [ACTL']‘, (1415)
which comprises two cases. In the case that ¢ = j,

[ACT]ij = [ACT}“’ = Z QieCip = Z ajpdet Ryy = det A = (det A)(Sij,
l y4
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wherein the equation ), a;s det R;y = det A states that det A, being a deter-
minant, consists of several terms, each term including one factor from each
row of A, where a;y provides the ith row and R;, provides the other rows.”
In the case that i # j,

[ACT]U = Z QieCjp = Z aypdet Rjp =0 = (det A)(0) = (det A)(Sij,
l L

wherein ), a;odet Rj; is the determinant, not of A itself, but rather of A
with the jth row replaced by a copy of the ith, which according to (14.5)
evaluates to zero. Similar equations can be written for [CT A];; in both cases.
The two cases together prove (14.15), hence also (14.14).

Dividing (14.14) by det A, we have that®

A7'A = I, = AA7Y
_ cT
A7t = A (14.16)

Equation (14.16) inverts a matrix by determinant. In practice, it inverts
small matrices nicely, through about 4 x 4 dimensionality (the A5 ! equation
at the head of the section is just eqn. 14.16 for n = 2). It inverts 5 x 5 and
even 6 X 6 matrices reasonably, too—especially with the help of a computer
to do the arithmetic. Though (14.16) still holds in theory for yet larger
matrices, and though symbolically it expresses the inverse of an abstract,
n X n matrix concisely whose entries remain unspecified, for concrete matri-
ces much bigger than 4 x 4 to 6 X 6 or so its several determinants begin to
grow too great and too many for practical calculation. The Gauss-Jordan
technique (or even the Gram-Schmidt technique) is preferred to invert con-
crete matrices above a certain size for this reason.”

14.2 Coincident properties

Chapters 11, 12 and 13, plus this chapter up to the present point, have
discovered several coincident properties of the invertible n x n square matrix.

"This is a bit subtle, but if you actually write out Az and its cofactor Cs symbolically,
trying (14.15) on them, then you will soon see what is meant.

8Cramer’s rule [48, § 1.6], of which the reader may have heard, results from apply-
ing (14.16) to (13.4). However, Cramer’s rule is really nothing more than (14.16) in a less
pleasing form, so this book does not treat Cramer’s rule as such.

9For very large matrices, even the Gauss-Jordan grows impractical, due to compound
floating-point rounding error and the maybe large but nonetheless limited quantity of
available computer memory. Iterative techniques, regrettably beyond this edition’s scope,
serve to invert such matrices approximately.
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One does not feel the full impact of the coincidence when these properties
are left scattered across the long chapters; so, let us gather and summarize
the properties here. A square, n X n matrix evidently has either all of the
following properties or none of them, never some but not others.

e The matrix is invertible (§ 13.1).
e Its rows are linearly independent (§§ 12.1 and 12.3.4).
e Its columns are linearly independent (§ 12.5.4).

o Its columns address the same space the columns of I,, address, and its
rows address the same space the rows of I,, address (§ 12.5.7).

e The Gauss-Jordan algorithm reduces it to I, (§ 12.3.3). (In this, per
§ 12.5.3, the choice of pivots does not matter.)

e Decomposing it, the Gram-Schmidt algorithm achieves a fully square,
unitary, n x n factor @ (§ 13.11.2).

e It has full rank r =n (§ 12.5.4).

e The linear system Ax = b it represents has a unique n-element solu-
tion x, given any specific n-element driving vector b (§ 13.2).

e The determinant det A # 0 (§ 14.1.3).
e None of its eigenvalues is zero (§ 14.3, below).

The square matrix which has one of these properties, has all of them. The
square matrix which lacks one, lacks all. Assuming exact arithmetic, a
square matrix is either invertible, with all that that implies, or singular;
never both. The distinction between invertible and singular matrices is
theoretically as absolute as (and is indeed analogous to) the distinction
between nonzero and zero scalars.

Whether the distinction is always useful is another matter. Usually the
distinction is indeed useful, but a matrix can be almost singular just as a
scalar can be almost zero. Such a matrix is known, among other ways, by
its unexpectedly small determinant. Now it is true: in exact arithmetic, a
nonzero determinant, no matter how small, implies a theoretically invertible
matrix. Practical matrices however often have entries whose values are im-
precisely known; and even when they don’t, the computers that invert them
tend to do arithmetic imprecisely in floating-point. Matrices which live
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on the hazy frontier between invertibility and singularity resemble the in-
finitesimals of § 4.1.1. They are called ill-conditioned matrices. Section 14.8
develops the topic.

14.3 The eigenvalue itself

We stand ready at last to approach the final major agent of matrix arith-
metic, the eigenvalue. Suppose a square, nxn matrix A, a nonzero n-element
vector

v=1Iv#0, (14.17)

and a scalar A, together such that
Av = v, (14.18)
or in other words such that Av = A\I,,v. If so, then
[A— A, ]v =0. (14.19)

Since I, v is nonzero, the last equation is true if and only if the matrix
[A — AI,] is singular—which in light of § 14.1.3 is to demand that

det(A — AI,) = 0. (14.20)

The left side of (14.20) is an nth-order polynomial in A, the characteristic
polynomial, whose n roots are the eigenvalues'® of the matrix A.

What is an eigenvalue, really? An eigenvalue is a scalar a matrix resem-
bles under certain conditions. When a matrix happens to operate on the
right eigenvector v, it is all the same whether one applies the entire matrix
or just the eigenvalue to the vector. The matrix scales the eigenvector by
the eigenvalue without otherwise altering the vector, changing the vector’s

10An example:

2 0
SRR
det(A— \,) = det{Qg)\ _f’_d
2=N(=1=2)=(0)3)
= N -)x-2=0,

A = —lor?2.
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magnitude but not its direction. The eigenvalue alone takes the place of the
whole, hulking matrix. This is what (14.18) means. Of course it works only
when v happens to be the right eigenvector, which § 14.4 discusses.

Observe incidentally that the characteristic polynomial of an n xn matrix
always enjoys full order n regardless of the matrix’s rank. The reason lies in
the determinant det(A—AI,), which comprises exactly n! determinant-terms
(we say “determinant-terms” rather than “terms” here only to avoid con-
fusing the determinant’s terms with the characteristic polynomial’s), only
one of which, (a1 — A)(a22 — A) - - - (ann — A), gathers elements straight down
the main diagonal of the matrix [A — Al,]. When multiplied out, this main-
diagonal determinant-term evidently contributes a (—\)™ to the character-
istic polynomial, whereas none of the other determinant-terms finds enough
factors of A to reach order n. (If unsure, take your pencil and just calculate
the characteristic polynomials of the 3 x 3 matrices I3 and 0. You will soon
see what is meant.)

On the other hand, nothing prevents A = 0. When A\ = 0, (14.20) makes
det A = 0, which as we have said is the sign of a singular matrix. Zero
eigenvalues and singular matrices always travel together. Singular matrices
each have at least one zero eigenvalue; nonsingular matrices never do.

The eigenvalues of a matrix’s inverse are the inverses of the matrix’s
eigenvalues. That is,

NAj=1 forall 1 <j<nif AA=1I, = AA' (14.21)

The reason behind (14.21) comes from answering the question: if Av;
scales v; by the factor \;, then what does A’Av; = I'v; do to v;?

Naturally one must solve (14.20)’s nth-order polynomial to locate the
actual eigenvalues. One solves it by the same techniques by which one solves
any polynomial: the quadratic formula (2.2); the cubic and quartic methods
of chapter 10; the Newton-Raphson iteration (4.30). On the other hand, the
determinant (14.20) can be impractical to expand for a large matrix; here
iterative techniques'!' help.'?

14.4 The eigenvector

It is an odd fact that (14.19) and (14.20) reveal the eigenvalues A of a
square matrix A while obscuring the associated eigenvectors v. Once one
has calculated an eigenvalue, though, one can feed it back to calculate the

HSuch iterative techniques are regrettably not treated by this edition.
12The inexpensive [48] also covers the topic competently and readably.
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associated eigenvector. According to (14.19), the eigenvectors are the n-
element vectors for which

[A— A,|v =0,

which is to say that the eigenvectors are the vectors of the kernel space of the
degenerate matrix [A—AI,]—which one can calculate (among other ways) by
the Gauss-Jordan kernel formula (13.7) or by a method exploiting (13.48).

An eigenvalue and its associated eigenvector, taken together, are some-
times called an eigensolution.

14.5 Eigensolution facts

Many useful or interesting mathematical facts concern the eigensolution,
among them the following.

o If the eigensolutions of A are (\j,v;), then the eigensolutions of A +
al, are (A\j + o, v;). The eigenvalues move over by ol,, while the
eigenvectors remain fixed. This is seen by adding av; to both sides of
the definition Av; = Av;.

e A matriz and its inverse share the same eigenvectors with inverted
eigenvalues. Refer to (14.21) and its explanation in § 14.3.

e FEigenvectors corresponding to distinct eigenvalues are always linearly
independent of one another. To prove this fact, consider several inde-
pendent eigenvectors vi,va, ..., Vi_1 respectively with distinct eigen-
values A1, Ao, ..., Ap_1, and further consider another eigenvector vy
which might or might not be independent but which too has a distinct
eigenvalue \p. Were v; dependent, which is to say, did nontrivial
coefficients c; exist such that

k—1
VE = E CjVvj,
J=1

then left-multiplying the equation by A — ApI,, would yield

o

-1
0=> (N —A\)ejvy,
1

<.
Il

impossible since the k& — 1 eigenvectors are independent. Thus v, too
is independent, whereupon by induction from a start case of k = 1
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we conclude that there exists no dependent eigenvector with a distinct
eigenvalue.

e If an n X n square matriz A has n independent eigenvectors (which is
always so if the matrix has n distinct eigenvalues and often so even
otherwise), then any n-element vector can be expressed as a unique
linear combination of the eigenvectors. This is a simple consequence
of the fact that the n x m matrix V whose columns are the several
eigenvectors v; has full rank r = n. Unfortunately, some matrices with
repeated eigenvalues also have repeated eigenvectors—as for example,
curiously,'? [1 0;1 1]T, whose double eigenvalue A = 1 has the single
eigenvector [1 0]7. Section 14.10.2 speaks of matrices of the last kind.

e An n xn square matrix whose eigenvectors are linearly independent of
one another cannot share all eigensolutions with any other n xXn square
matriz. This fact proceeds from the last point, that every n-element
vector x is a unique linear combination of independent eigenvectors.
Neither of the two proposed matrices A; and As could scale any of the
eigenvector components of x differently than the other matrix did, so
A1x — Agx = (A1 — A2)x = 0 for all x, which in turn is possible only
if A = As.

e A positive definite matriz has only real, positive eigenvalues. A non-
negative definite matrix has only real, nonnegative eigenvalues. Were
it not so, then v*Av = Av*v (in which v*v naturally is a positive real
scalar) would violate the criterion for positive or nonnegative definite-
ness. See § 13.6.3.

e FBvery n X n square matriz has at least one eigensolution if n > 0,
because according to the fundamental theorem of algebra (6.1) the
matrix’s characteristic polynomial (14.20) has at least one root, an
eigenvalue, which by definition would be no eigenvalue if it had no
eigenvector to scale, and for which (14.19) necessarily admits at least
one nonzero solution v because its matrix A — \I,, is degenerate.

14.6 Diagonalization

Any n x n matrix with n independent eigenvectors (which class per § 14.5
includes, but is not limited to, every nxn matrix with n distinct eigenvalues)

13 [60]
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can be diagonalized as

A=VAV! (14.22)
where
A0 0 0
0 A 0 0
A= : :
0 o - A1 O
0 0o .- 0 An

is an otherwise empty n X n matrix with the eigenvalues of A set along its
main diagonal and where

V:[vl Vo ccr Vpoi vn]

is an n X n matrix whose columns are the eigenvectors of A. This is so
because the identity Av; = v;A; holds for all 1 < j < n; or, expressed more
concisely, because the identity

AV = VA (14.23)

holds (reason: the jth column of the product AV is Av;, whereas the jth
column of A having just the one element acts to scale V’s jth column only).
The matrix V is invertible because its columns the eigenvectors are inde-
pendent, from which (14.22) follows. Equation (14.22) is called the eigen-
value decomposition, the diagonal decomposition or the diagonalization of
the square matrix A.

One might object that we had shown only how to compose some matrix
VAV ! with the correct eigenvalues and independent eigenvectors, but had
failed to show that the matrix was actually A. However, we need not show
this, because § 14.5 has already demonstrated that two matrices with the
same eigenvalues and independent eigenvectors are in fact the same matrix,
whereby the product VAV ! can be nothing other than A.

An n x n matrix with n independent eigenvectors (which class, again,
includes every n x n matrix with n distinct eigenvalues and also includes
many matrices with fewer) is called a diagonalizable matrix. Besides factor-
ing a diagonalizable matrix by (14.22), one can apply the same formula to
compose a diagonalizable matrix with desired eigensolutions.

The diagonal matrix diag{x} of (11.55) is trivially diagonalizable as
diag{x} = I,, diag{x}I,.

It is a curious and useful fact that

A% = (VAV H(VAV Y = VA2Y !



14.7. REMARKS ON THE EIGENVALUE 431

and by extension that
Ak = v ARy (14.24)

for any diagonalizable matrix A. The diagonal matrix A* is nothing more
than the diagonal matrix A with each element individually raised to the kth
power, such that

[Aij = G A,

Changing z < k implies the generalization'
A = VATV

[AZ} ij = 0ijAjs

(14.25)

good for any diagonalizable A and complex z.

Nondiagonalizable matrices are troublesome and interesting. The non-
diagonalizable matrix vaguely resembles the singular matrix in that both
represent edge cases and can be hard to handle numerically; but the resem-
blance ends there, and a matrix can be either without being the other. The
n x n null matrix for example is singular but still diagonalizable. What a
nondiagonalizable matrix is, is, in essence, a matrix with a repeated eigenso-
lution: the same eigenvalue with the same eigenvector, twice or more. More
formally, a nondiagonalizable matrix is a matrix with an n-fold eigenvalue
whose corresponding eigenvector space fewer than n eigenvectors fully char-
acterize. Section 14.10.2 will have more to say about the nondiagonalizable
matrix.

14.7 Remarks on the eigenvalue

Figenvalues and their associated eigenvectors stand among the principal
causes that one should go to such considerable trouble to develop matrix
theory as we have done in recent chapters. The idea that a matrix resembles
a humble scalar in the right circumstance is powerful. Among the reasons
for this is that a matrix can represent an iterative process, operating repeat-
edly on a vector v to change it first to Av, then to A%>v, A%v and so on. The
dominant eigenvalue of A, largest in magnitude, tends then to transform v
into the associated eigenvector, gradually but relatively eliminating all other
components of v. Should the dominant eigenvalue have greater than unit

1Tt may not be clear however according to (5.13) which branch of A5 one should choose
at each index j, especially if A has negative or complex eigenvalues.
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magnitude, it destabilizes the iteration; thus one can sometimes judge the
stability of a physical process indirectly by examining the eigenvalues of the
matrix which describes it. Then there is the edge case of the nondiagonaliz-
able matrix, which matrix surprisingly covers only part of its domain with
eigenvectors. All this is fairly deep mathematics. It brings an appreciation
of the matrix for reasons which were anything but apparent from the outset
of chapter 11.
Remarks continue in §§ 14.10.2 and 14.13.

14.8 Matrix condition

The largest in magnitude of the several eigenvalues of a diagonalizable opera-
tor A, denoted here Amax, tends to dominate the iteration A¥x. Section 14.7
has named A.x the dominant eigenvalue for this reason.

One sometimes finds it convenient to normalize a dominant eigenvalue
by defining a new operator A’ = A/ [Anax|, whose own dominant eigenvalue
Amax/ | Amax| has unit magnitude. In terms of the new operator, the iteration
becomes AFx = |)\max|k A’"x | leaving one free to carry the magnifying effect
|Amax|” separately if one prefers to do so. However, the scale factor 1/ [Amax|
scales all eigenvalues equally; thus, if A’s eigenvalue of smallest magnitude
is denoted Apmin, then the corresponding eigenvalue of A’ is Amin/ [Amax|- If
zero, then both matrices according to § 14.3 are singular; if nearly zero, then
both matrices are ill conditioned.

Such considerations lead us to define the condition of a diagonalizable
matrix quantitatively as!®

)\max
= 14.26
o=5m. (14.26)
by which
k>1 (14.27)

is always a real number of no less than unit magnitude. For best invertibility,
k = 1 would be ideal (it would mean that all eigenvalues had the same
magnitude), though in practice quite a broad range of « is usually acceptable.
Could we always work in exact arithmetic, the value of x might not interest
us much as long as it stayed finite; but in computer floating point, or where
the elements of A are known only within some tolerance, infinite s tends
to emerge imprecisely rather as large £ > 1. An ill-conditioned matrix by

15[126]
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definition'® is a matrix of large x > 1. The applied mathematician handles
such a matrix with due skepticism.

Matrix condition so defined turns out to have another useful application.
Suppose that a diagonalizable matrix A is precisely known but that the
corresponding driving vector b is not. If

A(x 4 0x) = b + db,

where 6b is the error in b and §x is the resultant error in x, then one should
like to bound the ratio |0x| / |x| to ascertain the reliability of x as a solution.
Transferring A to the equation’s right side,

x4 6x = A~ (b + 6b).

Subtracting x = A~'b and taking the magnitude,

0x| =A™ 6b|.
Dividing by |x| = [A7'b|,

ox| |A7!4b|

x| ATb|

The quantity ‘A‘l 5b‘ cannot exceed ‘)\;iln 5b‘. The quantity ‘A‘lb‘ cannot
fall short of ‘)\_1 b‘. Thus,

max

x| _ Pahob| e 2
x| ~ ‘Ar?léxb’ [ Amin | [b]
That is,
|0x| |0b|
— < Kk—. (14.28)
| b

Condition, incidentally, might technically be said to apply to scalars as
well as to matrices, but ill condition remains a property of matrices alone.
According to (14.26), the condition of every nonzero scalar is happily x = 1.

6 There is of course no definite boundary, no particular edge value of , less than which
a matrix is well conditioned, at and beyond which it turns ill-conditioned; but you knew
that already. If I tried to claim that a matrix with a fine kK = 3 were ill conditioned, for
instance, or that one with a wretched x = 2°*'® were well conditioned, then you might
not credit me—but the mathematics nevertheless can only give the number; it remains to
the mathematician to interpret it.
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14.9 The similarity transformation

Any collection of vectors assembled into a matrix can serve as a basis by
which other vectors can be expressed. For example, if the columns of

5 1 -1 4
3{1]25 0o|+1 21 =12
0 1 1

is (5,1) in the basis B: five times the first basis vector plus once the second.
The basis provides the units from which other vectors can be built.

Particularly interesting is the n x n, invertible complete basis B, in which
the n basis vectors are independent and address the same full space the
columns of I,, address. If

X = Bu

then u represents x in the basis B. Left-multiplication by B evidently
converts out of the basis. Left-multiplication by B~!,

u= B 'x,

then does the reverse, converting into the basis. One can therefore convert
any operator A to work within a complete basis B by the successive steps

Ax = b,
ABu = b,
[B'ABJu = B7'b,

by which the operator B~!AB is seen to be the operator A, only transformed
to work within the basis!”>1® B.

"The reader may need to ponder the basis concept a while to grasp it, but the concept
is simple once grasped and little purpose would be served by dwelling on it here. Basically,
the idea is that one can build the same vector from alternate building blocks, not only
from the standard building blocks e;, ez, es, etc.—except that the right word for the
relevant “building block” is basis vector. The books [61] and [83] introduce the basis more
gently; one might consult one of those if needed.

8The professional matrix literature sometimes distinguishes by typeface between the
matrix B and the basis B its columns represent. Such semantical distinctions seem a little
too fine for applied use, though. This book just uses B.
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The conversion from A into B~YAB is called a similarity transformation.
If B happens to be unitary (§ 13.12), then the conversion is also called a
unitary transformation. The matrix B~'AB the transformation produces
is said to be similar (or, if B is unitary, unitarily similar) to the matrix A.
We have already met the similarity transformation in §§ 11.5 and 12.2. Now
we have the theory to appreciate it properly.

Probably the most important property of the similarity transformation
is that it alters no eigenvalues. That is, if

Ax = Ax,
then, by successive steps,

B'ABB™)x = AB7'x,
[B7'ABJu = Xu. (14.29)

The eigenvalues of A and the similar B~ AB are the same for any square,
n X n matrix A and any invertible, square, n X n matrix B.

14.10 The Schur decomposition

The Schur decomposition of an arbitrary, n X n square matrix A is
A= QUsQ", (14.30)

where () is an n X n unitary matrix whose inverse, as for any unitary matrix
(§ 13.12), is Q! = Q*; and where Uy is a general upper triangular matrix
which can have any values (even zeros) along its main diagonal. The Schur
decomposition is slightly obscure, is somewhat tedious to derive and is of
limited use in itself, but serves a theoretical purpose.'’® We derive it here
for this reason.

9The alternative is to develop the interesting but difficult Jordan canonical form, which
for brevity’s sake this chapter prefers to omit.
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14.10.1 Derivation

Suppose that?® (for some reason, which will shortly grow clear) we have a
matrix B of the form

: (14.31)

Sy
I
*OKk K K K K K e

where the ith row and ith column are depicted at center. Suppose further
that we wish to transform B not only similarly but unitarily into

C=W*BW = : (14.32)

S S R R ORI

O OO OO *x ¥

where W is an n X n unitary matrix, and where we do not mind if any or all
of the * elements change in going from B to C' but we require zeros in the
indicated spots. Let B, and C, represent the (n — i) x (n — i) submatrices
in the lower right corners respectively of B and C|, such that

B,=1,,H_;BH;I,_;,

(14.33)
Co=1,;H ;CH;I, ;,

29This subsection assigns various capital Roman letters to represent the several matrices
and submatrices it manipulates. Its choice of letters except in (14.30) is not standard and
carries no meaning elsewhere. The writer had to choose some letters and these are ones
he chose.

This footnote mentions the fact because good mathematical style avoid assigning letters
that already bear a conventional meaning in a related context (for example, this book
avoids writing Ax = b as T'e = i, not because the latter is wrong but because it would be
extremely confusing). The Roman alphabet provides only twenty-six capitals, though, of
which this subsection uses too many to be allowed to reserve any. See appendix B.
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where Hy, is the shift operator of § 11.9. Pictorially,

* ok % * %
* %k 0 =
0 =

Equation (14.32) seeks an n x n unitary matrix W to transform the ma-
trix B into a new matrix C = W*BW such that C fits the form (14.32)
stipulates. The question remains as to whether a unitary W exists that sat-
isfies the form and whether for general B we can discover a way to calculate
it. To narrow the search, because we need not find every W that satisfies the
form but only one such W, let us look first for a W that fits the restricted
template

W=I+HW,H_;, = , (1434)

[N elNoNoNoll el
* ¥ ¥ OO OO -

which contains a smaller, (n — ) X (n —¢) unitary submatrix W, in its lower
right corner and resembles I, elsewhere. Beginning from (14.32), we have
by successive, reversible steps that

C = W*BW

(I; + H;yW H_;)(B)(I; + HiW,H_;)

= I;BI; + ;BH;W,H_; + H;W*H_; BI,
+ HW!H_BH;W,H_;.

The unitary submatrix W, has only n—i columns and n—: rows, so I,,_;W, =
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W, = Wyl,_;. Thus,?!

C = ILBIL+1;BHW,I, ;H_ ;+ H;I,_ ;W;H_;BI;
+ Hifn_iW:In_iH_iBHiIn_iWOIn_iH_i
— LIB|L + LIBHW,H_j)(I, — ) + (I — I) [H;iW*H_; B|I;
+ (In — L) [HiWy BoW,H (I, — I;),

where the last step has used (14.33) and the identity (11.76). The four terms
on the equation’s right, each term with rows and columns neatly truncated,
represent the four quarters of C = W*BW —upper left, upper right, lower
left and lower right, respectively. The lower left term is null because

(I, — L) HW;H_B|I, = (I,—IL)HW,I,_;H_;BL]I;
= (I, — L)[H;W;H_][(I, — I,)BL]I;
= (I, —L;)[H;W;H_;][0]1; = 0,

leaving

Cc = IZ[B]IZ + IZ[BHZWOH_l](In — Iz)
+ (In — IZ)[HZW:BOWOH_Z](IH — Il)

But the upper left term makes the upper left areas of B and C the same,
and the upper right term does not bother us because we have not restricted
the content of C’s upper right area. Apparently any (n—i) x (n— 1) unitary
submatrix W, whatsoever obeys (14.32) in the lower left, upper left and
upper right.

That leaves the lower right. Left- and right-multiplying (14.32) by the
truncator (I, —1I;) to focus solely on the lower right area, we have the reduced
requirement that

(In - Ii)C(In - Ii) = (In - Ii)W*BW(In - Ii)~ (14'35)

Further left-multiplying by H_;, right-multiplying by H;, and applying the
identity (11.76) yields that

In_iH_;CHil, i = I H ;W*BWH;I,,_;;

21The algebra is so thick that, even if one can logically follow it, one might nonetheless
wonder how the writer had thought to write it. However, much of the algebra consists of
crop-and-shift operations like H;I,—; which, when a sample matrix is sketched on a sheet
of paper, are fairly easy to visualize. Indeed, the whole derivation is more visual than the
inscrutable symbols let on. The writer had the visuals in mind.
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or, substituting from (14.33), that
Co=1I, ;H ,W'BWH;I,_;.
Expanding W per (14.34),
Co=1In_iH_ i(I; + HW;H_;)B(Il; + HW,H_;)H;I,,_;;
or, since I, ;H ;I, =0=LH;I, ;,
C, = IL_;H_ ;(HW;H_;))B(HW,H_;)H;I,_;

= I, ;W*H_;BH,W,I,_;
= W*I,_iH_;BH;I,_;W,.

Per (14.33), this has that
Co = W;B,W,. (14.36)

The steps from (14.35) to (14.36) are reversible, so the latter is as good a
way to state the reduced requirement as the former is. To achieve a unitary
transformation of the form (14.32), therefore, it suffices to satisfy (14.36).

The increasingly well-stocked armory of matrix theory we now have to
draw from makes satisfying (14.36) possible as follows. Observe per § 14.5
that every square matrix has at least one eigensolution. Let ()\,,Vv,) repre-
sent an eigensolution of B,—any eigensolution of B,—with v, normalized
to unit magnitude. Form the broad, (n — i) x (n — i + 1) matrix

FE[VO el e ez --- en_i}.

Decompose F' by the Gram-Schmidt technique of § 13.11.2, choosing p = 1
during the first instance of the algorithm’s step 3 (though choosing any
permissible p thereafter), to obtain

F=QrRr.

Noting that the Gram-Schmidt algorithm orthogonalizes only rightward,
observe that the first column of the (n — i) x (n — ¢) unitary matrix Qp
remains simply the first column of F', which is the unit eigenvector v,:

QF]., = Qrer = V.

Transform B, unitarily by Qr to define the new matrix

G = Q}BOQFV
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then transfer factors to reach the equation
QrGQF = Bo,.

Right-multiplying by Qre; = v, and noting that B,v, = A,v,, observe that
QrGer = AV,

Left-multiplying by Q7%
Ger = AoQFVo.

Noting that the Gram-Schmidt process has rendered orthogonal to v, all
columns of Qr but the first, which is v,, observe that

Gel = )\OQ}’VO = )\oel = 0 |,

which means that

Ao
0
G=1 o

which fits the very form (14.33) the submatrix C, is required to have. Con-
clude therefore that

WO:QF7

14.37
C=G. (14.37)

where Qr and G are as this paragraph develops, together constitute a valid
choice for W, and C,, satisfying the reduced requirement (14.36) and thus
also the original requirement (14.32).

Equation (14.37) completes a failsafe technique to transform unitarily
any square matrix B of the form (14.31) into a square matrix C' of the
form (14.32). Naturally the technique can be applied recursively as

Bli—y = Climy—1, 1 <4 <, (14.38)

because the form (14.31) of B at ¢ = ¢’ is nothing other than the form (14.32)
of C' at i =i’ — 1. Therefore, if we let

Bli—o = A, (14.39)
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then it follows by induction that
Bli=n = Us, (14.40)

where per (14.31) the matrix Ug has the general upper triangular form the
Schur decomposition (14.30) requires. Moreover, because the product of
unitary matrices according to (13.66) is itself a unitary matrix, we have
that

n—1
Q=] Wli=). (14.41)
i'=0
which along with (14.40) accomplishes the Schur decomposition.

14.10.2 The nondiagonalizable matrix

The characteristic equation (14.20) of the general upper triangular ma-
trix Ug is
det(Us — AI,) = 0.

Unlike most determinants, this determinant brings only the one term

n

det(Us — ML) = [ J(usii — A) =0
=1

whose factors run straight down the main diagonal, where the determinant’s
n! — 1 other terms are all zero because each of them includes at least one
zero factor from below the main diagonal.?? Hence no element above the
main diagonal of Ug even influences the eigenvalues, which apparently are

the main-diagonal elements.

22The determinant’s definition in § 14.1 makes the following two propositions equivalent:
(i) that a determinant’s term which includes one or more factors above the main diagonal
also includes one or more factors below; (ii) that the only permutor that marks no position
below the main diagonal is the one which also marks no position above. In either form,
the proposition’s truth might seem less than obvious until viewed from the proper angle.

Consider a permutor P. If P marked no position below the main diagonal, then it would
necessarily have p,, = 1, else the permutor’s bottom row would be empty which is not
allowed. In the next-to-bottom row, p(,_1)(n—1) = 1, because the nth column is already
occupied. In the next row up, p(,—2y(n—2) = 1; and so on, thus affirming the proposition.
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According to (14.29), similarity transformations preserve eigenvalues.
The Schur decomposition (14.30) is in fact a similarity transformation; and,
as we have seen, every matrix A has a Schur decomposition. If therefore

A=QUsQ",

then the eigenvalues of A are just the values along the main diagonal of Ug.??

One might think that the Schur decomposition offered an easy way to cal-
culate eigenvalues, but it is less easy than it first appears because one must
calculate eigenvalues to reach the Schur decomposition in the first place.
Whatever practical merit the Schur decomposition might have or lack, how-
ever, it brings at least the theoretical benefit of (14.42): every square matrix
without exception has a Schur decomposition, whose triangular factor Ug
openly lists all eigenvalues along its main diagonal.

This theoretical benefit pays when some of the n eigenvalues of an n x n
square matrix A repeat. By the Schur decomposition, one can construct
a second square matrix A’, as near as desired to A but having n distinct
eigenvalues, simply by perturbing the main diagonal of Ug to%*

Us = Us+ ediag{u}, (14.43)
up  #Foug if Ay =N,

where |¢|] < 1 and where u is an arbitrary vector that meets the criterion
given. Though infinitesimally near A, the modified matrix A" = QUQ* un-
like A has n (maybe infinitesimally) distinct eigenvalues. With sufficient toil,
one might analyze such perturbed eigenvalues and their associated eigenvec-
tors similarly as § 9.7.2 has analyzed perturbed poles.

Equation (14.43) brings us to the nondiagonalizable matrix of the subsec-
tion’s title. Section 14.6 and its diagonalization formula (14.22) diagonalize

23 An unusually careful reader might worry that A and Us had the same eigenvalues
with different multiplicities. It would be surprising if it actually were so; but, still, one
would like to give a sounder reason than the participle “surprising.” Consider however
that

A= AL = QUsQ" ~ AL = Q[Us — Q" (AL)QIQ"
= QUs = MQ'1»Q)|Q" = Q[Us — M,]Q".
According to (14.11) and (14.13), this equation’s determinant is
det[A — A,] = det{Q[Us — M,]Q"} = det Qdet[Us — A,,] det Q° = det[Us — Al,.],

which says that A and Us have not only the same eigenvalues but also the same charac-
teristic polynomials, and thus further the same eigenvalue multiplicities.
24 Equation (11.55) defines the diag{-} notation.
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any matrix with distinct eigenvalues and even any matrix with repeated
eigenvalues but distinct eigenvectors, but fail where eigenvectors repeat.
Equation (14.43) separates eigenvalues, and thus also eigenvectors—for ac-
cording to § 14.5 eigenvectors of distinct eigenvalues never depend on one
another—permitting a nonunique but still sometimes usable form of diag-
onalization in the limit ¢ — 0 even when the matrix in question is strictly
nondiagonalizable.

