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...you are surprised at my working simultaneously in literature and in
mathematics. Many people who have never had occasion to learn what
mathematics is confuse it with arithmetic and consider it a dry and
arid science. In actual fact it is the science which demands the utmost
imagination. One of the foremost mathematicians of our century says
very justly that it is impossible to be a mathematician without also
being a poet in spirit. It goes without saying that to understand the
truth of this statement one must repudiate the old prejudice by which
poets are supposed to fabricate what does not exist, and that imag-
ination is the same as “making things up.” It seems to me that the
poet must see what others do not see, and see more deeply than other

people. And the mathematician must do the same.

Sofia Kovalevskaya, 1890

It has been written that the shortest and best way between two truths

of the real domain often passes through the imaginary one.

Jacques Hadamard, 1945
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CHAPTER 1

NUMBERS

1.1. Complex Numbers

Real numbers provide the context of the calculus you have learned
so far, both one- and multi-variable. This course will develop some
new topics in the context of the complex numbers, commonly used in
pure and applied mathematics, physics, and engineering. We begin by
giving a quick introduction to the algebra of these numbers, and then
spend the rest of this section describing their geometry.

Start by introducing a new number ¢ with the property that
i’ =—1.

This is the famous square root of —1 that you may have heard about.
Consider all expressions of the form a+ bi, where a and b are real num-
bers. Now do algebra with these expressions following the usual rules
of associativity, distributivity, and commutativity, always remembering
that i? = —1:

Addition: (a+bi)+ (c+di) = (a+c)+ (b+d)i
Multiplication:  (a+bi)(c+di) = ac+ adi+ bci + bdi*
= (ac—bd) + (ad + bc)i
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DEFINITION 1.1. Expressions z = a-+0b: are called complex numbers.
The real number a is the real part of z and denoted Re(z). Similarly,
the real number b is the imaginary part of z and denoted Im(z). We

use the symbol C to indicate the set of all complex numbers.

EXAMPLE 1.2. Suppose that z =3 + 2¢ and w = 1 — 5i. Then

ztw = (34 2i)+ (1— 5i) aw = (3+20)(1 - 51)
= (3+1)+(2—5)i = 3 —15i + 2i — 10/
= 4-3; = (3+10)+ (—15+2)i
— 13— 13i.

EXAMPLE 1.3. For another example, suppose that z = 1 —+/2i and
w=1i+ ‘/Tiz Then

Z+w = (1—\/§i)+<%+gi>

and

cw = (1—V2) <1+£2)

REMARK 1.4. The pejorative term “imaginary” is a holdover from a

time when people were skeptical about the existence of these numbers,
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first introduced by Italian mathematicians in the 16th century in their
efforts to solve polynomial equations. If you also feel a bit uneasy at
this point, don’t worry: one of the main goals of this course is for you
to become as comfortable with complex numbers as you are with real
numbers. By the end, we hope you will agree that complex numbers

are no more imaginary than any other numbers.

We visualize the complex numbers C as a plane, with horizontal
axis corresponding to the real part, and vertical axis to the imaginary
part:

Im 4

. +di
c+di

Y

DEFINITION 1.5. If 2 = a + bi is a complex number, then its mag-
nitude |z| = va? + b? is the distance from z to the origin. The word

modulus is also often used for the magnitude of a complex number.

A
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The proposition below records the fact that the magnitude of a
complex number z is greater than or equal to the magnitude of Re(z)
and the magnitude of Im(z).

PROPOSITION 1.6. Suppose that z = a + bi s a complex number.
Then
|z| > |a|] and |z| > |b|.

PROOF. Geometrically, this is just the statement that the hypotenuse
of a right triangle is longer than each leg (see picture above). Here is

the corresponding algebraic argument for the real part a:
12]” = a* + b* > a® = |a]*.

Taking the square root of both sides yields |z| > |a| as claimed. A

similar argument shows that |z| > |b]. O

What do the operations of addition and multiplication look like
geometrically? For addition, we have the parallelogram law, familiar

from vector addition in R2.

Parallelogram Law for Complex Addition: the sum of z = a + bi
and w = ¢+ di is the vertex across from the origin in the parallelogram
shown below:

S sz w=(atc)+ (b+d)i
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The following result tells us how the magnitude relates to complex
addition. While simple, it is of fundamental importance, and will be

used several times throughout the course:

PROPOSITION 1.7 (The Triangle Inequality). Suppose that z and w

are complex numbers. Then

|2 4+ w] < [z + |w].

PrROOF. We will content ourselves with a geometric justification;
see Problem 1.7 for an algebraic argument. Consider the triangle shown
in Figure 1.1, formed from half of the parallelogram determined by z
and w. The picture shows that the stated inequality is basically just
the assertion that “the shortest path between two points in the plane
is the straight line.” 0

EXERCISE 1.1. When does equality occur in the statement of the
triangle inequality?

In order to understand the geometric meaning of complex multipli-

cation, we need to think about the plane in polar coordinates.

zZ 4+ w
t |z + w|

Y

FIGURE 1.1. The triangle inequality
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DEFINITION 1.8. If z is a complex number, then the polar coordi-

nates of z are given by the pair of real numbers (r, ) where
r = distance from the origin = |z|

and
6 = angle from the positive real axis.

The angle 0 is called the argument of z and denoted arg(z). Note that
the argument 6 may be replaced by # = 6 + 27n for any integer n
without changing the number z. The term phase is also often used for

the argument of a complex number, especially by physicists.

Y

Trigonometry and the Pythagorean Theorem allow us to determine
the real and imaginary parts of z if we know its polar coordinates, and

vice-versa. Referring to the picture above:

a=rcos(d) , b=rsin(h)
and
arctan(b/a) ifa>0
s tan(b/a) + ifa<0
_JVETE . 6= arc
' ¢ /2 ifa=0and b>0
—m/2 if a=0and b < 0.

Here, arctan: R — (—m/2,7/2) is the inverse of the tangent function.
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DEFINITION 1.9. Let z be a complex number. Writing z = a + bi

expresses z in its cartesian form. The polar form of z is
z =rcos(f) +irsin(f) = |z|(cos(#) + isin(0)).

A

EXAMPLE 1.10. Let’s find the polar form of the complex number

z =1 —1, shown on the picture above. The magnitude is given by

2] = 12+ (—1)2 = V2.

Since the real part of z is positive, the argument is

6 = arctan(—1/1) = arctan(—1) = —g

So the polar form of z is

z = V/2(cos(—n/4) + isin(—m/4)).

Note that we can equally well use the argument —m /4427 = 77 /4 and

write

2 = V2(cos(Tm/4) + isin(Tr /4)).

The next exercise reveals the geometric meaning of complex multi-

plication.

EXERCISE 1.2. Recall the algebraic formula for the product of two

complex numbers a + bi and ¢ + di:
(a+ bi)(c+ di) = (ac — bd) + (ad + be)i.

(a) Express two generic complex numbers z and w in polar form, and

then use the formula above to compute the product zw.



8 1. NUMBERS

(b) Check that the arg(zw) = arg(z) + arg(w). You will need to make
use of the trigonometric identities
cos(f + @) = cos(f) cos(¢) — sin(f) sin(¢)
sin(0 + @) = cos(0)sin(¢) + sin(f) cos(o).

(¢) Finally, check that |zw| = |2||w].

Rotation-scale Law for Complex Multiplication: Suppose that
2z has polar coordinates (r, ) and w has polar coordinates (s, ¢). Then
the product of z and w is the number zw with polar coordinates
(rs,0 + ¢). In words: when multiplying complex numbers, we mul-

tiply the magnitudes and add the arguments. See the picture below.

: . o

< 0
! r ~Z \
rgb = \\
= ‘\\/0 \ |

In general, if z has polar coordinates (r,6), then the effect on w of
multiplication by z is to rotate w by 6 and scale its magnitude by r.
Let’s think about the effect of multiplying a fixed complex number w

by various types of complex numbers z:

o If arg(z) = 0, then z is on the positive real axis at a dis-
tance r from the origin, and multiplication by z simply scales

the magnitude of w by the positive real number r:
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e If arg(z) = 7, then z is on the negative real axis at a distance
r from the origin, and multiplication by z rotates w by 7 and

scales its magnitude by 7:

e If 2z has magnitude » = 1, then z is on the unit circle, and

multiplication by z just rotates w by the angle § = arg(z):
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A

z
' //9
[ 1
Zw

REMARK 1.11. Note that if both z and w lie on the real axis, then
complex multiplication is just the usual multiplication of real numbers,
and for this reason we think of the real axis as a copy of the real

numbers, sitting inside the complex plane.

In Example 1.3, we saw that

(1 —V/2i) (%#—gz) = 1.

This means that these two complex numbers are inverses, and so we

write

In fact, it is not hard to see that every nonzero complex number z has
an inverse. Indeed, suppose that z has polar coordinates (r,6). Since
z # 0, we know that r > 0, so that r~! = 1/r exists as a real number.
We are looking for another complex number w so that zw = 1. But
the number 1 has magnitude 1 and argument 0, so we can achieve our
goal if we choose w to have polar coordinates (r—!, —), because then
the polar coordinates of zw will be (rr=*, 6 + (—0)) = (1,0).

So we now know how to find inverses using polar coordinates (see
the left side of Figure 1.2):

if z # 0 has polar coordinates (r,0), then

2z~ has polar coordinates (r~1, —0).
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4 4

FIGURE 1.2. Finding the inverse using polar coordinates
(left) and complex conjugation (right)

EXERCISE 1.3. Can you convince yourself that every nonzero com-

plex number z has exactly one inverse, i.e., that inverses are unique?

How do we find inverses using cartesian coordinates? To answer
this, it will be helpful to introduce an important operation on complex

numbers.

DEFINITION 1.12. The number Z = a — b is called the complex
conjugate of z = a + bi. Geometrically, complex conjugation is simply

reflection across the horizontal real axis (see right side of Figure 1.2).

EXERCISE 1.4. Show that 2z = |2]?, so that 27 = Zz/|z|%

We can interpret the previous exercise geometrically as follows, us-

ing the right side of Figure 1.2:

(1) Starting with z = a + bi, reflect across the real axis to obtain
the complex conjugate Z = a — bi; this complex number has
the same magnitude as z, but the opposite argument —6.

(2) Now scale z to obtain 2! with magnitude |z|~'. Since z has

magnitude |z|, we must divide by |z|*> = a® + b?.
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Putting these two steps together yields an explicit formula for the in-
verse in cartesian coordinates:

1 z a—bi a b

2 === = — 1.
2|2 a? 40> a?+0>  a?+01?

ExAMPLE 1.13. To find the inverse of z = 3 + \/§i, we divide the

complex conjugate by the magnitude squared:

L F _3-V2i 3 V2
o2 32+2 11 11

EXAMPLE 1.14. Let’s write the complex fraction (14 24)/(1—1) in

— — —1

the cartesian form a+bi. First of all, note that division by the complex
number 1 —¢ means multiplication by its inverse (1—1)"!. So we begin

by finding this inverse. We have

i, 1+i 11
A=) =~y 272
It follows that
1+ 2i
;:Z = (1+2)1—i)"

= (14 2i) (% —l—%z)

()

- —§+§Z.

Your initial introduction to calculus took place entirely in the con-
text of the real numbers R, and this course will take place mainly in
the context of the complex numbers C. Geometrically, this shift repre-
sents a substantial enlargement, since we view the complex numbers as
a two-dimensional plane, with a copy of the 1-dimensional real num-
bers R inside as the horizontal axis. But at the most mundane symbolic
level, not much has really changed: we can add, subtract, multiply, and
divide complex numbers, and all the usual rules of algebra apply (as-
sociativity, distributivity, and commutativity).

If all this feels a bit strange, don’t worry—you will get used to the

complex numbers soon enough. But you might be feeling that things
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are too good to be true: on page 1 we simply assumed the existence
of a number i with the property that i = —1, forged ahead with the
rules of ordinary algebra, and everything turned out fine. What is to
stop us from inventing anything we want? Well, nothing prevents us
from investigating the consequences of various hypotheses, and one of
the most powerful and charming aspects of mathematics is the oppor-
tunities for creativity so afforded. This creative aspect of mathematics
is often hidden from beginning students, who understandably tend to
see mathematics as having fixed and inflexible rules. The truth is that
the creativity proper to mathematics is of a highly constrained type:
while we are free to make definitions and hypotheses, most will lead
nowhere of interest or will yield inconsistencies. The magic of the com-
plex numbers is that they enlarge the real numbers in just the right
way to provide a rich computational system, with operations that have
a strong geometric interpretation. Moreover, complex numbers are ex-
tremely useful, having applications not only within pure mathematics
but also in many applied areas such as quantum mechanics and elec-
trical engineering.

As a cautionary and inspiring tale, consider the 19th century Irish
mathematician W.R. Hamilton. Motivated by the utility of the com-
plex number system for working in two dimensions, he wanted to simi-
larly find a way of multiplying triples of real numbers so that it would
be possible to divide by nonzero triples. (Note that the cross product
of vectors doesn’t allow for division, since v X w = 0 whenever v and w
are parallel vectors in R?). He began in the same way we did above,
by considering expressions of the form a + bi + ¢j with a, b, ¢ real and 1,
j independent elements satisfying i2 = j2 = —1. But it turns out that
“forging ahead” with the usual algebra simply doesn’t work, as there is
no way to define the product ij without running into inconsistencies.
After a decade of work, Hamilton had a flash of insight leading to a
major breakthrough: although it is not possible to define a multipli-
cation and division on R3, it is possible to do it for R*. The resulting
4-dimensional number system is called the quaternions, and it satis-

fies all the usual algebraic properties except for one: multiplication is
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not commutative. Far from being an exotic curiosity, quaternions have
many applications, for instance to the description of rotations in com-
puter graphics. It turns out that R® can also be made into something
like a number system with division (called the octonions), except that
the multiplication is neither commutative nor associative! But that is
the end of the line: in a precise sense, the only dimensions for which
a reasonable notion of multiplication exists (so that nonzero elements
have inverses) are 1,2,4, and 8. This startling fact has deep connections
to other areas of mathematics and physics—we encourage you to look

into it for yourself.

Key points from Section 1.1:

e Cartesian and polar forms of a complex number (Defi-
nition 1.9)

e Ability to transform between cartesian and polar forms
(page 6 and Example 1.10)

e Visualization of complex addition as parallelogram law
(page 4)

e Visualization of complex multiplication as rotation-
scaling (page 8)

e Inverse of a complex number (pages 11-12 and Exam-
ple 1.13)

1.2. Roots of Polynomials

We have introduced the complex numbers and started to get com-
fortable with their algebra and geometry. We now want to talk about a
sense in which the complex numbers are “better” than the real numbers,
as a way of justifying their use.

Complex numbers first arose in the effort to find roots of polyno-
mials (recall that a root of a polynomial p(z) is a number a such that

p(a) = 0). You are probably aware that not all polynomials with real
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coefficients have real roots. For instance, consider the quadratic poly-
nomial 22 + 1. For any real number a, substituting z = a yields the
number a? + 1, which is never zero (in fact, it is always at least 1, since
a’? > 0). This means that z? + 1 has no real roots. But it does have
complex roots, namely +i: substituting z = i yields i?+1 = —1+1 = 0,
and similarly for z = —i.

In fact, for every complex number ¢, the quadratic polynomial 2% —c¢
has complex roots; this is the same thing as saying that there are
complex numbers w such that w? = ¢. That is: every complex number
has complex square roots. The next exercise extends this to nth roots

and identifies the roots explicitly.

EXERCISE 1.5. In this exercise, you will show that every nonzero
complex number has two distinct square roots, and in fact n distinct

nth roots for every n > 1.

(a) (Warm-up) Find two distinct complex numbers w; # ws, such that
w? = w2 = 1+ . Hint: use polar coordinates.

(b) Consider the complex number ¢ with polar coordinates (r, #), where
r > 0and —m < 6 < 7. Define the following two complex numbers,

expressed using polar coordinates:

o (e
0
wo - <\/_ , 5 + 7T) .
Show that wy = —w; and that w} = w3 = ¢. Draw a nice picture
in the case where ¢ = 1.

(c) Now fix an integer n > 2 and show that every nonzero complex
number ¢ has exactly n distinct nth roots. Draw a nice picture
of the 6 distinct 6th roots of 1. Hint: use polar coordinates as in
part (b).

REMARK 1.15. We need to be careful with the square root notation
for complex numbers. To see why, recall the conventional notation for

square roots of positive real numbers a > 0: we denote the positive
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square root of a by the symbol y/a, and then the negative square root
of a by —y/a. There is no ambiguity here, because every positive real
number has two distinct square roots, one positive and one negative. In
the previous exercise, you showed that every nonzero complex number
z also has two distinct square roots w; and ws, and that wy = —w;.
But now there is no consistent way to choose one of these roots as
“the positive one” that deserves the label /2. This is a bit subtle, but
important, so we will elaborate further.

For the purposes of this discussion, let’s agree to always use argu-
ments 0 from the half-open interval (—m, 7|. Furthermore, let’s make
the convention that we will write \/z for whichever square root w; or
wy has argument in the half-open interval (—m/2,7/2]. Note that this
generalizes the notation for square roots of positive real numbers a,
where y/a has argument 0 and —y/a has argument 7. This is a fine
and useful convention, but it has some consequences that may surprise

you. We list two:

(1) With our convention, we have v/—1 = i and /—4 = 2i. Also,
we have v/4 = 2. But then even though (—1)(—4) = 4, we
have /—1v/—4 = i - 2i = 2> = —2 = —+/4. This shows that,
in general, \/zw # \/zy/w.

V-1=i

—1

A
N ®
v

Vz R —i

(2) Consider z = —1 — 0.17, which lies close to —1 but just below
the real axis (see picture above). Then the argument of z is
very close to —, so by our convention /2 has argument close
to —m/2 and magnitude close to 1. This means that /2 is
close to the number —i. But also by our convention, v/—1 = i.

Thus, even though z is very close to —1, the square roots \/z
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and v/ —1 are far apart. We will discuss this odd behavior more
fully in Example 1.19.

Here is the takeaway: complex numbers have square roots, but “tak-
ing the square root” is not a well-behaved and unambiguous algebraic
operation. In any particular case, the use of the familiar notation /2
depends on establishing a convention (as above), and must be done

carefully.

Now consider a general quadratic polynomial with complex coeffi-
cients: p(z) = az? + bz + ¢ with a # 0. The quadratic formula shows

that p(z) has roots in the complex numbers, given by the familiar ex-

pressions:
—b+ Vb?% — dac —b — Vb? — 4ac
wy = 5 and wy = 5 )

The numbers w; and wq are distinct roots of p(z), unless the quantity
b?> — 4ac = 0, in which case the two roots are equal. So: all complex
quadratic polynomials have roots in the complex numbers.

These facts may not be very surprising to you, since you have prob-
ably encountered situations in which the quadratic formula confronts
you with the need to take the square root of a negative number. What
you may not know, however, is that the existence of complex roots does

not depend on the polynomial being quadratic.

THEOREM 1.16 (Fundamental Theorem of Algebra). Consider a

polynomial of degree n > 1 with complex number coefficients:
p(2) = an2" + 12" 4tz + aop, a, # 0.

Then there is a complex number ¢ such that p(c) = 0.

We will not describe a proof of the Fundamental Theorem, as all
proofs (of which there are now many) require non-algebraic ideas com-
ing from subjects such as analysis and topology. In fact, although the
statement of this result has been known and used since the 17th cen-

tury, the first complete proofs were only given in the 19th century.
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However, we can use the Fundamental Theorem to derive a corollary

that tells us a lot about the structure of polynomials.

COROLLARY 1.17 (Unique Factorization). Consider a polynomial

of degree n > 1 with complex number coefficients:
p(z) =ap2" +ap_12" @iz +ag,  a, #0.
Then p(z) factors into a product of linear polynomials as follows:

p(z) =an(z—c1)(z—c2) - (2 — cn).

The complex roots cy,ca,...,c, are not necessarily distinct, but they
are uniquely determined (up to reordering) by the polynomial p(z). In

particular, the polynomial p(z) has at most n distinct complex roots.

PROOF. See the optional Section 1.4. O

You should think about this corollary as providing you with a new
way of describing polynomials. For instance, suppose you are thinking
about a particular cubic polynomial, and you want to tell me which one

it is. You could simply say that you are thinking about the polynomial
p(z) = 2° — (11 4 7i)2* + (25 + 42i)z — 15 — 354,

listing the coefficients a3 = 1, ap, = —11 — 71, a3 = 25 + 42i, and
ag = —15 — 35i. On the other hand, you could instead tell me that you
are thinking about the polynomial with leading coefficient az = 1 and
roots ¢y = 1,¢c9 = 5 + 21, c3 = 5 + 54, in which case I would be thinking

about the following expression:

(z—=1)(z—5—2i)(z — 5 — bi).

EXERCISE 1.6. Expand this product and verify that that you get

the same polynomial p(z).

A few points to mention before we move on: if you give me the
second description (leading coefficient a,, and the roots ¢;), then I can

easily find the first description (all the coefficients a;) by expanding
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and collecting like terms—this is what you did in the previous exercise.
But the reverse direction isn’t so easy: for 2nd degree polynomials
the quadratic formula does the trick, and there are similar (although
more complicated) formulas for finding the roots of 3rd and 4th degree
polynomials. But it is a surprising fact that for 5th and higher-degree
polynomials, there are no such elementary formulas (involving only
addition, subtraction, multiplication, division, and the extraction of
nth roots)! And here we don’t mean that no one has yet found them,
but rather that it is a proven mathematical truth that no such formulas
exist. If you are interested in learning more, keep your eye out for a
Galois Theory course later in your mathematical education; this story
and its consequences are some of the gems of modern mathematics.
Despite the difficulty of finding the roots of a polynomial, it is useful
to know what they are. Think back to the curve-sketching you did in

200

150

|p(2)]

100

50

_]0)::\\_,

x ~456 10 1 2 3 4 5

FIGURE 1.3. Graph of the magnitude |p(z)| for the cubic
polynomial p(z) = 23— (11+7i)2*+ (25+42i) 2 — 15— 354,
with roots ¢; = 1,¢c0 = 5+ 27, and ¢3 = 5 + 52 shown as
red dots.
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your first calculus course: the real roots of a real polynomial tell you
where its graph crosses the z-axis, and thus help you understand its
shape. Graphs of complex polynomials live in 4 dimensions (2 for the
input variable z and 2 for the output values p(2)), so they are difficult
to visualize directly. But we can instead think about the graph of the
magnitude of the polynomial |p(z)|, which is always a real number (in
fact nonnegative), and hence only requires 1 dimension. So the graph of
|p(2)] lives in 3 dimensions, with the horizontal plane representing the
complex input values z = x + iy, and the vertical axis the real number
outputs |p(z)|. The magnitude |p(c)| is zero exactly when the complex
number p(c) is itself zero, and so the places where the graph touches
the horizontal plane are the roots of the polynomial p(z). Figure 1.3
shows this graph for the cubic polynomial discussed above.

The Fundamental Theorem of Algebra is our first example of the
complex numbers being “better” than the real numbers: there are real
polynomials without any real roots (such as z? + 1), but all complex
polynomials have complex roots. Moreover, our corollary states that
all complex polynomials factor uniquely into a product of linear factors
corresponding to the roots, and this factorization gives a good picture
of the structure of the polynomial (for a proof, see the optional Sec-
tion 1.4). In Section 2.1, we provide a second advertisement for the
complex numbers involving some beautiful pictures coming from qua-
dratic polynomials, leading ultimately to the topic of infinite sequences,

one of the main subjects of this course.

Key points for Section 1.2:

e Existence and description of square roots (EXERCISE
1.5)

e Statement of the Fundamental Theorem of Algebra
(Theorem 1.16)

e Statement of Corollary 1.17 describing the unique fac-

torization of a complex polynomial in terms of its roots
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1.3. Complex Functions

Throughout this course, we will think of complex polynomials as
the basic type of “nice” function, much as you likely thought about real
polynomials as the basic type of “nice” function in your first calculus
course. As a high point, in Chapter 4 we will use polynomials to
approximate more general complex functions. In this section, we set the
stage by talking about the idea of a complex function and investigating
some basic examples.

To begin, recall the notion of a real function f: D — R from one-
variable calculus, where the subset D C R is the domain of f. At this
level of generality, the function f is simply a rule that assigns to every
real number z in D another real number f(z). In practice, we often deal
with continuous or differentiable functions defined by explicit formulas.
A convenient way of displaying a function is to draw its graph, with the
domain on the horizontal axis, and the output values on the vertical

axis. Figure 1.4 shows the graphs of three familiar functions.

2.5

2.0

1.5 4

1.0 4

0.5 A

0.0

F1GURE 1.4. Graphs of three real functions
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Now we turn our attention to complex functions f: D — C, where
the domain D C C is a subset of the complex plane. Again, such
a function f is just a rule that assigns to every complex number z
in D another complex number f(z). Just as for real functions, in
practice we will deal with nice functions that are defined by explicit
formulas—but one of the main goals of this course is to expand our
notion of what counts as a “formula.” Looking way ahead, in Chapter 4
we will introduce power series as formulas that generalize polynomial
expressions and are able to describe a large class of important and
useful functions.

As mentioned previously during our discussion of complex poly-
nomials, we are not able to directly visualize the graph of a complex
function, because it lives in 4-dimensional space: two dimensions are
required for the domain, and another two dimensions for the complex
output values. So to visualize the behavior of complex functions, we
instead draw two copies of the complex plane side-by-side, the first
representing the domain of inputs, and the second representing the

corresponding outputs.

EXAMPLE 1.18. Let’s see how this works for the squaring function
s(z) = 2%, with domain C, the entire complex plane. To square a
complex number, we double its argument and square its magnitude.
The pictures below shows the effect of squaring on (1) an annular region
in the 2nd quadrant of the complex plane and (2) the vertical line x = 1.
Problem 1.13 at the end of the chapter asks you to investigate some

other subsets of the complex plane.
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EXERCISE 1.7. In the picture above, let u+iv = s(z+iy) denote the
squaring function, so that the real variables x, y describe the coordinate
axes on the left hand side (inputs), while the real variables u, v describe
the coordinate axes on the right hand side (outputs). Verify that the
squaring function sends the vertical line x = 1 to the sideways parabola
defined by u =1 — 102

EXAMPLE 1.19. We now wish to define and study a square root
function. Before reading further, you should revisit EXERCISE 1.5 and
especially Remark 1.15 to appreciate some pitfalls. To deal with these

subtleties, we will choose the domain D of our function carefully:
D =C\ (—00,0].

In words, D is obtained from the complex plane C by removing the
nonpositive real axis. Note that every number w in D may be written
uniquely in polar form as w = r(cos(#) + isin(f)) where » > 0 and
—7m < 6§ < m. Then define

g(w) = v/r(cos(0/2) + isin(6/2)).

The picture below shows the effect of g on two regions in the 2nd and
3rd quadrants of the complex plane (recall that the negative real axis

is not in the domain D of the function):
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Now let’s revisit the first picture from Example 1.18, the squaring

function:

12 —

A, A

The next picture shows the effect of g on the output region:

A A

Note the interesting fact that we do not recover the original annular
region in the 2nd quadrant, but rather its rotation by 7 in the 4th
quadrant. So, despite the fact that g(w) is a square root of w for
every input w, it is not true that g and the squaring function s from
Example 1.18 are inverses. But we can fix this if we are more careful

about the domain of the squaring function. First note that all of the



1.3. COMPLEX FUNCTIONS 25

outputs of ¢ lie in the right half-plane U consisting of complex numbers
with positive real part. If we restrict the squaring function to this
domain by defining f: U — C by f(z) = 22, then the functions f and
g are inverses of each other: f(g(w)) = w forallwin D and g(f(z)) = 2
for all z in U. In words: the squaring function f takes the right side of
the plane and stretches it open like a fan to cover all of D, the complex
plane with the negative real axis removed. The function g undoes this

stretching, partially closing the fan to recover the half-plane.

EXAMPLE 1.20. As a final example of a complex function, consider
h: C — C defined by the formula

h(x + iy) = e*(cos(y) + isin(y)).

Observe the following, and refer to the picture below, which shows the

effect of h on both a horizontal and a vertical strip:

A, A

e If we set y = 0 and consider only real inputs x, then h becomes
the ordinary real exponential function e®. In this way, the
complex function h is an extension of the real exponential
function to the complex plane.

e The function h takes the vertical line x = a to the circle of ra-
dius e®. In fact, as y increases, the function wraps the vertical
line counter-clockwise around the circle infinitely many times.
For instance, all numbers of the form a + (27n)i are sent by h
to the point e* on the positive real axis.

e The right half plane is sent to the exterior of the unit circle

(think of the right half plane as a collection of vertical lines,
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and use the previous observation). Likewise, the left half plane
is sent to the interior of the unit circle.

e The horizontal line y = b is sent to the ray from the origin
at an angle of b radians from the positive real axis. The ray
is traced out via an exponential parametrization, approaching
the origin as x — —oo and traveling away from the origin as
Tr — +00.

e The horizontal strip consisting of all complex numbers z + iy
with 0 < y < 27 is spread out like a fan to cover the entire
complex plane with the exception of the origin; the left half of
the strip fills out the interior of the unit circle, while the right
half of the strip fills out the exterior. (Think of the horizontal
strip as a collection of horizontal lines, and use the previous

observation).