The finding that every matrix is arbitrarily nearly diagonalizable illu-
minates a question the chapter has evaded up to the present point. The
question: does a p-fold root in the characteristic polynomial (14.20) neces-
sarily imply a p-fold eigenvalue in the corresponding matrix? The existence
of the nondiagonalizable matrix casts a shadow of doubt until one realizes
that every nondiagonalizable matrix is arbitrarily nearly diagonalizable—
and, better, is arbitrarily nearly diagonalizable with distinct eigenvalues. If
you claim that a matrix has a triple eigenvalue and someone disputes the
claim, then you can show him a nearly identical matrix with three infinites-
imally distinct eigenvalues. That is the essence of the idea. We will leave
the answer in that form.

Generalizing the nondiagonalizability concept leads one eventually to the
ideas of the generalized eigenvector® (which solves the higher-order linear
system [A — M]*v = 0) and the Jordan canonical form,?6 which together
roughly track the sophisticated conventional pole-separation technique of
§ 9.7.6. Then there is a kind of sloppy Schur form called a Hessenberg form
which allows content in Ug along one or more subdiagonals just beneath
the main diagonal. One could profitably propose and prove any number of
useful theorems concerning the nondiagonalizable matrix and its generalized
eigenvectors, or concerning the eigenvalue problem?’ more broadly, in more
and less rigorous ways, but for the time being we will let the matter rest
there.

14.11 The Hermitian matrix

An m x m square matrix A that is its own adjoint,

A* = A, (14.44)

552, chapter 7]
26[48, chapter 5]
271148]
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is called a Hermitian or self-adjoint matrix. Properties of the Hermitian
matrix include that

e its eigenvalues are real,

e its eigenvectors corresponding to distinct eigenvalues lie orthogonal to
one another, and

e it is unitarily diagonalizable (§§ 13.12 and 14.6) such that

A=VAV*. (14.45)

That the eigenvalues are real is proved by letting (A, v) represent an
eigensolution of A and constructing the product v*Av, for which

A'V'V = (Av)'v = VI AV = v (Av) = Av'v.

That is,
A=),

which naturally is possible only if A is real.

That eigenvectors corresponding to distinct eigenvalues lie orthogonal to
one another is proved?® by letting (A1, v1) and ()2, va) represent eigensolu-
tions of A and constructing the product v;Avy, for which

Asvovy = (Ave) vy = viAvy = vi(Avy) = A\jvavy.
That is,
A5 =A1 or vyvy =0.

But according to the last paragraph all eigenvalues are real; the eigenval-
ues A1 and Ay are no exceptions. Hence,

A2 =A1 or vivy =0.

To prove the last hypothesis of the three needs first some definitions as
follows. Given an m X m matrix A, let the s columns of the m x s matrix V,
represent the s independent eigenvectors of A such that (i) each column
has unit magnitude and (ii) columns whose eigenvectors share the same
eigenvalue lie orthogonal to one another. Let the s x s diagonal matrix A,
carry the eigenvalues on its main diagonal such that

AV;) = ‘/;)AO7

28[83, § 8.1]



14.11. THE HERMITIAN MATRIX 445

where the distinction between the matrix A, and the full eigenvalue matrix A
of (14.22) is that the latter always includes a p-fold eigenvalue p times,
whereas the former includes a p-fold eigenvalue only as many times as the
eigenvalue enjoys independent eigenvectors. Let the m—s columns of the m x
(m — s) matrix V' represent the complete orthogonal complement (§ 13.10)
to V,—perpendicular to all eigenvectors, each column of unit magnitude—
such that
V2V, =0 and V2V =1, ..

Recall from § 14.5 that s # 0 but 0 < s < m because every square matrix
has at least one eigensolution. Recall from § 14.6 that s = m if and only
if A is diagonalizable.?”

With these definitions in hand, we can now prove by contradiction that
all Hermitian matrices are diagonalizable, falsely supposing a nondiagonal-
izable Hermitian matrix A, whose V- (since A is supposed to be nondiag-
onalizable, implying that s < m) would have at least one column. For such
a matrix A, s x (m —s) and (m — s) X (m — s) auxiliary matrices F' and G
necessarily would exist such that

AV = VoF + VG,

not due to any unusual property of the product AV;- but for the mundane
reason that the columns of V, and V' together by definition addressed

A concrete example: the invertible but nondiagonalizable matrix

-1 0 O 0
HEEE
A= 0 0 5 0
0 0 0 5
has a single eigenvalue at A = —1 and a triple eigenvalue at A = 5, the latter of whose

eigenvector space is fully characterized by two eigenvectors rather than three such that

1
w 00 0
1 -1 0 0
—-= 1 0 n 0
Vo= \65 0 1 ) Ao = 0 5 0 ) Vo = 1
e 005 ¥
0 0 5 2
The orthogonal complement V- supplies the missing vector, not an eigenvector but per-

pendicular to them all.

In the example, m =4 and s = 3.

All vectors in the example are reported with unit magnitude. The two A = 5 eigenvectors
are reported in mutually orthogonal form, but notice that eigenvectors corresponding to
distinct eigenvalues need not be orthogonal when A is not Hermitian.
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the space of all m-element vectors—including the columns of AV;". Left-
multiplying by V.*, we would have by successive steps that

VAV = VIV, F+VIViG,
(AV,)'V: = LF+VV; G,
(Voho)'VE = F+VVAG,
NVVE = F+VVG,

AX(0) = F+(0)G,
0 = F

where we had relied on the assumption that A were Hermitian and thus
that, as proved above, its distinctly eigenvalued eigenvectors lay orthogonal
to one another; in consequence of which A* = A and V'V, = I;.

The finding that F' = 0 reduces the AV;" equation above to read

AV =via.

In the reduced equation the matrix G would have at least one eigensolution,
not due to any unusual property of G but because according to § 14.5 every
square matrix, 1 x 1 or larger, has at least one eigensolution. Let (u,w)
represent an eigensolution of G. Right-multiplying by the (m — s)-element
vector w # 0, we would have by successive steps that

AViw = ViGw,

o

AVyw) = p(Vsw).

The last equation claims that (u, V;-w) were an eigensolution of A, when we
had supposed that all of A’s eigenvectors lay in the space addressed by the
columns of V,,, and thus by construction did not lie in the space addressed
by the columns of Vol. The contradiction proves false the assumption that
gave rise to it. The assumption: that a nondiagonalizable Hermitian A
existed. We conclude that all Hermitian matrices are diagonalizable—and
conclude further that they are unitarily diagonalizable on the ground that
their eigenvectors lie orthogonal to one another—as was to be demonstrated.

Having proven that all Hermitian matrices are diagonalizable and have
real eigenvalues and orthogonal eigenvectors, one wonders whether the con-
verse holds: are all diagonalizable matrices with real eigenvalues and or-
thogonal eigenvectors Hermitian? To show that they are, one can construct
the matrix described by the diagonalization formula (14.22),

A=VAV*,
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where V~1 = V* because this V is unitary (§ 13.12). The equation’s adjoint
is

A* =VAV™

But all the eigenvalues here are real, which means that A* = A and the
right sides of the two equations are the same. That is, A* = A as was
to be demonstrated. All diagonalizable matrices with real eigenvalues and
orthogonal eigenvectors are Hermitian.

This section brings properties that simplify many kinds of matrix analy-
sis. The properties demand a Hermitian matrix, which might seem a severe
and unfortunate restriction—except that one can left-multiply any exactly
determined linear system Cx = d by C* to get the equivalent Hermitian
system

[C*Clx = [C*d], (14.46)

in which A = C*C and b = C*d, for which the properties obtain.?°

14.12 The singular-value decomposition

Occasionally an elegant idea awaits discovery, overlooked, almost in plain
sight. If the unlikely thought occurred to you to take the square root of a
matrix, then the following idea is one you might discover.3!
Consider the n x n product A*A of a tall or square, m x n matrix A of
full column rank
r=n<m

and its adjoint A*. The product A*A is invertible according to § 13.6.2; is
positive definite according to § 13.6.3; and, since (A*A)* = A*A, is clearly
Hermitian according to § 14.11; thus is unitarily diagonalizable according
to (14.45) as

ATA=VAV*. (14.47)

Here, the n x n matrices A and V represent respectively the eigenvalues and
eigenvectors not of A but of the product A*A. Though nothing requires the
product’s eigenvectors to be real, because the product is positive definite
§ 14.5 does require all of its eigenvalues to be real and moreover positive—
which means among other things that the eigenvalue matrix A has full rank.
That the eigenvalues, the diagonal elements of A, are real and positive is

30The device (14.46) worsens a matrix’s condition and may be undesirable for this
reason, but it works in theory at least.
311146, “Singular value decomposition,” 14:29, 18 Oct. 2007]
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a useful fact; for just as a real, positive scalar has a real, positive square
root, so equally has A a real, positive square root under these conditions.
Let the symbol ¥ = v/A represent the n x n real, positive square root of the
eigenvalue matrix A such that

A = %, (14.48)
+VA 0 - 0 0
0 +VA - 0 0
=% = ; A SE
0 0 - +VA1 0
0 0 0 +VAn

where the singular values of A populate ¥’s diagonal. Applying (14.48)
to (14.47) then yields that

A*A = VSV,

14.49
V*A*AV = X*3. ( )
Now consider the m x m matrix U such that
AVt =UI,,
AV =UX%, (14.50)
A=UXV*.

Substituting (14.50)’s second line into (14.49)’s second line gives the equa-
tion
SUUY = %
but XXt = I,,, so left- and right-multiplying respectively by £¥7* and X!
leaves that
LUUIL, = I,

which says neither more nor less than that the first n columns of U are
orthonormal. Equation (14.50) does not constrain the last m — n columns
of U, leaving us free to make them anything we want. Why not use Gram-
Schmidt to make them orthonormal, too, thus making U a unitary matrix?
If we do this, then the surprisingly simple (14.50) constitutes the singular-
value decomposition of A.

If A happens to have broad shape then we can decompose A*, instead,
so this case poses no special trouble. Apparently every full-rank matrix has
a singular-value decomposition.

But what of the matrix of less than full rank r < n? In this case the
product A*A is singular and has only s < n nonzero eigenvalues (it may be
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that s = r, but this is irrelevant to the proof at hand). However, if the s
nonzero eigenvalues are arranged first in A, then (14.50) becomes

AVSTt=UIL,
AV = U, (14.51)
A=UxV*.

The product A*A is nonnegative definite in this case and ¥¥ =1 = I,, but
the reasoning is otherwise the same as before. Apparently every matrix of
less than full rank has a singular-value decomposition, too.

If A happens to be an invertible square matrix, then the singular-value
decomposition evidently inverts it as

At =vylu*, (14.52)

14.13 General remarks on the matrix

Chapters 11 through 14 have derived the uncomfortably bulky but—incred-
ibly—approximately minimal knot of theory one needs to grasp the matrix
properly and to use it with moderate versatility. As far as the writer knows,
no one has yet discovered a satisfactory way to untangle the knot. The choice
to learn the basic theory of the matrix is almost an all-or-nothing choice;
and how many scientists and engineers would rightly choose the “nothing”
if the matrix did not serve so very many applications as it does? Since it
does serve so very many, the “all” it must be.?? Applied mathematics brings
nothing else quite like it.

These several matrix chapters have not covered every topic they might.
The topics they omit fall roughly into two classes. One is the class of more
advanced and more specialized matrix theory, about which we will have
more to say in a moment. The other is the class of basic matrix theory these
chapters do not happen to use. The essential agents of matrix analysis—
multiplicative associativity, rank, inversion, pseudoinversion, the kernel, the
orthogonal complement, orthonormalization, the eigenvalue, diagonalization
and so on—are the same in practically all books on the subject, but the way
the agents are developed differs. This book has chosen a way that needs some
tools like truncators other books omit, but does not need other tools like

320f course, one might avoid true understanding and instead work by memorized rules.
That is not always a bad plan, really; but if that were your plan then it seems spectacularly
unlikely that you would be reading a footnote buried beneath the further regions of the
hinterland of Chapter 14 in such a book as this.
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projectors other books®? include. What has given these chapters their hefty
bulk is not so much the immediate development of the essential agents as the
preparatory development of theoretical tools used to construct the essential
agents, yet most of the tools are of limited interest in themselves; it is the
agents that matter. Tools like the projector not used here tend to be omitted
here or deferred to later chapters, not because they are altogether useless but
because they are not used here and because the present chapters are already
too long. The reader who understands the Moore-Penrose pseudoinverse
and/or the Gram-Schmidt process reasonably well can after all pretty easily
figure out how to construct a projector without explicit instructions thereto,
should the need arise.3*

Paradoxically and thankfully, more advanced and more specialized ma-
trix theory though often harder tends to come in smaller, more manageable
increments: the Cholesky decomposition, for instance; or the conjugate-
gradient algorithm. The theory develops endlessly. From the present pause
one could proceed directly to such topics. However, since this is the first
proper pause these several matrix chapters have afforded, since the book
is Deriations of Applied Mathematics rather than Derivations of Applied
Matrices, maybe we ought to take advantage to change the subject.

33Such as [61, § 3.VL.3], a lengthy but well-knit tutorial this writer recommends.

34Well, since we have brought it up (though only as an example of tools these chapters
have avoided bringing up), briefly: a projector is a matrix that flattens an arbitrary
vector b into its nearest shadow b within some restricted subspace. If the columns of A

represent the subspace, then x represents b in the subspace basis iff Ax = b, which is to
say that Ax ~ b, whereupon x = A'b. That is, per (13.33),

b = Ax = AA'b = [BC|[C*(CC*) " (B*B)'B*]b = B(B*B) 'B’b,

in which the matrix B(B*B)™'B* is the projector. Thence it is readily shown that the
deviation b — b lies orthogonal to the shadow b. More broadly defined, any matrix M for
which M? = M is a projector. One can approach the projector in other ways, but there
are two ways at least.



Chapter 15

Vector analysis

Leaving the matrix, this chapter and the next turn to an agent of applied
mathematics that, though ubiquitous in some fields of study like physics,
remains curiously underappreciated in other fields that should use it more.
This agent is the three-dimensional geometrical vector, first met in §§ 3.3, 3.4
and 3.9. Seen from one perspective, the three-dimensional geometrical vector
is the n = 3 special case of the general, n-dimensional vector of chapters 11
through 14. Because its three elements represent the three dimensions of
the physical world, however, the three-dimensional geometrical vector merits
closer attention and special treatment.!

It also merits a shorter name. Where the geometrical context is clear—as
it is in this chapter and the next—we will call the three-dimensional geomet-
rical vector just a wector. A name like “matrix vector” or “n-dimensional
vector” can disambiguate the vector of chapters 11 through 14 where neces-
sary but, since the three-dimensional geometrical vector is in fact a vector
in the broader sense, to disambiguate is usually unnecessary. The lone word
vector serves.

In the present chapter’s context and according to § 3.3, a vector con-
sists of an amplitude of some kind plus a direction. Per § 3.9, three scalars
called coordinates suffice together to specify the amplitude and direction
and thus the vector, the three being (z,y,z) in the rectangular coordinate
system, (p; ¢, z) in the cylindrical coordinate system, or (r; 6; ¢) in the spher-
ical spherical coordinate system—as Fig. 15.1 illustrates and Table 3.4 on
page 84 interrelates—among other, more exotic possibilities (§ 15.7).

The vector brings an elegant notation. This chapter and chapter 16

1128, chapter 2]
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Figure 15.1: A point on a sphere, in spherical (r; 0; ¢) and cylindrical (p; ¢, 2)
coordinates. (The axis labels bear circumflexes in this figure only to disam-
biguate the Z axis from the cylindrical coordinate z. See also Fig. 15.5.)
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detail it. Without the notation, one would write an expression like

(2 —2") =020,y oy (@ — 2") = [02/OY oy ey (¥ — V)
I O 1007 4 (0210 [ — 2+ (5 — 92+ (2 — 2

for the aspect coefficient relative to a local surface normal (and if the sen-
tence’s words do not make sense to you yet, don’t worry; just look the
symbols over and appreciate the expression’s bulk). The same coefficient in
standard vector notation is

n- Ar.

Besides being more evocative (once one has learned to read it) and much
more compact, the standard vector notation brings the major advantage
of freeing a model’s geometry from reliance on any particular coordinate
system. Reorienting axes (§ 15.1) for example knots the former expression
like spaghetti but does not disturb the latter expression at all.

Two-dimensional geometrical vectors arise in practical modeling about
as often as three-dimensional geometrical vectors do. Fortunately, the two-
dimensional case needs little special treatment, for it is just the three-
dimensional with z =0 or § = 27 /4 (see however § 15.6).

Here at the outset, a word on complex numbers seems in order. Unlike
most of the rest of the book this chapter and the next will work chiefly
in real numbers, or at least in real coordinates. Notwithstanding, complex
coordinates are possible. Indeed, in the rectangular coordinate system com-
plex coordinates are perfectly appropriate and are straightforward enough to
handle. The cylindrical and spherical systems however, which these chapters
also treat, were not conceived with complex coordinates in mind; and, al-
though it might with some theoretical subtlety be possible to treat complex
radii, azimuths and elevations consistently as three-dimensional coordinates,
these chapters will not try to do so.2 (This is not to say that you cannot
have a complex vector like, say, p[3+i2] — ¢[1/4] in a nonrectangular basis.
You can have such a vector, it is fine, and these chapters will not avoid it.
What these chapters will avoid are complex nonrectangular coordinates like
[3+1i2;—1/4,0].)

Vector addition will already be familiar to the reader from chapter 3 or
(quite likely) from earlier work outside this book. This chapter therefore
begins with the reorientation of axes in § 15.1 and vector multiplication in
§ 15.2.

2The author would be interested to learn if there existed an uncontrived scientific or
engineering application that actually used complex, nonrectangular coordinates.
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15.1 Reorientation

Matrix notation expresses the rotation of axes (3.5) as

% cos¢ sing 0 X
y' | = | —sing cos¢p O y
2’ 0 0 1 Z

In three dimensions however one can do more than just to rotate the x and y
axes about the z. One can reorient the three axes generally as follows.

15.1.1 The Tait-Bryan rotations

With a yaw and a pitch to point the x axis in the desired direction plus a

roll to position the y and z axes as desired about the new z axis, one can

reorient the three axes generally:

'l 1 0 0 cos® 0 —sind cos¢d sing 0 x
v | =10 cosy siny 0 1 0 —sing cos¢ O v |;
7/ 0 —sinty cosvy sinf 0 cosf 0 0 1 Z
(15.1)
or, inverting per (3.6),
b’ cos¢p —sing 0 cosf 0 sinf 1 0 0 '
v | = | sing <cos¢p O 0 1 0 0 costyp —sina v
7 0 0 1 —sinf 0 cosé 0 siny  cosw V4
(15.2
These are called the Tait-Bryan rotations, or alternately the Cardan rota-
tions.*®

3The English maritime verbs to yaw, to pitch and to roll describe the rotational motion
of a vessel at sea. For a vessel to yaw is for her to rotate about her vertical axis, so her
bow (her forwardmost part) yaws from side to side. For a vessel to pitch is for her to
rotate about her “beam axis,” so her bow pitches up and down. For a vessel to roll is for
her to rotate about her “fore-aft axis” such that she rocks or lists (leans) without changing
the direction she points [146, “Glossary of nautical terms,” 23:00, 20 May 2008]. In the
Tait-Bryan rotations as explained in this book, to yaw is to rotate about the z axis, to
pitch about the y, and to roll about the x [72]. In the Euler rotations as explained in this
book later in the present section, however, the axes are assigned to the vessel differently
such that to yaw is to rotate about the z axis, to pitch about the y, and to roll about
the z. This implies that the Tait-Bryan vessel points xz-ward whereas the Euler vessel
points z-ward. The reason to shift perspective so is to maintain the semantics of the
symbols 6 and ¢ (though not 1) according to Fig. 15.1.

If this footnote seems confusing, then read (15.1) and (15.7) which are correct.

4The literature seems to agree on no standard order among the three Tait-Bryan rota-
tions; and, though the rotational angles are usually named ¢, 6 and 1, which angle gets
which name admittedly depends on the author. If unsure, prefer the names given here.

*[27]
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Notice in (15.1) and (15.2) that the transpose (though curiously not the
adjoint) of each 3 x 3 Tait-Bryan factor is also its inverse.

In concept, the Tait-Bryan equations (15.1) and (15.2) say nearly all
one needs to say about reorienting axes in three dimensions; but, still, the
equations can confuse the uninitiated. Consider a vector

v =3Xr+yy+ 2z2. (15.3)

It is not the vector one reorients but rather the axes used to describe the
vector. Envisioning the axes as in Fig. 15.1 with the z axis upward, one first
yaws the x axis through an angle ¢ toward the y then pitches it downward
through an angle # away from the z. Finally, one rolls the y and z axes
through an angle v about the new z, all the while maintaining the three
axes rigidly at right angles to one another. These three Tait-Bryan rotations
can orient axes any way. Yet, even once one has clearly visualized the Tait-
Bryan sequence, the prospect of applying (15.2) (which inversely represents
the sequence) to (15.3) can still seem daunting until one rewrites the latter
equation in the form

v=[xy z]|y]|, (15.4)

after which the application is straightforward. There results

/ S At ol 5!
vV =Xr +yYy +z2z,

—

SRSl

| |
Il

0 —siny cosvy sinf 0 cosf 0 0 1 z

15.5)

and where Table 3.4 converts to cylindrical or spherical coordinates if and
as desired. Since (15.5) resembles (15.1), it comes as no surprise that its
inverse,

T cos¢ —sing 0 cosf 0 sinf 1 0 0 x’
y | = | sing cos¢p O 0 1 0 0 cos®yp —siny y |,
z 0 0 1 —sinf 0 cosf 0 siny  cosv 2

(15.6)

1 0 0 cos@ 0 —sind cos¢ sing O T
0 cosy singy 0 1 0 —sin¢g cos¢ O y |,

resembles (15.2).
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15.1.2 The Euler rotations

A useful alternative to the Tait-Bryan rotations are the Fuler rotations,
which view the problem of reorientation from the perspective of the z axis
rather than of the x. The Euler rotations consist of a roll and a pitch
followed by another roll, without any explicit yaw:5

! cos® siny O cos@ 0 —sinf cos¢ sing O
= | —siny cosy 0 0 1 0 —sing cos¢ O

! 0 0 1 sinf 0 cos@ 0 0 1
and inversely

cos¢p —sing 0 cosf§ 0 sinf costy —siny 0 '

= | sing cos¢p O 0 1 0 sinyy costy 0 vl
i,

(15.8)

0 0 1 —sinf 0 cosf 0 0 1
Whereas the Tait-Bryan point the x axis first, the Euler tactic is to point
first the z.

So, that’s it. One can reorient three axes arbitrarily by rotating them in
pairs about the z, ¥y and x or the z, y and z axes in sequence—or, general-
izing, in pairs about any of the three axes so long as the axis of the middle
rotation differs from the axes (Tait-Bryan) or axis (Euler) of the first and
last. A firmer grasp of the reorientation of axes in three dimensions comes
with practice, but those are the essentials of it.

N> <> X
—~
g N> <& K>

N> < Mo

15.2 Multiplication

One can multiply a vector in any of three ways. The first, scalar multipli-
cation, is trivial: if a vector v is as defined by (15.3), then

Yv = X + gy + 29z, (15.9)

Such scalar multiplication evidently scales a vector’s length without divert-
ing its direction. The other two forms of vector multiplication involve multi-
plying a vector by another vector and are the subjects of the two subsections
that follow.

5 As for the Tait-Bryan, for the Euler also the literature agrees on no standard sequence.
What one author calls a pitch, another might call a yaw, and some prefer to roll twice
about the x axis rather than the z. What makes a reorientation an Euler rather than a
Tait-Bryan is that the Euler rolls twice.



15.2. MULTIPLICATION 457

15.2.1 The dot product

We first met the dot product in § 13.8. It works similarly for the geometrical
vectors of this chapter as for the matrix vectors of chapter 13:

V1 -Vy = 21T2 + Y1Y2 + 2129, (15.10)

which, if the vectors vi; and vy are real, is the product of the two vectors
to the extent to which they run in the same direction. It is the product to
the extent to which the vectors run in the same direction because one can
reorient axes to point X’ in the direction of vy, whereupon vy - vo = 2]}
since ¢} and 2} have vanished.

Naturally, to be valid, the dot product must not vary under a reorienta-
tion of axes; and indeed if we write (15.10) in matrix notation,

Z2
vieve=|a1 oy1oz || w2 |, (15.11)
Z2

and then expand each of the two factors on the right according to (15.6),
we see that the dot product does not in fact vary. As in (13.44) of § 13.8,
here too the relationship

v} - vy = vivg cos b,
R (15.12)
V] -V = cos¥,

gives the angle 6 between two vectors according Fig. 3.1’s cosine if the vectors
are real, by definition hereby if complex. Consequently, the two vectors are
mutually orthogonal—that is, the vectors run at right angles § = 27/4 to
one another—if and only if

vi vy =0.

That the dot product is commutative,
V2 V] =V]- Vo, (1513)

is obvious from (15.10). Fig. 15.2 illustrates the dot product.

15.2.2 The cross product

The dot product of two vectors according to § 15.2.1 is a scalar. One can
also multiply two vectors to obtain a vector, however, and it is often useful
to do so. As the dot product is the product of two vectors to the extent to



458 CHAPTER 15. VECTOR ANALYSIS

Figure 15.2: The dot product.

|
: a-b=abcosf

b .

F—— bcos —1

a

which they run in the same direction, the cross product is the product of two
vectors to the extent to which they run in different directions. Unlike the
dot product the cross product is a vector, defined in rectangular coordinates
as

X yV z
V] X Vg = 1 Y1 2 (1514)
T2 Y2 z2

X(y122 — 2192) + ¥ (2122 — 2122) + Z(T1Y2 — Y122),

where the || notation is a mnemonic (actually a pleasant old determinant
notation § 14.1 could have but did not happen to use) whose semantics are
as shown.

As the dot product, the cross product too is invariant under reorienta-
tion. One could demonstrate this fact by multiplying out (15.2) and (15.6)
then substituting the results into (15.14): a lengthy, unpleasant exercise.
Fortunately, it is also an unnecessary exercise, forasmuch as an arbitrary re-
orientation consists of three rotations (§ 15.1) in sequence it suffices merely
that rotation about one axis not alter the cross product. One proves the
proposition in the latter form by setting any two of ¢, # and 1 to zero before
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multiplying out and substituting. For instance, setting # and v to zero,

X y z
Vi XVvy = rir Y1 oz
T2 Y2 22

X' cosp—y'sing X'sing+y'cos¢p z

= ‘ol Y1 21

x2 Y2 22

= X' [y122.cos ¢ — 21y2 cOS ¢ + 2172 sin ¢ — 1 22 sin @]
+ 3 [~y1228in ¢ + 2192 sin ¢ + 2122 cos ¢ — 129 cos @)
+ 2 [r1y2 — Y172
= X [(—z1sin¢ + y1 cos @)zy — 21(—w2sin ¢ + ya cos P)]
+ ¥ [21(y2 sin ¢ + w2 cos @) — (y1 sin ¢ + x1 cos ¢)2o]
+ 2 [T1y2 — Y172]
= X [h22 — 21y +¥' [212h — 202! ]
+ z[(z) cos ¢ — 3/ sin @) (x4 sin ¢ + 4 cos @)
— (2 sin ¢ + 9] cos @) (% cos ¢ — yh sin @)].

Since according to Pythagoras in Table 3.1 cos? ¢ + sin® ¢ = 1,

s/ / / ~/ / / ~ ! ! ! !
Vi XVvy = X [y122 - Zlyz] +y [21902 - 22331} + 2[z1Y5 — y179)
X y oz
_ / /
= T, Y &
/ /
Lo Yo 22

as was to be demonstrated.
Several facets of the cross product draw attention to themselves.

e The cyclic progression
T Y DI EZ DT DY T Y > (15.15)

of (15.14) arises again and again in vector analysis. Where the pro-
gression is honored, as in zx1y2, the associated term bears a + sign,
otherwise a — sign, due to § 11.6’s parity principle and the right-hand
rule.

e The cross product is not commutative. In fact,

Vg X V] = —V1 X V9, (15.16)
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which is a direct consequence of the previous point regarding parity, or
which can be seen more prosaically in (15.14) by swapping the places
of vi and vs.

The cross product is not associative. That is,
(V1 X Vg) X V3 75 Vi X (V2 X Vg),
as is proved by a suitable counterexample like vi = vy =X, v3 = §.

The cross product runs perpendicularly to each of its two factors if the
vectors involved are real. That is,

Vi - (V1 X VQ) =0= Vo - (V1 X Vz), (1517)

as is seen by substituting (15.14) into (15.10) with an appropriate
change of variables and simplifying.

Unlike the dot product, the cross product is closely tied to three-
dimensional space. Two-dimensional space (a plane) can have a cross
product so long as one does not mind that the product points off
into the third dimension, but to speak of a cross product in four-
dimensional space would require arcane definitions and would oth-
erwise make little sense. Fortunately, the physical world is three-
dimensional (or, at least, the space in which we model all but a few,
exotic physical phenomena is three-dimensional), so the cross prod-
uct’s limitation as defined here to three dimensions will seldom disturb
us.

Section 15.2.1 has related the cosine of the angle between vectors to
the dot product. One can similarly relate the angle’s sine to the cross
product if the vectors involved are real, as

’Vl X VQ‘ = V102 sin 9, (15 18)
’\71 X \72‘ = Sina, .

demonstrated by reorienting axes such that vi = %X/, that vo has no
component in the 2z’ direction, and that v5 has only a nonnegative com-
ponent in the y’ direction; by remembering that reorientation cannot
alter a cross product; and finally by applying (15.14) and comparing
the result against Fig. 3.1’s sine. (If the vectors involved are com-
plex then nothing prevents the operation |vi x vg| by analogy with
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Figure 15.3: The cross product.

c=axb
= cabsinb

eqn. 15.12—in fact the operation v] x vo without the magnitude sign
is used routinely to calculate electromagnetic power flow”—but each of
the cross product’s three rectangular components has its own complex
phase which the magnitude operation flattens, so the result’s relation-
ship to the sine of an angle is not immediately clear.)

Fig. 15.3 illustrates the cross product.

15.3 Orthogonal bases

A vector exists independently of the components by which one expresses
it, for, whether q = xx + yy + zz or q = X2’ + y'y + 2’2/, it remains
the same vector q. However, where a model involves a circle, a cylinder
or a sphere, where a model involves a contour or a curved surface of some
kind, to choose X/, y' and 2z’ wisely can immensely simplify the model’s
analysis. Normally one requires that x’, y' and 2z’ each retain unit length,
run perpendiclarly to one another, and obey the right-hand rule (§ 3.3), but
otherwise any X', ¥’ and z’ can serve. Moreover, various parts of a model can
specify various X/, y’ and z’, or various substitutes therefor, under various
conditons.