REMARK 1.21. The previous three examples provide complex ver-
sions of the real functions displayed in Figure 1.4. In general, this will
be a major question for us: starting with a familiar real function f(z),
is it possible to find a nice complex function F'(z) with the property
that F' agrees with f for real inputs 2?7 This was easy to accomplish
for the squaring function, and the complex square root function only
required some care to avoid the pitfalls discussed in Remark 1.15. But
the final example is surprising: why should we extend the familiar real
exponential function e” by using the cosine and sine functions in just
this way? In Chapter 4 we will discover a surprising answer to this
question, namely that this is the only reasonable way to extend the
real exponential to a complex function! We will also be able to find
complex versions of many other familiar functions, such as arctan(z),
the inverse of the tangent function. Before we can do any of this,
however, we need to study infinite sequences and series—these are the

topics of the next two chapters.
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Key points for Section 1.3:
e Idea of a complex function f: D — C (page 22)

e Geometry of squaring function (Example 1.18)), square
root function (Example 1.19), and complex extension of

exponential function (Example 1.20))

1.4. Optional: Polynomial Division and Unique Factorization

We first recall the process of polynomial division with remainder by

means of an example using real numbers.

ExaMPLE 1.22. Consider the two polynomials

p(r) = 2*+2x+1
dlz) = z+1.

We wish to divide p(z) by d(z), leaving a remainder. The idea is to
multiply d(x) by a monomial in order to match the highest-order term
of p(z), then subtract and repeat until we are left with a polynomial
of degree less than the degree of d(x):

2 - x 4+ 3
r+1] 2* + 20+ 1
(* + 27
-2 + 2z + 1
- (—2* — 2
3z + 1
- 3z + 3)

—2

The upshot of this computation is that we have found a remainder

polynomial r(z) and a quotient polynomial ¢(z) such that

p(z) = d(z)q(z) +r(x).
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In this example, we have
r(z) = =2
q(z) = 2> —2+3.
Indeed, we explicitly check that
(z+1)(2*—2+3)—2= (2> —2*+32) + (2* —2+3) -2 = 2" + 22+ 1.

EXAMPLE 1.23. Here is a more substantial example involving com-

plex numbers:
p(z) = 22 +izt + 22 =32+ (1—i)z+ 1
d(z) = 22— (1+i)2*+1.

We proceed in the same way as above, multiplying d(z) by a monomial

in order to match the highest-order term of p(z), then subtracting and

repeating:
22° +(2+3i)z +5i
23— (1+14d)22 +1 |25 +i2? +23 —322 +(1—-4)z +1
—(225—(2 4 2i)z* +0 +22%)
(2 +3i)2* +2° 522 +(1—i)z +1
- (24 3i)2*+(1 — 5i)23+0 +(2+ 3i)2)
5iz" 522 —(1+4i)z +1
- (5iz3 +(5 - 5i)2>  +0 +51)

(=10 + 5i)2*—(1 + 4i)z +(1 — 54)
In this example, the remainder and quotient are
r(z) = (=104 5i)2% — (1 +44)z + (1 — 5)
q(z) = 22° 4 (2+ 3i)z + 5.
EXERCISE 1.8. Check explicitly that p(z) = d(2)q(z) + ().

The procedure illustrated in these examples will work for any pair
of polynomials p(z) and d(z), yielding a quotient polynomial ¢(z) and
a remainder 7(z) of degree strictly less than the degree of d(z). In the
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case where r(z) = 0, we have p(z) = d(z)q(z), and we say that d(z)
evenly divides p(z), and that d(2) is a factor of p(z). In the case where
d(z) has degree 1, we say that it is a linear factor of p(z).

Linear factors of a polynomial are extremely important, because
they correspond to the roots. We prove this carefully in the next propo-

sition.

PROPOSITION 1.24. Suppose that p(z) is a complex polynomial and
¢ a complex number. Then division by the linear polynomial z — c yields

the constant remainder p(c):

p(z) = (z = ¢)q(z) + p(c)
for some polynomial q(z). In particular, p(c) = 0 (that is, ¢ is a root
of p) if and only if z — c is a factor of p(z).

PROOF. Perform division with remainder of p(z) by the linear poly-
nomial d(z) = z—c. Since the remainder must have degree strictly less
than the degree of the linear polynomial d, we see that the remainder

is actually a constant complex number r (a polynomial of degree 0).

p(z) = (= — alz) + 7
Now substitute z = ¢. The first term on the right-hand-side becomes
zero, and we find that

pe) =r.
It follows that the remainder r = p(c) = 0 if and only if d(z) = z — ¢ is
a factor of p(z). O

PROOF OF COROLLARY 1.17. The corollary has two parts: an ez-
istence part stating that every polynomial factors as a product of lin-
ear polynomials, and a uniqueness part stating that the list of roots
c1,Ca,...,C, is unique up to reordering. We will prove the existence
part by contradiction, using a technique sometimes known as a “mini-
mal criminal” argument. Indeed, if the existence statement is not true,
then there must be some polynomials p(z) that cannot be factored into
a product of linear polynomials—these are the criminals. Among all of

these criminal polynomials, let’s focus attention on one of least degree
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n > 2—this is our minimal criminal, and we call it p(z). (Observe that
n > 2, since if p(z) had degree 1, it would itself be a linear polynomial
az + b, and hence not a criminal).

Now apply the Fundamental Theorem of Algebra to p(z), which
yields a complex root ¢ such that p(c) = 0. By the previous proposition,

z — ¢ is a linear factor of p(z), and it evenly divides p(z):

p(2) = (2 = c)q(2).

Note that the degree of ¢(z) is one less than the degree of p(z), and

hence ¢(z) cannot be a criminal, which means that
g(z)=alz—c1)(z —ca)... (2 — ch1)

for some complex numbers a and ¢;. But then substituting into our

expression for p(z) reveals that p(z) isn’t a criminal after all:

p(z)=alz—c1)(z —ca) - (2 —cuo1) (2 —0).

This contradiction shows that there are, in fact, no criminals, so every
polynomial can be factored as a product of linear factors.
For the uniqueness part, suppose that we have a single polynomial

p(2) that can be factored in two possibly different ways:

p(z) = alz—c)(z—ca) (2 —cp)
p(z) = blz—dy)(z—ds) (2 —dp).

Here, ¢y, ¢, ..., ¢, is a list of complex roots of p(z), possibly with rep-
etitions, and similarly for dy, ds, ..., d,,. First, some easy observations:
the total degree of the polynomial p(z) is the number of linear factors
on the right hand side, so it follows that n = m, and the two lists
of roots ¢; and d; must have the same length. Second, if we were to
expand the first expression, the number a would emerge as the coef-
ficient of the leading term 2. For the same reason, b must be the
coefficent of the leading term, so a = b. Finally, each number in the
list ¢; must appear at least once in the list d; and vice-versa. Indeed,
the first expression for p(z) makes it clear that the ¢; are the only roots

of p(2), since plugging in any other number for z would yield a product
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of nonzero complex numbers, which can’t be zero. Similarly, the d; are
the only roots of p(z).

All that remains is to show that the two lists of roots ¢; and d; have
the same repetitions. Since we don’t care about the ordering of these
lists, we need to show that if ¢; appears exactly k& times in the first
list, then it also appears exactly k£ times in the second list. So suppose
that ¢, appears k times in the first list of roots, and ¢ > k times in the

second list. Our two expressions for p(z) become

p(z) = a(z —c))"(z = ) - (2 = cn)
p(z) = a(z—c1))(z = dep1) - (2 —dy)
where the roots cgi1,...,¢, and dyiq,...,d, are distinct from c¢;. It

follows that a(z —c;)¥ is a factor of p(z), and the first expression allows
us to write the quotient as ¢(z) = (2 — ¢g41) - - - (2 — ¢,). In particular,
q(c1) # 0. But the second expression allows us to write the same

quotient as
q(2) = (z— 1) Mz = dega) -+ (2 = dy).

Note that, if £ > k, then (z — ¢;) would be a linear factor of ¢(z), and
q(c1) = 0. Hence, we see that ¢ = k as required. O

Key points for Section 1.4:
e Polynomial division with remainder (Examples 1.22
and 1.23)
e Relationship between roots and linear factors (Proposi-
tion 1.24)
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1.5. In-text Exercises

This section collects the in-text exercises that you should have worked

on while reading the chapter.

EXERCISE 1.1 When does equality occur in the statement of the tri-

angle inequality?

EXERCISE 1.2 Recall the algebraic formula for the product of two com-

plex numbers a + bi and ¢ + di:
(a+ bi)(c+ di) = (ac — bd) + (ad + be)i.

(a) Express two generic complex numbers z and w in polar form, and
then use the formula above to compute the product zw.
(b) Check that the arg(zw) = arg(z) + arg(w). You will need to make

use of the trigonometric identities
cos(6 + ¢) = cos(f)cos(¢) — sin(f) sin(¢)
sin(f + @) = cos(f)sin(¢) + sin(#) cos(p).

(c) Finally, check that |zw| = |z||w].

EXERCISE 1.3 Can you convince yourself that every nonzero complex

number z has exactly one inverse, i.e. that inverses are unique?
EXERCISE 1.4 Show that 2z = |2]?, so that 271 = Z/|z|2.

EXERCISE 1.5 In this exercise, you will show that every nonzero com-
plex number has two distinct square roots, and in fact n distinct nth

roots for every n > 1.

(a) (Warm-up) Find two distinct complex numbers w; # ws, such that
w? = w3 =1+ . Hint: use polar coordinates.
(b) Consider the complex number ¢ with polar coordinates (r, #), where

r > 0and —m < 0 < 7. Define the following two complex numbers,
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expressed using polar coordinates:

0
wyp (\/’I_”, —)
2
0
Wo - NG B +7].
Show that wy = —w; and that w? = w3 = ¢. Draw a nice picture
in the case where ¢ = i.
Now fix an integer n > 2 and show that every nonzero complex
number ¢ has exactly n distinct nth roots. Draw a nice picture

of the 6 distinct 6th roots of 1. Hint: use polar coordinates as in
part (b).

EXERCISE 1.6 Expand the following product and verify that that you

get the polynomial p(z) on page 18.

(z—=1)(z =5 —2i)(z — 5 — bi).

EXERCISE 1.7 In the picture above, let u + iv = s(z + iy) denote the

squaring function, so that the real variables x, y describe the coordinate

axes on the left hand side (inputs), while the real variables u, v describe

the coordinate axes on the right hand side (outputs). Verify that the

squaring function sends the vertical line x = 1 to the sideways parabola
defined by u =1 — }v2.

EXERCISE 1.8 Check explicitly that p(z) = d(z)q(z) + r(z) for the
polynomials in Example 1.23.
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1.6. Problems

1.1.  For each of the following pairs of complex numbers z and w,

1

compute the numbers z + w, z — w, zw, w™', and z/w. Express all of

your answers in cartesian form a + bi.
(a) z=1414, w=+3—i

(b) 2=—-2-3i, w=4i
(c) z2=3, w=-1+2i

(d) 2=—-4—-3i, w=-4+3i

1.2. Consider the following pairs of complex numbers:

(a) z=1414, w=+3—1i

(b) z=V2+V2i, w=23

(c) z=-3, w=—2V3+2i

(d) z=-2i, w=1+%i

For each of the pairs z, w of complex numbers listed above, complete

the following:

(i) Plot z and w on the complex plane, and then use the parallelogram
law to find the location of z +w and z — w.
(ii) Find the polar forms of z and w.
(iii) Use geometric reasoning to find the location of w™!.
(iv) Use the rotation-scale interpretation of multiplication to find the

location of zw and z/w

1.3.  Let z and w be complex numbers. Show that the following

properties are true:

Z (this is EXERCISE 1.4)

1.4. Let z = a + bi be a complex number. Show that the following

properties are true:

(2) Re(2) = 1=
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(a) |z| < 4 (e) 0 <Im(z) <m
(b) |z — 1] <2 (f) —1 < Re(z) <1
(c)1<|z—i+2|<2 (g) |z — 1] <|z|

(d) |Re(2)| <|z|

1.6. Is it true that Re(zw) = Re(z) Re(w) for all complex numbers z
and w? If so, show that it is always true. If not, give an example of

complex numbers z and w such that Re(zw) # Re(z) Re(w).

1.7. This problem provides an algebraic proof of the triangle inequality,
Proposition 1.7. Let z and w be complex numbers.

(a) Show that |z + w|* =|z|* + 2@ + wZ +|w|>.

(b) Justify the following chain of equalities and inequalities:

2W + wz = 20 + (2w) = 2Re(2w) < 2|z||w]|.

(¢) Combine parts (a) and (b) to show that|z + w|* < (]z|+|w|)2. Then

take the square root of both sides to obtain the triangle inequality.

1.8.  Suppose that z # —1 is a complex number of unit magnitude:

|z| = 1. Show that w = ‘11:; is a square root of z. (Hint: compute w?

and use EXERCISE 1.4).

1.9. For each of the following complex numbers z, find both square
roots. Express your answers in cartesian form a + bi.

(a) z=2i

(b) z=—-3i

(c) z=1+1iV3
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1.10. Use the quadratic formula to factor the following polynomial

into linear factors. Express both roots in cartesian form a + bi.

p(z) =222 — (1 + i)z — 2i.

1.11. Check that z =1 is a root of the following cubic polynomial

p(2) =23 —iz? — 2 4.

Use polynomial division to factor p(z) as the product of a linear poly-
nomial and a quadratic. Then use the quadratic formula to finish the

factorization of p(z) into linear factors.

1.12. Let s : C — C be the squaring function s(z) = 2%. Compute the

following and write your answers in cartesian form a + bi:

1.13. Draw nice pictures and write a sentence or two explaining the
effect of the squaring function s(z) = 22 on the following regions in the

complex plane:

(a) the unit square in the 1st quadrant, with corners 0,1,1 + 4, and 4

(b) the unit square in the 3rd quadrant, with corners 0,—1,—1 — 1,
and —1

(c) the left half plane, defined by Re(z) < 0

(d) the exterior of the circle of radius 1/2

(e) the vertical line x = a

(f) the horizontal line y = b

(g) the line z =y

1.14. Let t : C — C be the cubing function ¢(z) = z3. Compute the
following and write your answers in cartesian form a + bi:

(a) t(3 1)

(b) t(~V2—2i)
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(c) t(5 + 39)

(d) t(2), where z has polar coordinates (4, )
)
3

1.15. Draw nice pictures and write a sentence or two explaining the

(e) t(w), where w has polar coordinates (3,

effect of the cubing function #(z) = 23 on the following regions in the

complex plane:

(a) the 1st quadrant of the unit disc, defined by |z| < 1, Re(z) > 0,
and Im(z) > 0

(b) the 2nd quadrant of the complex plane, defined by Re(z) < 0 and
Im(2) >0

(c) the interior of the circle of radius 2

1.16. Let g : D — C be the function from Example 1.19. Compute

the following and write your answers in polar form r(cos(f) 4 isin(#)).