Recalling the constants and variables of § 2.7, such a concept is flexible
enough to confuse the uninitiated severely and soon. Asin § 2.7, here too an

[59, eqn. 1-51]
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example affords perspective. Imagine driving your automobile down a wind-
ing road, where ¢ represented your speed® and Y, represented the direction
the road ran, not generally, but just at the spot along the road at which your
automobile momentarily happened to be. That your velocity were @q meant
that you kept skilfully to your lane; on the other hand, that your velocity
were (2 cos 1) + vsiny)g—where v, at right angles to ¢, represented the di-
rection right-to-left across the road—would have you drifting out of your
lane at an angle ¢. A headwind had velocity —@qwind; a crosswind, +Vqwind-
A car a mile ahead of you had velocity 22(]2 = (@ cos 3 + vsin 3)qq, where 3
represented the difference (assuming that the other driver kept skilfully to
his own lane) between the road’s direction a mile ahead and its direction at
your spot. For all these purposes the unit vector ¢ would remain constant.
However, fifteen seconds later, after you had rounded a bend in the road,
the symbols ¢ and v would by definition represent different vectors than
before, with respect to which one would express your new velocity as Eq but
would no longer express the headwind’s velocity as _ZQWind because, since
the road had turned while the wind had not, the wind would no longer be
a headwind. And this is where confusion can arise: your own velocity had
changed while the expression representing it had not; whereas the wind’s
velocity had not changed while the expression representing ¢t had. This is
not because £ differs from place to place at a given moment, for like any
other vector the vector £ (as defined in this particular example) is the same
vector everywhere. Rather, it is because 2 is defined relative to the road at
your automobile’s location, which location changes as you drive.

If a third unit vector w were defined, perpendicular both to £ and to v
such that [@ v w| obeyed the right-hand rule, then the three together would
constitute an orthogonal basis. Any three real,” right-handedly mutually
perpendicular unit vectors [X' y’ Z] in three dimensions, whether constant
or variable, for which

y 2 =0, §xi=%, SEF)=0,
2 %=0, #Zxx=y, S@F)=0 (15.19)
Xy =0, xy==2, (&) =0,

8Conventionally one would prefer the letter v to represent speed, with velocity as v
which in the present example would happen to be v = #v. However, this section will
require the letter v for an unrelated purpose.

9A complex orthogonal basis is also theoretically possible but is normally unnecessary
in geometrical applications and involves subtleties in the cross product. This chapter,
which specifically concerns three-dimensional geometrical vectors rather than the general,
n-dimensional vectors of chapter 11, is content to consider real bases only. Note that one
can express a complex vector in a real basis.
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constitutes such an orthogonal basis, from which other vectors can be built.
The geometries of some models suggest no particular basis, when one usually
just uses a constant [x y z|. The geometries of other models however do
suggest a particular basis, often a variable one.

Where the model features a contour like the example’s winding road,
an [£ v W] basis (or a [(1 v £] basis or even a [ £ W] basis) can be
used, where Y, locally follows the contour. The variable unit vectors v
and w (or & and Vv, etc.) can be defined in any convenient way so
long as they remain perpendicular to one another and to £—such that
(z x £) - w = 0 for instance (that is, such that W lay in the plane of z
and @)—but if the geometry suggests a particular v or w (or ), like
the direction right-to-left across the example’s road, then that v or w
should probably be used. The letter ¢ here stands for “longitudinal.” 1

Where the model features a curved surface like the surface of a wavy
sea,'! a [l v 0] basis (or a [t i W] basis, etc.) can be used, where n
points locally perpendicularly to the surface. The letter n here stands
for “normal,” a synonym for “perpendicular.” Observe, incidentally
but significantly, that such a unit normal 1 tells one everything one
needs to know about its surface’s local orientation.

Combining the last two, where the model features a contour along a
curved surface, an [£ v 1] basis can be used. One need not worry about
choosing a direction for v in this case since necessarily v = n x £.

Where the model features a circle or cylinder, a [p & z] basis can
be used, where z is constant and runs along the cylinder’s axis (or
perpendicularly through the circle’s center), p is variable and points
locally away from the axis, and (2) is variable and runs locally along
the circle’s perimeter in the direction of increasing azimuth ¢. Refer
to § 3.9 and Fig. 15.4.

Where the model features a sphere, an [r 0 qB] basis can be used,
where r is variable and points locally away from the sphere’s cen-
ter, 6 is variable and runs locally tangentially to the sphere’s surface
in the direction of increasing elevation € (that is, though not usually
in the —2 direction itself, as nearly as possible to the —z direction
without departing from the sphere’s surface), and &) is variable and

10The assertion wants a citation, which the author lacks.
111100]
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Figure 15.4: The cylindrical basis. (The conventional symbols ® and &
respectively represent vectors pointing out of the page toward the reader and
into the page away from the reader. Thus, this figure shows the constant
basis vector z pointing out of the page toward the reader. The dot in the
middle of the ® is supposed to look like the tip of an arrowhead.)

runs locally tangentially to the sphere’s surface in the direction of in-
creasing azimuth ¢ (that is, along the sphere’s surface perpendicularly
to z). Standing on the earth’s surface, with the earth as the sphere, ¥
would be up, 0 south, and (,‘7) east. Refer to § 3.9 and Fig. 15.5.

e Occasionally a model arises with two circles that share a center but
whose axes stand perpendicular to one another. In such a model one
conventionally establishes z as the direction of the principal circle’s
axis but then is left with x or y as the direction of the secondary
circle’s axis, upon which an [ p* @], [¢" £ 0], [¢” ¥ pY] or [0° ¢ #]
basis can be used locally as appropriate. Refer to § 3.9.

Many other orthogonal bases are possible (as in § 15.7, for instance) but the
foregoing are the most common. Whether listed here or not, each orthogonal
basis orders its three unit vectors by the right-hand rule (15.19).

Quiz: what does the vector expression p3 — ¢(1/4) + 22 mean? Wrong
answer: it meant the cylindrical coordinates (3; —1/4,2); or, it meant the
position vector x3 cos(—1/4) 4+ y3sin(—1/4) 4+ 22 associated with those co-
ordinates. Right answer: the expression means nothing certain in itself
but acquires a definite meaning only when an azimuthal coordinate ¢ is
also supplied, after which the expression indicates the ordinary rectangular
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Figure 15.5: The spherical basis (see also Fig. 15.1).

vector X'3 — y/(1/4) + 2'2, where X = p = %Xcosd + ysing, y = ¢ =
—Xxsin¢ + ycos¢, and z = z. But, if this is so—if the cylindrical basis
[ (Ab z| is used solely to express rectangular vectors—then why should we
name this basis “cylindrical”? Answer: only because cylindrical coordinates
(supplied somewhere) determine the actual directions of its basis vectors.
Once directions are determined, such a basis is used rectangularly like any
other orthogonal basis.

This can seem confusing until one has grasped what the so-called non-
rectangular bases are for. Consider the problem of air flow in a jet engine.
It may suit such a problem that instantaneous local air velocity within the
engine cylinder be expressed in cylindrical coordinates, with the z axis ori-
ented along the engine’s axle; but this does not mean that the air low within
the engine cylinder were everywhere z-directed. On the contrary, a local air
velocity of q = [—p5.0+ ¢30.0 —2250.0] m/s would have air moving through
the point in question at 250.0 m/s aftward along the axle, 5.0 m/s inward
toward the axle and 30.0 m/s circulating about the engine cylinder.

In this model, it is true that the basis vectors p and (}5 indicate differ-
ent directions at different positions within the cylinder, but at a particular
position the basis vectors are still used rectangularly to express q, the in-
stantaneous local air velocity at that position. It’s just that the “rectangle”
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is rotated locally to line up with the axle.

Naturally, you cannot make full sense of an air-velocity vector g unless
you have also the coordinates (p;¢,z) of the position within the engine
cylinder at which the air has the velocity the vector specifies—yet this is
when confusion can arise, for besides the air-velocity vector there is also,
separately, a position vector r = Xpcos¢ + ypsin ¢ + zz. One may denote
the air-velocity vector as'? q(r), a function of position; yet, though the
position vector is as much a vector as the velocity vector is, one nonetheless
handles it differently. One will not normally express the position vector r in
the cylindrical basis.

It would make little sense to try to express the position vector r in the
cylindrical basis because the position vector is the very thing that determines
the cylindrical basis. In the cylindrical basis, after all, the position vector
is necessarily r = pp + zz (and consider: in the spherical basis it is the
even more cryptic r = rr), and how useful is that, really? Well, maybe it
is useful in some situations, but for the most part to express the position
vector in the cylindrical basis would be as to say, “My house is zero miles
away from home.” Or, “The time is presently now.” Such statements may
be tautologically true, perhaps, but they are confusing because they only
seem to give information. The position vector r determines the basis, after
which one expresses things other than position, like instantaneous local air
velocity q, in that basis. In fact, the only basis normally suitable to express
a position vector is a fixed rectangular basis like [x y z]. Otherwise, one
uses cylindrical coordinates (p; ¢, z), but not a cylindrical basis [p (}5 z), to
express a position r in a cylindrical geometry.

Maybe the nonrectangular bases were more precisely called “rectangular
bases of the nonrectangular coordinate systems,” but those are too many
words and, anyway, that is not how the usage has evolved. Chapter 16 will
elaborate the story by considering spatial derivatives of quantities like air
velocity, when one must take the variation in p and (}5 from point to point
into account, but the foregoing is the basic story nevertheless.

15.4 Notation

The vector notation of §§ 15.1 and 15.2 is correct, familiar and often expe-
dient but sometimes inconveniently prolix. This admittedly difficult section

2Conventionally, one is much more likely to denote a velocity vector as u(r) or v(r),
except that the present chapter is (as footnote 8 has observed) already using the letters u
and v for an unrelated purpose. To denote position as r however is entirely standard.
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augments the notation to render it much more concise.

15.4.1 Components by subscript

The notation

a; =X -a, apzﬁ'aa
ay =y -a, ar =T -a,
a, =7 -a, agzé-a,
an = 1N - a, ad)ch)‘a,

and so forth abbreviates the indicated dot product. That is to say, the
notation represents the component of a vector a in the indicated direction.
Generically,

aq = & - a. (15.20)

Applied mathematicians use subscripts for several unrelated or vaguely re-
lated purposes, so the full dot-product notation & -a is often clearer in print
than the abbreviation a,, is, but the abbreviation especially helps when sev-
eral such dot products occur together in the same expression.
Since!3

a = Xa; +yay, + za;,

b = %b, + yb, + 2b.,
the abbreviation lends a more amenable notation to the dot and cross prod-
ucts of (15.10) and (15.14):

a-b = agb, +ayby +a.b; (15.21)
X y z

axb = agy ay a, |. (15.22)
by by b,

In fact—because, as we have seen, reorientation of axes cannot alter the dot

and cross products—any orthogonal basis [’ ¥’ 2] (§ 15.3) can serve here,

so one can write more generally that

a-b = axlbx/—i—ay/by/—i—azlbzx; (15.23)
¥y

axb = |ay ay ay |. (15.24)
by by by

13«Wait!]” comes the objection. “I thought that you said that a, meant % -a. Now you
claim that it means the x component of a?”

But there is no difference between X -a and the x component of a. The two are one and
the same.
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Because all those prime marks burden the notation and for professional
mathematical reasons, the general forms (15.23) and (15.24) are sometimes
rendered

a-b = aib; + agby + asbs,
€ & é3
axb = ap az asz |,
by by b3

but you have to be careful about that in applied usage because people are
not always sure whether a symbol like a3 means “the third component of
the vector a” (as it does here) or “the third vector’s component in the a
direction” (as it would in eqn. 15.10). Typically, applied mathematicians will
write in the manner of (15.21) and (15.22) with the implied understanding
that they really mean (15.23) and (15.24) but prefer not to burden the
notation with extra little strokes—that is, with the implied understanding
that z, y and z could just as well be p, ¢ and z or the coordinates of any
other orthogonal, right-handed, three-dimensional basis.

Some pretty powerful confusion can afflict the student regarding the
roles of the cylindrical symbols p, ¢ and z; or, worse, of the spherical sym-
bols r, # and ¢. Such confusion reflects a pardonable but remediable lack
of understanding of the relationship between coordinates like p, ¢ and z
and their corresponding unit vectors p, (2) and z. Section 15.3 has already
written of the matter; but, further to dispel the confusion, one can now
ask the student what the cylindrical coordinates of the vectors p, g?) and z
are. The correct answer: (1;¢,0), (1;¢ + 27/4,0) and (0;0, 1), respectively.
Then, to reinforce, one can ask the student which cylindrical coordinates
the variable vectors p and ¢ are functions of. The correct answer: both are
functions of the coordinate ¢ only (z, a constant vector, is not a function
of anything). What the student needs to understand is that, among the
cylindrical coordinates, ¢ is a different kind of thing than z and p are:

e 2z and p are lengths whereas ¢ is an angle;
e but p, (}3 and z are all the same kind of thing, unit vectors;
e and, separately, a,, ay and a. are all the same kind of thing, lengths.

Now to ask a harder question: in the cylindrical basis, what is the vec-
tor representation of (p1;¢1,21)?7 The correct answer: pp;cos(p1 — ¢) +
b sin(¢1 — ¢) + zz1. The student that gives this answer probably grasps
the cylindrical symbols.
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If the reader feels that the notation begins to confuse more than it de-
scribes, the writer empathizes but regrets to inform that the rest of the
section, far from granting the reader a comfortable respite to absorb the
elaborated notation as it stands, will not delay to elaborate the notation yet
further! The confusion however is subjective. The trouble with vector work
is that one has to learn to abbreviate or the expressions involved grow repet-
itive and unreadably long. For vectors, the abbreviated notation really is
the proper notation. Eventually one accepts the need and takes the trouble
to master the conventional vector abbreviation this section presents; and,
indeed, the abbreviation is rather elegant once one has grown used to it. So,
study closely and take heart!'* The notation is not actually as impenetrable
as it at first will seem.

15.4.2 Einstein’s summation convention

Finstein’s summation convention is this: that repeated indices are implicitly
summed over.'® For instance, where the convention is in force, the equa-
tion'6

a-b= CLibi (15.25)

a-b:Zaibi

means that

or more fully that

a-b= Z aibi = ayrby + ayby + azbe,

i:x/ 7y/7zl

which is (15.23), except that Einstein’s form (15.25) expresses it more suc-
cinctly. Likewise,
axb= i(ai+1bi_1 — bi+1ai_1) (15.26)

is (15.24)—although an experienced applied mathematician would probably
apply the Levi-Civita epsilon of § 15.4.3, below, to further abbreviate this
last equation to the form of (15.27) before presenting it.

MWhat to study? Besides this book, one can study any good, introductory undergrad-
uate textbook in fluid dynamics, electromagnetics, quantum mechanics or the like. For
example, [28] is not bad.

15[66]

16Some professional mathematicians now write a superscript a’ in certain cases in place
of a subscript a;, where the superscript bears some additional semantics [146, “Einstein
notation,” 05:36, 10 Feb. 2008]. Scientists and engineers however tend to prefer Einstein’s
original, subscript-only notation.
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Einstein’s summation convention is also called the Finstein notation, a
term sometimes taken loosely to include also the Kronecker delta and Levi-
Civita epsilon of § 15.4.3.

What is important to understand about Einstein’s summation conven-
tion is that, in and of itself, it brings no new mathematics. It is rather a
notational convenience.!” It asks a reader to regard a repeated index like
the ¢ in “a;b;” as a dummy index (§ 2.3) and thus to read “a;b;” as >, a;b;.”
It does not magically create a summation where none existed; it just hides
the summation sign to keep it from cluttering the page. It is the kind of
notational trick an accountant might appreciate. Under the convention, the
summational operator ). is implied not written, but the operator is still
there. Admittedly confusing on first encounter, the convention’s utility and
charm are felt after only a little practice.

Incidentally, nothing requires you to invoke Einstein’s summation con-
vention everywhere and for all purposes. You can waive the convention,
writing the summation symbol out explicitly whenever you like.'® In con-
texts outside vector analysis, to invoke the convention at all may make little
sense. Nevertheless, you should indeed learn the convention—if only because
you must learn it to understand the rest of this chapter—but once having
learned it you should naturally use it only where it actually serves to clarify.
Fortunately, in vector work, it often does just that.

Quiz:'? if §;; is the Kronecker delta of § 11.2, then what does the sym-
bol d;; represent where Einstein’s summation convention is in force?

15.4.3 The Kronecker delta and the Levi-Civita epsilon

Einstein’s summation convention expresses the dot product (15.25) neatly
but, as we have seen in (15.26), does not by itself wholly avoid unseemly
repetition in the cross product. The Levi-Civita epsilon® €;j1 mends this,
rendering the cross-product as

axb= eijkiajbk, (15.27)

17(141, “Einstein summation”]

18[105]

19[66}

29Also called the Levi-Civita symbol, tensor, or permutor. For native English speakers
who do not speak Italian, the “ci” in Levi-Civita’s name is pronounced as the “chi” in
“children.”
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where?!

+1 if (i7j7 k) = (x/7y/7 Zl)? (y/7 Zl? x/) Or (2,7 x/7 y/);
ejr = —1 if (4,5,k) = (2, 2,y), (v, 2',2) or (2/,¢/,2");  (15.28)

0 otherwise [for instance if (i, j, k) = (2, 2/, y')].

In the language of § 11.6, the Levi-Civita epsilon quantifies parity. (Chap-
ters 11 and 14 did not use it, but the Levi-Civita notation applies in any
number of dimensions, not only three as in the present chapter. In this
more general sense the Levi-Civita is the determinant of the permutor whose
ones hold the indicated positions—which is a formal way of saying that it’s
a 4+ sign for even parity and a — sign for odd. For instance, in the four-
dimensional, 4 x 4 case €1934 = 1 whereas €943 = —1: refer to §§ 11.6,
11.7.1 and 14.1. Table 15.1, however, as the rest of this section and chapter,
concerns the three-dimensional case only.)

Technically, the Levi-Civita epsilon and Einstein’s summation conven-
tion are two separate, independent things, but a canny reader takes the
Levi-Civita’s appearance as a hint that Einstein’s convention is probably in
force, as in (15.27). The two tend to go together.??

The Levi-Civita epsilon ¢;;;, relates to the Kronecker delta ¢;; of § 11.2
approximately as the cross product relates to the dot product. Both delta
and epsilon find use in vector work. For example, one can write (15.25)
alternately in the form

a-b= 5ijaibj.

Table 15.1 lists several relevant properties,?® each as with Einstein’s
summation convention in force.?* Of the table’s several properties, the
property that €;mn€ijk = Omjonk — Omrn; is proved by observing that, in
the case that i = 2/, either (j,k) = (v/,2') or (j,k) = (2/,9'), and also
either (m,n) = (v/,2') or (m,n) = (2/,4'); and similarly in the cases that

211102, “Levi-Civita permutation symbol”]

22The writer has heard the apocryphal belief expressed that the letter €, a Greek e,
stood in this context for “Einstein.” As far as the writer knows, € is merely the letter
after 0, which represents the name of Paul Dirac—though the writer does not claim his
indirected story to be any less apocryphal than the other one (the capital letter A has
a point on top that suggests the pointy nature of the Dirac delta of Fig. 7.11, which
makes for yet another plausible story). In any event, one sometimes hears Einstein’s
summation convention, the Kronecker delta and the Levi-Civita epsilon together referred
to as “the Einstein notation,” which though maybe not quite terminologically correct is
hardly incorrect enough to argue over and is clear enough in practice.

231105]

24The table incidentally answers § 15.4.2’s quiz.
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Table 15.1: Properties of the Kronecker delta and the Levi-Civita epsilon,
with Einstein’s summation convention in force.

S = O
0ijOjk = Oik
djk€ije = 0
Onk€ijk = E€ijn
€ijk = €jki = €kij = —E€ikj = —€jik = —€kj;
€ijk€ijk = 6
€ijn€ijk = 20nk
Cimn€ijk = 5mj5nk - 5mk5nj

i =19 and i = 2’ (more precisely, in each case the several indices can take
any values, but combinations other than the ones listed drive €, or €,
or both, to zero, thus contributing nothing to the sum). This implies that
either (j,k) = (m,n) or (j, k) = (n,m)—which, when one takes parity into
account, is exactly what the property in question asserts. The property that
€ijn€ijk = 20n} is proved by observing that, in any given term of the Einstein
sum, 7 is either 2’ or ¢/ or 2z’ and that j is one of the remaining two, which
leaves the third to be shared by both k and n. The factor 2 appears because,
for k =n =142/, an (i,j) = (v/,7') term and an (i,7) = (2/,4) term both
contribute positively to the sum; and similarly for £ = n = 3’ and again for
k=n=2.

Unfortunately, the last paragraph likely makes sense to few who do not
already know what it means. A concrete example helps. Consider the
compound product ¢ X (a x b). In this section’s notation and with the use
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of (15.27), the compound product is

cx (axb) = cx(egjriajby)
= €mnimcy(€5riajby);
= €mni€ijkMca;by
= €imn€ijkMC,a;by
= (0mjOnk — OmkOnj)Mcya;by,
= OpmjOnrMmcya;by — Oppdn;me,a;by
= Jepajby — chajbk
= (3ay)(crbr) — (kby)(cja;).

That is, in light of (15.25),
c X (axb)=a(c-b)—b(c-a), (15.29)

a useful vector identity. Written without the benefit of Einstein’s summation
convention, the example’s central step would have been

Cc X (a X b) = E eimneijkrhcnajbk

i,3,k,m,n

= > (OmjOnk — OmkOnj)iicna;by,

J.k,m,n
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which makes sense if you think about it hard enough,?® and justifies the

25Tf thinking about it hard enough does not work, then here it is in interminable detail:

E eimnﬁijkf(j, k7m7 n)
0,5,k,m,n
v v
= Ez/y/z/ez’y/z’f(y727yvz)+€z’y’2’ez'2'y’f(y7Z727y)
ror o ror o
+6x’z’y’€$’y’z’ (z7yay7z)+€$’z’y’€x/z/y/f(z7y7Zay)

! / /

o A
+ey/z/x/ey/zzw/f(z7x,z,w +Ey’z’:c’6y'$’2,fz7x7x7z

/ /

) (

+ ey’x’z’ey’z’m’f(‘r azlv 2171"/) + Ey’x’z’ey’x’z’f(x 72/3 l'/, Z’
) (
)

/ ’ / /
+6z’z’y’6z’z’y’f(x YyY,T,Y

’ ’ /
+€z’y’z’ez’z’y’f(y YT,y

Jrez/y/z/ez/y/zlf(y',x/,y/,x
= f.2 )~ fy, 2 2y — fE YY)+ YY)
+ f(zl,xl, Z/7 13/) - f(zlvxl7xl7 Z/) - f(xl7 Zl7 Zl: 1’/) + f(xl, Z/7 xl7 Z/)
+ @y 2 y) — fay Y2 = fy 2l 7 y) + Yy )
W2y 2 + a2 ) + ey 2y
+ G2y + f 2 )+ fy Ly e
- I:f(y/3 2,7 Z/7y/) + f(z/a IL'/,QL'/,Z/) + f(wl7y,7 y/7I/)
+ f(zl’ y,7y/’ Z’) + f(xl7 Z/’ 2,7w,) + f(y,7w,7w,7y/)]
[f(y,7 Zl?y/’ Z/) + f(zl’x,’ Zl?‘(L'l) + f(x/’ yl7ml7y/)
+ f(Z/7 y,7 Zl’y/) + f(xl7 Z/7 x/7 Z/) + f(y/’x/’yl7 :L.l)
+ f(xl7xl7xl7xl) + f(yl7y/7 yl7y/) + f(Z/7 Zl: Zl7 Zl)]
- [f(yl7 Z/v Zlayl) + f(zl7 33/7 33,7 Z/) + f(xlvylv ylvx/)
+ f(zl7 y/7y/7 Z/) + f(x/7 Z/7 Z/7I/) + f(y/7x/7x/7yl)
+ f 2 72+ fy Yy ) + (2 2 )]
Z (6m]5nk - (Smkén])f(]7 k7 m, Tl)

Jrk,m,n

)
)
+ ey f(@ Yy 2)
)
!

/ /

That is for the property that €imn€ijt = Omjdnk —Omrdn;. For the property that €;jneijr =
20nk, the corresponding calculation is

> eimeignf(k,n)
i,7,k,n
= eyvaeyay (@) +eyaey a2
+ ecrary€xrany f(YY) + €wraryrearny F(Y )
+ earyrar€ary o (2 2)) F €yrrreyoa f(2,2))
f@ )+ f@ ) + Oy + F WY + £ ) + ()
= 2[f(@", 2"+ f(,y) + (2, 2)]
23 " Sunf(k,n).

k,n

For the property that €;jreijn = 6,

2 : 2 2 2 2 2 2
eijkeijk = ez/ylzl —|— ey’z’z’ —|— ez/z’y’ —|— €z’z’y’ + ey/z’z’ + Ez/,y/z/ = 6
0,5,k
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table’s claim that €;mn€ijk = Omjonk — Omrdn;. (Notice that the compound
Kronecker operator d,,;0, includes nonzero terms for the case that j = k =
m = n = 2/, for the case that j = k = m = n = ¢/ and for the case that
j =k =m =n =2, whereas the compound Levi-Civita operator €;mn€;;r
does not. However, the compound Kronecker operator —d,,;0,; includes
canceling terms for these same three cases. This is why the table’s claim is
valid as written.)

To belabor the topic further here would serve little purpose. The reader
who does not feel entirely sure that he understands what is going on might
work out the table’s several properties with his own pencil, in something like
the style of the example, until he is satisfied that he adequately understands
the several properties and their correct use.

Section 16.7 will refine the notation for use when derivatives with respect
to angles come into play but, before leaving the present section, we might
pause for a moment to appreciate (15.29) in the special case that b = ¢ = n:

—Ax(hxa)=a—n(h-a). (15.30)

The difference a—n(n-a) evidently projects a vector a onto the plane whose
unit normal is n. Equation (15.30) reveals that the double cross product
—n X (i x a) projects the same vector onto the same plane. Figure 15.6
illustrates.

15.5 Algebraic identities

Vector algebra is not in principle very much harder than scalar algebra is, but
with three distinct types of product it has more rules controlling the way its
products and sums are combined. Table 15.2 lists several of these.?6:27 Most
of the table’s identities are plain by the formulas (15.9), (15.21) and (15.22)
respectively for the scalar, dot and cross products, and two were proved
as (15.29) and (15.30). The remaining identity is proved in the notation of
§ 15.4 as

eijkciajbk = eijkciajbk = ekijckaibj = ejkicjakbi
= €kCia;by = € kaibjcy = € pbicjay
= c-(gjplajby) = a- (g ribjey) = b (&jriciar).

It is precisely to encapsulate such interminable detail that we use the Kronecker delta,
the Levi-Civita epsilon and the properties of Table 15.1.

261124, appendix II][59, appendix A]

2"Nothing in any of the table’s identities requires the vectors involved to be real. The
table is equally as valid when vectors are complex.
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Figure 15.6: A vector projected onto a plane.

Table 15.2: Algebraic vector identities.

1/)3 = iz/)al a-b = aibi axb = eijkiajbk
a*-a = |a? (¥)(a+b) = pa+¢b
b-a = a-b bxa = —axb

c-(a+b) = c-at+c-b cx(a+b) = cxa+cxb

a- (¢yb) (¥)(a-b) ax (¢b) = (¥)(axb)

;-(axb) = a-(bxc) = b-(cxa)
cx(axb) = a(c-b)—Db(c-a
—nx(nxa) = a—n(n-a)
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That is,
c-(axb)=a-(bxc)=b-(cxa). (15.31)

Besides the several vector identities, the table also includes the three vector
products in Einstein notation.?®

Each definition and identity of Table 15.2 is invariant under reorientation
of axes.

15.6 Isotropy

A real,? three-dimensional coordinate system3® (o;3;7) is isotropic at a
point r = ry if and only if

B(ry) - 4(r1) =0,
Y(r1) - &(ry) =0, (15.32)
é(r1) - B(r1) =0,
and
or or or
0al,_y 0Bl |07]iy, (15.33)

That is, a three-dimensional system is isotropic if its three coordinates ad-
vance locally at right angles to one another but at the same rate.

Of the three basic three-dimensional coordinate systems—indeed, of all
the three-dimensional coordinate systems this book treats—only the rect-
angular is isotropic according to (15.32) and (15.33).3! Isotropy admittedly
would not be a very interesting property if that were all there were to it.
However, there is also two-dimensional isotropy, more interesting because it
arises oftener.

281f the reader’s native language is English, then he is likely to have heard of the
unfortunate “back cab rule,” which actually is not a rule but an unhelpful mnemonic for
one of Table 15.2’s identities. The mnemonic is mildly orthographically clever but, when
learned, significantly impedes real understanding of the vector. The writer recommends
that the reader forget the rule if he has heard of it for, in mathematics, spelling-based
mnemonics are seldom if ever a good idea.

29The reader is reminded that one can licitly express a complex vector in a real basis.

30This chapter’s footnote 32 and chapter 16’s footnote 21 explain the usage of semicolons
as coordinate delimiters.

3'Whether it is even possible to construct an isotropic, nonrectangular coordinate sys-
tem in three dimensions is a question we will leave to the professional mathematician.
The author has not encountered such a system.
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A real, two-dimensional coordinate system (a; () is isotropic at a point
p? = p] if and only if

a(p]) - Blp]) =0 (15.34)
and 5 5
2 Y
ai - ai , (15.35)
@ pr=p] B lpr=p;

where p? = aa+ [3[3 represents position in the a-f plane. (If the -3 plane
happens to be the x-y plane, as is often the case, then p7 = p* = p and per
eqn. 3.20 one can omit the superscript.) The two-dimensional rectangular
system (z,y) naturally is isotropic. Because [0p/0¢| = (p)|0p/0p| the
standard two-dimensional cylindrical system (p;¢) as such is nonisotropic,
but the change of coordinate

A=, (15.36)

where p, is some arbitrarily chosen reference radius, converts the system
straightforwardly into the logarithmic cylindrical system (A; ¢) which is iso-
tropic everywhere in the plane except at the origin p = 0. Further two-
dimensionally isotropic coordinate systems include the parabolic system of
§ 15.7.2, to follow.

15.7 Parabolic coordinates

Scientists and engineers find most spatial-geometrical problems they en-
counter in practice to fall into either of two categories. The first category
comprises problems of simple geometry conforming to any one of the three
basic coordinate systems—rectangular, cylindrical or spherical. The second
category comprises problems of complicated geometry, analyzed in the rect-
angular system not because the problems’ geometries fit that system but
rather because they fit no system and thus give one little reason to depart
from the rectangular. One however occasionally encounters problems of a
third category, whose geometries are simple but, though simple, neverthe-
less fit none of the three basic coordinate systems. Then it may fall to the
scientist or engineer to devise a special coordinate system congenial to the
problem.

This section will treat the parabolic coordinate systems which, besides
being arguably the most useful of the various special systems, serve as good
examples of the kind of special system a scientist or engineer might be
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called upon to devise. The two three-dimensional parabolic systems are the
parabolic cylindrical system (o, T, z) of § 15.7.4 and the circular paraboloidal
system?2 (n; ¢, €) of § 15.7.5, where the angle ¢ and the length z are familiar
to us but o, 7, n and {—neither angles nor lengths but root-lengths (that
is, coordinates having dimensions of [length]'/?)—are new.?® Both three-
dimensional parabolic systems derive from the two-dimensional parabolic
system (o, 7) of § 15.7.2.34

However, before handling any parabolic system we ought formally to
introduce the parabola itself, next.

15.7.1 The parabola

Parabolic coordinates are based on a useful geometrical curve called the
parabola, which many or most readers will have met long before opening
this book’s covers. The parabola, simple but less obvious than the circle,
may however not be equally well known to all readers, and even readers
already acquainted with it (as from §§ 7.4.1 and 7.4.2) might appreciate a
reéxamination. This subsection reviews the parabola.

Given a point, called the focus, and a line, called the directrix,?® plus the
plane in which the focus and the directrix both lie, the associated parabola
1s that curve which lies in the plane everywhere equidistant from both focus
and directriz.’® See Fig. 15.7.

Referring to the figure, if rectangular coordinates are established such
that X and y lie in the plane, that the parabola’s focus lies at (z,y) = (0, k),
and that the equation y = k — o2 describes the parabola’s directrix, then
the equation

2+ (y—k)?=(y—k+0?)?

32The reader will probably think nothing of it now, but later may wonder why the
circular paraboloidal coordinates are (n; ¢, £) rather than (&; ¢, n) or (1, &; ¢). The peculiar
ordering is to honor the right-hand rule (§ 3.3 and eqn. 15.19), since ) x € = —¢ rather
than +(2). See § 15.7.5. (Regarding the semicolon “;” delimiter, it doesn’t mean much.
This book arbitrarily uses a semicolon when the following coordinate happens to be an
angle, which helps to distinguish rectangular coordinates from cylindrical from spherical.
Admittedly, such a notational convention ceases to help much when parabolic coordinates
arrive, but we will continue to use it for inertia’s sake. See also chapter 16’s footnote 21.)

33The letters o, 7,  and & are available letters this section happens to use, not neces-
sarily standard parabolic symbols. See appendix B.

34184, § 10.1][146, “Parabolic coordinates,” 09:59, 19 July 2008]

35Whether the parabola’s definition ought to forbid the directrix to pass through the
focus is a stylistic question this book will leave unanswered.

36[115, § 12-1]
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Figure 15.7: The parabola.

i |

evidently expresses the equidistance rule of the parabola’s definition. Solving
for y — k and then, from that solution, for y, we have that

x? o?
= — -—— . 15.
Yy 2024—(1{: 2> (15.37)
With the definitions that
1
n= 5 929
205 (15.38)
k=k— U—,
2
given which
2 _ 1
2u . (15.39)
k= —
K+ s
eqn. (15.37) becomes
y = px’ + k. (15.40)

Equations fitting the general form (15.40) often arise in applications, for
example in the equation that describes a projectile’s flight in the absence of
air resistance. Any equation that fits the form can be plotted as a parabola,
which is why projectiles fly in parabolic arcs.

Observe that the parabola’s definition does not actually require the direc-
trix to be y-oriented: the directrix can be x-oriented or, indeed, oriented any
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way. Observe also the geometrical fact that the parabola’s track necessarily
bisects the angle between the two line segments labeled “a” in Fig. 15.7. One
of the consequences of this geometrical fact3”—is that a parabolic mirror
reflects precisely®® toward its focus all light rays that arrive perpendicu-
larly with respect to the directrix (which for instance is why satellite dish
antennas have parabolic cross-sections).

15.7.2 Parabolic coordinates in two dimensions

Parabolic coordinates are most easily first explained in the two-dimensional
case that z = 0. In two dimensions, the parabolic coordinates (o, 7) repre-
sent the point in the z-y plane that lies equidistant

e from the line y = —o2,

e from the line y = +72, and
¢ from the point p =0,

where the parameter k of § 15.7.1 has been set to k = 0. Figure 15.8
depicts the construction described. In the figure are two dotted curves, one
of which represents the point’s parabolic track if o were varied while 7 were
held constant and the other of which represents the point’s parabolic track
if 7 were varied while o were held constant. Observe according to § 15.7.1’s
bisection finding that each parabola necessarily bisects the angle between
two of the three line segments labeled a in the figure. Observe further that
the two angles’ sum is the straight angle 27 /2, from which one can conclude,
significantly, that the two parabolas cross at right angles to one another.
Figure 15.9 lays out the parabolic coordinate grid. Notice in the figure

371t seems better merely to let the reader visualize the fact than to try to justify in so
many words. If words help nevertheless, some words: consider that the two line segments
labeled a in the figure run in the directions of increasing distance respectively from the
focus and from the directrix. If you want to draw away from the directrix at the same
rate as you draw away from the focus, thus maintaining equal distances, then your track
cannot but exactly bisect the angle between the two segments.

Once you grasp the idea, the bisection is obvious, though to grasp the idea can take
some thought.

To bisect a thing, incidentally—if the context has not already made the meaning plain—
is to divide the thing at its middle into two equal parts.

38Well, actually, physically, the ray model of light implied here is valid only insofar as
X < 02, where A represents the light’s characteristic wavelength. Also, regardless of A, the
ray model breaks down in the immediate neighborhood of the mirror’s focus. However,
we were not thinking of wave mechanics at the moment. Insofar as rays are concerned,
the focusing is precise.
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Figure 15.8: Locating a point in two dimensions by parabolic construction.

Figure 15.9: The parabolic coordinate grid in two dimensions.

+2

+3

+3

+2
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that one of the grid’s several cells is subdivided at its quarter-marks for
illustration’s sake, to show how one can subgrid at need to locate points like,
for example, (o,7) = (%, —%) visually. (That the subgrid’s cells approach
square shape implies that the parabolic system is isotropic, a significant fact
§ 15.7.3 will formally demonstrate.)

Using the Pythagorean theorem, one can symbolically express the equi-

distant construction rule above as

a=0+y=1"—y,

2y (15.41)
From the first line of (15.41),
y = 72 5 o (15.42)
On the other hand, combining the two lines of (15.41),
(0® +y)? =2 +y* = (7° —y)*,
or, subtracting 2,
ot +20%y = 2® =7 — 272y,
Substituting (15.42)’s expression for y,
2% = (o7)2.
That either x = +07 or x = —o7 would satisfy this equation. Arbitrarily
choosing the + sign gives us that
T =o0T. (15.43)
Also, since p? = 22 + y2, (15.42) and (15.43) together imply that
p= r ‘2“’2. (15.44)
Combining (15.42) and (15.44) to isolate o and 72 yields that
it (15.45)

72:p+y.
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15.7.3 Properties

The derivatives of (15.43), (15.42) and (15.44) are

dx = odr + 7do,
dy =71dr —odo,
dp=71dr + odo.

VECTOR ANALYSIS

(15.46)

Solving the first two lines of (15.46) simultaneously for do and d7 and then
collapsing the resultant subexpression 72 + o2 per (15.44) yields that

Tdxr —ody
do = ——=,
2p
odx+Tdy
dr = ——=,
2p
from which it is apparent that
. XT —yo
o= ——,
VT2 + 02
R Xo+yT
T=
VT2 + 02
or, collapsing again per (15.44), that
. XT-—yo
c=—
V2p
. Xo+yT
T = ,
V2p

of which the dot product

- 7=0ifp#0

(15.47)

(15.48)

(15.49)

is null, confirming our earlier finding that the various grid parabolas cross
always at right angles to one another. Solving (15.48) simultaneously for x

and y then produces

. TO + 0T
X=——=,
V2p

TT7 — 60

<
Il
S
A

(15.50)
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One can express an infinitesimal change in position in the plane as

dp = xdr+ydy
= xX(odr+7do)+y(rdr —odo)
= (x7—yo)do + (X0 +y7)dr,

in which (15.46) has expanded the differentials and from which

op
o
op
ar

= XT — yo,
= X0 + YT,

and thus
dp| |0p
do| |OT
Equations (15.49) and (15.51) respectively meet the requirements (15.34)
and (15.35), implying that the two-dimensional parabolic coordinate system
18 1sotropic except at p = 0.
Table 15.3 summarizes, gathering parabolic coordinate properties from
this subsection and § 15.7.2.

: (15.51)

15.7.4 The parabolic cylindrical coordinate system

Two-dimensional parabolic coordinates are easily extended to three dimen-
sions by adding a z coordinate, thus constituting the parabolic cylindrical
coordinate system (o, 7, z). The surfaces of constant o and of constant 7 in
this system are parabolic cylinders (and the surfaces of constant z naturally
are planes). All the properties of Table 15.3 apply. Observe however that
the system is isotropic only in two dimensions not three.

The orthogonal parabolic cylindrical basis is [6 T Z].

15.7.5 The circular paraboloidal coordinate system

Sometimes one would like to extend the parabolic system to three dimensions
by adding an azimuth ¢ rather than a height z. This is possible, but then
one tends to prefer the parabolas, foci and directrices of Figs. 15.8 and 15.9
to run in the p-z plane rather than in the z-y. Therefore, one defines the
coordinates n and £ to represent in the p-z plane what the letters ¢ and 7
have represented in the z-y. The properties of Table 15.4 result, which are
just the properties of Table 15.3 with coordinates changed. The system is
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Table 15.3: Parabolic coordinate properties.

¢ = or 4 = Totor
72— 52 V2p
y = 9 R TT — 60
Y = ——
. 72 4+ 02 \/%
p= 2 R XT —yo
o = —F=
p? = 2+ V2p
2= p—y ; _ XotyT
2= pty SV
O X T = Z
-7 = 0
o _ |00
do|  |or

Table 15.4: Circular paraboloidal coordinate properties.

p = né p = &n+né
I St V2
2 , - -
.o g V2r
2 A _/\
2 _ 2 2 _ 2 2 2 n = pe — 21
T prtz =4ty +z Vor
" = r—z & = pn + z&
£ = r+z V2r
nxg = —¢
n-§& =0
Or
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the circular paraboloidal system (n; ¢, &).

The surfaces of constant n and of constant ¢ in the circular paraboloidal
system are paraboloids, parabolas rotated about the z axis (and the surfaces
of constant ¢ are planes, or half planes if you like, just as in the cylindrical
system). Like the parabolic cylindrical system, the circular paraboloidal
system too is isotropic in two dimensions.

Notice that, given the usual definition of the ¢ unit basis vector, 7 x & =
—q% rather than +in) as one might first guess. The correct, right-handed
sequence of the orthogonal circular paraboloidal basis therefore would be
7 & &5

This concludes the present chapter on the algebra of vector analysis.
Chapter 16, next, will venture hence into the larger and even more interest-
ing realm of vector calculus.

39Gee footnote 32.
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Chapter 16

Vector calculus

Chapter 15 has introduced the algebra of the three-dimensional geometrical
vector. Like the scalar, the vector is a continuous quantity and as such has
not only an algebra but also a calculus. This chapter develops the calculus
of the vector.

16.1 Fields and their derivatives

A scalar quantity o(t) or vector quantity f(¢) whose value varies over time is
“a function of time ¢.” We can likewise call a scalar quantity! ¥ (r) or vector
quantity a(r) whose value varies over space “a function of position r,” but
there is a special, alternate name for such a quantity. We call it a field.

A field is a quantity distributed over space or, if you prefer, a function
in which spatial position serves as independent variable. Air pressure p(r) is
an example of a scalar field, whose value at a given location r has amplitude
but no direction. Wind velocity? q(r) is an example of a vector field, whose
value at a given location r has both amplitude and direction. These are
typical examples. Tactically, a vector field can be thought of as composed
of three scalar fields

a(r) = Xqx(r) + yqy(r) + 24:(r);

!This ¢ (r) is unrelated to the Tait-Bryan and Euler roll angles v of § 15.1, an unfortu-
nate but tolerable overloading of the Greek letter 1 in the conventional notation of vector
analysis. In the unlikely event of confusion, you can use an alternate letter like n for the
roll angle. See appendix B.

2As § 15.3, this section also uses the letter ¢ for velocity in place of the conventional v
[17, § 18.4], which it needs for another purpose.
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but, since

q(r) = X'qy (r) + ¥'qy (r) + 2'q (r)
for any orthogonal basis [x' y’ z'] as well, the specific scalar fields g,(r),
qy(r) and ¢, (r) are no more essential to the vector field q(r) than the specific
scalars by, b, and b, are to a vector b. As we said, the three components
come tactically; typically, such components are uninteresting in themselves.
The field g(r) as a whole is the interesting thing.

Scalar and vector fields are of utmost use in the modeling of physical
phenomena.

As one can take the derivative do/dt or df/dt with respect to time ¢
of a function o(t) or f(t), one can likewise take the derivative with respect
to position r of a field ¥(r) or a(r). However, derivatives with respect to
position create a notational problem, for it is not obvious what symbology
like dv/dr or da/dr would actually mean. The notation do/dt means “the
rate of o as time ¢ advances,” but if the notation di/dr likewise meant “the
rate of 1 as position r advances” then it would necessarily prompt one to
ask, “advances in which direction?” The notation offers no hint. In fact
di/dr and da/dr mean nothing very distinct in most contexts and we shall
avoid such notation. If we will speak of a field’s derivative with respect to
position r then we shall be more precise.

Section 15.2 has given the vector three distinct kinds of product. This
section gives the field no fewer than four distinct kinds of derivative: the
directional derivative; the gradient; the divergence; and the curl.?

So many derivatives bring the student a conceptual difficulty one could
call “the caveman problem.” Imagine a caveman. Suppose that you tried
to describe to the caveman a house or building of more than one floor. He
might not understand. You and I who already grasp the concept of upstairs
and downstairs do not find a building of two floors, or three or even thirty,
especially hard to envision, but our caveman is used to thinking of the ground
and the floor as more or less the same thing. To try to think of upstairs
and downstairs might confuse him with partly false images of sitting in a
tree or of clambering onto (and breaking) the roof of his hut. “There are
many trees and antelopes but only one sky and floor. How can one speak of
many skies or many floors?” The student’s principal conceptual difficulty
with the several vector derivatives is of this kind.

3Vector veterans may notice that the Laplacian is not listed. This is not because the
Laplacian were uninteresting but rather because the Laplacian is actually a second-order
derivative—a derivative of a derivative. We will address the Laplacian in § 16.4.
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16.1.1 The V operator

Consider a vector
a = Xa; +ya, + za,.

Then consider a “vector”
¢ = x[Tuesday] + y[Wednesday] + z[Thursday].

If you think that the latter does not look very much like a vector, then the
writer thinks as you do, but consider:

c - a = [Tuesday]a, + [Wednesday]a, + [Thursday]a..

The writer does not know how to interpret a nonsensical term like
“[Tuesday]a,” any more than the reader does, but the point is that ¢ behaves
as though it were a vector insofar as vector operations like the dot product
are concerned. What matters in this context is not that c have amplitude
and direction (it has neither) but rather that it have the three orthonormal
components it needs to participate formally in relevant vector operations.
It has these. That the components’ amplitudes seem nonsensical is beside
the point. Maybe there exists a model in which “[Tuesday]” knows how to
operate on a scalar like a,. (Operate on? Yes. Nothing in the dot product’s
definition requires the component amplitudes of ¢ to multiply those of a.
Multiplication is what the component amplitudes of true vectors do, but ¢
is not a true vector, so “[Tuesday]” might do something to a, other than
to multiply it. Section 16.1.2 elaborates the point.) If there did exist such
a model, then the dot product c¢ - a could be licit in that model. As if this
were not enough, the cross product ¢ x a too could be licit in that model,
composed according to the usual rule for cross products. The model might
allow it. The dot and cross products in and of themselves do not forbid it.
Now consider a “vector”
0 o .0

. (16.1)

V=X T, T

This V is not a true vector any more than c is, maybe, but if we treat it as
one then we have that

_ Oay  Oay  Oa,

_8x+8y+6z'

V-a

Such a dot product might or might not prove useful; but, unlike the terms
in the earlier dot product, at least we know what this one’s terms mean.
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Well, days of the week, partial derivatives, ersatz vectors—it all seems
rather abstract. What’s the point? The answer is that there wouldn’t be
any point if the only nonvector “vectors” in question were of ¢’s nonsensical
kind. The operator V however shares more in common with a true vector
than merely having z, y and z components; for, like a true vector, the
operator V is amenable to having its axes reoriented by (15.1), (15.2), (15.7)
and (15.8). This is easier to see at first with respect the true vector a, as
follows. Consider rotating the = and y axes through an angle ¢ about the z
axis. There ensues

a = Xa;+yay+za;
= (x'cos¢ — y'sing)(ay cosp — a, sin @)
+ (X'sin¢ + y' cos ¢)(ay sin ¢ + a,y cos ) + 2'ay
= %[ay cos® ¢ — y COS P Sin @ + agy sin? ¢ + @y cos ¢ sin @]
+ ¥'[—ay cospsing + ay sin? ¢ + ag cos dsin ¢ + Ay cos® ¢]
+ i'azf

s/ ~/ Al
= Xay TYay+zZay,

where the final expression has different axes than the original but, relative
to those axes, exactly the same form. Further rotation about other axes
would further reorient but naturally also would not alter the form. Now
consider V. The partial differential operators 9/0x, 0/0y and 0/0z change
no differently under reorientation than the component amplitudes a,, a,
and a, do. Hence,

o ,9 ,0 0

VZIE:X(%’ y@y’ 292

(16.2)

evidently the same operator regardless of the choice of basis [x' ¥’ Z]. Tt is
this invariance under reorientation that makes the V operator useful.

If V takes the place of the ambiguous d/dr, then what takes the place
of the ambiguous d/dr,, d/d¥, d/drt, d/dr' and so on? Answer: V,, V, V1,
V' and so on. Whatever mark distinguishes the special r, the same mark
distinguishes the corresponding special V. For example, where r, = 1i,,
there V, = 19/di,. That is the convention.?

Introduced by William Rowan Hamilton and Oliver Heaviside, informally
pronounced “del” (in the author’s country at least), the vector differential
operator V finds extensive use in the modeling of physical phenomena. After

4A few readers not fully conversant with the material of chapter 15, to whom this
chapter had been making sense until the last two sentences, may suddenly find the notation
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a brief digression to discuss operator notation, the subsections that follow
will use the operator to develop and present the four basic kinds of vector
derivative.

16.1.2 Operator notation

Section 16.1.1 has introduced operator notation without explaining what it
is or even what it concerns. This subsection digresses to explain.

Operator notation concerns the representation of unary operators and
the operations they specify. Section 7.3 has already broadly introduced the
notion of the operator. A wunary operator is a mathematical agent that
transforms a single discrete quantity, a single distributed quantity, a single
field, a single function or another single mathematical object in some defi-
nite way. For example, J = fg dt is a unary operator, more fully written as

J = fot -dt where the “” holds the place of the thing operated upon,® whose
effect is such that, for instance, Jt = t?/2 and Jcoswt = (sinwt)/w. Any
letter might serve as well as the example’s J; but what distinguishes oper-
ator notation is that, like the matrix row operator A in matrix notation’s
product Ax (§ 11.1.1), the operator J in operator notation’s operation Jt
attacks from the left. Thus, generally, Jt # tJ if J is a unary operator,
though the notation Jt usually formally resembles multiplication in other
respects as we shall see.

The matrix actually is a type of unary operator and matrix notation
is a specialization of operator notation, so we have met operator notation
before. And, in fact, we have met operator notation much earlier than that.
The product 5t can if you like be regarded as the unary operator “5 times,”
operating on t. Perhaps you did not know that 5 was an operator—and,
indeed, the scalar 5 itself is no operator but just a number—but where no
other operation is defined operator notation implies scalar multiplication
by default. Seen in this way, 5t and t5 actually mean two different things;
though naturally in the specific case of scalar multiplication, which happens
to be commutative, it is true that 5t = t5.

The a- in the dot product a-b and the a x in the cross product a x b
can profitably be regarded as unary operators.

incomprehensible. The notation is Einstein’s. It means
A A Al ! Al ! Al !
12, = E 1 =X Ty +Y Yo +Z 2,
i=a’,y’ 2!

in the leftmost form of which the summation sign is implied not written. Refer to § 15.4.
°[23]
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Whether operator notation can licitly represent any unary operation
whatsoever is a definitional question we will leave for the professional math-
ematician to answer, but in normal usage operator notation represents only
linear unary operations, unary operations that honor § 7.3.3’s rule of linear-
ity. The operators J and A above are examples of linear unary operators;
the operator K = - + 3 is not linear and almost certainly should never be
represented in operator notation as here, lest an expression like Kt mislead
an understandably unsuspecting audience. Linear unary operators often do
not commute, so JyJo # JoJ1 generally; but otherwise linear unary opera-
tors follow familiar rules of multiplication like (Jo + J3)J1 = JoJi + J3J5.
Linear unary operators obey a definite algebra, the same algebra matrices
obey. It is precisely this algebra that makes operator notation so useful.

Operators associate from right to left (§ 2.1.1) so that, in operator nota-
tion, Jwt = J(wt), not (Jw)t. Observe however that the perceived need for
parentheses comes only of the purely notational ambiguity as to whether wt
bears the semantics of “the product of w and ¢’ or those of “the unary
operator ‘w times,” operating on t.” The perceived need and any associ-
ated confusion would vanish if Q@ = (w)(-) were unambiguously an opera-
tor, in which case the product J would itself be an operator, whereupon
(JQ)t = JQt = J(Qt) = J(wt). Indeed, one can compare the distinction in
§ 11.3.2 between A and Al against the distinction between w and €2 here, for
a linear unary operator enjoys the same associativity (11.5) a matrix enjoys,
and for the same reason. Still, rather than go to the trouble of defining
extra symbols like €2, it is usually easier just to write the parentheses, which
take little space on the page and are universally understood; or, better, to
rely on the right-to-left convention that Jwt = J(wt). Modern conventional
applied mathematical notation though generally excellent remains imper-
fect; so, notationally, when it matters, operators associate from right to left
except where parentheses group otherwise.

One can speak of a unary operator like J, A or  without giving it any-
thing in particular to operate upon. One can leave an operation unresolved.
For example, t.J is itself a unary operator—it is the operator ¢ f(f dt—though
one can assign no particular value to it until it actually operates on some-
thing. The operator V of (16.2) is an unresolved unary operator of the same
kind.

16.1.3 The directional derivative and the gradient

In the calculus of vector fields, the derivative notation d/dr is ambiguous
because, as the section’s introduction has observed, the notation gives r
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no specific direction in which to advance. In operator notation, however,
given (16.2) and accorded a reference vector b to supply a direction and a
scale, one can compose the directional derivative operator

0
‘i
to express the derivative unambiguously. This operator applies equally to
the scalar field,

(b-V)=b (16.3)

_ 90
(b V)i(r) = b
as to the vector field,
_p 02 g 09
(b-V)a(r) =1b; 5 = jb; 5 (16.4)

For the scalar field the parentheses are unnecessary and conventionally are
omitted, as
oy

i
In the case (16.4) of the vector field, however, Va(r) itself means nothing co-
herent® so the parentheses usually are retained. Equations (16.4) and (16.5)
define the directional derivative.

Note that the directional derivative is the derivative not of the reference
vector b but only of the field ¥(r) or a(r). The vector b just directs and
scales the derivative; it is not the object of it. Nothing requires b to be
constant, though. It can be a vector field b(r) that varies from place to
place; the directional derivative does not care.

Within (16.5), the quantity

b - Vi(r) = b (16.5)

%
00

is called the gradient of the scalar field ¢ (r). Though both scalar and
vector fields have directional derivatives, only scalar fields have gradients.
The gradient represents the amplitude and direction of a scalar field’s locally
steepest rate.

Formally a dot product, the directional derivative operator b - V is in-
variant under reorientation of axes, whereupon the directional derivative is
invariant, too. The result of a V operation, the gradient Vi (r) is likewise
invariant.

Vi(r) (16.6)

SWell, it does mean something coherent in dyadic analysis [21, appendix B], but this
book won’t treat that.
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16.1.4 Divergence

There exist other vector derivatives than the directional derivative and gra-
dient of § 16.1.3. One of these is divergence. It is not easy to motivate
divergence directly, however, so we will approach it indirectly, through the
concept of flux as follows.

The fluz of a vector field a(r) outward from a region in space is

O = fga(r) - ds, (16.7)

where

ds=n-ds (16.8)

is a vector infinitesimal of amplitude ds, directed normally outward from
the closed surface bounding the region—ds being the area of an infinitesi-
mal element of the surface, the area of a tiny patch. Flux is flow through
a surface: in this case, net flow outward from the region in question. (The
paragraph says much in relatively few words. If it seems opaque then try to
visualize eqn. 16.7’s dot product a[r] - ds, in which the vector ds represents
the area and orientation of a patch of the region’s enclosing surface. When
something like air flows through any surface—mot necessarily a physical bar-
rier but an imaginary surface like the goal line’s vertical plane in a football
game’—what matters is not the surface’s area as such but rather the area
the surface presents to the flow. The surface presents its full area to a per-
pendicular flow but otherwise the flow sees a foreshortened surface, as though
the surface were projected onto a plane perpendicular to the flow. Refer to
Fig. 15.2. Now realize that eqn. 16.7 actually describes flux not through an
open surface but through a closed—it could be the imaginary rectangular
box enclosing the region of football play to goal-post height; where wind
blowing through the region, entering and leaving, would constitute zero net
flux; but where a positive net flux would have barometric pressure falling
and air leaving the region maybe because a storm is coming—and you’ve
got the idea.)

A region of positive flux is a source; of negative flux, a sink. One can
contemplate the flux ®qpen = f S a(r) - ds through an open surface as well as
through a closed, but it is the outward flux (16.7) through a closed surface
that will concern us here.

"The author has American football in mind but other football games have goal lines
and goal posts, too. Pick your favorite brand of football.
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The outward flux ® of a vector field a(r) through a closed surface bound-
ing some definite region in space is evidently

:/ Aam(y,z)dyder/ Aay(z,z:)dzdx+/ Aa(z,y) dx dy,

where

Tmax y:z) a
Aay(y, = / i
T

mlﬂ y Z
Ymax (Z,T) 8
Aay(z, ) / %y dy,
Ymin Z :L‘)
Zmax(T,Y) da,
Aaz(gjyy) = / dz
Zmin(zvy) 62

represent the increase across the region respectively of a., a, or a, along
an X-, y- or z-directed line.® If the field has constant derivatives da/di, or
equivalently if the region in question is small enough that the derivatives
are practically constant through it, then these increases are simply

Oay
Aaa:(yv Z) = % Al‘(y’ Z)’

Bay(z,7) = G2 My(2),

Aa, (33‘, y) =

(z,9),

upon which

= 8% /Awy, dydz+//Ayz:1;dzd:z:

aaz/ Az(z,y) dx dy.

But each of the last equation’s three integrals represents the region’s vol-
ume V', so

Oda Oa da
d — T Oly z\ .
(V)(Ox + Ay + 82)’

8Naturally, if the region’s boundary happens to be concave, then some lines might enter
and exit the region more than once, but this merely elaborates the limits of integration
along those lines. It changes the problem in no essential way.
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or, dividing through by the volume,
¢  Jda, % da,  0Oa;

= = = —V.a(r). 16.
Vo Toy Tar e YAl (16.9)
We give this ratio of outward flux to volume,
Oa;
: = — 16.10
V-ar) = S, (16.10)

the name divergence, representing the intensity of a source or sink.
Formally a dot product, divergence is invariant under reorientation of
axes.

16.1.5 Curl

Curl is to divergence as the cross product is to the dot product. Curl is a
little trickier to visualize, though. It needs first the concept of circulation
as follows.

The circulation of a vector field a(r) about a closed contour in space is

= fa(r) de, (16.11)

where, unlike the fS of (16.7) which represented a double integration over a
surface, the § here represents only a single integration. One can in general
contemplate circulation about any closed contour, but it suits our purpose
here to consider specifically a closed contour that happens not to depart
from a single, flat plane in space.

Let [G v 1] be an orthogonal basis with n normal to the contour’s plane
such that travel positively along the contour tends from G toward v rather
than the reverse. The circulation I" of a vector field a(r) about this contour
is evidently

= /Aav(v) dv—/Aau(u) du,

where

() 9
Aay(v) = Y du,
¢ (U) /umin(v) au !

'Umax(u) Ba
Aay(u) = / — dv
Umin(u) a'U

represent the increase across the contour’s interior respectively of a, or a,
along a - or v-directed line. If the field has constant derivatives da/0i, or
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equivalently if the contour in question is short enough that the derivatives
are practically constant over it, then these increases are simply

Aay(v) = %CZ} Au(v),
Aau(w) = 2 Av(u),

upon which

aav/A dv—aau/Av

But each of the last equation’s two integrals represents the area A within

the contour, so
Oa, Oay
= _ YRu
(4) < ou v > ’

or, dividing through by the area,

r 0da, OJay
A~ du v
5 @ v A
= ﬁ-[eijkiaa,k]:ﬂ- 8/ou 9/ov d/om
J Qy, Ay an,
= f-[Vxa(r). (16.12)

We give this ratio of circulation to area,

. . Oay, Oa, Oay
n-[Vxa()=n- |:€ijl 3/ ] 5u By (16.13)

the name directional curl, representing the intensity of circulation, the degree
of twist so to speak, about a specified axis. The cross product in (16.13),

V xa(r) = Eijkia@c;k,

(16.14)
we call curl.

Curl (16.14) is an interesting quantity. Although it emerges from di-
rectional curl (16.13) and although we have developed directional curl with
respect to a contour in some specified plane, curl (16.14) itself turns out
to be altogether independent of any particular plane. We might have cho-
sen another plane and though n would then be different the same (16.14)
would necessarily result. Directional curl, a scalar, is a property of the field
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and the plane. Curl, a vector, unexpectedly is a property of the field only.
Directional curl evidently cannot exceed curl in magnitude, but will equal
it when n points in its direction, so it may be said that curl is the locally
greatest directional curl, oriented normally to the locally greatest directional
curl’s plane.

We have needed n and (16.13) to motivate and develop the concept
(16.14) of curl. Once developed, however, the concept of curl stands on its
own, whereupon one can return to define directional curl more generally
than (16.13) has defined it. As in (16.4) here too any reference vector b or
vector field b(r) can serve to direct the curl, not only n. Hence,

b-[Vxa(r)=Db- [eijklaj (16.15)

This would be the actual definition of directional curl. Note however that
directional curl so defined is not a distinct kind of derivative but rather is
just curl, dot-multiplied by a reference vector.

Formally a cross product, curl is invariant under reorientation of axes.
An ordinary dot product, directional curl is likewise invariant.

16.1.6 Cross-directional derivatives

The several directional derivatives of the b - V class, including the scalar
(16.5) and vector (16.4) directional derivatives themselves and also including
directional curl (16.15), compute rates with reference to some direction b.
Another class of directional derivatives however is possible, that of the cross-
directional derivatives.” These compute rates perpendicularly to b. Unlike
the vector directional derivative (16.4), the cross-directional derivatives are
not actually new derivatives but are cross products of b with derivatives
already familiar to us. The cross-directional derivatives are

b x V¢ = Eijkibjg%a

A Oai 8aj
bXVXa—‘]bl(aj _82>

(16.16)

9The author is unaware of a conventional name for these derivatives. The name cross-
directional seems as apt as any.
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We call these respectively the cross-directional derivative (itself) and cross-
directional curl, the latter derived as

bxVxa = bX(GijkiaaC;k>

Oax
0

. ~Oay .
= €mpiMby €ijkl—— | = €mni€ijk mby,
95 ),

~ 8ak

. Oap ~, Oap . Oa; . Oa;
Jkaj ]8] .]zaj Jzai

where the Levi-Civita identity that €,ni€ijk = €imn€ijk = Omjonk — OmkOn;

comes from Table 15.1.

16.2 Integral forms

The vector field’s distinctive maneuver is the shift between integral forms,
which we are now prepared to treat. This shift comes in two kinds. The two
subsections that follow explain.