(a) g(—4+ 4i)

(b) g(v3—14)

(¢) g(z), where z has polar coordinates (12, — 6)
) 9(

(d) g(w), where w has polar coordinates (5, 2T)

1.17. Draw nice pictures and write a sentence or two explaining the

effect of the function g from Example 1.19 on the following regions in

the complex plane:

(a) the upper half plane, defined by Im(z) > 0

(b) the exterior of the circle of radius 2 in the 4th quadrant, defined
by |z| > 2, Re(z) > 0, and Im(z) < 0

1.18. Let h : C — C be the function from Example 1.20. Compute
the following:

(a) A(0)

(b) h(1 + i)

(¢) h(—3 + 39)

1.19. Draw nice pictures and write a sentence or two explaining the

effect of the function A from Example 1.20 on the following lines in the

complex plane:
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a) the real axis

(
(b) the imaginary axis

)

)
(c) the line x =y
(d) the line z = 2y
(e) the line x = —y
1.20. Using the function h : C — C defined in Example 1.20,
h(x +iy) = €*(cos(y) + isin(y)),

show that h(z +iy) = h (:1; + iy).



CHAPTER 2

SEQUENCES

2.1. Exploration: Complex Dynamics

This section is our second advertisement for the complex numbers,
and it has a different flavor than our first advertisement (The Funda-
mental Theorem of Algebra, Theorem 1.16). We begin by describing
a simple procedure: select a complex number ¢, and consider the qua-
dratic polynomial p(z) = 2? 4+ ¢. Construct a list (2o, 21, 29, ...) of
complex numbers as follows:

20 = 0

21 = plzo0) = p(0)

5 = pla) =ple) = +e
2 = plz)=p(

Zn = p(zn—1> - Z?L—l +c

Each term in this list is produced by squaring the previous term

and then adding c¢; we refer to this process as iterating the polynomial

39
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FIGURE 2.1. The first 60 terms of the list obtained by
iterating the polynomial 2% + 0.67 starting with z; = 0.
The colorbar on the right identifies the various terms in

the list: the initial terms are red, and the later terms are
blue.

p(z) = 22 + ¢ starting with 2y = 0. Figure 2.1 shows the first 60 terms

of the list corresponding to ¢ = 0.6:.

EXERCISE 2.1. The term zg = 0 is represented by the red dot at the
origin in Figure 2.1, and the next term z; = ¢ = 0.6¢ is represented by a
red dot on the imaginary axis. Thinking purely geometrically (using the
rotation-scale interpretation of multiplication and the parallelogram
law for addition), find the red dot representing the term z, = ¢® + c.
Can you identify the red dot representing 237 What about 2,7 How

far can you go?

A different choice for ¢ would produce a different list of complex
numbers, and hence a different picture. In class you will work in groups

to investigate these lists as you change ¢ and also as you include more
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terms. The goal is to identify various behaviors and to discover how
those behaviors depend on the choice of ¢. You will be rewarded with

some surprising and beautiful pictures.

2.2. Examples of Sequences

We are now done with the advertisements, and we assume you are
enthused about complex numbers. In this section, we begin our study

of sequences.

DEFINITION 2.1. A sequence is a list of complex numbers in a def-

inite order
(21,29, 23, ... ),

where the dots “...” indicate that the list goes on forever. We also
often use the more concise notations (z,),>1 or simply (z,) to denote a
sequence, where the symbol z, represents the nth term of the sequence.
If all of the numbers in the sequence are actually real numbers, then
we say that the sequence is real, and similarly for positive sequences,

nonnegative sequences, rational sequences, integer sequences, etc.

REMARK 2.2. Note that in Section 2.1, we started the sequences
with the index 0 instead of 1, writing (2o, 21, 22, . . . ). Using the concise
notation, we would write these sequences as (z,),>0. The choice of
starting point for the index of a sequence is a purely notational matter;
it is sometimes more convenient to start at 0 and sometimes more
convenient to start at 1 or some other integer. However, once you have
chosen notation for a particular sequence, you must stick with it to

avoid confusion.

EXAMPLE 2.3. We list several examples of sequences and point out

some common misunderstandings:

(a) The counting numbers (1,2,3,...) form an important sequence of
integers. In concise form, we would express this sequence as (1n),>1.
(b) The reciprocals of the counting numbers (1,1/2,1/3,...) forms an-
other important sequence, this time of rational numbers. This se-

quence (1/n) has a special name: the harmonic sequence.
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(c) If we alternate the signs in the harmonic sequence, then we obtain

the alternating harmonic sequence:

(D _ (11 111
n 23 45 6 )

(d) The list (4,4,4,...) = (i)n>1, in which every term is equal to the
same number 7, forms a sequence; such sequences are called con-
stant. In particular, sequences may have repetitions.

(e) The list (1,2,3,1,2,3,...) is a sequence, as is (3,2,1,3,2,1,...).
Despite the fact that each of these sequences contains the same
numbers 1, 2, 3 repeated over and over again, they are not the same
sequence: the order of the numbers in a sequence matters.

(f) The prime numbers (2,3,5,7,11,13,17,19,23,...) form a fascinat-
ing sequence of integers. Euclid’s Elements (c. 300 BCE) contains
a proof that there are infinitely many prime numbers, so this truly
is an infinite sequence. As of this writing (January, 2019), the
largest explicitly known prime number is 282589933 — 1 which has
over 24 million base ten digits. This example shows that there are
important sequences for which we do not explicitly know all of the
terms.

(g) The base ten digits of 7 provide another interesting example of a
sequence for which we do not know all of the terms. This sequence
begins as (3,1,4,1,5,9,2,6,5,3,5,...) and goes on forever. While
this sequence is completely fixed and unambiguous, it seems as if it
is generated by a random process. Over 22 trillion digits of 7 have
been computed explicitly as of this writing.

(h) In class, you generated the beginnings of many sequences as de-
scribed in Section 2.1. For each choice of complex number ¢, you

looked at the sequence
0,¢,+c, (P+c)i+e, ...).

These are examples of iterative sequences, as they are produced by

iterating a function (in this case the polynomial 22 + ¢).
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EXERCISE 2.2. This exercise asks you to consider some sequences

that lie on the unit circle.

(a) Fix a positive integer m > 1, and consider the complex number
a = cos(2m/m) + isin(27/m). Describe the sequence consisting of

the nonnegative integer powers of a:
(a™) = (1, a, a®, a®, ...).

Draw a nice picture of this sequence for m = 6.

(b) Now fix an irrational real number s in the interval (0, 1), and de-
fine the complex number b = cos(27s) + isin(2ws). Describe the
sequence (b") = (1, b, b, b3, ...). What would you say is the key

difference between this sequence and the sequence (a™)?

We now introduce several standard examples of sequences that will
appear repeatedly during the course. Our first example generalizes the

types of sequences you dealt with in the previous exercise.

EXAMPLE 2.4 (Geometric Sequences). Fix two nonzero complex
numbers a and c. The geometric sequence with initial term a and

common ratio c is
(ac™)ps0 = (a,ac,ac®, ac’,...)

Note that we start the indexing with n = 0. The nonzero number c is
called the common ratio, because it is the ratio between each pair of

consecutive terms:

acn+1

= c.
ac™

For a concrete example, take a = 2 and ¢ = 3i. Then the corresponding

geometric sequence is
(2-(3i)") = (2, 6i, —18, —b4i, 162, ...).

REMARK 2.5. In the previous example, we gave an explicit formula

n

for the nth term of a geometric sequence: z, = ac”. But here is an

alternative way to describe the same geometric sequence:

zo=a and z,=c-z,1 formn>1.
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This is an example of a recursive definition: we explicitly specify one
or more initial terms of the sequence (in this case zg = a), and then we
define all later terms z,, via a recursive formula involving earlier terms.
Most sequences arise recursively, rather than from an explicit formula

for the general term. We present several important examples below.

EXAMPLE 2.6 (Factorial Sequence). Consider the following recur-

sively defined sequence (z,):
zo=1 and z,=n-2,_1 forn>1.
Here is the beginning of the sequence:
(1,1, 2, 6, 24, 120, ...).

You may recognize these numbers as the factorials of the nonnegative
integers:
Zn=nl=n-(n—1)-(n—2)-----2-1.

Note that we are using the convention that 0! = 1.

ExamMpPLE 2.7 (Inverse Factorial Sequence). The inverse factorial

sequence is given by the reciprocals of the terms of the factorial se-

1 11 1 1
) =(1,1,=, =, =, —, ... ).
n! 2" 67 24" 120

quence:

EXERCISE 2.3. Let (w,) denote the inverse factorial sequence from

Example 2.7. Give a recursive definition for the sequence (wy,).

EXAMPLE 2.8 (Binomial Sequences). This example introduces an
important collection of numbers called binomial coefficients that arise
in a wide variety of mathematical and scientific contexts. We begin

by computing powers of the linear polynomial 1 + z, focusing on the
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coefficients that appear in the expanded forms:
(14+2)° =1
(1+2)! = 141z
(142)? = 14224122
(1+2)* = 14+32+32%4+12°

In general, when we expand (1 + 2)", we will obtain a list of n + 1

nonzero coefficients that we denote (}) (pronounced “n choose k”):

n n n n n
1 n—= 2, ... n—1 n
(1+2) <0>+<1>z+<2>z + —|—<n_1>z —|—<n>z

To be clear: the symbol (’;) denotes the coefficient of z* in the expan-
sion of (1+ 2)™. Note that (}) = 0 for k > n, because z" is the highest
degree term that appears in the expansion of (1 + z)™. Thus, for each
integer n > 0, we have a sequence consisting of n + 1 nonzero terms
followed by infinitely many zeros. For instance, here is the sequence of

binomial coefficients (:), obtained from the coefficients of (1 + 2)*:
(1,4,6,4,1,0,0,0,...).

Later in the course (Example 4.60) we will generalize these binomial
sequences from the polynomials (1 + 2)" to the more general functions

(1 + z)? where p is any real number.

REMARK 2.9. We have chosen to introduce the binomial coefficients
via the polynomials (1 + z)", because this course is focused on func-
tions. In a discrete mathematics or combinatorics course, these num-
bers would instead be introduced as the answer to a certain counting
problem which explains the phrase “n choose k.” The connection with
polynomials described above would then become a result called the bi-
nomial theorem. Problem 2.18 leads you through this combinatorial

interpretation of the binomial coefficients.

You may recognize the binomial coefficients (Z) from Example 2.8

as the entries of Pascal’s triangle (see Figure 2.2). You might even



46 2. SEQUENCES

n=>0 1

n=1 1 1

n=2 1 2 1

n=23 1 3 3 1

n=4 1 4 6 4 1
n=>5 1 5 10 10 5 1
n==~06 1 6 15 20 15 6 1

FIGURE 2.2. The first 7 rows of Pascal’s triangle. The

kth entry in the nth row is the binomial coefficient (Z),

obtained by adding the (k — 1)st and kth entries of
row n — 1.

recall how to generate this triangle: each row begins and ends with a
1, and the interior terms in a row are obtained by adding the two terms
just above in the previous row. For instance, in Figure 2.2, the red 15
in the row n = 6 is the sum of the red 5 and 10 just above in the row
n = 5.

This rule for generating Pascal’s triangle amounts to saying that
the binomial coefficients (Z) have a recursive definition: terms in the
nth sequence are determined by terms in the (n — 1)st sequence. For
instance, the relationship 15 = 5 + 10 indicated by the red numbers in

Figure 2.2 corresponds to the following equality of binomial coefficients:

6\ (5 n 5
2)  \1 2)°
We make all this precise in the next proposition.

PROPOSITION 2.10. Let n > 0 be a positive integer. The binomial
coefficients (Z) may be described as follows:
(a) if k =0 or k =n, then (Z) =1;
(b) if k > n, then (}}) =0;
(c) if 0 < k <n, then

-G+

PROOF. Part (a) follows directly from the expansion of the poly-

") and the coefficient (Z) of 2"

nomial (14 2)™: the constant term ()
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are both 1. Similarly, part (b) follows from the fact that (1 + 2)" is a
polynomial of degree n, so all higher degree coefficients (Z) for k > n
are zero.

For part (c), we need to relate the coefficients of (1 4 2)" to the
coefficients of (1 + 2)"~1. We do this by first factoring (1 + 2)" as the
product (1 + 2)""!(1 + 2), then expanding (1 + 2)"~! using binomial
coefficients, and finally multiplying by (1 + z).

(14+2)" = 1+2)"H1+2)
n—1 n—1 n—1\ ,
— n 1
((0)+(1)z+ —I—(n_1>z >(+z)
~ (n—1 n n—1 . n—1 R n—1 -1
B 0 1 2 n—1
+ n-l z+ n-l 24+ nol 2"
0 1 n—1)"
Now we carefully combine the coefficients of like terms, and we notice
a pattern:
n—1 n—1 n—1
1 "=
o L0
n n—1 n—1
1
L n—1 1 o
k —
L n—1 n—1 et n—1\ ,
n—2 n-1)]~ n—1)°"

For 0 < k < n, the coefficient of z* in this expression is the sum

(7)) + (*.). But this is the expansion of (1 + z)", so the coefficient

of z¥ must also be (Z), which proves the claim:

() =G0+ (%)
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REMARK 2.11. Later in this chapter (page 84 of Section 2.6), we will
talk about the principle of mathematical induction. Using induction
and the recursion from the previous proposition, we will be able to

establish an explicit formula for the binomial coefficients in terms of

(1) = e

See Proposition 2.45 for the details of the proof.

factorials:

Key points for Section 2.2:
e Sequences (Definition 2.1)

e Geometric sequences (Example 2.4)

e Recursive sequences (Remark 2.5) and factorials (Exam-
ple 2.6)

e Binomial sequences (Example 2.8) and Pascal’s triangle

recursion (Proposition 2.10).

2.3. Boundedness

During the in-class groupwork associated with Section 2.1, you no-
ticed that sequences can either be bounded or unbounded, and this
distinction led to a strange and beautiful picture. We now define these

notions carefully.

DEFINITION 2.12. A sequence (21, 22, 23, . . . ) is bounded if there is
a fixed real number B > 0 such that all terms in the sequence have
magnitude less than or equal to B: for all indices n, we have |z,| < B.
The number B is called a bound for the sequence. Visually, B is a bound
for the sequence if all of the numbers z, are contained in the disc of
radius B centered at the origin of the complex plane (see Figure 2.3).

A sequence is unbounded if it is not bounded.

This formal definition captures the intuitive notion that for some

sequences we can draw a large circle that contains the entire sequence
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Y

FIGURE 2.3. A bounded sequence is entirely contained
within a disc of some finite radius B.

(these are the bounded sequences), whereas other sequences cannot be
“fenced in” in this way.

EXERCISE 2.4. Which of the sequences in Example 2.3 are bounded,
and which are unbounded?

(a) the counting numbers (n)
(b) the harmonic sequence (1/n)
(c) the alternating harmonic sequence ((—1)""!/n)

(d) the constant sequence (7),>1

(e) the sequence (1,2,3,1,2,3,...)

(f) the sequence of prime numbers (2,3,5,7,11,...)

(g) The digits of 7 in base ten (3,1,4,1,5,9,...)

(h) The iterative sequences (0, ¢, * + ¢, (*+¢)*+¢, ...)

In the previous exercise, you probably answered that the sequence
of counting numbers (1,2,3,...) is unbounded. This is correct, and is
a fact of such fundamental importance that we record it as a named
property:
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Archimedean Property of R: The counting numbers (1,2.3,...)
form an unbounded sequence of real numbers. Explicitly, no choice of
real number B > 0 provides a bound. That is, for every choice of real

number B > 0, there exists a positive integer n > 0 such that n > B.

To give a concrete instance of the final sentence above: suppose that
I were to propose B = 10007 as a bound for the counting numbers. You
could immediately show that I am mistaken by exhibiting the integer
n = 4000, which is bigger than my proposed bound of 10007. Visually
(see Figure 2.3), no finite disc contains all of the counting numbers.

REMARK 2.13. While the Archimedean Property may seem com-
pletely obvious, there are in fact important number systems that do
not have this property. If you are interested in learning more, perform

a web search for p-adic numbers.

EXERCISE 2.5. Consider the recursively defined sequence (h,,):
1
hh=1 and h,=h,1+— forn>2.
n

(a) Compute the first 5 terms of the sequence (hy, ho, hs, hy, hs,...) by
hand.
(b) Use a web browser to navigate to SageMathCell, located at

https://sagecell.sagemath.org
Copy and paste the Python code provided below into the window,
being careful to fix any indentation problems that may arise.

N = 100

tail_size = 10

h=1.0

for n in range(2, N + 1 - tail_size):
h=h+ 1/n

for n in range(N + 1 - tail_size, N + 1):
h=h+ 1/n
print("h_{:d} = ".format(n) + str(h))

Now click Evaluate. This code computes the first N = 100 terms of

the sequence (h,) and prints out the last tail size = 10 computed


https://sagecell.sagemath.org
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terms to the screen. By changing the values of N and tail size,
you can investigate the behavior of the sequence. Based on your

investigations, do you think the sequence (h,,) is bounded?

To conclude this section, we return to the context of Section 2.1,

where we formed sequences by iterating the values of a complex poly-

nomial z? + ¢, starting with the value zy = 0.

c = 1: This choice for ¢ yields the sequence (0,1,2,5,26,677,...).

c=0
c=-1
c=0.5i:
20 —
21 =
Z9 =
zZ3 =

214

Q

Each term in this sequence is one more than the square of
the previous term, so the terms eventually get larger than any

fixed real number B. Hence this sequence is unbounded.

: Now we get the constant sequence (0,0,0,0,...). In particu-

lar, this sequence is bounded. In fact, any real number B > 0

serves as a bound.

: This yields the sequence (0, —1,0,—1,0,...) which is bounded,

with any number B > 1 serving as a bound.

This choice for ¢ produces the sequence displayed in Figure 2.4.
The picture certainly indicates that the sequence is bounded.
But something even more interesting is going on. Here are the
numerical values of the beginning of the sequence, where we

have kept two decimal places of precision:

0 25 A~ —0.144 0.410
0.50i

—0.25 + 0.50i Zor &~ —0.134 0.39i
—0.19 4 0.25i Zos &~ —0.144 0.39i

—0.12 + 0.407 z30 ~ —0.1440.39
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0.6
[ P (1]
0.4 e 50
L J
0.2 1 - 40
5
o
P
© 0.0 1 @ 30
k)
@©
£
-0.2 1 - 20
—0.4 1 10
-0.6 0

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
real part

FIGURE 2.4. The first 60 terms of the sequence obtained
by iterating the polynomial 224-0.57 starting with z, = 0.
The colorbar on the right identifies the various terms in
the sequence: the initial terms are red, and the later
terms are blue.

The sequence appears to settle down to the value —0.14 + 0.39:. But
if we keep track of more decimal places, we see that this isn’t quite

correct. Here are terms 30-49 with 4 decimal places of precision:

250 ~ —0.1353 + 0.3924i za0 ~ —0.1359 + 0.3930
25 ~ —0.1357 + 0.3938i zgn ~ —0.1360 + 0.3932
239~ —0.1367 + 0.39314 zgg ~ —0.1361 +0.39314
257~ —0.1357 + 0.39314 zgr ~ —0.1360 + 0.3931
28~ —0.1361 + 0.3933i zas. ~ —0.1360 + 0.39317
230~ —0.1361 4 0.3930i ze9 ~ —0.1360 + 0.3931:
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Now it seems that the sequence has settled on —0.1360 4 0.3931:. But

again, if we look more precisely, we see that the sequence is actually

still changing:

244
245
246
247
248
249
250

251

—0.135959 + 0.393127:
~ —0.136064 + 0.393102:
~ —0.136016 + 0.393026:
~ —0.135969 + 0.393085:
~ —0.136028 + 0.393105:2
~ —0.136028 + 0.393053:
~ —0.135987 4+ 0.3930677
~ —0.136009 + 0.393096:

Q

<52
253
254
255
<56
<57
<58

259

Q

Q

Q

Q

—0.136026 + 0.393071¢
—0.136002 + 0.393065¢
—0.136003 + 0.3930857
—0.136019 + 0.393078:
—0.136009 + 0.393068:
—0.136004 + 0.393078:
—0.136014 + 0.393080:
—0.136012 + 0.393072:

While the terms of this sequence are continuing to change, the

changes are getting smaller and smaller, and the terms seem to be ap-

proaching some particular value that they never quite reach. This is

the phenomenon of convergence, which is the topic of the next section.

Key points for Section 2.3:

e Bounded sequences (Definition 2.12)

e Archimedean property of R (page 50)

2.4. Convergence

Consider the harmonic sequence (1/n)

(1,1/2,1/3,...).

Intu-

itively, these numbers are getting closer and closer to zero, but they

never quite arrive: each term is smaller than the previous one, but they

are all nonzero. On the other hand, it seems that they get arbitrarily
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close to zero. We want to express this behavior by saying that the se-
quence converges to 0. In order to fully develop this concept, we need
to move beyond verbal description and make a formal definition.

As a first step toward a definition, let’s focus on the idea of “getting
arbitrarily close to zero.” The first column below displays positive real
numbers d > 0, each of which we interpret as a “desired closeness to
zero.” The second column contains corresponding indices N beyond
which all terms of the sequence achieve the desired closeness d: for
n > N, we have 0 < 1/n < d.

The terms of (1/n) get arbitrarily close to zero

d = desired closeness N = index to achieve d
1 2

0.5 3

0.01 101

0.0034 295

Let’s check the entries of the table:

e The first line says that if we consider indices n > N = 2, then
we should obtain terms smaller than d = 1. And indeed this
is true: if n > 2, then 1/n <1/2 < 1.

e The second line says that if we consider indices n > 3, then we
should obtain terms smaller than 0.5. And this is also true: if
n >3, then 1/n < 1/3 < 0.5.

e If we consider indices n > 101, then we obtain terms smaller
than 0.01: if n > 101, then 1/n < 1/101 < 0.01.

o If n > 295, then 1/n < 1/295 ~ 0.0033898 < 0.0034, so the

fourth line holds as well.

Here is the takeaway from this discussion: no matter what positive
number d > 0 shows up in the first column, it will be possible to find a
valid index N to put in the second column. Indeed, we simply choose
any integer N > 1/d. Any such N is a valid choice, because if we
consider indices n > N, then 1/n < 1/N < d as required. (Note that
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the Archimedean property from page 50 guarantees that there is an
integer greater than 1/d.)

We are starting to nail down what we mean by “getting arbitrarily
close to zero™ no matter what positive number d > 0 shows up in the
first column above, we can always find a corresponding index NN for the
second column. To emphasize the fact that the positive number d > 0
in the first column can be arbitrary, we imagine playing a game. In
this game, there are two players (you and me), and we have different
roles: my role is to convince you that the terms of the sequence (1/n)

are getting arbitrarily close to zero; your role is to be skeptical.

The Convergence Game (for the harmonic sequence):

(1) You go first, and you challenge me with a small distance d > 0;
you can choose the positive real number d to be as small as
you like, but you have to make a decision and tell me what
number you are thinking of.

(2) Now it is my turn. Knowing your choice of distance d, I in-
vestigate the terms of the harmonic sequence (1/n) and try
to find an index N such that all the terms with index N or
greater are closer to zero than your distance d. If there is such
an index N, then I announce it; if no such N exists, then I
lose the game.

(3) Now it is your turn again, and you verify my choice by trying
to demonstrate that 1/n < d whenever n > N. If you can find
a counterexample to this assertion, then you have shown that
my N is not valid and I lose; if your demonstration succeeds,
then my N is valid, and I win this round of the game.

(4) Now we return to step (1) and play another round.

To say that the harmonic sequence (1/n) converges to 0 is to say that
I will win every round of this game: no matter how small of a distance
d you choose, I can specify an index value N > 1/d such that beyond
the Nth term of the sequence, all the terms are smaller than d. This is

just a rephrasing of the earlier statement that no matter what d shows
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up in the first column of the table, I can find a valid index N for the
second column.
With the convergence game in mind, we now present the formal

definition of convergence:

DEFINITION 2.14. A sequence (z,) converges to a complex number
w if for all real numbers d > 0, there exists an index N such that
|z, — w| < d for all indices n > N. In this case, we say that w is the
limit of the sequence and write lim,,_,o, 2, = w. If no such w exists for
the sequence (z,), then we say that the sequence does not converge or

diverges.

This definition has several parts, so we will spend some time un-
packing it. Throughout the discussion, keep in mind that it precisely
captures the behavior of recent examples, where the terms of a sequence
(21, 22, 23, . . . ) are getting arbitrarily close to some number w, but may
never actually reach that number. The definition itself is a generaliza-
tion and distillation of the convergence game described earlier for the

harmonic sequence.

e The complex number w is playing the role of zero in the har-
monic example: instead of trying to show that the reciprocals
1/n are getting arbitrarily close to zero, we are now trying
to show that the terms of the given sequence (z,) are getting
arbitrarily close to w. Note that the distance from z, to w is
given by the magnitude |z, — w|.

e The positive real number d is playing the role of the distance
you choose in the game; the phrase “for all real numbers d > 0”
captures the notion that we continue to play rounds of the
game indefinitely: in order to assert convergence, I must be
able to win every round of the game, no matter what choice
you make for the distance d.

e The phrase “there exists an index N such that |z, — w| <
d for all indices n > N” represents steps (2) and (3) of the
game (my turn and your verification), where I respond with a

particular index value N, based on your choice of distance d.
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Now, instead of verifying that the reciprocals 1/n for n > N
are smaller than d, you must verify that all terms z, forn > N

are closer to w than the distance d.

We now state the convergence game for a general sequence (z,).
Definition 2.14 says that if I can win every round of this game, then

the sequence (z,) converges to w:

The Convergence Game (for lim,, .., 2, = w):

(1) You go first, and you challenge me with a small distance d > 0.

(2) Knowing your choice of distance d, I investigate the terms of
the sequence (z,) and try to find an index N such that all
the terms with index N or greater are closer to w than your
distance d. If there is such an index N, then I announce it; if
no such N exists, then I lose the game.

(3) You now verify my choice by trying to demonstrate that the
magnitude |z, — w| < d whenever n > N. If you can find a
counterexample to this assertion, then you have shown that
my N is not valid and I lose; if your demonstration succeeds,
then my N is valid, and I win this round of the game.

(4) Now we return to step (1) and play another round.

EXAMPLE 2.15. As an example of playing the convergence game,
let’s show that the sequence (z,) = (Z—j&) converges to w = 1. You
begin by challenging me with a positive real number d > 0. I must
now find an index N such that n > N implies that |2 —1| < d. Let’s
do some preliminary scratch work (this is often the best way to get
started). Everything between the two horizontal lines below is scratch

work, helping me to discover my choice of N.

Scratch work: Quantity I want to be smaller than d:
2| 2
n+1| n+1

n—1—(n+1)
n+1

—1
n _1’:
n—+1

But 2/(n + 1) < d exactly when n +1 > 2/d. I now have an idea for

how to choose N, and I can exit the scratchwork.
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I am ready to take my turn now, and I choose an integer N > 2/d.
Now you verify that my choice of N is valid: suppose that n > N.
Thenn+1> N+1> N > 2/d, and so 2/(n+ 1) < d. But then
the distance from the term z, = (n —1)/(n + 1) to the proposed limit
w=11is
n—1

— d.
n+1

n—1—(mn+1)|
n+1 N

-2 | 2 -
n+1] n+1
This argument shows that I can win every round of the convergence

: n—1 __
game, SO lim,, s .= 1.

zZ3 N 7
)

21

Y

FIGURE 2.5. Convergence

As illustrated in Figure 2.5, it is helpful to think about the defini-
tion of convergence geometrically: the distance d determines a disc of
radius d centered at the point w in the complex plane. The condition
|z, — w| < d just says that the term z, is contained in that disc. So:
convergence to w can be expressed by saying that for every disc D
centered at w, the sequence is eventually contained in D: there is an
index N such that for all n > N, the term z, is in D.

ExXAMPLE 2.16. Consider the sequence

(zn) = (3+2i+ (0.8 + 0.5¢)") .
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A picture of this sequence is shown below, suggesting that the sequence

converges to w = 3 + 2.

imaginary part
= = N N w
o w o w o
! ) ! ) !

o
U
)

I
=}

° )
°
s
[ ]
° °
s °
° »
[ ) e
‘ .

o
o

0.5

10 15 20 25 3.0 35 4.0

real part

- 40
- 30

r 20

Suppose that you choose the distance d = 0.04 for a round of the

convergence game. To win this round, I must find an index N such that

for all n > N, the term z, is contained in the disc of radius d = 0.04

centered at w = 3 4 2i. The following picture suggests that the index

N = 80 works:

2.100

2.075 A

2.050 A

2.025 A

2.000 A

imaginary part

1.975 A

1.950 A

1.925 A

1.900
2.90

2.95 3.00 3.05 3.10
real part

I 100

- 80
r 60

- 40

20
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To actually prove the convergence to w, we play the convergence
game. First note that (z,) = (w+¢") where w = 3+ 2i is our proposed
limit, and ¢ = 0.8 + 0.5¢. As usual, you go first, choosing a positive
distance d > 0. I must find a corresponding valid index N. We do

some scratchwork:

Scratch work: Quantity I want to be smaller than d:
|20 —w| = |w+ " —w| =" =|c]".