16.2.1 The divergence theorem

Section 16.1.4 has contemplated the flux of a vector field a(r) from a volume
small enough that the divergence V -a were practically constant through the
volume. One would like to treat the flux from larger, more general volumes
as well. According to the definition (16.7), the flux from any volume is

@z%a-ds.
S

If one subdivides a large volume into infinitesimal volume elements dv, then
the flux from a single volume element is

(I)element = j{ a-ds.
S,

element

Even a single volume element however can have two distinct kinds of surface
area: inner surface area shared with another element; and outer surface area
shared with no other element because it belongs to the surface of the larger,
overall volume. Interior elements naturally have only the former kind but
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boundary elements have both kinds of surface area, so one can elaborate the
last equation to read

Delement = / a-ds+ / a-ds
Sinncr Souter

for a single element, where fsl .= Jo  + ] Sonre- Adding all the ele-
ments together, we have that

E Pelement = Z / a-ds+ Z / a-ds;

elements elements ¥ Dinner elements  Souter

but the inner sum is null because it includes each interior surface twice,
because each interior surface is shared by two elements such that dso = —ds;
(in other words, such that the one volume element’s ds on the surface the
two elements share points oppositely to the other volume element’s ds on
the same surface), so

Z (I)element: Z / a-ds:j{a~ds.
Souter S

elements elements

In this equation, the last integration is over the surface of the larger, overall
volume, which surface after all consists of nothing other than the several
boundary elements’ outer surface patches. Applying (16.9) to the equation’s
left side to express the flux Pejement from a single volume element yields that

Z V-adv:j{a-ds.

elements s

That is,
/ V-adv:fa-ds. (16.17)
\%4 S

Equation (16.17) is the divergence theorem.'® The divergence theorem,
the vector’s version of the fundamental theorem of calculus (7.2), neatly
relates the divergence within a volume to the flux from it. It is an important
result. The integral on the equation’s left and the one on its right each arise
in vector analysis more often than one might expect. When they do, (16.17)
swaps the one integral for the other, often a profitable maneuver.!!

10124, eqn. 1.2.8]
1UYWhere a wave propagates through a material interface, the associated field can be
discontinuous and, consequently, the field’s divergence can be infinite, which would seem
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16.2.2 Stokes’ theorem

Corresponding to the divergence theorem of § 16.2.1 is a second, related the-
orem for directional curl, developed as follows. If an open surface, whether
the surface be confined to a plane or be warped in three dimensions (as for ex-
ample in bowl shape), is subdivided into infinitesimal surface elements ds—
each element small enough not only to experience essentially constant curl
but also to be regarded as planar—then according to (16.11) the circulation
about the entire surface is
r= 7{ a-de

and the circulation about any one surface element is

Felement = % a-dl.
element

From this equation, reasoning parallel to that of § 16.2.1—only using (16.12)
in place of (16.9)—concludes that

/S(v x a) - ds = j[a . de. (16.18)

Equation (16.18) is Stokes’ theorem,'?3 neatly relating the directional curl
over a (possibly nonplanar) surface to the circulation about it. Like the di-
vergence theorem (16.17), Stokes’ theorem (16.18) serves to swap one vector
integral for another where such a maneuver is needed.

16.3 Summary of definitions and identities of vec-
tor calculus

Table 16.1 lists useful definitions and identities of vector calculus,!* the
first several of which it gathers from §§ 16.1 and 16.2, the last several of

to call assumptions underlying (16.17) into question. However, the infinite divergence
at a material interface is normally integrable in the same way the Dirac delta of § 7.7,
though infinite, is integrable. One can integrate finitely through either infinity. If one can
conceive of an interface not as a sharp layer of zero thickness but rather as a thin layer of
thickness €, through which the associated field varies steeply but continuously, then the
divergence theorem necessarily remains valid in the limit e — 0.

12124, eqn. 1.4.20)

131f (16.17) is “the divergence theorem,” then should (16.18) not be “the curl theorem”?
Answer: maybe it should be, but no one calls it that. Sir George Gabriel Stokes is evidently
not to be denied his fame!

14[9, appendix T1.3][124, appendix IT][59, appendix A]
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which (exhibiting heretofore unfamiliar symbols like V?) it gathers from
§ 16.4 to follow. Of the identities in the middle of the table, a few are
statements of the V operator’s distributivity over summation. The rest are
vector derivative product rules (§ 4.5.2).

The product rules resemble the triple products of Table 15.2, only with
the V operator in place of the vector c. However, since V is a differential
operator for which, for instance, b -V # V - b, its action differs from a
vector’s in some cases, and there are more distinct ways in which it can act.
Among the several product rules the easiest to prove is that

V(jw) = ia(g;’) = wi‘?;f + z/zi%c: = wVi + PVw.

The hardest to prove is that

6(azbz) 3ai “ 8[)1

-b) = ibi) =3 — =Jbi—— i
V(a-b) V(ab;) =] 9] jb 8 +ja o7
& 48(1]' a7 Gai B 8aj N '8bj s Obl B abj
= by b <6j di > i+ <8j i

= (b-Via+bxVxa+(a-V)b+axVxb
(b-V+bxVx)a+(a-V+axV x)b,

because to prove it one must recognize in it the cross-directional curl of
(16.16). Also nontrivial to prove is that

V X (a X b) = Vx (Eijkiajbk)

. 8(61 ~kia'bk)i R 8(abk)
= EmnpiM ]87”LJ = €mni€ijkIM a]n
. O(a;by)
= (5m]5nk: - 5mk5nj)mﬁ
_ A@(ajbk) . R@(ajbk) _ A@(ajbi) . A@(aibj)
™ok a5 YT e o
o N Oaj N 8bl N }8bj N aai
= (i) - ()

= (b-V+V-blJa—(a-V+V-a)b.
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Table 16.1: Definitions and identities of vector calculus (see also Table 15.2
on page 476).

vV = igz' b-V = bigi
vo - i by = b
V.a — %C;i (b-V)a = bZ-a;;:jbia;;
Vxa = Eijkiaacz.k b-Vxa = Gijkbzaac;k
b x Vi = eijkibjg—;f bxVxa = jb (8;; - aaazj)

o = /a-ds /V-adv = Y{a-ds
S 1% S

r = /a-d@ /(an)-ds = jga-dﬂ
c s
V-(a+b) = V-a+V-b
Vx(a+b) = Vxa+Vxb
Vi +w) = Vi+Vw
V(pw) = wVyY+¢YVw
V-(ya) = a-Vy+¢V-a
Vx(pa) = PV xa—axViy
V@a-b) = (b-V+bxVx)a+(a-V+axVx)b
V-(axb) = b-Vxa—a-Vxb
Vx(axb) = (b-V+V-bja-(a-V+V-a)b
02 0%,
V2 = 53 2 VV.a = J%jai 2
Vi = v-vwzégg Via = gizlzjaagzﬂz(j-a)
VxVy = 0 V-Vxa = 0
.0 (0Oa; Oa;
VxVxa = J&i(@j_8;>

VV-a = V2a+VxVxa
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The others are less hard:!®

V- (ya) = i ZaiE—H/JaZ, =a-Vy+¢V - a;
0 .0 .
V X (wa) = Gijkl(zé};bk) = ngklwai]k -+ Gijklakaqj,}
= YV xa—ax Vi
I(ejrazb da; ob
V-(axb) = (ngjk) = Eijkbk% + Eijkajaif

= b-Vxa—a-Vxb.

Inasmuch as none of the derivatives or products within the table’s several
product rules vary under rotation of axes, the product rules are themselves
invariant. That the definitions and identities at the top of the table are
invariant, we have already seen; and § 16.4, next, will give invariance to
the definitions and identities at the bottom. The whole table is therefore
invariant under rotation of axes.

16.4 The Laplacian and other second-order deriv-
atives

Table 16.1 ends with second-order vector derivatives. Like vector products
and first-order vector derivatives, second-order vector derivatives too come

in several kinds, the simplest of which is the Laplacian'®
82
2 e —
V= i’
62
V2 =V - Vip = 7#’, (16.19)
012
0%a 0%a,;
2, _ 200 20
Via = ﬁ_*] 9i2 =jV:(G-a).

15 And probably should have been left as exercises, except that this book is not actually
an instructional textbook. The reader who wants exercises might hide the page from sight
and work the three identities out with his own pencil.

Though seldom seen in applied usage in the author’s country, the alternate symbol A
replaces V2 in some books, especially some British books. The author prefers the V2,
which better captures the sense of the thing and which leaves A free for other uses.



16.4. THE LAPLACIAN, ET AL. 507

Other second-order vector derivatives include

2.
vv.azjg?;_,
J (16.20)
VxVxa=jo (24 04
9 \a; " ai )

the latter of which is derived as

.0a
VxVxa = Vx <€Z’jklajk>

= € Iflg €ij i—aak = €mni€ij rhia%bk

- mni on ijk a] i— mniCijk 3n8]
. 0%ay,

= (6mjonk — 5mk5nj)m78n 9j

0%, 0%, . 0%y A82aj
J ko =55 o
0k 0j 0j 01 0j 0i

Combining the various second-order vector derivatives yields the useful iden-
tity that
VV-a=V?a+VxVxa. (16.21)

Table 16.1 summarizes.
The table includes two curious null identities,

V x V¢ =0,

(16.22)
V-Vxa=0.

In words, (16.22) states that gradients do not curl and curl does not diverge.
This is unexpected but is a direct consequence of the definitions of the
gradient, curl and divergence:

3 O\ _ Py

V X V?,[) = V X <laz> = emmmm = O,
Oay, d%ay,

V-Vxa=V- <6ijklaj > = Eijkiai 8] = 0.

A field like V4 that does not curl is called an irrotational field. A field like
V x a that does not diverge is called a solenoidal, source-free or (prosaically)
divergenceless field.!”

In the writer’s country, the United States, there has been a mistaken belief afoot
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Each of this section’s second-order vector derivatives—including the vec-
tor Laplacian V?a, according to (16.21)—is or can be composed of first-order
vector derivatives already familiar to us from § 16.1. Therefore, inasmuch as
each of those first-order vector derivatives is invariant under reorientation
of axes, each second-order vector derivative is likewise invariant.

16.5 Contour derivative product rules

Equation (4.22) gives the derivative product rule for functions of a scalar
variable. Fields—that is, functions of a vector variable—obey product rules,
too, several of which Table 16.1 lists. The table’s product rules however
are general product rules that regard full spatial derivatives. What about
derivatives along an arbitrary contour? Do they obey product rules, too?

that, if two fields by (r) and ba(r) had everywhere the same divergence and curl, then the
two fields could differ only by an additive constant. Even at least one widely distributed
textbook expresses this belief, naming it Helmholtz’s theorem; but it is not just the one
textbook, for the writer has heard it verbally from at least two engineers, unacquainted
with one other, who had earned Ph.D.s in different eras in different regions of the country.
So the belief must be correct, mustn’t it?

Well, maybe it is, but the writer remains unconvinced. Consider the admittedly con-
trived counterexample of by = Xy + yz, b = 0.

On an applied level, the writer knows of literally no other false theorem so widely
believed to be true, which leads the writer to suspect that he himself had somehow erred
in judging the theorem false. What the writer really believes however is that Hermann
von Helmholtz probably originally had put some appropriate restrictions on b; and bsg
which, if obeyed, made his theorem true but which at some time after his death got lost in
transcription. That a transcription error would go undetected so many years would tend
to suggest that Helmholtz’s theorem, though interesting, were not actually very necessary
in practical applications. (Some believe the theorem necessary to establish a “gauge” in
a wave equation, but if they examine the use of their gauges closely then they will likely
discover that one does not logically actually need to invoke the theorem to use the gauges.)

Corrections by readers are invited.
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That is, one supposes that!'®
0 0
@(ﬂ)w) j + TZJ
0 8
@Wa) = 71/1 + w
0 —(a-b)=b- % +a- 8b 1e29)
or ol o’
0 Oa ob
8€(a><b)——b %—i—ax T

where £ is the distance along some arbitrary contour in space. As a hypoth-
esis, (16.23) is attractive. But is it true?

That the first line of (16.23) is true is clear, if you think about it in
the right way, because, in the restricted case (16.23) represents, one can
treat the scalar fields ¥ (r) and w(r) as ordinary scalar functions v (¢) and
w(?) of the scalar distance ¢ along the contour, whereupon (4.22) applies—
for (16.23) never evaluates 1 (r) or w(r) but along the contour. The same
naturally goes for the vector fields a(r) and b(r), which one can treat as
vector functions a(¢) and b({) of the scalar distance ¢; so the second and
third lines of (16.23) are true, too, since one can write the second line in the

form 5 - 5
5 ooy a;
and the third line in the form
o) = Vg ey

each of which, according to the first line, is true separately for i = z, for
1=y and for i = z.

The truth of (16.23)’s last line is slightly less obvious. Nevertheless, one
can reorder factors to write the line as

0 Oa
@(a X b) ﬁ X b+ a af’
the Levi-Civita form (§ 15.4.3) of which is

0 Oa; Ooby,
Eijkl |:a£ (a]bk)} = ei]kl |: EY; b + aj@é]

8The — sign in (16.23)’s last line is an artifact of ordering the line’s factors in the style
of Table 16.1. Before proving the line, the narrative will reverse the order to kill the sign.
See below.
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Table 16.2: The metric coefficients of the rectangular, cylindrical and spher-
ical coordinate systems.

RECT. CYL. SPHER.

h, =1 h,=1 h.-=1

hy =1 h¢ =P hg =T

h,=1 h,=1 hg =p=rsind

The Levi-Civita form is true separately for (i, j, k) = (x,y, 2), for (i,7,k) =
(x,z,y), and so forth, so (16.23)’s last line as a whole is true, too, which
completes the proof of (16.23).

16.6 Metric coefficients

A scalar field ¥(r) is the same field whether expressed as a function ¢ (z, y, 2)
of rectangular coordinates, ¥ (p; ¢, z) of cylindrical coordinates or ¥ (r; 8; @)
of spherical coordinates,' or indeed of coordinates in any three-dimensional
system. However, cylindrical and spherical geometries normally recommend
cylindrical and spherical coordinate systems, systems which make some of
the identities of Table 16.1 hard to use.

The reason a cylindrical or spherical system makes some of the table’s
identities hard to use is that some of the table’s identities involve derivatives
d/di, notation which per § 15.4.2 stands for d/dz’, d/dy’ or d/dz" where the
coordinates x’, ¥’ and 2’ represent lengths. But among the cylindrical and
spherical coordinates are 6 and ¢, angles rather than lengths. Because one
cannot use an angle as though it were a length, the notation d/di cannot
stand for d/df or d/d¢ and, thus, one cannot use the table in cylindrical or
spherical coordinates as the table stands.

We therefore want factors to convert the angles in question to lengths (or,
more generally, when special coordinate systems like the parabolic systems of
§ 15.7 come into play, to convert coordinates other than lengths to lengths).
Such factors are called metric coefficients and Table 16.2 lists them.?? The
use of the table is this: that for any metric coefficient h, a change da in
its coordinate o sweeps out a length h,da. For example, in cylindrical
coordinates hg = p according to table, so a change d¢ in the azimuthal

9For example, the field ¢ = z? 4+ y? in rectangular coordinates is ¥ = p? in cylindrical
coordinates. Refer to Table 3.4.
20728, § 2-4]
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coordinate ¢ sweeps out a length pd¢—a fact we have already informally
observed as far back as § 7.4.3, which the table now formalizes.
Incidentally, the metric coefficient hy seems to have two different values
in the table, one value in cylindrical coordinates and another in spherical.
The two are really the same value, though, since p = rsinf per Table 3.4.

16.6.1 Displacements, areas and volumes

In any orthogonal, right-handed, three-dimensional coordinate system
(cv; B;v)—whether the symbols («; 8; ) stand for (z,y, 2), (v, z,x), (2, x,y),
(2,9, 2"), (p; b, 2), (r;0;8), (6%, 7;60%), etc.,? or even something exotic like
the parabolic (o, T, z) of § 15.7—the product

ds = éhgh., df dy (16.24)

represents an area infinitesimal normal to &. For example, the area infinites-
imal on a spherical surface of radius r is ds = rhghg df d¢ = 12 sin 6 d d¢.

Again in any orthogonal, right-handed, three-dimensional coordinate
system (c«; 3;7), the product

dv = hahghy do dB dvy (16.25)

represents a volume infinitesimal. For example, the volume infinitesimal in
a spherical geometry is dv = h,hghg dr df d¢ = r2sin 0 dr df de.

Notice that § 7.4 has already calculated several integrals involving area
and volume infinitesimals of these kinds.

A volume infinitesimal (16.25) cannot meaningfully in three dimensions
be expressed as a vector as an area infinitesimal (16.24) can, since in three
dimensions a volume has no orientation. Naturally however, a length or
displacement infinitesimal can indeed be expressed as a vector, as

de = éhy, da. (16.26)

Section 16.10 will have more to say about vector infinitesimals in non-
rectangular coordinates.

2'The book’s admittedly clumsy usage of semicolons “;” and commas “” to delimit

coordinate triplets, whereby a semicolon precedes an angle (or, in this section’s case,
precedes a generic coordinate like a that could stand for an angle), serves well enough
to distinguish the three principal coordinate systems (z,y, z), (p; ¢, z) and (r;0;$) visu-
ally from one another but ceases to help much when further coordinate systems such as
(¢%,r;0%) come into play. Logically, maybe, it would make more sense to write in the
manner of (,z,y,z), but to do so seems overwrought and fortunately no one the author
knows of does it in that way. The delimiters just are not that important.

The book adheres to the semicolon convention not for any deep reason but only for lack
of a better convention. See also chapter 15’s footnote 32.
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16.6.2 The vector field and its scalar components

Like a scalar field ¢ (r), a vector field a(r) too is the same field whether
expressed as a function a(x,y,z) of rectangular coordinates, a(p; ¢, z) of
cylindrical coordinates or a(r;0; ¢) of spherical coordinates, or indeed of co-
ordinates in any three-dimensional system. A vector field however is the sum
of three scalar fields, each scaling an appropriate unit vector. In rectangular
coordinates,

a(r) = Xaz(r) + yay(r) + za.(r);

in cylindrical coordinates,

a(r) = pa,(r) + day(r) + za.(r);
and in spherical coordinates,

a(r) = #a,(r) + Bag(r) + day(r).

The scalar fields a,(r), ar(r), ag(r) and ag(r) in and of themselves do not
differ in nature from a,(r), ay(r), a.(r), ¢ (r) or any other scalar field. One
does tend to use them differently, though, because constant unit vectors X,
y and z exist to combine the scalar fields a,(r), a,(r), a.(r) to compose the
vector field a(r) whereas no such constant unit vectors exist to combine the
scalar fields a,(r), a,(r), ag(r) and ag(r). Of course there are the variable
unit vectors p(r), £(r), O(r) and ¢(r), but the practical and philosophical
differences between these and the constant unit vectors is greater than it
might seem. For instance, it is true that p - <}§ = 0, so long as what is meant
by this is that p(r)-¢(r) = 0. However, p(ry) - ¢(r2) # 0, an algebraic error
fairly easy to commit. On the other hand, that x -y = 0 is always true.

(One might ask why such a subsection as this would appear in a section
on metric coefficients. The subsection is here because no obviously better
spot for it presents itself, but moreover because we shall need the under-
standing the subsection conveys to apply metric coefficients consistently and
correctly in § 16.9 to come.)

16.7 Nonrectangular notation

Section 15.4 has introduced Einstein’s summation convention, the Kronecker
delta d;; and the Levi-Civita epsilon €;;;, together as notation for use in the
definition of vector operations and in the derivation of vector identities.
The notation relies on symbols like ¢, j and k to stand for unspecified co-
ordinates, and Tables 15.2 and 16.1 use it extensively. Unfortunately, the
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notation fails in the nonrectangular coordinate systems when derivatives
come into play, as they do in Table 16.1, because 9/0i is taken to represent
a derivative specifically with respect to a length whereas nonrectangular co-
ordinates like  and ¢ are not lengths. Fortunately, this failure is not hard
to redress.

Whereas the standard Einstein symbols i, j and k can stand only for
lengths, the modified Einstein symbols %, 7 and £, which this section now
introduces, can stand for any coordinates, even for coordinates like 6 and ¢
that are not lengths. The tilde “~” atop the symbol 7 warns readers that the
coordinate it represents is not necessarily a length and that, if one wants a
length, one must multiply 7 by an appropriate metric coefficient h; (§ 16.6).
The products h;i, h;j and hgk always represent lengths.

The symbols 1, j and k need no modification even when modified symbols
like 7, 7 and K are in use. This is because 1, j and k are taken to represent unit
vectors—and [i] R], to represent a proper orthogonal basis—irrespective of
the coordinate system; so long, naturally, as the coordinate system is an
orthogonal, right-handed coordinate system as are all the coordinate systems
in this book.

The modified notation will find use in § 16.9.3.

16.8 Derivatives of the basis vectors

The derivatives of the various unit basis vectors with respect to the several
coordinates of their respective coordinate systems are not hard to compute.
In fact, looking at Fig. 15.1 on page 452, Fig. 15.4 on page 464, and Fig. 15.5
on page 465, one can just write them down. Table 16.3 records them.

Naturally, one can compute the table’s derivatives symbolically, instead,
as for example

op 0
9 9¢
Such an approach prospers in special coordinate systems like the parabolic

systems of Tables 15.3 and 15.4, but in cylindrical and spherical coordinates
it is probably easier just to look at the figures.

(X cos ¢+ ysing) = —Xsin ¢ + § cos ¢ = +¢.

16.9 Derivatives in the nonrectangular systems

This section develops vector derivatives in cylindrical and spherical coordi-
nates.
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Table 16.3: Derivatives of the basis vectors.

RECTANGULAR
ox ox ox
%—O a—y—O 5—0
gy _ gy _ 9y _
ax_o (9y_0 82_0
0z 0z 0z
%—O a—y—O @—0
CYLINDRICAL
0 _, b _ . . b _
69_0 a?—%—d) af—O
ap 0 0z
0z 0z 07
8—p—0 a—(b—O 5_0
SPHERICAL
or or 5 or 5
87“_0 87?__1_0 8—(?_+¢51n«9
00 00 ) 00
871: 0 87?_—1« a—(?_—i—quOSH
op 0¢ dp .
ar_() 69_0 % p=—1sinf —Ocosb
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16.9.1 Derivatives in cylindrical coordinates

According to Table 16.1,

Vi = IE’
but as § 16.6 has observed Einstein’s symbol ¢ must stand for a length not an
angle, whereas one of the three cylindrical coordinates—the azimuth ¢—is
an angle. The cylindrical metric coefficients of Table 16.2 make the necessary
conversion, the result of which is

Vi = ¢ S+ qb‘b(b @b. (16.27)
Again according to Table 16.1,
Oa
b- =b;—.
(b-Via=bz;
Applying the cylindrical metric coefficients, we have that
Oda Oa Oa
b- = - 16.2
(b-V)a= ba + by 8¢+b (16.28)

Expanding the vector field a in the cylindrical basis,

0 0 0
(b.V)a:{bP8 +by—— 6qﬁ +b, }(pap+¢a¢—l—zaz).

Here are three derivatives of three terms, each term of two factors. Evaluat-
ing the derivatives according to the contour derivative product rule (16.23)
yields (3)(3)(2) = 0x12 (eighteen) terms in the result. Half the 0x12 terms
involve derivatives of the basis vectors, which Table 16.3 computes. Some
of the 0x12 terms turn out to be null. The result is that

B .Oa, ~0ag . Oa,

() e () ]
p 1P\ og o¢ ") " "4

Oa 0 Oa,
-l-bz[pap—i—(l) 9% 4 za‘;]. (16.29)

To evaluate divergence and curl wants more care. It also wants a constant
basis to work in, whereas [x ¥ 2] is awkward in a cylindrical geometry and
[0 @ Z] is not constant. Fortunately, nothing prevents us from defining a
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constant basis [p, ¢, 2] such that [p ¢ 2] = [p, ¢, 2] at the point r = r, at
which the derivative is evaluated. If this is done, then the basis [p, ¢, 2] is
constant like [x ¥ z] but not awkward like it.

According to Table 16.1,

8 a;
0i

V-.-a=

A~

In cylindrical coordinates and the [p, ¢, Z| basis, this is?

2

8(2)0 i a) 8((1270 i a) 8(2 ) a) )

V-.-a= 9 + 00 + EP

Applying the contour derivative product rule (16.23),

° pdp  poP 0z 0z

. 0a  0p,
V~a—po-a—p+ap

~

But [p, ¢, z] are constant unit vectors, so

. Oa .~ QOJa | Oa
V.-a= O‘;pﬁ‘(f%'m"' &
That is,
. Oda ~ Oda | Oa
V a = 874-@5'%4- &
Expanding the field in the cylindrical basis,
. 0 ~ 0 . 0 . 4 .
V.a_{p.ap+¢.m+z.az}<pap+qba¢+zaz).

As above, here again the expansion yields 0x12 (eighteen) terms. Fortu-
nately, this time most of the terms turn out to be null. The result is that

% ap Oday  Oa,

Veoas= dp  p p8¢+8z’

22Mistakenly to write here that

B % Oag oa.
Voas= Op pdop 0z’

which is not true, would be a ghastly error, leading to any number of hard-to-detect false
conclusions. Refer to § 16.6.2.
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or, expressed more cleverly in light of (4.27), that

a_a(l)ap) Oagy | Oa.
~ pdp  pde 9z

Again according to Table 16.1,

.Oay,
Vxa = Eijklaij

0(z-a) 0(¢, a)

(16.30)

. - d(p,-a) B d(z-a)
-l pog 0z + ¢ 0z op
2 8((12,)0 a) 8(@0'3)
+2 —
dp p O
That is,
.|. oOa ~ Oa A da , Oa
Via = pla -] +olo 5o 5]
.|~ O0a _ Oa
+Z _ P
[d) dp P ¢]
Expanding the field in the cylindrical basis,
|. 0 ~ 0 ~. 0 . 0
vea = {olpgd g relo e g
L5 . 0 . - .
—i—z[ a—p-p(b]}(pap—l—(ﬁad)—i-zaz).

Here the expansion yields 0x24 (thirty-six) terms, but fortunately as last
time this time most of the terms again turn out to be null. The result is
that

0z dp

. [0a.  Dday ~ [0a,  Oa. . [Oay ay  Oa,
vxazp| - Ge] +o| J+2 |5+ ’

+
¢ op  p  pO9

or, expressed more cleverly, that

_p |00 Oag] 4 f0a, Oa:) 2 [0(pag) Oap
VX&‘”L&ﬁ w}+¢[& w]+p[ap g |- (163

Table 16.4 summarizes.

23

2319, appendix 11.2.2]
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Table 16.4: Vector derivatives in cylindrical coordinates.

N 31/} ¢
Vy = —+¢ 8¢
8 Oa 8
_— [ da, +¢8a¢ 80,2]
dp

b¢ N aa A@az
U[”(aqﬁ >+¢<a¢+“p>“a¢]

o [ 6ap+¢8a¢ aaz}
0z
d(pay)  Oag O
v.a pu—
pOp  pdg
_ p|9e dag] , 4fda, Oa:) 2 [0(pag) Oy
Ve = ”Lacb az} [az ap] p[ dp 09

One can compute a second-order vector derivative in cylindrical coor-
dinates as a sequence of two first-order cylindrical vector derivatives. For
example, because Table 16.1 gives the scalar Laplacian as V%) = V - V1),
one can calculate V2 in cylindrical coordinates by taking the divergence
of 1’s gradient.?* To calculate the vector Laplacian V?a in cylindrical co-
ordinates is tedious but nonetheless can with care be done accurately by
means of Table 16.1’s identity that VZa = VV-a—V x V x a. (This means
that to calculate the vector Laplacian V?2a in cylindrical coordinates takes
not just two but actually four first-order cylindrical vector derivatives, for
the author regrettably knows of no valid shortcut—the clumsy alternative,
less proper, less insightful, even more tedious and not recommended, be-
ing to take the Laplacian in rectangular coordinates and then to convert
back to the cylindrical domain; for to work cylindrical problems directly in

24A concrete example: if ¢(r) = €¢/p, then Vi) = (—p + ip)e’®/p? per Table 16.4,
whereupon

V2=V - {( p+z¢) m] = (*iJJrzﬂ)) -v(e;) +epijv (*i)Jrz'[ﬁ).

To finish the example is left as an exercise.
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cylindrical coordinates is almost always advisable.)

16.9.2 Derivatives in spherical coordinates

One can compute vector derivatives in spherical coordinates as in cylindrical
coordinates (§ 16.9.1), only the spherical details though not essentially more
complicated are messier. According to Table 16.1,

oY
Vi) = i—
V= az
Applying the spherical metric coefficients of Table 16.2, we have that
0
Vi = ib +6 9 + ¢ v (16.32)

“or r 00 (rsinf)d¢’
Again according to Table 16.1,

Oa
b- =b;—.
(b-Vja=big;
Applying the cylindrical metric coefficients, we have that
Oa Oa Oa
b - =b.— +b b . 16.33
(b-V)a 8r+ 6r80+ ¢(7‘sin9)8¢ ( )

Expanding the vector field a in the spherical basis,

0 b 0
r 06 ¢(’I“ sinf) 0¢

) L
(b-V)a= {br&+b9 }(f‘ar+0a9+¢a¢).

Evaluating the derivatives,

bV = b [$G 0 6

bg ~ 86L7~ ~ 80,9 3(1(]5
b¢ N 8ar . ~ 8a9
+rsin0[r(8¢_a¢81n6)+0<8¢_a¢0089>

+¢ < + a,sinf + ag cos@)} (16.34)

o
According to Table 16.1, reasoning as in § 16.9.1,
Oa; da . 8 Oa
. g = A _— 0 T o - .
Vias o=t 0 ot e 60
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Expanding the field in the spherical basis,

~ 0 5 0

. 0
v.a_{r.&’+0.r80+¢.(rsin0)8¢

} (f'ar + éag + (2>a¢> .

Evaluating the derivatives, the result is that

_ Oay . 2a, n Oag n ag n dag
- or r  rdfd rtanf  (rsinf)de’

V-a

or, expressed more cleverly, that

1 [0(r?ay) . O(agsind) Jay
Voas= r [ ror (sin@) 96 ~ (sinf) ¢ |’ (16.35)
Again according to Table 16.1, reasoning as in § 16.9.1,
.Oay,
Vxa = Eijklaij
~  Oa N Oa “ Oa ~  Oa
- tleo-==_—09.—— | 10|lt - —= .=
' [¢ r 00 (rsinf) 84 * [r (rsinf) 0¢ ¢ 87"}
~ s 0a . Oa
Expanding the field in the spherical basis,
|, 0 P 0 ~ | 0 ~ 0
Vxa = {r [¢. r 90 -0 (rsinﬁ)aA +0 [r- (rsinf) d¢ _¢'€)7‘]

sl 0 . 0 . A .
+¢[9.8Tr.rae}}<rar+0ag+¢a¢>.

Evaluating the derivatives, the result is that

. 8% Qg 8@6» - 8ar 3a¢ %
Vxa = r[rae—'—rtanQ (rsin@)&;ﬁ] 9[(

rsinf)d¢  Or r
) [8@9 ag aar] ’

W+ T r 00

or, expressed more cleverly, that
t [O(agsing) dag Q da,  O(ray)
rsin 6 00 0p r [ (sin®) 0¢ or

¢ [0(rag)  Ba,
+r[ or ae]‘

Vxa =

(16.36)
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Table 16.5: Vector derivatives in spherical coordinates.

_ O g0 O
VY = “or +0r00 (rsin@)@qb
Oa Oa da
(b-V)a = bT(‘T+b6 80+b¢(rsin9)8¢
o ﬁar (‘9@9 aa¢
= b [ R 87‘}

bg N 8ar ~ 8 AB%

+r[r(80_a9>+0<80+ )M’ae}
b¢ N 8&,« . 0

+rsin9[r<8¢ a¢31n9) +0<a¢a¢cos«9>

+¢> <8¢+CLTSII]9+CL9COSH>:|

V.a — 1 [8(7“ a;)  O(apsinb) Oay }
r| ror (sinf) 06 ~ (sinf) 0¢
Txa — r [8(a¢sin0) 8a9] 9[ da, _8(7"%)]
rsin 6 00 1)) (sin ) 0o or

(Ab d(rag)  Jday
+r[ ar ae]
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Table 16.5 summarizes.?®

One can compute a second-order vector derivative in spherical coordi-
nates as in cylindrical coordinates, as a sequence of two first-order vector
derivatives. Refer to § 16.9.1.