We have

lc| = 1/(0.8)2 4 (0.5)2 ~ 0.94 < 1.
But d > |c|™ is equivalent to the condition that
In(d) > In(|c[") = nln(|c|).

Since 0 < |¢| < 1, the logarithm In(|c|]) < 0 is negative, and so the
inequality reverses when we divide: In(d)/In(|¢|) < n. I now have an

idea for how to choose NN, and I can exit the scratchwork.

For my turn, I choose an index N > In(d)/In(|c|). To verify my
choice, suppose that n > N. Since In(|c|) < 0, we have

In(|e[") = nln(|c]) < Nln(|q]) < In(d).
Applying the exponential function e* to both sides of this inequality
then yields |¢|” < d. Finally, we find that
|2, —w| = |w+ " —w| = |"| =" < d.

This shows that I can win every round of the convergence game, and
so lim,,_yeo 2, = W.

EXAMPLE 2.17 (Babylonian sequence for v/2). Consider the follow-
ing recursively defined sequence of real numbers (z,,):

2

Tn—1

1
To=1 and T, = 3 Tpo1+

) for n > 1.

Here are the first 8 terms of the sequence, to 14 decimal places of

precision:
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vy = 1 ry ~ 1.41421356237469
2 = 15 z5 A~ 1.41421356237309
2o~ 1.41666666666667 re ~ 1.41421356237309
r3 ~ 1.41421568627451 xr ~  1.41421356237309

It certainly seems that this sequence is converging—and quickly!—to
a value close to 1.41421356237309. You may recognize this number as
the beginning of the decimal expansion of v/2. And indeed, here are
the squares of the first 8 terms listed above, again to 14 decimal places

of precision:

2 = zi A~ 2.00000000000451
0

2 = 295 22~ 2.00000000000000
2 A~ 2.00694444444444 zg A~ 2.00000000000000
23~ 2.00000600730488 r7 A~ 2.00000000000000

Be careful: despite appearances, none of the squares z? are exactly

equal to 2, but they are getting arbitrarily close as n increases. That

2

~) is converging to 2, and the sequence

is, the sequence of squares (x
(z,,) itself is converging to v/2. We will prove this in Example 2.48
of Section 2.6. The next exercise asks you to investigate some similar

sequences.

EXERCISE 2.6. Fix a positive real number » > 0 and an initial guess

Tguess > 0 for y/r. Consider the recursively defined sequence (zy,):

Lo = Tguess and Ty = 5 (ZEn_l + ) for n > 1.

Tp—1

Use a web browser to navigate to SageMathCell, located at
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https://sagecell.sagemath.org
Copy and paste the Python code provided below into the window, being
careful to fix any indentation problems that may arise in the process.
Now click Evaluate. This code prints the first N = 10 terms of the
sequence (x,) for r = 17 and Zguess = 4. It then prints out the values
of r and z%_,. By changing the values of N, r, and Zgyess, you can
investigate the behavior of these sequences. Based on your investiga-

tions, do you think that (x,) always converges to /r?

= 17

_guess = 4

= 10

X = X_guess

print("x_0 = " + str(x))
for n in range(1l, N):

x = 0.5%(x + r/x)

= XK R

print("x_{:d} = ".format(n) + str(x))
print("\n r = " + str(r))
print("(x_{:d})"2 = ".format(n) + str(x~2))

We now prove a proposition showing the relationship between bound-

edness and convergence.

PROPOSITION 2.18. Suppose that the sequence (z,) converges to w.
Then (z,) is bounded.

PRrROOF. Imagine playing the convergence game starting with a choice
of d = 1. Since the sequence converges to w, I must be able to win, so
I can choose an index N such that if n > N then |z, —w| < 1. That
is, all terms of the sequence z, with n > N are contained in the disc of
radius 1 centered at the point w (see Figure 2.6). Note that this disc is
itself contained within the larger disc of radius |w| + 1 centered at the
origin. Now set B = max{|w|+ 1, |z1], |22, ..., |2n-1|}. Then B > 0 is
a bound for the sequence. Indeed, all points z, with n > N (the ones
in the small disc) are bounded by |w| + 1, hence by the maximum B.
This leaves the finitely many initial terms zq, 2, ..., zy_1, which are

also bounded by the maximum B. O
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FIGURE 2.6. Convergent implies bounded

REMARK 2.19. Note that there are bounded sequences that do
not converge. For example, the sequence (0,—1,0,—1,0,—1,...) is
bounded, but it does not converge: half of the terms are zero and half
are —1, so there is no single number w that the terms are getting close

to. (See Proposition 2.24 for more about this last assertion.)

To end this section, we briefly review the definition of the Rie-
mann integral of a continuous function from your one-variable calculus
course—this provides an excellent example of the central importance
of convergent sequences for calculus.

Recall the setup: we have a continuous real-valued function f de-
fined on a closed interval [a,b]. For illustrative purposes, let’s sup-
pose that f is nonnegative, so that its graph lies entirely above the
x-axis (see Figure 2.7). Our motivation is to find the exact area un-
der the graph of f over the interval [a,b]. The strategy is a natu-
ral one, relying on the fact that we can easily compute the areas of
rectangles using the formula area = base x height. We make a se-
quence of approximations (Rj, Rs, R3,...) to the true area. Here is

how we produce the nth approximation R,, called the nth Riemann
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3.5 1

3.0 1

2.5 1

f(x)

1.54

1.0 1

0.5 4

0.0 -

Ax
a=Xop X1 X2 X3 X4 b=xs

FIGURE 2.7. The Riemann integral computes the blue
area under the graph of f over the interval [a,b]. The
area of the 5 red rectangles is the fifth Riemann sum Rs;
each of these rectangles has width Az = (b — a)/5.

sum: divide the interval [a, b] into n equal subintervals with endpoints
a =19 < 11 < x93 < -+ < x, = b; each subinterval has length
Az = (b —a)/n. We now approximate the region under the curve by
a collection of n rectangles. The jth rectangle has base [z;_1, z;] and
height f(x;), hence area f(z;)Az. The sum R, of the areas of these n

rectangles is then an approximation to the true area under the curve:
R, = f(z1)Az + f(22) Az + - + f(z,)Az =) fla;)Ax.
j=1

The continuity of the function f guarantees that the sequence (R,)

converges, and we denote the limit by the familiar symbol:

/bf(q:)dx = lim R,.

n—oo
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R3=3.851852 Re =3.587963

— —

+ + 54

B B

I I

x x

] Qa0

0.5

x2+1

(x)

q 0+

px)=x2+1
o ul

x2+1

p(x)

px)=x%+1
o (6;]

FIGURE 2.8. Riemann sums for the integral of the poly-
nomial p(x) = 22 + 1 over the interval [1,2].

You will see a proof of this result (the convergence of the sequence)
if you take an analysis course, and you will also extend the theory of
integration to functions with discontinuities.

Figure 2.8 shows various Riemann sums for the integral of the poly-
nomial p(x) = x*+1 over the interval [1,2]. Here are the values of some

later terms in the sequence (to 6 decimal places of precision):

Rigoo =~ 3.334833 Rigos ~ 3.334826
Ripo1 =~ 3.334832 Rigos ~ 3.334825
Rigp2 =~ 3.334831 Rigor =~ 3.334823
Ripos =~ 3.334829 Rigos =~ 3.334822
Rigos ~ 3.334828 Rigeg =~ 3.334820
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The Riemann sums seem to be decreasing, and you might guess that
they are converging to 3.333--- = 10/3. Indeed, in this case we can
use the Fundamental Theorem of Calculus to compute the integral
without having to investigate the limit of the Riemann sums: since

P(z) = 32* + x is an antiderivative of p(z) = 22 + 1, it follows that

2 1 1
/(x2~|—1)dx:P(2)—P(1):§+2———1:—0.
. 3 3 3

Key points from Section 2.4:

e Convergent sequences (Definition 2.14) and the conver-
gence game (page 57)

e Convergent implies bounded (Proposition 2.18)

2.5. Limit Properties

In this section, we describe some basic properties of limits. These
will allow us to work efficiently with various expressions involving lim-
its, and to compute new limits if we know some old ones. Our central
result states that limits behave well with respect to the operations of
addition, subtraction, multiplication, and division. These properties

should remind you of the limit laws for functions from calculus.

PROPOSITION 2.20 (Limit Laws). Suppose that lim, o 2, = z and
also that lim,,_, w, = w. Then

(a) limy, oo (2n + wy) = limy, o0 2, + limy, oo W, = 2 + w;
(b) limy, o0 (2, — wy) = limy, o0 2, — limy, 0o Wy, = 2 — w;
(c) if c is a fixzed complex number, then

lim (cz,) = ¢ lim (z,) = cz;
n—oo n—oo

(d) lim,, oo (zpwy) = (limy, 00 2,) (limy, oo wy,) = 2w;
(e) if w# 0, then lim,, o (2n/w,) = z/w. More precisely: there exists
an inder N such that for n > N, the terms w, # 0, and the

sequence (Zn/WN, ZN11/WN+1, ZN12/WN 12, - - - ) converges to z/w.
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We hope these properties are intuitively clear (although we will
present the proof of part (a) below). For instance, part (a) roughly
says that if the numbers z, are getting close to z and the numbers w,,

are getting close to w, then the sums z,, +w,, are getting close to z+4w.

EXAMPLE 2.21. Here is a simple but typical use of Proposition 2.20:

we will show that the sequence of reciprocal squares

1 11 1 1
— | = 17_7_7_7_7"'
n? 479 16" 25

converges to zero, starting with the fact (established in Section 2.2)
that the harmonic sequence (1/n) converges to zero. Note that the
nth term of the sequence, 1/n?, is the square of the nth term of the

harmonic sequence, so we can apply part (d) of Proposition 2.20 with
Zp = w, = 1/n. We find that

.1 . 1 1 .1 o1
lim — = lim (—-—) = (hm —)-(hm —) =0-0=0.
n—oo 1 n—oco \ N "N n—oo M n—oo N,

Repeating this argument shows that for any integer exponent p > 1,

we have lim,,_,, 1/n? = 0.

EXAMPLE 2.22. Now we use the limit laws to investigate the se-
quence <"—_1 — %) From Example 2.15, we know that

n+1
-1
lim ——— = 1.
We also know that lim,, ., 1/n = 0. So we use part (b) with z, = Z—jr}

and w,, = %:

—1 1 —1 1
im (2 2 ) = lim 2 — m—-=1-0=1.

To prove the results of Proposition 2.20 rigorously from the formal
definition of convergence requires a bit of technical skill, so we will
prove only part (a) to give the flavor of the arguments, and omit the
other proofs. The basic idea goes as follows: since lim, ,,, 2, = z, |
can win the convergence game for (z,) no matter what distance I am
challenged with. The same goes for the convergent sequence (w,). I

will use my ability to win these two different convergence games in
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order to win the convergence game for the sequence of sums (z, + w,,).
Now for the details:

PROOF OF PROPOSITION 2.20, PART (A). As usual, we play the
convergence game to show that the sequence (z, + w,) converges to
2z + w. You begin by choosing a distance d > 0, and [ must find an
index N such that for all indices n > N, we have |z, +w, — (z+w)| < d.

Let’s begin with some scratch work:

Scratch work: Quantity I want to be smaller than d:
|2 +wp, — (2 +w)| = (20 — 2) + (W, —w)| < |2n — 2] + |w, — w),

using the triangle inequality (Proposition 1.7). This suggests that we
should make sure that the terms |z, — z| and |w,, — w| are each smaller
than d/2. I now have an idea for how to choose N, and I can exit the

scratchwork.

To choose my index N, I first play the convergence game for (z,),
but using the smaller distance d/2. Since (z,) converges to z, I can
choose an index N; such that if n > Ny, then |z, — z| < d/2. Similarly
for (wy,), I can choose an index Nj such that if n > Ny then |w,, —w| <
d/2. I now announce my choice of index N = max{Ny, N>}, which I
claim works for the sequence of sums (z, + wy,).

It is your turn to verify. So suppose that n > N, which means that

n > N; and n > N,. Using the triangle inequality (Proposition 1.7),

we have
|zn +w, — (z+w)| = [(zn — 2) + (W, — w)|
< ‘Zn_z‘—i_‘wn_w‘
- d+d
2 2
= d.

This concludes your verification of my index N, and since I can find
such an N for any d you choose, the sequence (z, + w,) converges
to z + w. U
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REMARK 2.23. Be careful to check the hypotheses carefully before

applying the limit laws. Here are some common mistakes:

e The sequence of sums (z, + w,) may not converge if both of
the sequences (z,) and (w,) don’t converge. For instance: if
(zn) = (n) and (w,) = (1/n), then (z,) is unbounded (hence
not convergent), and so is (z, +w,) = (n + ).

e However, if neither (z,) nor (w,) converge, it is possible that
(zn+w,,) does converge. For instance, suppose that (z,) = (n)
and (w,) = (i — n). Then both sequences are unbounded
(hence not convergent), but their sum is a constant sequence

(zn +wyp) = (n+1i—n) = (i),>1, which converges to i.

EXERCISE 2.7. Suppose that (z,) and (w,,) are complex sequences,
and suppose that (w,) and (z, + w,) are both convergent sequences.
Use part (b) of Proposition 2.20 to prove that (z,) must be convergent

as well.

We can use the limit laws to give an easy proof of the fact that

limits are unique:

PROPOSITION 2.24 (Uniqueness of Limits). Suppose that the se-

quence (z,) converges to w and to z. That is, suppose that

lim z, =z and lim z, = w.
n—o0 n—o0o

Then z = w.

PROOF. We use part (b) of Proposition 2.20 in reverse order:

z—w= lim z, — lim 2z, = lim (2, — z,) = lim (0) = 0.
n—0o0 n—o0 n—oo n—0o0

It follows that 2z = w as claimed. O

As an important direct application of Proposition 2.20, we prove the
following result which says that the convergence of a complex sequence

is determined by the convergence of its real and imaginary parts.

PROPOSITION 2.25. Suppose that (2,) = (a, +byi) is a sequence of

complex numbers, with corresponding sequences of real and imaginary
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parts (a,) = (Re(z,)) and (b,) = (Im(z,)). Then lim, o 2, = a + bi
if and only iof

lim a, = a and lim b,, = b.
n—00 n—00

PRrROOF. The phrase “if and only if” means that we need to prove
both directions: the convergence of (z,) implies the convergence of (a,,)
and (b,,), and vice versa.

First suppose that lim,, . a, = a and lim,,_.. b, = b. By Propo-
sition 2.20(c), the sequence (b,i) converges to bi, and then by part (a)
we have

lim z, = lim (a, + b,i) = lim a, + lim (b,i) = a + bi.
n—oo n—oo n—oo n—oo

For the other direction, suppose that lim, .. 2, = a + bi. We
will show that the sequence of real parts (a,) converges to a, and
an analogous argument works for the imaginary parts. We play the
convergence game: you challenge me with a small positive number
d > 0 and I must choose an index N. Well, I know that (z,) converges
to a + bi, so I choose N such that if n > N, then |z, — (a + bi)| < d.
But a,, — a = Re(z, — (a + bt)), so by Proposition 1.6

lay, —al < |z, — (a+bi)| < d.

Since this is true for all n > N, it follows that my index is valid, and

this means that the sequence (a,) converges to a as claimed. O

REMARK 2.26. The previous result implies that, in principle, we can
investigate the convergence of complex sequences (z,,) by instead inves-
tigating the convergence of the real sequences (Re(z,)) and (Im(z,)).
However, this is generally not the way we will prove the convergence
of complex sequences. Nevertheless, real sequences are important in
their own right, and we will sometimes develop results and techniques
that apply only to real sequences. The point is not that we have lost
interest in complex sequences, but rather that some important results
hold only for real sequences and will ultimately help us in our study of

more general complex sequences.



2.5. LIMIT PROPERTIES 71

— f(x)=1/x
1.0 A ® an=1/n
0.8 A
0.6
X
—
0.4
0.2
0.0 T T T T T T
0 5 10 15 20 25

FIGURE 2.9. Graph of f(x) =1/z and the harmonic sequence

If f(z) is any real function defined on the positive real numbers,
then we can manufacture an associated sequence (a,) = (f(n)) by

evaluating at the positive integers.

EXAMPLE 2.27. Consider the reciprocal function f : (0,00) — R
defined by f(x) = 1/x. Then setting a, = f(n) yields the harmonic
sequence (1/n) (see Figure 2.9).

EXAMPLE 2.28. Now consider the arctangent function
arctan : R — (—7/2,7/2).
Setting a,, = arctan(n) yields the sequence (arctan(n)) (see Figure 2.10).

Whenever a real sequence (a,) arises from a real function f(x) in
this way, there is a close relationship between the limit of the sequence
and the limit of the function at infinity. Before stating this precisely,
we need to formally introduce the notion of an infinite limit for a real

sequence; this is a particular type of divergence.
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2.00

1.75 A

1.50 ~

1.25 A1

1.00 +

arctan(x)

0.75 A

0.50 4

0.25 1 — arctan(x)
-== 1/2
0.00 A ® ap=arctan(n)

0 5 10 15 20 25

FIGURE 2.10. Graph of arctan(x) and the arctangent sequence

DEFINITION 2.29. Suppose that (a,) is a sequence of real numbers.
We write lim,,_,, a, = o0 if for all positive numbers B > 0, there
exists an index N > 0 such that n > N implies that a,, > B. In this
case, we say that the sequence diverges to +oo.

Similarly, we write lim,,_.o, a, = —oc if for all negative numbers
B < 0, there exists an index N > 0 such that n > N implies that

a, < B. In this case, we say that the sequence diverges to —oo.

EXERCISE 2.8. What is the difference between saying that the real
sequence (a,) is unbounded and saying that lim, .., a, = £oo? Can
you give an example of a positive sequence (a,) that is unbounded but

which does not diverge to +00?

PROPOSITION 2.30. Suppose that f(x) is a real-valued function

defined on the positive x-axis, and consider the associated sequence
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(an) = (f(n)). Suppose that lim,_,, f(x) = L, where L is either a real

number or £oo. Then lim,_, ., a, = L.

PROOF. We treat the case where L is a real number, the cases
+00 being similar. In your first calculus course, you may have studied
function limits in a less formal way than we are studying limits of
sequences. In that course, you may have described function limits at
infinity as follows: to say that the real number L is the limit of f(z)
as * — oo means that the values f(x) get arbitrarily close to L as z
gets large. Restricting attention to integral values x = n, we find that
the terms a,, = f(n) get arbitrarily close to L as n gets large. This
is exactly the informal definition of sequence convergence! EXERCISE

2.9 below challenges you to make this argument rigorous. U

REMARK 2.31. The converse of the previous proposition is false in
general. That is, the behavior of the sequence (a,,) need not determine
the behavior of the function f(x). For instance, consider the cosine
function f(x) = cos(2wz). Then the associated sequence is constant:
(a,) = (cos(2mn)) = (1)p>1. Thus, we have lim, ,,a, = 1. But
the function f(x) continues to oscillate between the extremes of £1 as

xr — 00, so it does not converge to a limit or diverge to £oo.

EXERCISE 2.9. Let f: (0,00) — R be a real function and L a real
number. In your calculus course, you may have seen the following

formal definition for the statement that lim, ... f(x) = L:

For every positive real number d > 0, there exists a positive real
number M > 0 such that for all x > M, we have |f(x) — L| < d.

(a) Write a short paragraph explaining how this formal definition cor-
responds to a more intuitive understanding of the limiting behavior
depicted in Figures 2.9 and 2.10:

lim — =0 and lim arctan(x) = T
T—00 U T—00 2

(b) Use the formal definition provided above together with Defini-

tion 2.14 to give a rigorous proof of Proposition 2.30 in the case

where L is a real number.
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We can use the connection between sequence limits and function

limits at infinity to find the limits of many real sequences.

EXAMPLE 2.32. Look back at Figure 2.10 showing the arctangent
function and the associated sequence. The graph has a horizontal
asymptote at 7/2, which means that lim, .., arctan(z) = 7/2. It fol-

lows that lim,, ., arctan(n) = 7/2 as well.

EXAMPLE 2.33. Consider the sequence (In(n)/y/n) arising from
the function f(x) = In(x)/y/x. Since both lim, . In(z) = +oo and
lim, . /= = +00, we will use L’Hopital’s rule to compute the limit

of f. So begin by investigating the ratio of derivatives:

(In(x)) Lz 2y 2

= = =——0 asz — oo.

Vo) (12ve) oz Vr

L’Hépital implies that lim,_,, f(x) = 0, so lim,_,(In(n)/y/n) = 0.

EXAMPLE 2.34 (p-sequences). Fix a real exponent p and consider
the sequence (a,,) = (1/n?). Then

] 0 p>0
JmZ=y 1 p=0
+o0o p < 0.

This follows from the limiting behavior of the functions f(z) = 1/z?

as * — oo (see Figure 2.11).

EXAMPLE 2.35 (Real Geometric Sequences). Consider the geomet-
ric sequence (a,) = (4 ) associated to the function f(z) = 1/2*. Since
lim, o 2% = 0, it follows that lim, . 2% = 0. More generally, we
can use this approach to determine the behavior of all real geometric
sequences.

Fix a nonnegative real number r» > 0, and consider the geometric

sequence (a,) = (r"). Then

0 0<r«l1
lim r™ = 1 r=1

n—oo
+00 r> 1.
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— p=0.6
74 p=0.0
— p=-0.7

1/xP
S

FIGURE 2.11. Graphs of 1/z? for various p.

This follows from the limiting behavior of the functions f(x) = r* as

x — o00. (see Figure 2.12).

As an example of using real sequences to learn about complex se-

quences (Remark 2.26), we have the following simple but useful result.

PROPOSITION 2.36. A sequence of complex numbers (z,) converges
to zero if and only if the real sequence of magnitudes (|z,|) converges

to zero.

PROOF. Here is an informal proof: to say that the sequence of
complex numbers (z,) converges to zero is to say that the distances of
the numbers z, from zero get arbitrarily small. But these distances are
exactly the magnitudes |z,|, so saying that the magnitudes converge
to zero is equivalent to saying that the numbers themselves converge
to zero. The next exercise asks you to make this argument rigorous,

using the formal definition of convergence. 0
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6
— r=0.8
r=1.0
5 — r=1.3
4
L 31
2_
1_
0 T T T T T T
0 2 4 6 8 10

FIGURE 2.12. Graphs of r* for various r.

EXERCISE 2.10. Use Definition 2.14 to give a careful proof of Propo-
sition 2.36. The key point to notice is that ||z,|—0| = |2,—0|, so playing
the convergence game for (|z,|) is the same as playing the convergence
game for (z,). Be sure to prove both directions: if lim,_, 2, = 0 then

lim,, , |2,| = 0, and vice-versa.

EXAMPLE 2.37 (Alternating p-sequences). Fix a real exponent p

and consider the alternating p-sequence

(D™ _(, 11 1
S )\ 23 )

First suppose p > 0. From Example 2.34, we know that the correspond-
ing sequence of magnitudes (1/n”) converges to zero, so it follows from
Proposition 2.36 that

-1 n+1
i D

n—o00 npkP

=0 if p> 0.
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If p < 0, then the sequence of magnitudes (1/n?) diverges to +o00, and
so the alternating sequence is unbounded, hence does not converge.

For p = 0 we have the divergent sequence (1,—1,1,—1,...).

EXAMPLE 2.38 (Complex Geometric Sequences). Consider the geo-

metric sequence (¢,) = ((%)n) The corresponding sequence of mag-
nitudes is (|¢,|) = (55) which converges to zero by Example 2.35. It

follows from Proposition 2.36 that lim,, (%)n = 0 as well. As before,
we can use this approach to determine the behavior of all complex
geometric sequences.

Fix a complex number ¢ and consider the geometric sequence (c").
First suppose |¢| < 1. From Example 2.35, the corresponding sequence
of magnitudes (|¢"|) = (|¢|™) converges to zero, so Proposition 2.36 says
that

lim " =0 if || < 1.

n—oo

If |¢| > 1, then the sequence of magnitudes (|c|™) diverges to 400, and
so the original sequence (¢") is unbounded, hence divergent.

For |c| = 1, the complex number ¢ lies on the unit circle. You inves-
tigated these sequences in EXERCISE 2.2. Except for the case ¢ =1,
none of these sequences converge, but instead rotate around the unit

circle forever.

Key points from Section 2.5:
e Limit laws (Proposition 2.20)

e Real and imaginary parts of complex limits (Proposi-
tion 2.25)

e Relation between function limits at infinity and sequence
limits (Proposition 2.30)

e Behavior of p-sequences (Examples 2.34 and 2.37) and

geometric sequences (Examples 2.35 and 2.38)
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2.6. The Monotone Convergence Theorem (R)

This section takes place entirely in the context of the real numbers R.

As mentioned in Remark 2.26 from the previous section, we will
often develop strong results that apply only to real sequences, and
then later use those results to study more general complex sequences.
This section is devoted to an important result of this type, called the
Monotone Convergence Theorem. It applies only to a special kind of

real sequence, presented in the following definition.

DEFINITION 2.39. A sequence of real numbers (z,,) is increasing if
Tn < x4 for all indices n > 1. Similarly, the sequence is decreasing
if x, > x, for all indices n > 1. The sequence is monotone if it is

either increasing or decreasing.

EXAMPLE 2.40. Here are two examples and a non-example:

(a) The sequence of counting numbers (n) = (1,2, 3,...) is increasing;
(b) The harmonic sequence (1/n) = (1,1/2,1/3,...) is decreasing;
(c¢) The alternating harmonic sequence (1,—1/2,1/3,—1/4,...) is not

monotone.

REMARK 2.41. Recall that a general complex sequence (z,) is bounded
if it is entirely contained within a finite disc (see Figure 2.3). Special-
izing to real sequences (x,,), we see that (x,) is bounded if it is entirely
contained within a finite interval [—B, BJ:

A

- ( |
\ T T _— Ty )
_B 2 3 o Ta-- 1p

In the context of real sequences, two additional notions of bound-
edness are often useful: we say that (z,) is bounded above if there is
an upper bound U such that x, < U for all n. Likewise, we way that
(x) is bounded below if there is an lower bound L such that L < z,

for all n. Here are three simple examples:

e the sequence of counting numbers (n) = (1,2, 3, ...) is bounded

below (by L = 0 for example) but not bounded above;
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e the sequence of negative counting numbers defined by (—n) =
(—1,—-2,-3,...) is bounded above (by U = —1 for example)
but not bounded below.

e the harmonic sequence (1/n) is bounded above by U = 1 and
bounded below by L = 0.

EXERCISE 2.11. Show that a real sequence is bounded exactly when

it is bounded above and bounded below.

EXERCISE 2.12. Suppose that U is an upper bound for a convergent

real sequence (a,), so that a,, < U for all n. Show that lim,, , a, < U.

This new language is especially useful for monotone sequences (z,):

o If (z,) is increasing, then the first term z; provides a lower
bound for the sequence. Hence to prove that an increasing
sequence is bounded, we just need to find an upper bound.

e Similarly, if (z,,) is decreasing, then the first term x; provides
an upper bound for the sequence. So to prove that a decreasing

sequence is bounded, we just need to find a lower bound.

EXAMPLE 2.42. It is often not immediately obvious whether a se-
quence is monotone. For instance, consider the sequence (z,) with

2n —3
T n+3

Here is the beginning of the sequence, starting with the index n = 1:

In

(=1/5,1/7,3/9, 5/11, 7/13, 9/15, ...).

These terms are increasing, but are we sure that this continues? We
need to prove that for each integer n > 1 the inequality x, < z,,; is
valid; so far we have only checked the first few cases. Instead of proving
Tn < Tpa1, we will prove the equivalent statement z,, 1 — 2, > 0. The

proof consists of carefully manipulating the general expression: for any
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value of n > 1, we have
2(n+1)—3 2n—3
2n+1)+3 2n+3
2n—1 2n-3
M+5 2n+3
(2n—1)(2n+3) — (2n — 3)(2n + 5)
(2n+5)(2n + 3)
dn — 3 — (4n — 15)
(2n+5)(2n + 3)
12
(2n+5)(2n + 3)

Tn41 — Tn =

>

This shows that the sequence (x,) is increasing.

Note that the sequence is also bounded above (hence bounded): the
numerator 2n — 3 is always less than the denominator 2n+3, so z,, < 1
for all n.

Finally, let’s use the limit laws to show that (x,) converges; be sure

you can justify each step using Proposition 2.20:

2n — 3 . 2—%
im = lim 5
n—oo 2n + 3 n—>002—}—5

lim,, 00 (2 —
lim,, 00 (2 +

)
)
1
2+ 3limy, o0 =
2-3-0
243-0

= 1.

3|3 Jee

2 — 31lim,, o,

In the previous example we looked at a real sequence (z,) having

all three of the following properties:

e monotone;
e bounded;

e convergent.
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We already know about the relationship between boundedness and con-
vergence: all convergent sequences are bounded (Proposition 2.18) but
not all bounded sequences converge. What about the relationship be-
tween monotonicity and convergence? Well, there is no immediate

implication in either direction:

e The alternating harmonic sequence ((—1)"™!/n) converges to
zero but is not monotone;
e The sequence (n) = (1,2,3,...) is monotone but does not

converge.

However, boundedness plus monotonicity is sufficient to guarantee con-

vergence.

THEOREM 2.43 (Monotone Convergence Theorem). Suppose that

the real sequence (x,,) is monotone and bounded. Then (x,) converges.