16.9.3 Finding the derivatives geometrically

The method of §§ 16.9.1 and 16.9.2 is general, reliable and correct, but there
exists an alternate, arguably neater method to derive nonrectangular formu-
las for most vector derivatives. Adapting the notation to this subsection’s
purpose we can write (16.9) as

V-a(r) (16.37)

= lim —
AV S0 AV

thus defining a vector’s divergence fundamentally as in § 16.1.4, geometri-
cally, as the ratio of flux ® from a vanishing test volume AV to the volume
itself; where per (16.7) ® = ¢y a(r’) - ds, where r’ is a position on the test
volume’s surface, and where ds = ds(r’) is the corresponding surface patch.
So long as the test volume AV includes the point r and is otherwise in-
finitesimal in extent, we remain free to shape the volume as we like,?® so let
us give it six sides and shape it as an almost rectangular box that conforms
precisely to the coordinate system («; 3;7) in use:

a—%<a’<a+%'
2 = 2
A A
s-Lop<pr B
2 2
Ay Ay
-l i
YTy ST St

259, appendix I1.2.3]

26 A professional mathematician would probably enjoin the volume’s shape to obey cer-
tain technical restrictions, such as that it remain wholly enclosed within a sphere of
vanishing radius, but we will not try for such a level of rigor here.
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The fluxes outward through the box’s +a- and —a-ward sides will then be?”
P o = (+aa)(hghy AB A’Y)|r/:r(a+Aa/2;ﬁ;7)
= Faahshyly_y ot na2my) A8 A
O_o = (—aa)(hphy ABAY)r(a Aay2:p:)
= —aahghyly i (a2 AP AT

products of the outward-directed field components and the areas (16.24) of
the sides through which the fields pass. Thence by successive steps, the net
flux outward through the pair of opposing sides will be

¢, = q)+a+‘1)—a

{aahﬁhV‘r’:r(a+Aa/2;ﬂ;y) - aahﬁh7|r’:r(a—Aa/2;B;"/) AB A’}/

ahgh ahgh
= MAQ AﬁA’y:AaAﬁA’yM
O oo
AV d(aqhghy)
B hahgh~ O
Naturally, the same goes for the other two pairs of sides:
B — AV 9(aghyha)
7 hahgh, 08
5. — AV 0(ayhahp)
7 hahghy Oy

2"More rigorously, one might digress from this point to expand the field in a three-
dimensional Taylor series (§ 8.16) to account for the field’s variation over a single side of
the test volume. So lengthy a digression however would only formalize what we already
knew; namely, that one can approximate to first order the integral of a well-behaved
quantity over an infinitesimal domain by the quantity’s value at the domain’s midpoint.
If you will believe that lima,—0 f:fﬁ://; f(r"ydr" = f(r) A7 for any 7 in the neighborhood
of which f(7) is well behaved, then you will probably also believe its three-dimensional
analog in the narrative. (If the vagueness in this context of the adjective “well-behaved”
deeply troubles any reader then that reader may possess the worthy temperament of a
professional mathematician; he might review chapter 8 and then seek further illumination
in the professional mathematical literature. Other readers, of more practical temperament,
are advised to visualize test volumes in rectangular, cylindrical and spherical coordinates
and to ponder the matter a while. Consider: if the field grows in strength across a single
side of the test volume and if the test volume is small enough that second-order effects
can be ignored, then what single value ought one to choose to represent the field over
the whole side but its value at the side’s midpoint? Such visualization should soon clear
up any confusion and is what the writer recommends. Incidentally, the contrast between
the two modes of thought this footnote reveals is exactly the sort of thing Courant and
Hilbert were talking about in § 1.2.1.)
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The three equations are better written

B, — AV O (h?’aa> ’

 Rh30a \ hg
AV 0 h3a5
P = ,
h3 08 hg
o — AV O h3a7
7ROy \ hy )]
where
= hahghs,. (16.38)

The total flux from the test volume then is
o = O,+ P+ P,
B ﬂ i h3a, n g h3a5 i ﬁ h3a7 ‘
k3 | 0a \ ha IB\ hg Oy \ hy ’

or, invoking Finstein’s summation convention in § 16.7’s modified style,

AV O [ h3a;
®= 755 <>

1

Finally, substituting the last equation into (16.37),

0 h3az~

An analogous formula for curl is not much harder to derive but is harder
to approach directly, so we will approach it by deriving first the formula for
A-directed directional curl. Equation (16.12) has it that?®

r
Y-V x = lim —, 16.40
v a(r) AAS0 AA ( )
where per (16.11) T = fv a(r’) - d€ and the notation fv reminds us that the
contour of integration lies in the a8 plane, perpendicular to 4. In this case
the contour of integration bounds not a test volume but a test surface, which

28The appearance of both a and A in (16.40) is unfortunate but coincidental, as is the
appearance of both 4 and I". The capital and minuscule symbols here represent unrelated
quantities.
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we give four edges and an almost rectangular shape that conforms precisely
to the coordinate system (a; ;) in use:

a_%<a/<a+&.
2 = = 2’
A A
-2 cp<py B8
2 2
v =7

The circulations along the +a- and —a-ward edges will be

Iyo = +h6a6|r/=r(a+Aa/2;5?’7) AF,
r.,= —h5a5|r,:r(a_Aa/2;B;7) Ab,

and likewise the circulations along the —f3- and +3-ward edges will be

F—B = +haaa‘r’=r(a25—A6/2W) Aa,
Iyp= _haaa‘r’=r(a;ﬂ+A5/23'Y) Aa,

whence the total circulation about the contour is

_ O(hgag) _ 9(hata)
. h,y AA 8(h5a5) 6(haaa)
T [ oo 0B ] '

Substituting the last equation into (16.40), we have that

. _ Dy [O(hgag)  O(hata)

YoV xa=gg [ da 98 |
Likewise,

. _ ha I(hyay) _ d(hgas)

a-Vxa= 03 [ a8 X ,

2 _ hg [O(haaq) _ d(hya)

But one can split any vector v into locally rectangular components as v =
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Vxa = &(@-Vxa)+06(8-Vxa)+4(5-V xa)
_ ah, [8(h7a7) B a(hgag)] N Bhg [B(haaa) _ 9(hyay)
- h3 opB oy h3 oy Oa
i Yhy [awﬁaﬁ) 8(haaa)]

h3 )
L | &ha  Bhs  Ah,

= 53| 0/0a 0/08 0/0y |;
haao hgag hya,

or, in Einstein notation,?’

b O(h
Vxa= W. (16.41)

Compared to the formulas (16.39) and (16.41) for divergence and curl,
the corresponding gradient formula seems almost trivial. It is

1oy
O

\ (16.42)

One can generate most of the vector-derivative formulas of Tables 16.4
and 16.5 by means of this subsection’s (16.39), (16.41) and (16.42). One can
generate additional vector-derivative formulas for special coordinate systems
like the parabolic systems of § 15.7 by means of the same equations.

2What a marvel mathematical notation is! If you can read (16.41) and understand
the message it conveys, then let us pause a moment to appreciate a few of the many
concepts the notation implicitly encapsulates. There are the vector, the unit vector, the
field, the derivative, the integral, circulation, parity, rotational invariance, nonrectangular
coordinates, three-dimensional geometry, the dummy variable and so on—each of which
concepts itself yet encapsulates several further ideas—not to mention multiplication and
division which themselves are not trivial. It is doubtful that one could explain it even
tersely to the uninitiated in fewer than fifty pages, and yet to the initiated one can express
it all in half a line.
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16.10 Vector infinitesimals

To integrate a field over a contour or surface is a typical maneuver of vector
calculus. One might integrate in any of the forms

/0de /Caaw /Swds /Sads
/def /Ca.de /Sws /Sa-ds
/Caxde /Saxds

among others. Where the integration is over a contour, a pair of functions
a(v) and S(v) typically can serve to specify the contour. Where over a sur-
face, a single function y(«a; ) can serve. Given such functions and a field
integral to compute, one wants an expression for the integrand’s infinitesi-
mal d€ or ds in terms respectively of the contour functions «(vy) and B(7)
or of the surface function v(«; ).

The contour infinitesimal is evidently

hada  ~hgd
df:(ﬁhﬁd a+5fhﬂ>dy,

16.43
. (16.43)
consisting of a step in the 4 direction plus the corresponding steps in the or-
thogonal & and B directions. This is easy once you see how to do it. Harder
is the surface infinitesimal, but one can nevertheless correctly construct it
as the cross product

ds = [(ahawyh”ag”) da] X K[Bhﬁwyh’ég'y) dﬁ]

_ N 24l iy 2l 3
= <'yh7 ahaaa ﬁh655>h dodp (16.44)

of two vectors that lie on the surface, one vector normal to B and the other
to &, edges not of a rectangular patch of the surface but of a patch whose
projection onto the a-f plane is an (hq dov)-by-(hg df3) rectangle.

So, that’s it. Those are the essentials of the three-dimensional geomet-
rical vector—of its analysis and of its calculus. The geometrical vector of
chapters 15 and 16 and the matrix of chapters 11 through 14 have in common
that they represent well-developed ways of marshaling several quantities to-
gether to a common purpose: three quantities in the specialized case of the
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geometrical vector; n quantities in the generalized case of the matrix. Ma-
trices and vectors have admittedly not been easy for us to treat but after a
slow start, it must be said, they have proven unexpectedly interesting. In
applications, they are exceedingly significant. Matrices and vectors vastly
expand the domain of physical phenomena a scientist or engineer can model.
Mathematically, one cannot well manage without them.

The time nevertheless has come to change the subject. Turning the
page, we will begin from the start of the next chapter to introduce a series
of advanced topics that pick up where chapter 9 has left off, entering first
upon the broad topic of the Fourier transform.
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Chapter 17

The Fouriler series

It might be said that, among advanced mathematical techniques, none is so
useful, and few so appealing, as the one Lord Kelvin has acclaimed “a great
mathematical poem.”! It is the Fourier transform, which this chapter and
the two that follow it will develop. This first of the three chapters brings
the Fourier transform in its primitive guise as the Fourier series.

The Fourier series is an analog of the Taylor series of chapter 8 but meant
for repeating waveforms, functions f(t) of which

f@&)=ft+nTy), X(T1) =0, Ty >0, for all n € Z, (17.1)

where T3 is the waveform’s characteristic period. Examples include the
square wave of Fig. 17.1. A Fourier series expands such a repeating wave-

1171, chapter 17]

Figure 17.1: A square wave.

ft)

= e

031



532 CHAPTER 17. THE FOURIER SERIES

form as a superposition of complex exponentials (or, equivalently, if the
waveform is real, as a superposition of sinusoids).

Suppose that you wanted to approximate the square wave of Fig. 17.1 by
a single sinusoid. You might try the sinusoid at the top of Fig. 17.2—which
is not very convincing, maybe, but if you added to the sinusoid another,
suitably scaled sinusoid of thrice the frequency then you would obtain the
somewhat better fitting curve in the figure’s middle. The curve at the fig-
ure’s bottom would yet result after you had added in four more sinusoids
respectively of five, seven, nine and eleven times the primary frequency.
Algebraically,

8A 2m)it 1 3(2m)t
() - Bl 20t 1 30m)
2w T1 3 Tl
1 2m)t 1 2m)t
—l-gcos 5(T71r) — 7 cos 7(T71r) +-. (172

How faithfully (17.2) really represents the repeating waveform and why its
coefficients happen to be 1, —%, %, —%, ... are among the questions this chap-
ter will try to answer; but, visually at least, it looks as though superimposing
sinusoids worked.

The chapter begins in preliminaries, starting with a discussion of Parse-
val’s principle.

17.1 Parseval’s principle

Parseval’s principle is that a step in every direction is no step at all. In the
Argand plane (Fig. 2.6), stipulated that

AwTy = 2,

$(Aw) =0,
S(to) = 0, (17.3)
S(Th) =0,

Tl?éov
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Figure 17.2: Superpositions of one, two and six sinusoids to approximate
the square wave of Fig. 17.1.
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and also that?
j7 n7N e Z7
n # 0,
In| <N,
2 <N,

(17.4)

the principle is expressed algebraically as that?

to+T1/2
/ eMAYT dr = (17.5)
to—T1/2

or alternately in discrete form as that

N-1 ' '
D il =, (17.6)
=0

Because the product AwT; = 27 relates Aw to Ti, the symbols Aw
and T together represent in (17.3) and (17.5) not two but only one parame-
ter; you cannot set them independently, for the one merely inverts the other.
If T} bears physical units then these will typically be units of time (seconds,
for instance), whereupon Aw will bear the corresponding units of angular
frequency (such as radians per second). The frame offset ¢, and the dummy
variable 7 must have the same dimensions?* 7} has. This matter is discussed
further in § 17.2.

To prove (17.5) symbolically is easy: one merely carries out the indi-
cated integration. To prove (17.6) symbolically is not much harder: one
replaces the complex exponential ¢27J/N by lim,_,o+ ei=92m3/N and then
uses (2.34) to evaluate the summation. Notwithstanding, we can do better,
for an alternate, more edifying, physically more insightful explanation of the
two equations is possible as follows. Because n is a nonzero integer, (17.5)
and (17.6) represent sums of steps in every direction—that is, steps in every
phase—in the Argand plane (more precisely, eqn. 17.6 represents a sum over

2That 2 < N is a redundant requirement, since (17.4)’s other lines imply it, but it
doesn’t hurt to state it anyway.

3An expression like ¢, £ T1/2 means ¢, + (71/2), here and elsewhere in the book.

4The term dimension in this context refers to the kind of physical unit. A quantity
like T} for example, measurable in seconds or years (but not, say, in kilograms or dollars),
has dimensions of time. An automobile’s speed having dimensions of length divided by
time can be expressed in miles per hour as well as in meters per second but not directly,
say, in volts per centimeter; and so on.



17.2. TIME, SPACE AND FREQUENCY 535

a discrete but balanced, uniformly spaced selection of phases). An appeal to
symmetry forbids such sums from favoring any one phase n Aw 7 or 27wnj/N
over any other. This being the case, how could the sums of (17.5) and (17.6)
come to any totals other than zero? The plain answer is that they can come
to no other totals. A step in every direction is indeed no step at all. This is
why (17.5) and (17.6) are so.?

We have actually already met Parseval’s principle, informally, in § 9.7.2.
There is also Parseval’s theorem to come in § 18.2.8.

One can translate Parseval’s principle from the Argand realm to the
analogous realm of geometrical vectors, if needed, in the obvious way.

17.2 Time, space and frequency

A frequency is the inverse of an associated period of time, expressing the
useful concept of the rate at which a cycle repeats. For example, an internal-
combustion engine whose crankshaft revolves once every 20 milliseconds—
which is to say, once every 1/3000 of a minute—runs thereby at a frequency
of 3000 revolutions per minute (RPM) or, in other words, 3000 cycles per
minute. Frequency however comes in two styles: cyclic frequency (as in the
engine’s example), conventionally represented by letters like v and f; and
angular frequency, by letters like w and k. If T, v and w are letters taken to
stand respectively for a period of time, for the associated cyclic frequency,
and for the associated angular frequency, then by definition

vl =1,
wT =27, (17.7)
w = 2mv.

The period T will bear units of time like seconds or minutes. The cyclic
frequency v will bear units of inverse time like cycles per second (hertz) or

5The writer unfortunately knows of no conventionally established name for Parseval’s
principle. The name Parseval’s principle seems as apt as any and this is the name the
book will use.

A pedagogical knot seems to tangle Marc-Antoine Parseval’s various namesakes. Be-
cause Parseval’s principle can be extracted as a special case from Parseval’s theorem
(eqn. 18.44 in the next chapter), the literature sometimes indiscriminately applies the
name “Parseval’s theorem” to both. This is fine as far as it goes, but the knot arrives
when one needs Parseval’s principle to derive the Fourier series, which one needs to derive
the Fourier transform, which one needs in turn to derive Parseval’s theorem, at least as
this book develops them. The way to untie the knot is to give Parseval’s principle its own
name and to let it stand as an independent result.
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cycles per minute.® The angular frequency w will bear units of inverse time
like radians per second or radians per minute.

The last brings us to a point that has confused many students of science
and engineering: if 7 = 20 ms and v = 3000 cycles/min, then why not
VT = (3000 cycles/min)(20 ms) = 6.0 x 10* cycle - ms/min = 1 cycle # 1?
The answer is that a cycle is not conventionally held to be a unit of measure
and, thus, does not conventionally enter into the arithmetic.” Minimally
correct usage is rather that

VT = (3000 min~1)(20 ms) = 6.0 x 10* = =1,
min
As for the word “cycle,” one can include the word in the above line if one
wishes to include it, but with the understanding that the word lacks arith-
metical significance. Arithmetically, one can drop the word at any stage.

It follows, perhaps unexpectedly, that the cycle per minute and the ra-
dian per minute do not arithmetically differ from one another. Arithmeti-
cally, counterintuitively,

1 cycle 1 cycle 1raudian 1 radian

60 second  minute minute 60 second’

This looks obviously wrong, of course, but don’t worry: it is a mere tautology
which, though perhaps literally accurate (we will explain why), expresses no
very profound idea. Its sole point is that both the cycle per minute and the
radian per minute, interpreted as units of measure, are units of [minute] ~!;
whereas—in the context of phrases like “cycle per minute” and “radian per
minute”’—the words “cycle” and “radian” are verbal cues that, in and of
themselves, play no actual part in the mathematics. This is not because
the cycle and the radian were ephemeral but rather because the minute is
unfundamental.

The minute, a unit of measure representing a definite but arbitrary quan-
tity of time, requires arithmetical representation. The cycle and the radian,

5Notice incidentally, contrary to the improper verbal usage one sometimes hears, that
there is no such thing as a “hert.” Rather, “Hertz” is somebody’s name. The uncapitalized
form “hertz” thus is singular as well as plural.

"The writer believes the convention to be wise. The reason behind the convention is not
easy to articulate (though the narrative will try to articulate it, anyway), but experience
does seem to support the convention nevertheless. Little is gained, and convenience is
lost, when one—contrary to convention—treats a countable entity like a cycle as one
would treat an arbitrary quantity of physical reference like a second. The cycle and the
second are not things of the same kind. As such, they tend not to approve treatment of
the same kind, even if such treatment is possible.
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by contrast, are nonarbitrary, discrete, inherently countable things; and,
where things are counted, it is ultimately up to the mathematician to in-
terpret the count (consider for instance that nine baseball caps may imply
nine baseball players and one baseball team, but that there is nothing in
the number nine itself to tell us so). To distinguish angular frequencies from
cyclic frequencies, it remains to the mathematician to lend factors of 2w
where needed.

If, nevertheless, you think the last displayed equation just too weird,
then don’t write it that way; but think of, say, gear ratios. A gear ratio
might be 3:1 or 5:1 or whatever, but the ratio is unitless. You can say “3.0
turns of the small gear per turn of the large gear,” but this manner of speak-
ing does not make the “turn of the small gear per turn of the large gear” a
proper unit of measure. The “cycle per radian” is in the same sense likewise
not a proper unit of measure. (Now, if you still think the last displayed
equation just too weird—well, it is weird. You can ignore the equation,
instead interpreting the expression “cycle per radian” as a way of naming
the number 27. This sort of works, but beware that such an interpretation
does not extend very well to other nonunit units like “decibel” and is not
the interpretation the writer recommends. Also beware: an expression like
sin{[27 /4] radians} = sin[27/4] = 1 means something sensible whereas an
expression like sin{[27/4] dollars} = 7?7 probably does not. Anyway, if “ra-
dian” is taken to be 1—as it must be taken if sin{[27/4] radians} is to come
out right—then “cycle” must be taken to be 27, which does not quite square
with eqn. 17.7, does it? No, the problem is that the radian and the cycle
are no units of measure.)®

The word “frequency” without a qualifying adjective is usually taken
in English to mean cyclic frequency unless the surrounding context implies

8Some recent undergraduate engineering textbooks have taken to the style of

E [volts/meter].

_Q
cd
The intent seems to be to encourage undergraduates to include units of measure with their
engineering quantities, as
Q

E= od = 5.29 volts/meter.
Unfortunately, my own, occasional experience at teaching undergraduates suggests that
undergraduates tend to read the textbook as though it had read

It
B || |10 |
cd meter
which is wrong and whose resultant confusion compounds, wasting hours of the under-
graduates’ time. It seems to me preferable to insist that undergraduates learn from the
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otherwise. Notwithstanding, interestingly, experience seems to find angular
frequency to be oftener the more natural or convenient to use (but see § 19.7).
Frequencies exist in space as well as in time:

kX = 2. (17.8)

Here, ) is a wavelength measured in meters or other units of length. The
wave number? k is an angular spatial frequency measured in units like ra-
dians per meter; that is, [meter]™!. (Oddly, no conventional symbol for
cyclic spatial frequency seems to be current. The literature mostly just uses
k/2m which, in light of the potential for confusion between v and w in the
temporal domain, is probably for the best.)

Where a wave propagates the propagation speed

relates periods and frequencies in space and time.

Now, we must admit that we fibbed when we said (or implied) that T
had to have dimensions of time. Physically, that is the usual interpretation,
but mathematically 7" (and 77, t, t,, T, etc.) can bear any units and indeed is
not required to bear units at all, a fact to which § 17.1 has alluded. The only
mathematical requirement is that the product w7 = 27 (or Aw T} = 27 or
the like, as appropriate) be dimensionless. However, when 7" has dimensions
of length rather than of time it is conventional—indeed, it is practically
mandatory if one wishes to be understood—to change A <~ T and k <+ w as

first the correct meaning of an unadorned equation like

-9
cd’

where, say, @ = 13.3 volt - sec/ohm, C' = 0.470 sec/ohm, and d = 5.35 cm; and
that they grasp the need not to write algebraically perplexing falsities such as that
“d cm = 5.35 cm”—perplexing falsities which, unfortunately, the textbook style in ques-
tion inadvertently encourages them to write.

When during an engineering lecture it becomes pedagogically necessary to associate
units of measure to a symbolic equation, my own practice at the blackboard has been to
write

Q

E= o’ E : [volts/meter].

Done sparingly, this seems to achieve the desired effect, though in other instances the
unadorned style is preferred. —THB—

90ne could wish for a better name for the thing than wave number. By whatever name,
the wave number k is no integer, notwithstanding that the letter k tends to represent
integers in other contexts.

E
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this section has done, though the essential Fourier mathematics is the same
regardless of T"’s dimensions (if any) or of whether alternate symbols like A
and k are used.

17.3 Some symmetrical pulses of unit area

The Dirac delta of § 7.7 and Fig. 7.11 is useful among other reasons for
the unit area it covers, but for some purposes its curve is too sharp. This
section introduces several alternate pulses each of unit area. Each pulse is
symmetrical. Each is less sharp. Applications can substitute any of them for
the Dirac delta—or use any in the limit to implement the Dirac delta—as
need arises.

17.3.1 The basic nonanalytic pulses

The square, triangular or raised-cosine pulse of Fig. 17.3,

1 if [t| < 1/2,
I(t) = ¢ 1/2 if |t| =1/2,
0 otherwise;
1— |t if [t < 1,
Alt) = 17.10
®) {O otherwise; ( )
W(t) = [14 cos(mt)] /2 if || <1,
0 otherwise;
I(t) = 0;

substitutes for or implements the Dirac delta. Each pulse evidently shares
Dirac’s property that

(17.11)
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Figure 17.3: The basic nonanalytic pulses.

SQUARE

(SIS

TRIANGULAR

[y

RAISED-COSINE

[t



17.3. SOME SYMMETRICAL PULSES OF UNIT AREA 541

for any real 7' > 0 and real ¢,. In the limit,

1m11H<t_%>=6@—%%

T—o0t+ T T
1 t—1t,
lim —A = 5(t —t,), 17.12
To0+ T (T) (t=to) (17.12)
1 t—t
lim —U o) =6(t—t,).
750+ T ( T ) ( )

The three basic nonanalytic pulses can do more than to implement Dirac.
The three share the convenient property for all ¢ that

o0 o0

> It—m) = i At—m)= > t-—m)=1,  (17.13)

m=—oo m=—o0o m=—00

a property that makes the three especially useful in the rendering of dis-
cretely sampled electronic signals and the like (see also § 19.2). Related is

the property that
1 1 1 1
(= ) =A== | =V £= ) ==, (17.14)
2 2 2 2

though for the square I1(£1/2), admittedly, the specific value one imputes
to the discontinuity is a matter of interpretation. Significant too is the
property that

II(t) = A(t) = ¥(t) =0 for all |¢t| > 1. (17.15)

Indeed,
(17.16)

| =

II(t) = 0 for all |t| >

17.3.2 Rolloff pulses

No other pulse that satisfies (17.13) and the other properties of § 17.3.1 is
so compact' as the simple square pulse II(#) of (17.10) and Fig. 17.3. The
other basic nonanalytic pulses, A(t) and ¥(¢), of (17.10) and Fig. 17.3 act
over the domain |¢| < 1 as (17.15) has observed; whereas II(¢) per (17.16)
confines itself to a minimal |¢| < 1/2. The abruptness of II(¢) can cause
trouble, though. Some applications would prefer a smoother compromise.

10Pure mathematics might add a proof of this fact but we shall take it as obvious.
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Figure 17.4: Rolloff pulses.
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The rolloff pulses

1 if [t < (1—1r)/2,
1
11 _
(WO S U it 1 << 1ET
2 r 2
0 otherwise;
1 if [t <(1—-7r)/2, (17.17)
11 it 1— 1
\Ilr(t)z 2+2S1H<7T2 7"H> if 2T§|t|§ ;T7
0 otherwise;

of Fig. 17.4 afford the compromise. Narrower than the full A(t) and ¥(¢),
A, (t) and U,.(t) nevertheless avoid the abrupt jumps JIr of the square II(¢).
The ¥,(t) avoids corners N, too. The rolloff parameter r quantifies the
compromise: the nearer r is to 0, the more like the square pulse; the nearer r
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is to 1, the more like the triangular or raised-cosine pulse.'! Indeed,
Wo(t) = Ao(t) =11(2),
Ai(t) = A1), (17.18)
Uy (t) = ¥(t).

If 0 < r < 1, then a rolloff pulse resembles the square pulse by maintaining
a height of 1 in its central region but softens the square pulse’s abrupt
transition by rolling off, smoothly, along a triangular or raised-cosine track
at the edge. Though nonanalytic and time-limited, the trapezoidal and
raised cosine-rolloff pulses are continuous and the raised cosine-rolloff pulse
even has a continuous first derivative, properties that make the pulse useful
in applications that would have preferred a true square pulse but cannot
quite tolerate the abruptness of the square pulse’s transition.

Figure 17.5 takes a closer look at the raised cosine-rolloff pulse.

Properties (17.11) through (17.14) all apply to the two rolloff pulses. As
for (17.15),

A (t) =T, (t) =0 forall [t| > (1+7)/2, (17.19)

which is better.

17.3.3 The Gaussian pulse (preview)

Looking ahead, if we may further abuse the Greek capitals to let them
represent pulses whose shapes they accidentally resemble, then a subtler
implementation of Dirac’s delta—more complicated to handle but analytic
(§ 8.4) and therefore preferable for some purposes—is the Gaussian pulse,

1 t—1,
lim —Q = i(t—t,), 17.2
Tg]([)l+T ( T ) o ) (17.20)

Q@) = \/;—Wexp(—t;),

of Fig. 17.6, the mathematics of which § 18.4 and chapter 20 will begin to
unfold.

Equation (18.58) will later find that the Gaussian pulse §2(¢) covers unit
area as this section’s other pulses do. Most of the section’s other properties
do not however apply to the Gaussian. For example, the Gaussian does
not wholly vanish at large ¢ (though it almost does). Interestingly, unlike
the several nonanalytic pulses, the Gaussian pulse is sensibly defined for
complex t.

11 [29]
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Figure 17.5: A closer look at the raised cosine-rolloff pulse.
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Figure 17.6: The Gaussian pulse.

(GAUSSIAN

/K

17.4 Expanding repeating waveforms in Fourier
series

The Fourier series represents a repeating waveform (17.1) as a superposition
of sinusoids. More precisely, inasmuch as Euler’s formula (5.18) renders each
sinusoid as the sum of two complex exponentials, the Fourier series represents
a repeating waveform as a superposition

flt)y =" a;eds! (17.21)

j==oc

of complex exponentials in which (17.3) is obeyed and yet neither the several
Fourier coefficients a; nor the waveform f(t) itself need be real. Whether one
can properly represent every repeating waveform as a superposition (17.21)
of complex exponentials is a question §§ 17.4.4 and 17.7 will address later;
but, at least to the extent to which one can properly represent such a wave-
form, we will now assert that one can recover any or all of the waveform’s
Fourier coefficients a; by choosing an arbitrary frame offset ¢, (t, = 0 being
a typical choice) and then integrating

1 ftetT/z o
a; = — e~ AT £(7) dr, (17.22)
T Ji,—1i )2

17.4.1 Derivation of the Fourier-coefficient formula

But why should (17.22) work? How is it to recover a Fourier coefficient a;?
The answer is that it recovers a Fourier coefficient a; by isolating it, and
that it isolates it by shifting frequencies and integrating.
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Equation (17.21) has proposed to express a repeating waveform as a
series of complex exponentials, each exponential of the form ajeij Awt ip
which a; is a weight to be determined. Unfortunately, (17.21) can hardly be
very useful until the several a; are determined, whereas how to determine a;
from (17.21) for a given value of j is not immediately obvious.

The trouble with using (17.21) to determine the several coefficients a; is
that it includes all the terms of the series and, hence, all the coefficients a; at
once. To determine a; for a given value of j, one should like to suppress the
entire series except the single element ajeij Awt jsolating this one element
for analysis. Fortunately, Parseval’s principle (17.5) gives us a way to do
this, as we shall soon see.

Now, to prove (17.22) we mean to use (17.22), a seemingly questionable
act. Nothing prevents us however from taking only the right side of (17.22)—
not as an equation but as a mere expression—and doing some algebra with it
to see where the algebra leads, for if the algebra should lead to the left side
of (17.22) then we should have proven the equation. Accordingly, chang-
ing dummy variables 7 < ¢ and ¢ < j in (17.21) and then substituting
into (17.22)’s right side the resulting expression for f(7), we have by suc-
cessive steps that

1 to+T1/2 A
- —ij AwT d
Ty Ji,—1, )2 ‘ fr)dr

1 [tetTi/2 s .
- et AwT Z ageMA‘” dr
T Jio-11/2 P

1 o0 tD+T1/2 ) )
_ 1 Z az/ Qi) D g
T, = Ji-1i)2

- Y /to+Tl/2 =) AwT g
T Ji,—1i )2
. to+T11/2
= & / dr = Qaj,
T Ji,—1y)2
in which Parseval’s principle (17.5) has killed all but the ¢ = j term in the
summation. Thus is (17.22) proved.

Except maybe to the extent to which one would like to examine con-
vergence (see the next paragraph), the idea behind the proof remains more
interesting than the proof itself, for one would like to know not only the fact
that (17.22) is true but also the thought which leads one to propose the equa-
tion in the first place. The thought is as follows. Assuming that (17.21) can
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indeed represent the waveform f(¢) properly, one observes that the trans-
forming factor e 29T of (17.22) serves to shift the waveform’s jth compo-
nent ajeij Awt__whose angular frequency is evidently w = j Aw—down to a
frequency of zero, incidentally shifting the waveform’s several other compo-
nents to various nonzero frequencies as well. Significantly, the transforming
factor leaves each shifted frequency to be a whole multiple of the waveform’s
fundamental frequency Aw. By Parseval’s principle, (17.22)’s integral then
kills all the thus frequency-shifted components except the zero-shifted one
by integrating the components over complete cycles, passing only the zero-
shifted component which, once shifted, has no cycle. Such is the thought
which has given rise to the equation.

Before approving the proof’s interchange of summation and integration,
a pure mathematician would probably have preferred to establish condi-
tions under which the summation and integration should each converge. To
the applied mathematician however, the establishment of general conditions
turns out to be an unrewarding exercise,'? so we will let the matter pass
with this remark: nothing prevents one from treating (17.21) as

J
f(t) = lim ajeij A“’t,

J—o0o |
Jj=—J

which manages the convergence problem (to the extent to which it even is
a problem) in most cases of practical interest. Further work on the con-
vergence problem is left to the charge of the concerned reader, but see also
8§ 7.3.4, 7.3.5 and 22.4.

12The conditions conventionally observed among professional mathematicians seem to
be known as the Dirichlet conditions. As far as this writer can tell, the Dirichlet con-
ditions lie pretty distant from applications—not that there aren’t concrete applications
that transgress them (for example in stochastics), but rather that the failure of (17.22) to
converge in a given concrete application is more readily apparent by less abstract means
than Dirichlet’s.

This book could merely list the Dirichlet conditions without proof; but, since the book
is a book of derivations, it will decline to do that. The conditions look plausible. We’ll
leave it at that.

The writer suspects that few readers will ever encounter a concrete application that
really wants the Dirichlet conditions, but one never knows. The interested reader can
pursue Dirichlet elsewhere. (Where? No recommendation. No book on the writer’s shelf
seems strong enough on Dirichlet to recommend.)
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17.4.2 The square wave

According to (17.22), the Fourier coefficients of Fig. 17.1’s square wave are,
if t, = T1/4 is chosen and by successive steps,

1 3nh/A
a; = / eﬂjAwa(T) dr
T J -7y )4
_ é T /4 - 3T /4 iihwr
T Jorya J1iya
. Ty /4 3T /4
_ ﬂe—ijAwT v/ o v/ )
2mj —Ti /4 ITy/4
But
TN TN y
e %] WT‘T:_TI/4: e 1) WT‘T:3TI/4 — ZJ,
e—z]AwT‘T:T1/4 — (72')3’
SO
T1 /4 3Ty /4
e—ijALUT o
[ —Tv/4  ITy/4 ]
= (=) = )~ [ — (=)) = 2(=i) ~ )
= ...,—14,0,i4,0,—i4,0,i4,... for j =...,-3,-2,-1,0,1,2,3,...
Therefore,
i L 124
Clj = [(—Z)J — Z‘]] %

B {(—)(jl)/24A/27rj for odd j, (17.23)

0 for even j,

are the square wave’s Fourier coefficients which, when the coefficients are
applied to (17.21) and when (5.18) is invoked, indeed yield the specific series
of sinusoids (17.2) and Fig. 17.2 have proposed.

17.4.3 The rectangular pulse train

The square wave of § 17.4.2 is an important, canonical case and (17.2) is
arguably worth memorizing. After the square wave, however, an endless
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Figure 17.7: A rectangular pulse train.

f(t)

— = —

I T F—tnT1

variety of repeating waveforms present themselves. Section 17.4.2 has ex-
ampled how to compute their Fourier series.

One variant on the square wave is nonetheless interesting enough to
attract special attention. This variant is the pulse train of Fig. 17.7,

=4y m <t ;j{?) : (17.24)

j=—o0

where II(+) is the square pulse of (17.10); the symbol A represents the pulse’s
full height rather than the half height of Fig. 17.1; and the dimensionless
factor 0 < n < 1 is the train’s duty cycle, the fraction of each cycle its pulse
is as it were on duty. By the routine of § 17.4.2,
T1/2
a; = * / e UAWT £() dr
Ty 7y

nT1/2 .
— é e—ZJAwT dr
Ty J_y1y )2
iA ol AwT

"2 94 omnj
- = sin —=
2717

g P2

for j # 0. On the other hand,
1 T1/2 A nT1/2
ag = — (T)dT:/ dr =nA
Ty J 72 Ty J_yry 2
is the waveform’s mean value. Altogether for the pulse train,

24 02 g2,
aj=1{2rj 2 (17.25)
nA if3=0
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Figure 17.8: A Dirac delta pulse train.

f(t)

(though eqn. 17.41 will improve the notation later).

An especially interesting special case occurs when the duty cycle grows
very short. Since lim,_,o+ sin(271;j/2) = 2mn;j/2 according to (8.32), it
follows from (17.25) that

lim a; = nA, 17.26

0+ j =" ( )
the same for every index j. As the duty cycle n tends to vanish the pulse
tends to disappear and the Fourier coefficients along with it; but we can com-
pensate for vanishing duty if we wish by increasing the pulse’s amplitude A
proportionally, maintaining the product

nhA=1 (17.27)
of the pulse’s width nT; and its height A—and thus preserving unit area!3
under the pulse. In the limit  — 07, the pulse then by definition becomes
the Dirac delta of Fig. 7.11, and the pulse train by construction becomes
the Dirac delta pulse train of Fig. 17.8. Enforcing (17.27) on (17.26) yields
the Dirac delta pulse train’s Fourier coefficients

aj = —. (17.28)

13Tn light of the discussion of time, space and frequency in § 17.2, we should clarify
that we do not here mean a physical area measurable in square meters or the like. We
merely mean the dimensionless product of the width (probably measured in units of time
like seconds) and the height (correspondingly probably measured in units of frequency like
inverse seconds) of the rectangle a single pulse encloses in Fig. 17.7. Though it is not a
physical area the rectangle one sketches on paper to represent it, as in the figure, of course
does have an area. The word area here is meant in the latter sense.
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Looking ahead, Tables 18.4 and 18.5 will tabulate the Fourier transforms
of various functions. Equation (19.4) and the method of § 19.1.2 can convert
the tabulated transforms to corresponding Fourier series at need.

17.4.4 Linearity and sufficiency

The Fourier series is evidently linear according to the rules of § 7.3.3. That
is, if the Fourier coefficients of fi(t) are a;i; and the Fourier coefficients
of fo(t) are ajo, and if the two waveforms fi(t) and fa(t) share the same
fundamental period T}, then the Fourier coefficients of f(t) = f1(t) + fa(t)
are a; = a;1 + ajo. Likewise, the Fourier coefficients of o f(t) are aa; and
the Fourier coefficients of the null waveform fu,1(¢) = 0 are themselves null,
thus satisfying the conditions of linearity.

All this however supposes that the Fourier series actually works.'*
Though Fig. 17.2 is suggestive, the figure alone hardly serves to demon-
strate that every repeating waveform were representable as a Fourier series.
To try to consider every repeating waveform at once would be too much to
try at first in any case, so let us start from a more limited question: does
there exist any continuous, repeating waveform f(¢) # 0 of period T whose
Fourier coefficients a; = 0 are identically zero? [By f(t) # 0, we here mean!?
that at least one real value of ¢ is to exist for which f(¢) # 0. In logical
notation,'® 3t € R : f(¢) #0.]

If the waveform f(¢) in question is continuous then nothing prevents us
from discretizing (17.22) as

M
. 1 —i7 Aw T
a; = ]\}linooﬁ E e( i Aw)(to+L A M)f(to—{-fATM)ATM,
(=—M
T
A = —
™ oM+ 1

and further discretizing the waveform itself as

t— (to+pATar)
ATy

F)= g 3 fito+pan |
p=—00

The remainder of this dense subsection can be regarded as optional reading.
15We generally mean the same elsewhere in the book, too.
161t is unnecessary to read logical notation to read this book but you might wish to

learn a little of it, anyway. Besides dz :, “at least one x exists such that ...,” you also
have 3z :, “exactly one z exists such that ...,” #z :, “no x exists such that ...,” and Vz :,
“for all z ....” Along with such symbols are also A, V and —, which respectively mean

“and,” “or” and “not.” The symbol R represents the real domain.
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in which II[-] is the square pulse of (17.10). Substituting the discretized
waveform into the discretized formula for a;, we have that

M [e%9)
. ATty (—ij Aw)(to+l ATpr)
o= gmoon 2 2 e " (to +p Ara)TI(E — p)
— p=—00

M
D el A ATM) £(1, 4 0 ATy).
l=—M

I ATy
= im
M—oo T

If we define the (2M + 1)-element vectors and (2M + 1) x (2M + 1) matrix

[aM]] = aj,
= ATy (—ij Aw)(to+£ ATar)
[Crlje e
Ty ’
M < (j,¢) < M,

then matrix notation renders the last equation as
lim ajp = lim CMfM,
M—o0 M—o0

whereby
lim fy; = lim Cla ,
M —o0 M M—o0 MM
assuming that C)y is invertible.

But is C)s invertible? This seems a hard question to answer until we
realize that the rows of C}js consist of sampled complex exponentials which
repeat over the interval 77 and thus stand subject to Parseval’s princi-
ple (17.6). Realizing this, we can do better than merely to state that Cyy is
invertible: we can write down its actual inverse,

11

[C]\_41]€j _ <2M - 1) ATM +ij Aw)(to+£ A’T‘M)’

6(

such that!? C’MC’]\}1 = Iﬁ/lM and thus per (13.2) also that C’A}lC’M = IyM.
So, the answer to our question is that, yes, Cjs is invertible.

"Equation (11.30) has defined the notation I, representing a (2M + 1)-dimensional
identity matrix whose string of ones extends along its main diagonal from j = ¢ = —M
through j =¢= M.
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Because C)y is invertible, § 14.2 has it that neither f3; nor ap; can be null
unless both are. In the limit M — oo, this implies'® that no continuous,
repeating waveform f(¢) # 0 exists whose Fourier coefficients a; = 0 are
identically zero.

Now consider a continuous, repeating waveform!' F(t) and its Fourier
series f(t). Let AF(t) = F(t)— f(t) be the part of F'(t) unrepresentable as a
Fourier series, continuous because both F'(¢) and f(t) are continuous. Being
continuous and unrepresentable as a Fourier series, AF(t) has null Fourier
coefficients; but as the last paragraph has concluded this can only be so if
AF(t) = 0. Hence, AF(t) = 0 indeed, which implies?® that f(t) = F(t).
In other words, every continuous, repeating waveform is representable as a
Fourier series.

And what of discontinuous waveforms? Well, the square wave of Figs.
17.1 and 17.2 this chapter has posed as its principal example is a repeat-
ing waveform but, of course, not a continuous one. A truly discontinuous
waveform would admittedly invalidate the discretization above of f(t), but
see: nothing prevents us from approximating the square wave’s discontinuity
by an arbitrarily steep slope (as in § 17.3.2), whereupon this subsection’s
conclusion again applies.?!

The better, subtler, more complete answer to the question though is that
a discontinuity incurs Gibbs’ phenomenon, which § 17.7 will derive.

18Pure mathematics might have preferred an alternate proof that never discretized the
function. A professional mathematician might construct such an alternate proof on § 18.2.8
and its (18.45) or (18.46), or might prefer yet a different approach such as the Cantor-
Riemann approach outlined in [129].

Nevertheless, for purpose of applications, your writer prefers this subsection’s approach,
for it avoids overgeneralization of the problem.

19Chapter 18 will use the capital letter F' to represent a transform (such as a Fourier
or Laplace transform) of a function f. However, that is not the use here.

20Chapter 8’s footnote 6 has argued in a similar style, earlier in the book.

2'Where this subsection’s conclusion cannot be made to apply is where unreasonable
waveforms like Asin[B/sinwt] come into play. We will leave to the professional mathe-
matician the classification of such unreasonable waveforms, the investigation of the wave-
forms’ Fourier series and the provision of greater rigor generally.

One can object to the subsection’s reliance on discretization, yet discretization is a
useful technique, and to the extent to which pure mathematics has not yet recognized and
formalized it, maybe that suggests—in the spirit of [106]—that some interested professional
mathematician has more work to do, whenever he gets around to it. Or maybe it doesn’t.
Meanwhile, a lengthy, alternate, more abstractly rigorous proof that does not appeal to
discretization is found in [35, chapter 3].
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17.4.5 The trigonometric form

It is usually best, or at least neatest and cleanest, and moreover more evoca-
tive, to express Fourier series in terms of complex exponentials as (17.21)
and (17.22) do. When the repeating waveform f(¢) is real, though, to ex-
press the series instead in terms of sines and cosines can be an attractive
alternative. Euler’s formula (5.12) makes (17.21) to be

f(t) =ap+ Z [(aj +a—j)cosjAwt+i(aj —a_j)sinj Awt].
j=1

Then, superimposing coefficients in (17.22),

1 tO+T1/2
apg = — f(r)dr,
T to—T1/2 (7)
9 t0+T1/2
b= (aj +a—y;) = / cos(j Aw ) f(1)dr, (17.29)
T]- tole/Q

9 to+T1/2
¢ =i(a; —a—;) = T1/t - sin(j Aw ) f(1)dr,
o—41

which give the Fourier series the trigonometric form
o0
ft) = a0+Z(bj cosjAwt+c¢jsinj Awt). (17.30)
j=1
The complex conjugate of (17.22) is
« 1 totT1/2 +ij Aw T px
a; = ?1 T e fr(r)dr.

If the waveform happens to be real then f*(¢) = f(¢), which in light of the
last equation and (17.22) implies that

a_j = a’ if S[f(1)] = 0. (17.31)

Combining (17.29) and (17.31), we have that

bj = 2%(aj)} if %[f(t)] =0. (17.32)

Cj = —2%(61]')
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17.5 Parseval, Poisson and Euler

The Fourier transform of § 17.4 opens some interesting prospects to Parse-
val’s principle of § 17.1.
17.5.1 Parseval’s equality

The product of a Fourier series and its conjugate is

o

f* (t)f(t) _ Z azefik Awt Z ajeij Awt

k=—00 j=—o00
00 00
_ Z Z azajei(jfk) Awt.
k=—00 j=—00

Integrating over a single period,

o0

to+T1/2 to+T1/2
/t () f(r) dr = / S

()_’Tl/2
Ti/2
= E E a’,;aj/ =R Awt gr.

Parseval’s principle of § 17.1 nulls the last integration except when j = k,

i totT1/2 0
/t () f(r)ydr =T Z aja;.

o*’--[vl/2

o
Z a,’;aje’(J_k) Awt qr

j=—o0

Dividing by 17,

1 [ftotTi/2 I
T b Ty /2 frr)f(r)dr = jz_:oo ajag; (17.33)
or, if you prefer,
Ti e dr - i o (17.34)
1 Jto—T1/2 =

or even

1 R
7 e ar= 3l (17.35)

j==o0
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Figure 17.9: Poisson’s ramp.

/I/IM/I
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Whether as (17.33), (17.34) or (17.35), the result is Parseval’s equality®?
which, as you see, connects a function’s mean square to its Fourier coeffi-
cients.

Related to Parseval’s equality are (18.43) and the results of § 18.2.8.

17.5.2 Poisson’s ramp

Poisson’s ramp,?3

F(t) = E:(t—2wkﬂl<t;iﬂk>, (17.36)

k=—o00

is the repeating waveform of Fig. 17.9. Various applications including the
Basel problem of § 17.5.3 use it. The method of § 17.4 finds the ramp’s
Fourier coefficients to be

_Jo if j = 0;
a; {—(—)j/w . (17.37)

otherwise;

22[35, § 2.3

23The source [152] names Poisson and develops Poisson’s concept, thus earning credit for
the idea here presented. However, that source does not pair the specific words “Poisson’s
ramp” as far as the author of the book you are reading is aware. The book will take
responsibility for the words.
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as one can show—observing that Aw = 27/77 = 1—via Table 9.1 by

1 [™ s et /1 t
a; = — te Ut dt = = - =
27 2\ 1)

—T

e Mg\ "
o7 52

t=—m

™

G ()5

17.5.3 Euler and the Basel problem

Substituting (17.37) into (17.34) with ¢, = 0, using the period 77 = 27
of (17.36) and of Fig. 17.9,

1
| *dr = Z Z
J#O

On the other hand, by Fig. 17.9 and Table 7.1, via elementary integration
without Fourier’s help,

1 (7 o, (2m)?
o W\f(f)\ dr ==&

Combining the last two equations and rearranging factors,

Z:: — = 0X18 (17.38)

a curious result, the sum of inverse squares and the solution?? from an
unexpected source of Leonhard Euler’s famous Basel problem.

Though Euler himself first reached (17.38) by another route, a few
routes?® have since been discovered of which this subsection’s is one.

Euler’s (17.38) is significant because the series Z?‘;l(l/jQ) it sums can
arise in contexts that seem to have nothing to do with Fourier analysis or
Parseval technique. If the series is summed directly, convergence is slow,
but (17.38) gives the exact sum at once—provided that one is alert enough
to recognize that (17.38) applies. (Admittedly, a purist could object that
the value of 27 wants to be calculated before Euler’s eqn. 17.38 can be
applied. However, eqn. 8.43 is available and it calculates 27w fast. Even
without leveraging prior knowledge of the value of 27, using only eqn. 8.43

241146, “Basel problem,” 21:42, 30 April 2019]
25 Ibid.
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Table 17.1: Sums of inverse squares.

i 1 (2n)?
= 52 0x18
= _ (@)
= 2]—1 0x20
i _ (@)
~ 0x60

j:l

and Euler’s eqn. 17.38, the writer’s computer can sum the Basel series to
the 0x34-bit—that is, sixteen-decimal place—precision of its double-type
floating-point representation within 0.2 microseconds, whereas to sum the
series directly the computer wants more than 0.2 seconds, a million times as
long.?6 Good mathematical analysis like Euler’s achieves such economies.)

In advanced mathematics, apparently unrelated investigations will some-
times deeply connect. The Basel problem affords an example.

Similar operations on the Fourier coefficients (17.23) of the square wave
of Fig. 17.1, using 77 = 27 and A = 1, yield

> 1 2mr)?
Z (2j —1)2 (()x2)0’ (17.39)

Jj=1

the sum of inverse odd squares. The sum of inverse even squares, if needed,
is given by the difference of (17.38) and (17.39) to be

27)2
17.4
0X60 (17.40)

j:l
Table 17.1 summarizes.
Incidentally, if you wonder why the table omits sums of plain inverses like
> 5=1(1/7), the reason is that sums of plain inverses diverge. Section 8.10.5
has explained.

26 Actually, the direct summation is even worse than this, for floating-point errors will
accumulate over millions of terms. Thus, even after taking a million times as long, the
direct summation’s accuracy is poor. To improve the direct summation’s accuracy would
require extended-precision floating-point arithmetic, slowing the summation even further.
Euler’s method, by contrast, can be completed to fine accuracy with a pencil!
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Figure 17.10: The sine-argument function.

sint
Sat= —

27 2 2 2m

See also § 8.10.2 and its Fig. 8.5.

17.6 The sine-argument function

Equation (17.25) gives the pulse train of Fig. 17.7 its Fourier coefficients,
but a better notation for (17.25) is

9
a; = nASa 7;7”, (17.41)

where .
Saz = 217 (17.42)

is the sine-argument function,?” plotted in Fig. 17.10. The function’s Taylor
series is

oo J 722
Saz = ;gl B Em )’ (17.43)

the Taylor series of sin z from Table 8.1, divided by z.
This section introduces the sine-argument function and some of its prop-
erties, plus also the related sine integral.?®

*"Many (including the author himself in other contexts) call it the sinc function, denot-
ing it sinc(-) and pronouncing it as “sink.” Unfortunately, some [99, § 4.3][29, § 2.2][41]
use the sinc(-) notation for another function,

. 2wz sin(2wz/2)
S alternate & = Sa—— = ———.
SiNCalternate 2 a5 222
The unambiguous Sa(-) suits this particular book better, anyway, so this is the notation
we will use.

28Readers interested in Gibbs’ phenomenon, § 17.7, will read the present section because

Gibbs depends on its results. Among other readers however some, less interested in special
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Figure 17.11: The sine integral.

Sit = [ Satdr

1 L _

e —— T ——=7T _2n

17.6.1 Derivative and integral

The sine-argument function’s derivative is computed from the definition
(17.42) and the derivative product rule (4.23) to be

d cosz — Saz
— = . 17.44
szaz . (17.44)

The function’s integral is expressed as a Taylor series after integrating the
function’s own Taylor series (17.43) term by term to obtain the form

J
SIZ_/SaTdT— 2]+1H

m:l
plotted in Fig. 17.11. Convention gives this integrated function its own name
and notation: it calls it the sine integral®®:3% and denotes it by Si(-).

oo

(17.45)

2m+1)

17.6.2 Properties of the sine-argument function

Sine-argument properties include the following.

e The sine-argument function is real over the real domain. That is, if
I(t) = 0 then (Sat) =0

functions than in basic Fourier theory, may find this section unprofitably tedious. They
can skip ahead to the start of the next chapter without great loss.

29184, § 3.3]

30Incidentally, as far as the writer is aware, the name “sine argument” would seem to
have been back-constructed from the name “sine integral.”



17.6.

THE SINE-ARGUMENT FUNCTION 061

The zeros of Saz occur at z =nmw, n #0, n € Z.

It is that |Sat| < 1 over the real domain J(t) = 0 except at the global
maximum t = 0, where

Sa0 = 1. (17.46)

Over the real domain (t) = 0, the function Sat alternates between
distinct positive and negative lobes. Specifically, (—)™ Sa(£t) > 0 over
nr <t < (n+ 1)7 for each n >0, n € Z.

Each of the sine-argument’s lobes has but a single peak. That is, over
the real domain (t) = 0, the derivative (d/dt) Sat = 0 is zero at only
a single value of ¢ on each lobe.

The sine-argument function and its derivative converge toward

lim Sat =0,
t—+oo

(17.47)

lim i Sat =0.
t—+oo dt

Some of these properties are obvious in light of the sine-argument function’s
definition (17.42). Among the less obvious properties, that |[Sat| < 1 says
merely that |sin¢| < |¢| for nonzero ¢; which must be true since ¢, interpreted
as an angle—which is to say, as a curved distance about a unit circle—can
hardly be shorter than sin ¢, interpreted as the corresponding direct shortcut
to the axis (see Fig. 3.1). For t = 0, (8.32) obtains—or, if you prefer, (17.43).
That each of the sine-argument function’s lobes should have but a single
peak seems right in view of Fig. 17.10 but is nontrivial to prove. To assert
that each lobe has but a single peak is to assert that (d/dt) Sat = 0 exactly
once in each lobe; or, equivalently—after setting the left side of (17.44) to
zero, multiplying by 2%/ cos z, and changing ¢ <— z—it is to assert that

tant =1t

exactly once in each interval

nr<t<(n+1l)m, n>0,

for t > 0; and similarly for ¢ < 0. But according to Table 5.2

—tant=———>1
dt cos2t —
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Figure 17.12: The points at which ¢ intersects tant.

ft)

tant

whereas dt/dt = 1, implying that tan ¢ is everywhere at least as steep as t is—
and, well, the most concise way to finish the argument is to draw a picture of
it, as in Fig. 17.12, where the curves evidently cannot but intersect exactly
once in each interval.

17.6.3 Properties of the sine integral

Properties of the sine integral Sit of (17.45) include the following.

e Over the real domain () = 0, the sine integral Sit is positive for
positive t, negative for negative ¢t and, of course, zero for t = 0.

e The local extrema of Sit over the real domain (¢) = 0 occur at the
zeros of Sat.

e The global maximum and minimum of Sit over the real domain J(t) =
0 occur respectively at the first positive and negative zeros of Sat,
which are t = £7.

e The sine integral converges toward

. . 2m
t_l}rinoo Sit = :I:Z. (17.48)
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That the sine integral should reach its local extrema at the sine-argument’s
zeros ought to be obvious to the extent to which the concept of integration is
understood. To explain the other properties it helps first to have expressed
the sine integral in the form

Sit = Sn+/ SaTdr,

n—1
Sn = Uj
j=0
(+D)7
U; = / SaTdr,
jm
nt < t < (n+1)m,
0 < n, (jn)€Z,

where each partial integral U; integrates over a single lobe of the sine-
argument. The several U; alternate in sign but, because each lobe majorizes
the next (§ 8.10.2)—that is, because,3! in the integrand, |Sa | > |Sa(r + )]
for all 7 > 0—the magnitude of the area under each lobe exceeds that under
the next, such that

t
0< (—)J’/ Sardr < (=YU; < (=Y U,_1,
J

gr <t < (j+m,
0<j, jeZ

(except that the U;j_; term of the inequality does not apply when j = 0,
since there is no U_;) and thus that

0 =50 < Som < S2mi2 < Soo < S2mys < Somy1 < 51
for all m > 0, m € Z;

or in other words that
0=5) <55 <8 <8<8g< <8 < - <8 <857 <85 <853<8;.

The foregoing applies only when ¢ > 0 but naturally one can reason similarly
for t < 0, concluding that the integral’s global maximum and minimum

31 More rigorously, to give the reason perfectly unambiguously, one could fuss here for a
third of a page or so over signs, edges and the like. To do so is left as an exercise to those
who aspire to the pure mathematics profession.
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over the real domain occur respectively at the sine-argument function’s first
positive and negative zeros, t = £m; and further concluding that the integral
is positive for all positive t and negative for all negative t.

Equation (17.48) wants some cleverness to calculate and will be the sub-
ject of the next subsection.

17.6.4 The sine integral’s limit by complex contour

Equation (17.48) has proposed that the sine integral converges toward a
value of 27 /4, but why? The integral’s Taylor series (17.45) is impractical
to compute for large ¢ and is useless for ¢ — oo, so it cannot answer the
question. To evaluate the integral in the infinite limit, we shall have to
think of something cleverer.
Noticing per (5.19) that
€+iz _ efiz

Saz=——""——,
122

rather than trying to integrate the sine-argument function all at once let us
first try to integrate just one of its two complex terms, leaving the other
term aside to handle later, for the moment computing only

L= /oo ei.z dZ'
o 12z
To compute the integral Iy, we will apply the closed-contour technique of
§ 9.6, choosing a contour in the Argand plane that incorporates I; but shuts
out the integrand’s pole at z = 0.
Many contours are possible and one is unlikely to find an amenable
contour on the first attempt, but perhaps after several false tries we discover

and choose the contour of Fig. 17.13. The integral about the inner semicircle
of this contour is

e'* dz ) O e (ipe' do) 0 e0dg 2w
C. 12z p—0T Jor/2 12(Pez¢) 27 /2 2 4

The integral across the contour’s top segment is

€% dz —a 6i(m+ia) dx a _oime—a g
I3 =
Cs3

B N i Y e
122 a—00 122 a—oo |

o 122

a

from which, according to the continuous triangle inequality (9.19),
) & ey

= lim ;

a—oo [, 2|z] ]

4| —eTemdy

‘13’ < lim 24

a—oo |

a
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Figure 17.13: A complex contour about which to integrate ¥ /i2z.

I3

I4 12

I

Is I

which, since 0 < a < |z| across the segment, we can weaken to read

a —a d
] < lim | &2
a—oo |

= lim e”% =0,
a 2a a—00

only possible if
I3 =0.

The integral up the contour’s right segment is

)

€% dz a ei(a-‘riy) dy a piac—y dy
Iy :/ - = lim ——— = lim —_—
c, 122 a—oo Jg 2z a—oo Jg 2z

from which, according to the continuous triangle inequality,

elte—Y dy ‘ ) /a e Ydy
—| = lim ;
2z 0 2 ’Z‘

a

a—o0 Jq

a—r 00
which, since 0 < a < |z| across the segment, we can weaken to read

e Vd 1
|1 < lim €W fim — = 0,
a—oo Jg 2a a—o0 2a

only possible if
I, =0.

The integral down the contour’s left segment is

I;=0
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for like reason. Because the contour encloses no pole,

e dz
f oy =h+DL+I3+1i+ 15+ 1s =0,

which in light of the foregoing calculations implies that

L+1I5=—

/ e* dz /°° e dx
L = = .
o, 122 o 12z
is the integral we wanted to compute in the first place, but what is that I5?
Answer: ' .
/ e*dz /0 e dx
Is = ; = : )
cs 12z oo 22
or, changing —z < x by the rule of (9.5) and (9.6),
I = /OO L%7
0 127

which fortuitously happens to integrate the heretofore neglected term of the
sine-argument function we started with. Thus,

Now,

+wx _ 2
thlt—/ Saxd:v—/ %dmzh—l—k:i
i2x

which was to be computed.3?

32Integration by closed contour is a subtle technique, is it not? What a finesse this
subsection’s calculation has been! The author rather strongly sympathizes with the reader
who still somehow cannot quite believe that contour integration actually works, but in
the case of the sine integral another, quite independent method to evaluate the integral
is known and it finds the same number 27 /4. The interested reader can extract this
other method from Gibbs’ calculation in § 17.7, which refers a sine integral to the known
amplitude of a square wave.

We said that it was fortuitous that Is, which we did not know how to eliminate, turned
out to be something we needed anyway; but is it really merely fortuitous, once one has
grasped the technique? An integration of —e™%%/i2z is precisely the sort of thing an
experienced applied mathematician would expect to fall out as a byproduct of the contour
integration of ¢'%/i2z. The trick is to discover the contour from which it actually does fall
out, the discovery being a process of informed trial and error.
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17.7 Gibbs’ phenomenon

Section 17.4.4 has shown how the Fourier series suffices to represent a con-
tinuous, repeating waveform. Paradoxically, the chapter’s examples have
been chiefly of discontinuous waveforms like the square wave. At least in
Fig. 17.2 the Fourier series seems to work for such discontinuous waveforms,
though we have never exactly demonstrated that it should work for them,
or how. So, what does all this imply?

In one sense, it does not imply much of anything. One can represent
a discontinuity by a relatively sharp continuity—as for instance one can
represent the Dirac delta of Fig. 7.11 by the triangular pulse of Fig. 17.3,
with its sloped edges, if T" in (17.12) is sufficiently small—and, considered in
this light, the Fourier series works. (See also the nonanalytic pulses of § 17.3
and especially the rolloff pulses of § 17.3.2.) Mathematically however one is
more likely to approximate a Fourier series by truncating it after some finite
number N of terms; and, indeed, so-called®® “low-pass” physical systems
that naturally suppress high frequencies®® are common, in which case to
truncate the series is more or less the right thing to do. Yet, a significant
thing happens when one truncates the Fourier series. At a discontinuity, the
Fourier series oscillates and overshoots.

Henry Wilbraham investigated this phenomenon as early as 1848.
J. Willard Gibbs explored its engineering implications in 1899.36 Let us
along with them refer to the square wave of Fig. 17.2 on page 533. As
further Fourier components are added the Fourier waveform better approxi-
mates the square wave, but, as we said, it oscillates about and overshoots—it
“rings about” in the electrical engineer’s vernacular—the square wave’s dis-
continuities (the verb “to ring” here recalling the ringing of a bell or steel
beam). This oscillation and overshot turn out to be irreducible, and more-
over they can have significant physical effects.

Changing t — T1/4 < t in (17.2) to delay the square wave by a quarter
cycle yields that

f(t)_8AZ 1 _[(2j+1)(2w)q’

= — - sin
2m L2 2j +1 Ty

3350 called because they pass low frequencies while suppressing high ones, though
systems encountered in practice admittedly typically suffer a middle frequency domain
through which frequencies are only partly suppressed.

34171, § 15.2]

35 [7 4]

361147][54]
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which we can, if we like, write as

S8ANS 1 .[(2j+;)(2w)t}
1

f(t) = lim

PrAUR Y
N—=o00 7Tj20 ] +

Again changing

makes this

N-1
T . 4A o1
f [2(2%) Av] = ]\}I_Igog ]E Sa [(j + 2> Av} Av.
Stipulating that Av be infinitesimal,

0<Avkl

(which in light of the definition of Aw is to stipulate that 0 < ¢ < T1) such
that dv = Awv and, therefore, that the summation become an integration;
and further defining

u = N Av;

we have that

u
]\}iirlmf [2(2:[7;1)]\7“] = Z;:/O Savdv = % Siu. (17.49)
Equation (17.48) gives us that lim, . Siu = 27/4, so (17.49) as it should
has it that f(f) ~ A when® ¢ Z 0. When ¢ ~ 0 however it gives the
waveform locally the sine integral’s shape of Fig. 17.11.

Though unexpected the effect can and does actually arise in physical
systems. When it does, the maximum value of f(¢) is of interest to me-
chanical and electrical engineers among others because, if an element in an
engineered system will overshoot its designed position, the engineer wants
to allow safely for the overshot. According to § 17.6.3, the sine integral Siu
reaches its maximum at

where according to (17.45)38

1A o AAK [ 2m/2 L —(2r/2)
S 11 ® ~ (0x1.2DD2)A.

Jnax = 57 17_5],:0 2j + 1 m)(2m + 1)

m=1

3"Here is an exotic symbol: i It means what it appears to mean, that ¢ > 0 and ¢ % 0.
38119, sequence A243267]
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Figure 17.14: Gibbs’ phenomenon.

f(t)

4 T—
A
1

This overshot, peaking momentarily at (0x1.2DD2)A, and the associated
sine-integral ringing constitute Gibbs’ phenomenon, as Fig. 17.14 depicts.

We have said that Gibbs’ phenomenon is irreducible, and indeed strictly
this is so: a true discontinuity, if it is to obey Fourier, must overshoot
according to Gibbs. Admittedly as earlier alluded, one can sometimes sub-
stantially evade Gibbs by softening a discontinuity’s edge as in § 17.3.2,
giving the discontinuity a steep but not vertical slope and maybe rounding
its corners a little;? or, alternately, by rolling the Fourier series off gradually
rather than truncating it exactly at N terms. Engineers may do one or the
other, or both, explicitly or implicitly, which is why the full Gibbs is not
always observed in engineered systems. Nature may do likewise. Neither
however is the point. The point is that sharp discontinuities do not behave
in the manner one might naively have expected, yet that one can still analyze
them profitably, adapting this section’s subtle technique as the circumstance
might demand. A good engineer or other applied mathematician will make
himself aware of Gibbs’ phenomenon and of the mathematics behind it for
this reason.

391f the applied mathematician is especially exacting he might represent a discontinuity
by the cumulative normal distribution function (20.20) or maybe (if slightly less exacting)
by an arctangent, and indeed there are times at which he might do so. However, such
extra-fine mathematical craftsmanship is unnecessary to this section’s purpose.
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Chapter 18

The Fourier transform

The Fourier series of chapter 17 is useful. Applications of the series are
extensive. However, the series applies solely to waveforms that repeat—or,
at most, to waveforms that can be framed as though they repeated.

An effort to extend the Fourier series to the broader domain of non-
repeating waveforms leads to the Fourier transform, this chapter’s chief
subject.

18.1 The Fourier transform

This section extends the Fourier series to derive the Fourier transform.

18.1.1 Fourier’s equation

Consider the nonrepeating waveform or pulse of Fig. 18.1. Because the

Figure 18.1: A pulse.

f(t)

071
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pulse does not repeat it has no Fourier series, yet one can however give it
something very like a Fourier series in the following way. First, convert the
pulse f(t) into the pulse train

E Z ft—nT1

n=—oo

which naturally does repeat,! where T} > 0 is an arbitrary period of repeti-
tion whose value you can choose. Second, by (17.22), calculate the Fourier
coefficients of this pulse train g(¢). Third, use these coefficients in the Fourier
series (17.21) to reconstruct

S 1 n/2 —ijAwT d ij Awt
o= 30 3| [ et dr| Ay

j=—o00
Fourth, observing that limp, o g(t) = f(t), recover from the train the orig-

inal pulse
et Awt }

j=—00

[in which we have replaced g(7) by f(7), supposing that T} has grown great
enough to separate the several instances f(7 — nT}) of which, according to
definition, g(7) is composed]; or, observing per (17.3) that Aw T} = 27 and
reordering factors,

1 /Tl/2 A )
— e YUY (1) dT
Ty ) 1y)2

27 /2 Aw

_ . i Awt —ij AwT
70 _AEE?O* \ﬁ Z J [\ﬁ/zwmAw ’ fr)dr

Fifth, defining the symbol w = j Aw, observe that the summation is really
an integration in the limit, such that

This is Fourier’s equation, a remarkable, highly significant result.

Aw

!One could divert rigorously from this point to consider formal requirements against
f(t) but for applications it probably suffices that f(¢) be limited enough in extent that
g(t) exist for all R(T1) > 0, I(71) = 0. Formally, such a condition would forbid a function
like f(t) = Acoswet, but one can evade the formality, among other ways, by defining
the function as f(t) = limp,— oo [I(¢/T2) A coswot, the II(-) being the rectangular pulse
of (17.10). Other pulses of § 17.3 might suit, as well.
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18.1.2 The transform and inverse transform

The reader may agree that Fourier’s equation (18.1) is curious, but in what
way is it remarkable? To answer, let us observe that the quantity within the
square brackets of (18.1),

Flw) = Z{f(t)} = \/12? /_Oo =T £(r) dr, (18.2)

is a function not of ¢ but rather of w. We conventionally give this function
the capitalized symbol F'(w) and name it the Fourier transform of f(t),
introducing also the notation .#{-} (where the script letter .%, which stands
for “Fourier,” is only accidentally the same letter as f and F') as a short form
to represent the transformation (18.2) serves to define. Substituting (18.2)
into (18.1) and changing 7 < w as the dummy variable of integration, we
have that

f0) = 77 Pl = = [ Py (18.3)

This last is the inverse Fourier transform of the function F(w).

The Fourier transform (18.2) serves as a continuous measure of a func-
tion’s frequency content. To understand why this should be so, consider
that (18.3) constructs a function f(¢) of an infinity of infinitesimally graded
complex exponentials and that (18.2) provides the weights F'(w) for the con-
struction. Indeed, the Fourier transform’s complementary equations (18.3)
and (18.2) are but continuous versions of the earlier complementary equa-
tions (17.21) and (17.22) of the discrete Fourier series. The transform finds
even wider application than the series does.?

Figure 18.2 plots the Fourier transform of the pulse of Fig. 18.1.

18.1.3 The complementary variables of transformation

If ¢ represents time then w represents angular frequency as § 17.2 has ex-
plained. In this case the function f(t) is said to operate in the time domain
and the corresponding transformed function F(w), in the frequency domain.
The mutually independent variables w and t are then the complementary
variables of transformation.

2Regrettably, several alternate definitions and usages of the Fourier series are current.
Alternate definitions [99][29] handle the factors of 1/+/27 differently, as for instance in
§ 19.7. Alternate usages [46] change —i < 7 in certain circumstances. The essential
Fourier mathematics however remains the same in any case. The reader can adapt the
book’s presentation at need to the Fourier definition and usage his colleagues prefer.
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Figure 18.2: The Fourier transform of the pulse of Fig. 18.1.

Formally, one can use any two letters in place of the w and ¢; and indeed
one need not even use two different letters, for it is sometimes easier just to
write,

F(v) = F {f(v)} \/%/ =0 £(9)
flv)=F H{F(v)} = m/ ¢ (0) db, (18.4)
F = cfvva

in which the @ is in itself no variable of transformation but only a dummy
variable. To emphasize the distinction between the untransformed and
transformed (respectively typically time and frequency) domains, however,
scientists and engineers tend to style (18.4) as

Fw) = Z{f(t)} e ()

- =1
_ —1 _ zwt (185)
f(t) = FH{F W)} = r/ F(w) dw
yzﬁwt')

which are just (18.2) and (18.3) together with their dummy variables
changed. For precision of specification, one can affix subscripts as shown:
Fov; Fuwt- However, the unadorned % is normally clear enough in context.)

Whichever letter or letters might be used for the independent variable,
the functions

fw) 5 F(v) (18.6)

constitute a Fourier transform pair.



18.1. THE FOURIER TRANSFORM 975

18.1.4 Transforms of the basic nonanalytic pulses

As a Fourier example, consider the triangular pulse A(v) of (17.10). Its
Fourier transform according to (18.4) is

F{Aw)} = \/1277 /oo e~ A(0) df

- \/127? {/_01 (1 4 0)do + /01 (1 g) de} .

Evaluating the integrals according to Table 9.1’s antiderivative that fe™
[d/df)[e=™?(1 + iv) /v?],

wl _

PN = g [l
e -0l )

Vor

where Sa(-) is the sine-argument function of (17.42). Thus we find the
Fourier transform pair

NOE S&‘Z)(\/%” (18.7)

One can compute other Fourier transform pairs in like manner, such as®

) 5 8%2), (18.8)
v(w) & Sav (18.9)

V2m 1= (v/m)?]

One can compute yet further transform pairs by the duality rule and other
properties of § 18.2.
The algebra can be intricate, though. As a second Fourier example,

3To verify (18.8) and (18.9) is left as an exercise. Hint toward (18.9): sin(v + 7) =
—sinwv.
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consider the raised cosine-rolloff pulse ¥, (¢) of (17.17):

(V2r) # {9,(v)}

—(1=1)/2 [ o—iv0 etl(—v+m/r)0+2m/4r] eil(—v—m/r)0—2m/4r]
_ / + . - | d
—(147)/2 2 14 14
(1-r/2
+ / e ™" do
—(1-r)/2
(1+r)/2 el ei[(—w—7r/7")0—‘,—27r/4'r] ez’[(—v+7r/r)6—27r/4r}
+ / + . - . do
(1—r)/2 2 14 14

=it gil(—vrn/m0+2n/ar]  gil(—v—n/r)o—2n/4r] | T/
20 4A(—v+7/r) * 4(—v —7/r)

efwo (1-r)/2
-5
W) _1-r)/2

N { el etl(—v—m/r)0+2m/4r] eil(—v+m/r)0—2m/4r] }

—(1+r)/2

(141)/2

)

- +
2 4(—v — 4(—
i2v (—v—m/r) (—v+m/r) (1—r)/2

and so on. After two more pages or so of algebra (left as a tedious though
not especially difficult exercise to try the accuracy of the interested reader’s
pencil), the result is that?

cos(rv/2) Sa(v/2) .
Var (1= (ro/m)Y

Unless 7 = 0, the v? in the transform’s denominator lends .7 {¥,.(v)} the
possibly significant property that [*°_[Z{¥,(v)}|dv converges as [ dv/v?
does, whereas [ |.Z{II(v)}|dv does not converge but diverges as [ dv/v.
Using a small but nonzero r, applications (§ 18.1.5) sometimes replace I1(v)
by ¥,.(v) [or, alternately, if convergence® less aggressive than that of U,.(v)
is tolerable, maybe instead by the simpler A, (v)] for this or related reasons.

v, (v) 5 (18.10)

“The conscientious reader might check (18.10) against (18.8) and (18.9), the former
with » = 0, the latter with » = 1. The former looks all right but the latter looks
wrong at first glance, until one recalls from Table 3.3 the trigonometric identity that
sin 2a = 2sin a cos a.

SRather than “convergence,” an electrical engineer might instead say “band confine-
ment,” where by “band” the engineer means “range of frequencies.” The engineer would
change t < v, transform via .%,; rather than %#,,, and, in the result, observe that ¥, (t)
is even less active at high values of the frequency w than A,(t) is.
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Similarly,5
Sa(rv/2) Sa(v/2)
NG .
One thing left to consider is the values of the raised-cosine transforms
when the denominators of (18.9) and (18.10) vanish. For the latter,

i cos(rv/2) Sa(v/2) ~ m sin[(w F rv)/2] Sa(v/2)
ro=Er 21 [1 — (ro/m)2]  mFr—0 \21(1 Fro/7)(1 £ rv/T)
— lim 72 sin[(m F rv) /2] Sa(v/2)
roFr=0  \/27(m F o) (7 £ o)
(27)3/2 Sa[(7 F rv)/2] Sa(v/2)

A(v) S (18.11)

= lim

roFr—0 8(7T + ’I“U)
_ (V2m)Sa(v/2) _ (V2r) Sa(2n/4r)
8 8 :

For the former, using I’'Hopital’s rule (4.29) and the derivative (17.44),

Sawv Sav — cosv 1

lim - )
vodr 2 (1 — (v/m)?]  2V2n(v/m)? |,y  2V2m
which, reassuringly, agrees with the former at » = 1. Summarizing,
1
2V21’
V2r) Sa(v/2)  (V2r) Sa(2m/4r)

y{\yr(v)}rv:iw = ( 3 - 3

F{Y(0) byt =
(18.12)

18.1.5 Approximation to an arbitrary pulse

Before closing the section, we should briefly notice an important application
of the several nonanalytic pulses of § 17.3, whose Fourier transforms § 18.1.4
has computed and Table 18.4 will list. Sampling a pulse f(¢) at equal, finite
intervals of At, one can approximate the pulse as

fty= S fkanh <t_AktAt), (18.13)

k=—o0

51f you work these out for yourself and get
1-— 1
Ar(v) A 2 {cos (=—rjpy _ cos 1+ T)U]
(\/ 27r) ro? 2 2

then your answer is right. Apply a sum-of-angles identity of Table 3.3 to reach the formula
the narrative gives.
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where h(t) is any of the basic nonanalytic pulses of § 17.3.1 and Fig. 17.3,
whether II(¢), A(t) or W(t); or is either of the rolloff variants of § 17.3.2 and
Fig. 17.4, whether A, (t) or ¥,(¢). Naturally, there are constraints for this
to work. For instance, f(¢) must not change so quickly or abruptly that
sufficiently dense samples fail to approximate the function. Fortunately,
whether f(t) submits to such constraints tends to be clearer in an actual
application with a specific, concrete f(¢) than it is in the abstract; so, other
than to warn the reader regarding any f(t) that suffers an infinite slope—
like f(t) = (te 1t?/2)/ Vt], for example—we shall not further study the
constraints here (but see § 19.2, which develops constructive functions that
impose fewer constraints).

Having approximated the pulse by (18.13), having thus reduced the pulse
to a superposition f (t) of pulses whose Fourier transforms we already know,
we can approximate that .7 {f(t)} ~.Z{f(t)}, where

F {f(t)} - k:io F(kADF {h (t_A’“tAt> } . (18.14)

Qualifications regarding convergence and such could be multiplied against
(18.14) but, again, that is not our purpose here. Other than to note that
the square pulse II(¢) might, in some applications, be a poor choice for
h(t) because the absolute integral [ |.Z{II(¢)}| dw of its transform fails to
converge, we will leave the question in that form.

We said that we already knew the transforms of the various basic non-
analytic pulses. However, (18.13) and (18.14) have used h[(t — k At)/At]
rather than a plain h(t). Fortunately, the conversion is not difficult. It is
that

F {h <t_AktAt) } = e FAWY AL H(w AL, (18.15)
as we shall see in Table 18.1 of § 18.2, next.

18.2 Properties of the Fourier transform

The Fourier transform obeys an algebra of its own, exhibiting properties the
mathematician can exploit to extend the transform’s reach. This section
derives and lists several such properties.

18.2.1 Symmetries of the real and imaginary parts

In Fig. 18.2, page 574, each of the real and imaginary parts of the Fourier
transform is symmetrical (or at least each looks symmetrical), though the



18.2. PROPERTIES OF THE FOURIER TRANSFORM 579

imaginary symmetry differs from the real. The present subsection analyti-
cally develops the symmetries.
The Fourier transform of a function’s conjugate according to (18.4) is

Fry == [ evroa= | [ a0 ) y

in which we have taken advantage of the fact that the integrand’s dummy
variable # = 6* happens to be real. On the other hand, within the para-
graph’s first equation just above,

\/%/ 0 m/ 9 5(9)do = F(~v"),

implying that”
f7(0) % F(v);
F1(8) % ().
If we express the real and imaginary parts of f(v) in the style of (2.63) as

(18.16)

Ry = {OE )
sffw) = LT,

then the Fourier transforms of these parts according to (18.16) are®

RUf ()] 5 Feie 5*(_0*)’ (18.17)
sl 5 T,

"From past experience with complex conjugation, an applied mathematician might

naturally have expected of (18.16) that f*(v) E (v), but the expectation though nat-
ural would have been incorrect. Unlike most of the book’s mathematics before chap-
ter 17, eqns. (17.21) and (17.22)—and thus ultimately also the Fourier transform’s defi-
nition (18.2) or (18.4)—have arbitrarily chosen a particular sign for the ¢ in the phasing
factor e ¥ 297 or ¢~? which phasing factor the Fourier integration bakes into the trans-
formed function F'(v), so to speak. The Fourier transform as such therefore does not meet
§ 2.11.2’s condition for (2.69) to hold. Fortunately, (18.16) does hold.

Viewed from another angle, it must be so, because Fourier transforms real functions
into complex ones. See Figs. 18.1 and 18.2.

8The precisely orderly reader might note that a forward reference to Table 18.1 is
here implied; but the property referred to, Fourier superposition Ai f1(v) + A2 f2(v) EA
A1 F1(v)+ A2 F>(v), which does not depend on this subsection’s results anyway, is so trivial
to prove that we will not bother about the precise ordering in this instance.
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For real v and an f(v) which is itself real for all real v, the latter line becomes

F(v) — F*(—v)
12

if (v) = 0 and, for all such v, I[f(v)] =0,

F(v) = F*(—v) if $(v) =0 and, for all such v, S[f(v)]=0.  (18.18)

Interpreted, (18.18) says for real v and f(v) that the plot of R[F'(v)] must
be symmetric about the vertical axis whereas the plot of [F(v)] must be
symmetric about the origin, as Fig. 18.2 has illustrated.

18.2.2 Duality

Changing —v - v makes (18.4)’s second line to read

f(=v) = e R (6) do.

7wl

However, according to (18.4)’s first line, this says neither more nor less than
that

e (18.19)
f(=

which is that the transform of the transform is the original function with
the independent variable reversed, an interesting and useful property. It is
entertaining, and moreover enlightening, to combine (18.6) and (18.19) to
form the endless transform progression

F

S0 5P S f0 B P S f0 S (1820

Equation (18.19) or alternately (18.20) expresses the Fourier transform’s
property of duality.

9 A professional mathematician might object that we had never established a one-to-one
correspondence between a function and its transform. On the other hand, recognizing the
applied spirit of the present work, the professional might waive the objection—if not with
pleasure, then at least with a practical degree of indulgence—but see also § 17.4.4.
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For an example of duality, recall that § 18.1.4 has computed the trans-
form pairs

() 5 Sa\;%”,
Aw) S Saj}%%
W (v) F Sawv

7 V= o/

Application of (18.19) yields the additional, dual transform pairs!®

Sa(v/2) iﬂ(v)
V2r ’
Sa?(v/2) #
= = Av), (18.21)
2 w)

Var[L— (o/n)

in which that II(—v) = II(v), A(—v) = A(v) and ¥(—v) = ¥(v) are observed
(but eqn. 18.19 works as well on pulses that lack such symmetry). With-
out duality, to use (18.4) to compute the transform pairs of (18.21) might
have been hard, but with duality it’s pretty easy, as you see. (Section 18.3
incidentally will further improve eqn. 18.21.)

18.2.3 The Fourier transform of the Dirac delta

Section 18.3 will compute several Fourier transform pairs but one particular
pair is so significant, so illustrative, so curious, and so easy to compute that
we will pause to compute it and its dual now. Applying (18.4) to the Dirac
delta (7.23) and invoking its sifting property (7.25), we find that

7z 1
S(v) S ——, 18.22
)% = (15.22)

the dual of which according to (18.20) is
15 (\/27r> 5(v) (18.23)

0The last of these three duals though logical is admittedly, probably not very useful—
except maybe in a few special cases in which the applied mathematician, already expecting
it, will hardly need to look it up. Table 18.4 omits it.
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inasmuch as §(—v) = §(v).

The duality rule again incidentally proves its worth in eqn. 18.23. Had we
tried to calculate the Fourier transform of 1—that is, of f(v) = 1—directly
according to eqn. 184 we would have found the pair 1 EA
(1/y/27) ffooo e~ 4@, the right side of which features an integral impos-
sible to evaluate. A limit of some kind might perhaps have been enforced to
circumvent the impossibility, but as you see again, duality is easier.

18.2.4 Delay and shift
Applying (18.4) to f(v — a) and changing £ < 6 — a, we have the transform
property of delay:

flv—a) S e (). (18.24)

Applying (18.4) to € f(v), we have the transform property of frequency
shift:

e f(v) 5 Flv — a). (18.25)

18.2.5 Metaduality

Section 18.2.2 has shown how to compose the dual of a Fourier transform
pair. One can likewise compose the metadual'! of a Fourier transform prop-
erty, but to do so correctly wants careful handling.

Defining!?
F(w) = Z{f(u)},
®(u) = F{o(w)},
p(w) = F(w),
one can write (18.20) as
L o) D ) D o) D g(-w) D
E jw B Fw 3w B Few 5. O

in which ¢(w) = F(w) are vertically aligned, ®(u) = f(—u) are vertically
aligned, and so on. Similarly,

ST 3 ) 3 TS o) S e
-5 gv) 5 G) S5 og(-v) S5 G(-v) S -

1 Other books the writer has read just call it a “dual.” However, the book you are
reading finds it expedient to disambiguate by modifying the term where the term is used
of properties rather than of mere pairs.

12The Roman w of this subsection is not the Greek w of § 18.1.1.
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These are just to repeat (18.20) in various symbols ¢ < F and v < G,
so they say nothing new, but the variant symbology helps for example as
follows.

Let the delay property (18.24) be styled as

where
Y(v) = (v — a),
L(v) = e ®(v),
Y(=v) = ¢(—v — a),
[(—v) = " (—v),

Observe the technique: w and u are defined such that the v(v) and I'(v) lines
just above mention ¢(v—a) = ¢(w) and ®(v) = P(u) on their respective right
sides, whereas the «(—v) and I'(—v) lines do not purposely mention ¢(—w)
or ®(—u) (although they might mention the one or the other by accident);
thus, the latter two lines are written merely by substituting —v < v in the
former two. Having written the four lines (for v[v], T'[v], v[—v] and T'[—v]),
we can change symbols downward a row with respect to each of (18.26)
and (18.27), revealing the pair

where
G(v) = F(v—a),
g(—v) = e f(—v),
G(~v) = F(~v - a),

g(v) = e f(v),
among which, again, the latter two lines are written by substituting —v < v.
Since g(v) 5 G(v), the four lines mean that
e f(v) 4 F(v—a),

which is (18.25). Apparently, the frequency-shifting property is the metad-
ual of the delay property. (Exercise: pursuing this paragraph’s pattern, show
that the delay property is the metadual of the frequency-shifting property.)
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Besides (18.26) and (18.27), the reverse skew is just as possible:

L obw) B dw) S e(—w) B e(-u) S

A Flw) & fw) E Fw) Z fl—u) 2
and

3 v(v) —’@> I'(v) i ~v(—v) i I'(—v) 3

LG Z og) D e D g D

though this writer seems (for whatever reason) to have found the forward
skew of (18.26) and (18.27) to be the more convenient. Either way, a lot
of letters are used—¢® f F(wu) and yI'gG(v) [and you can use yet more
letters like xXhH (wyux) if you have an extra function to transform as,
for instance, while deriving eqn. 18.33]—but the letters serve to keep the
various relations straight and, anyway, you don’t need so many letters to
compute the dual (18.19) of an ordinary transform pair but only to compute
the metadual of a transform property.

18.2.6 Summary of properties

Table 18.1 summarizes properties of the Fourier transform.

The table’s first three properties have been proved earlier in this section.
The table’s fourth property, that

Af(ar) 5 2R (3> if S(a) = 0, R(a) # 0, (18.28)

which is the scaling property of the Fourier transform, is proved by apply-
ing (18.4) to Af(aw) and then changing £ < «af (the magnitude sign | - |
coming because «, if negative, reverses Fourier’s infinite limits of integration
in eqn. 18.4; see § 9.3 and its eqn. 9.10). The table’s fifth property is merely
the fourth with an alternate scale. The table’s sixth property applies the
fourth and then the second, in that sequence. The table’s seventh property
is proved trivially.

The table’s eighth through eleventh properties begin from the deriva-
tive of the inverse Fourier transform; that is, of (18.4)’s second line. This
derivative is

d [ A _ g1y
L= [ moro) = 7 or ),
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Table 18.1: Properties of the Fourier transform.

RASIIRA A

1%

1%

RAIIRA

v 1y

1%

1%

F*(—v) if $(v) =0 and,
for all such v, I[f(v)] = 0.
e—iavF(,U)

F(v—a)
A

] ()
Tl (%)

Aefz'cw v

o ()

S(a) =0, R(a) #0
AlFl(U) + AQFQ(’U)

ivF (v)

d

%F(U)

(1v)"F(v)

dn

WF(U)
net, n>0

F .(U)

H*(v)F(v)dv

+7F(0)d(v)

/Z |F(v)[? dv

EF(]’ Aw)
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which implies that
d
7Lt} =ior ),

the table’s eighth property. The metadual (§ 18.2.5) of the eighth property is
the table’s ninth property, during the computation of which'® one observes
that,

if ~(v) = C%qﬁ(v), then (—v) = —d%¢(—v), (18.29)

a fact whose truth can be demonstrated via eqn. 4.13’s definition of the
derivative or, easier, can be seen by sketching on a sheet of paper some
arbitrary, asymmetric function (like, say, ¢[v] = €*/3) and a visual approxi-
mation to its derivative. The table’s tenth and eleventh properties come by
repeated application of the eighth and ninth.

The table’s twelfth property is (18.59). Section 18.5 will derive it.

The table’s final three properties are (18.44), (18.45) and (19.4). Sec-
tions 18.2.8 and 19.1.2 will derive them.

18.2.7 Convolution and correlation

In mechanical and electrical engineering, the concept of convolution emerges
during the analysis of a linear system whose response to a Dirac impulse
d(t) is some characteristic transfer function h(t). To explore the mechanical
origin and engineering application of the transfer function would exceed the
book’s remit; but, inasmuch as a system is linear and its response to a Dirac
impulse §(t) is indeed h(t), its response to an arbitrary input f(¢) cannot

but be -
g1(t) = / h(t —7)f(7)dr; (18.30)

—0o0

or, changing ¢/2 + 7 <— 7 to improve the equation’s symmetry,

a(t) = /_Z h <; - 7'> f (; + 7) dr. (18.31)

131f working out this metadual with your own pencil according to the pattern of § 18.2.5,
if you reach

Gv) = S F(),

g(—v) = v f(-v),
then you are probably on the right track. Note that, during the calculation of this par-
ticular metadual, it happens that w = v and u = v, so this particular metadual is a little

easier than some others to work out.
For a harder metadual, see § 18.2.7.
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This integral defines'* convolution of the two functions f(¢) and h(t).
Changing v « t and ¥ < 7 in (18.31) to comport with the notation
found elsewhere in this section and then applying (18.4) yields that!®

) (o) ac)

o0

L[ [ (0 0
- ) ()
1 [ [ (8 0
g L L) G

Now changing ¢ < 6/2 + 1) within the inner integral,

0G0 ro)as)

o0

_ 2 [T ey
— [ h(o — 20)1(6) do i
_ 2 [T i X iv(6-20)p 4
[ o) [ e — 20y aido,
Again changing p < ¢ — 2¢ within the inner integral,
& v v
ﬂ{/wh<2—w)f<2+w)d¢}

- = / Z ees0) [ ) dedd
[ e [

= (Var) H@)F().
That is,
/_Z n(5—v) 1 (5+e)de % (Var) H@)F@). (18.32)

Symbolizing (18.32) in the manner of § 18.2.5 as

168, § 2.2]
15Gee § 17.4.1.
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where
)= [ x(5-v)e(5+v)an
T(v) = (m) X(0)®(v),
w0 =[x (=5 -v)o (-5 +v)dv,
I(—v) = (\/ﬂ) X(—0)®(—v),
wy =g~ 0,
wy =5+,

or, after changing symbols downward a row with respect to each of (18.26)
and (18.27),

where

one finds the metadual g(v) = G(v) of (18.32) to be

h(v) \/%/ (% + 1/}) dip. (18.33)

Whether by (18.32) or by (18.33), convolution in the one domain evi-
dently transforms to multiplication in the other.
Closely related to the convolutional integral (18.31) is the integral

92(t) = /Z h (T - ;) f (r + ;) dr, (18.34)
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whose transform and dual transform are computed as above, with one extra
step using (18.20), to be

[ on(o-3) 1 (s+g)ae S (Ver) -0 F),

—00

—

Furthermore, according to (18.16), h*(t) % H*(—w™), so

/Z W (w=-3)7 (vt ) dp 5 (Vor) H* ()P (v),

W (—v)f \/ﬂ/ H(”Q— ) <g+¢>dw;

(18.36)

and indeed one can do the same to the transforms (18.32) and (18.33) of the
convolutional integral, obtaining

/oo h* (g . ¢) f (g + ¢) d % (\/ﬂ) H* (—v")F(0),

h () f(0) 5 \ﬁ/ H*(q/)— )F(¢+;>d¢.
(18.37)

(The v* of eqns. 18.36 and 18.37 seems to imply that the argument v might
be complex. Though this writer has encountered applications with com-
plex h and f, and though complex H and F' are the norm, the writer has
never yet met an application with complex v. How to interpret the case of
complex v, or whether such a case is even valid in Fourier work, are ques-
tions left open to the reader’s consideration. It is perhaps interesting that
H. F. Davis, author of a book on Fourier mathematics, does not in his book
seem to consider the transform of a function whose argument is complex at
all.'6 Still, it appears that one can consider complex v # v* at least in a
formal sense, as in § 18.2.1; yet in applications at any rate, normally and
maybe always, v = v* will be real.)

Unlike the operation the integral (18.31) expresses, known as convolu-
tion, the operation the integral (18.34) expresses has no special name as far

16[35, § 6.7]
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as the writer is aware. However, the operation its variant

gs(t) = /Z n <T _ ;) f (T 4 ;) dr (18.38)

expresses does have a name. It is called correlation,!” being a measure of the
degree to which one function tracks another with an offset in the independent
variable. Reviewing this subsection, we see that in (18.36) we have already
determined the transform of the correlational integral (18.38). Moreover,
assuming that $(t) = 0, we see in (18.37)’s second line that we have already
determined the dual of this transform, as well. Convolution and correlation
arise often enough in applications to enjoy their own, peculiar notations'®

h(t) * f(t) = /_Z h (; _ T> ! <; + T> dr (18.39)

for convolution and

Rn(t) = /_Oo W <T - ;) f <T + ;) dr (18.40)

o0

for correlation (in the latter of which one can read the symbol Ry, as “the
correlation of f against h”).

Nothing prevents one from correlating a function against itself, inciden-
tally. The autocorrelation

Ryp(t) = /_: fr (T - ;) f <T + ;) dr (18.41)

proves useful at times.'® For convolution, commutative and associative prop-
erties that

f(t) % h(t) = h(t) x f (1),

F@t) * [g(t) * h(B)] = [f(t) * g(t)] = h(t), (18.42)

may be demonstrated, the former by changing —7 < 7 in (18.39) and
the latter by Fourier transformation as f(v) * [g(v) % h(v)] A V2m)F(v)

x [(VZm)G(0) H(v)] = (V2m)[(V2m) F(0)G(0)[H(v) ' [f(0) * g(v)] * h(v).

17 Also called cross-correlation, as in [141].
18171, § 19.4)
19167, § 1.6A]
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In most cases of practical interest in applications, v is probably real even
when H(v) and F(v) are not, so one can use (18.41) to write a transform
pair like the first line of (18.36) in the style of

2

Ry(t) S (@) IF(w)2, S(t) = 0. (18.43)

Electrical engineers call the quantity |F(w)|* on (18.43)’s right the energy
spectral density of f(t).?° Equation (18.43) is significant among other rea-
sons because, in electronic signaling—especially where the inevitable imposi-
tion of random environmental noise has degraded the signal—it may happen
that an adequate estimate of Ry (t) is immediately available while sufficient
information regarding F'(w) is unavailable. When this is the case, (18.43)
affords an elegant, indirect way to calculate an energy spectral density even
if more direct methods cannot be invoked.

Tables 18.2 and 18.3 summarize.

See also § 19.1.

18