The Monotone Convergence Theorem (MCT) relies on a special
property of the real numbers called completeness—see the optional
Section 2.7 to learn more about completeness and to see a full proof
of the MCT. For now, we will provide only a partial argument for the

MCT, but one which provides good intuition.

Partial Proof of MCT: Imagine that we have a bounded and increas-
ing real sequence x1 < x5 < x3 < .... In particular, there exists an
upper bound U > 0 such that x,, < U for all n. Think of U as a ceiling:
the sequence is going up (or possibly staying the same), but it never
gets higher than U. You may already be feeling that the sequence
must converge, but just to sharpen that intuition, let’s investigate a
little further by playing the convergence game.

We don’t yet have a candidate limit, but you begin anyway by
challenging me with a small positive number d > 0. I must respond
with an index N, but first I do some preliminary work: consider the

decreasing sequence
(U,U —d,U —2d,U —3d,...).

Think of this as lowering the ceiling in steps of size d:
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e U —d U... U—2d U-—d U

oo \ | | | |
N \ \ [ [ [

T rg3 ... TN ... Tp

U—kd U-(k—1)d

There will be a first positive integer k such that U — kd is not an

upper bound for the sequence (z,). Having found this integer k, set
U=U-(k-1)d

so that U’ is an upper bound for the sequence, but U’ — d is not an
upper bound. Having adjusted the ceiling in this manner, I am now
ready to choose my index N.

Since U’ — d is not an upper bound, there exists an index N such
that xy > U’ — d; this is my chosen index. So consider any index
n > N. The sequence is increasing, so we have zy < xz,. But U’ is an

upper bound for the sequence, so putting all of this together yields
U—-d<azy <z, <U.

This means that all but the first N — 1 terms of the sequence are
contained in the half-open interval (U’ — d, U’], which has length d.

The upshot: no matter how small of a distance d > 0 you specify,
all but finitely many terms of the sequence are huddled together in an
interval of size d. Since they are all so close to each other, it is plausi-
ble that they are getting close to some particular real number a, which
would then be their limit. The existence of the limit a is a consequence
of the completeness of the real numbers, as explained in the optional
Section 2.7.

The MCT is a powerful tool for proving the convergence of mono-
tone sequences (x,): instead of playing the convergence game, we sim-
ply need to show that (z,,) is monotone and bounded. In Example 2.42,
we saw how to establish these properties by working directly with an
explicit formula for the general term x,,. But many sequences have a
recursive definition, and we may not have an explicit formula to work

with. In these situations, we will often use a proof technique called
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induction. We introduce this technique with the following example,

and then we will discuss it more formally.

EXAMPLE 2.44. Consider the recursively defined sequence (¢,,) de-
fined by

to=20 and th,=1t,_1+n forn > 1.

The following picture indicates why these are called “triangular num-

bers.”

We are going to show that for all n > 0, we have t,, = @ Our
proof will be an example of the induction technique.
Here is the idea: we want to prove that for all n > 0, the following

equality is true:
n(n+1)
5
Note that this is really an infinite list of equalities, one for each value

ty =

of n. We begin by checking that the base case n = 0 is valid:

0-(0+1

to=0= —( 5 ) :
So now we know the case n = 0, and we want to prove the case
n = 1. And after that, we will want to prove the case n = 2, etc.
Induction allows us to make a single argument that accounts for all of
these at once: we assume that the equality holds for some generic value
n = k, and then we use that information to prove that the inequality

must also hold for the next value n = k + 1.

k(k+1)
2

So suppose that t, = for some value n = k. This assumption

is called the induction hypothesis. Then use the recursive definition to
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ﬁnd tk+1:

thrn = th+(k+1)
k(k+1
= % + (k+1)
E(k+1)+2(k+1)
2
(k+1)(k+2)
5 .
This is the desired equality for n = k-+1. The principle of mathematical

induction below now says that the stated equalities hold for all n > 0.

The previous example introduced the technique of induction in or-
der to establish an infinite list of equalities. This technique rests on

the following fact about the natural numbers.

Principle of Mathematical Induction: Suppose that (P(n)) is
a sequence of mathematical statements, one for each natural number

n > 0. Moreover, suppose that

e The statement P(0) is true;
e for every n > 0, the truth of statement P(n) implies the truth
of statement P(n + 1).

Then P(n) is true for every n > 0.

In the previous example, P(n) was the equality ¢, = @ The
proof began by establishing the truth of the base case P(0). Then we
made the induction step by proving that if the equality P(n) is true
for some value n, then the equality P(n + 1) is also true.

As a second example of induction, we prove the factorial formula
for the binomial coefficients announced on page 47. Recall that the
integer (Z) is the coefficient of z* in the expansion of the polynomial
(1 + z)™. Moreover, in Proposition 2.10, we established the Pascal

triangle recursion

n n—1 n—1
(k)_<k—1>+< i ) for 0 < k < n.
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PROPOSITION 2.45. For 0 < k < n, we have

(V)

PROOF. There are two indices here, n and k, so we must decide
which one to use for induction. We will use the index n, and here is

the statement P(n) that we wish to prove for every n > 0:

n n!
: <k< =
P(n) for 0 <k <n, (k) AT

Let’s begin by checking explicitly that P(0) is true: if n = 0, then the

only value for k is kK = 0, and we have

0! 1 0
pr— :1: .
00—0) 1-1 0

Now we assume the induction hypothesis that P(n) is true for some

value of n > 0, which means that we are assuming the factorial formula
holds for all values 0 < k& < n. We now need to prove that P(n + 1) is
true. We start by explicitly checking the two cases k = 0 and k = n+1:

p_g. Dt (n+1)!)!:1:(n+1)

Oln+1-0)! 1-(n+1 0
and
B ' (n+1)! o+
h=ntl: (n+1)!(n+1—(n+1))!_(n+1)!-0!_1_<n—|—1>'

So far so good. Now consider any intermediate value for k, where

0 < k <n+ 1. We make use of the recursion from Proposition 2.10:

()= ()

By the induction hypothesis, the factorial formula holds for the bino-
mial coefficients on the right hand side. We write this out explicitly,
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and then do some careful algebra with factorials. The thing to remem-

ber when following this computation is that m! =m - (m — 1)L

(0 = G50

n! n!
T G- G- R@m—h)!
_ n! n n!

(k—Dln—k+1)! " Kkl(n— k)

- w—1£;—kﬁ(n—z+1+%)

B n! k+(n—Fk+1)
B (k—l)!(n—k)!( k(n—k+1) )

n! n+1
- @—1wn—kﬂ(mn+1—m)
(n+1)!
El(n+1-—k)
Thus, we have shown that the truth of P(n) implies the truth of
P(n+ 1), and so by the principle of mathematical induction, the fac-

torial formula holds for all binomial coefficients. O

Now we return to the Monotone Convergence Theorem. In the
following example, we use induction to prove that the given sequence

is monotone and bounded.

EXAMPLE 2.46. Consider the recursively defined sequence (x,,) with

1
To =1 and Ty = ——— for n > 1.
3— Tp—1

Here are the first few terms:

1 2 5 13
n) — 17 ) ) 19 940 ]
() ( 25 13" 34 )

These initial terms are in the interval (0, 1] and are decreasing; we want
to prove that this continues. We will use induction. We first show that
the sequence is bounded. So for each n > 0, let P(n) be the following
chain of inequalities:

O<zx, <1
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The base case n = 0 is clearly true, since xy = 1. For the induction
step, we now assume that 0 < z, < 1 for some value n = k. Then

multiplying by —1 changes the directions of the inequalities:
—1 < —x, <.

Now add 3 and take reciprocals, which changes the directions again:
1 - 1 1
3 3—x k 2 ’

The inner expression is the next term x;.1, so we conclude that the

IN

statement P(k + 1) is true, namely that 0 < x4 < 1. By induction,
the sequence (x,) is bounded.

Now we use induction to prove that (z,) is a decreasing sequence.
This time, the statement P(n) is the inequality x,+1 < z,. The base

case n = 0 certainly holds:
1
zo=1 and xlzé, so 1 < Xp.

For the induction step, we now assume that x;.; < x; for some value
n = k. The proof is similar to the one for boundedness: multiplying

by —1 changes the direction of the inequality:
—Tpy1 2> —Tk.
Now add 3:
3= Tpg1 = 3 — 2.

Note that neither side is zero, since we know that all terms of the se-
quence are between 0 and 1. So we can take reciprocals, which changes

the directions again:

1 1
3 — Tpp : 3 -

We recognize these expressions from the recursive definition of the se-
quence:

T2 < Tigt-
This is the inequality P(k + 1), and the principle of mathematical
induction says that the sequence (x,) is decreasing. Since (x,) is also
bounded, it converges by the MCT. We set x = lim,, , T,.
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Now that we know the limit x exists, we can use the limit laws
together with the recursive definition to find it. First note that we
have two slightly different sequences to consider when taking the limit

of the recursive definition z, = 1/(3 — z,,_1) for n > 1:

(*rn) - (fEh.IQ, XT3y ... )
and
(.13”,1) = (SL’Q,Q?l,I‘Q, Ce )
The second sequence (x,_1) is the same list of numbers in the same
order, just with the additional term xy at the beginning. In any case,

these two lists of numbers both converge to x. Taking the limit of the

recursive definition yields

. . 1 1 1
r = lim z, = lim = - = .
n—00 n—oo \ 3 — Tp_1 3—lim, oo p—1 3—=x

Rearranging, we find that x must be a root of the quadratic polynomial

p(x) = z(x —3) +1 = 22 — 3z + 1. Using the quadratic formula, we
find the two roots of p(z):

3+V5 345

r = 2 ) T2 9
Note that 1 > 2, while all terms z,, < 1. So r; can’t be the limit, and
3—V5

it must be that x = ry = =5

We will need the following result for our next example:

PROPOSITION 2.47 (Inequality of Arithmetic and Geometric Means).

Suppose that a,b > 0 are positive real numbers. Then

Vab < %(Hb).

PROOF. Begin by observing that
0 < (a—b)* =a®—2ab+ b*
Now add 4ab to both sides and factor:

4ab < a® + 2ab+ b* = (a + b)*.
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Finally, divide by 4 and take the square root:

Vab < %(a%—b).

EXAMPLE 2.48. Recall the Babylonian sequence from Example 2.17:

1
To=1 and Ty = = (:cnl +

5 ) for n > 1.

Tp—1

We have seen numerical evidence that (z,,) converges to v/2. We now
prove this by using the MCT. As a first step, we use the inequality of
arithmetic and geometric means to show that for all n > 1 we have

1 2 2
Tn =3 (xn—l + ) > Tp—-1 - - \/5

2 Tp-1 Tn-

Thus, the sequence (z,,) is bounded below by /2. (Note that we are
ignoring the first term zy = 1, which does not change the convergence
behavior of the sequence.)

Now we will use induction to prove that the sequence is decreasing.
We begin with the base case n = 1:

8 g aL(3,22y_ 8 2 3 _
AU A I

For the induction step, assume that z; > x;,, for some value n = k.
We need to prove that zp,1 > zpio. For this, we will use some ideas
from calculus. Consider the function f(z) = % (:c + %), s0 1 = f(xk)
and g2 = f(zgr1). The derivative of f is given by
, 1 1
fla)=5- >

This shows that f/'(x) > 0 for all x > V2. This means that the
function is weakly increasing to the right of V2 it V2 <a< b, then
f(a) < f(b). But by the induction hypothesis, we have z1 < g,
so we find that o = f(zgs1) < f(xr) = zpy1. By the principle
of mathematical induction, the sequence is decreasing. Hence, by the

MCT, the sequence (x,) converges to some limit x.
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To prove that = /2, we take the limit of the recursion:

r = lim x,
n—oo

1 < 2 )
= lim = (x,—1 +
n—o00 2 Tp1
1 ’ n 2
= — | lim z,_ _—
2 \n—oo ' limy, 00 Tp—1

1+2
= —|(ax+-].
2 T

Rearranging then shows that 22 = 2, so that z = v/2 as expected.

REMARK 2.49. We can use the Monotone Convergence Theorem
to provide a justification for what is likely the way you have always
thought about real numbers. Namely, if I had asked you 3 weeks ago to
tell me what a real number is, you probably would have said something
about a decimal expansion, with finitely many digits to the left of the

decimal point, but possibly infinitely many to the right:
C1Co - Ck.d1d2d3 cee

For instance, you might have said that 7 is the decimal expansion with
C1 =3 and d1 = 1,d2 :4,d3 = 1,d4 = 5,d5 = 9,d6 = 2,d7 = 6,...1

m=3.1415926 - - -

Of course, you can never finish telling me the decimal expansion of a
real number in this way, but the idea is that every sequence of digits

is allowed. The act of telling me a particular decimal expansion is the

same as providing a sequence of rational numbers (zg, z1, 22, ... ):
o = C1---Ck
r1T = C1--- Ck;.dl
T9g = Cp--- Ck.dldg

r3 — Cp--- Ck.dldgdg
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Moreover, note that this sequence is both monotone and bounded (by
|zo| 4+ 1, for instance). By the Monotone Convergence Theorem, the
sequence converges to a real number, namely the number you are trying
to tell me about!

For more about what it means to specify a real number, and also
about why we need the real numbers rather than the rationals for

calculus, read the optional Section 2.7.

Key points from Section 2.6:

e Monotone sequences (Definition 2.39)

e Monotone Convergence Theorem (Theorem 2.43)

e Principle of Mathematical Induction (page 84)

e Induction proofs with recursive sequences (Exam-
ples 2.44, 2.46, 2.48)

2.7. Optional: Completeness

The structure of Definition 2.14 suggests that, in order to prove
that a sequence (z,) converges, we need to have a candidate limit w
in mind, so that we can investigate the distances |z, — w| and play
the convergence game. But there is a problem: we generally do not
have an explicit way of naming the limit w, except to say that it is the
limit of the sequence we are investigating! In order to illustrate this
point, we present two examples from the theory of integration reviewed
on pages 63-66. In the first example, we do have an explicitly named

candidate for the limit, while in the second example, we do not.

ExAMPLE 2.50. Consider the integral of the function p(z) = 2%+ 1
over the closed interval [1,2]. If R, is the nth Riemann sum of p(z)
over this interval, then

2
/ (2 + 1)dr = lim R,.
1

n—o0
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However, this is not the way we generally compute this integral. In-
stead, we find an antiderivative P(z) = 32° + 2 and use the Funda-
mental Theorem of Calculus:

8 1 10

/1(x2+1)da;=P(2)—P(1):§+2—§—1:?

So, in this case we have an explicitly named candidate for the limit of
the sequence (R,), and we could use the definition of convergence to
directly prove that the sequence does indeed converge to the rational
number 10/3.

EXAMPLE 2.51. Now consider the integral of the continuous func-
tion f(x) = In(In(x)) over the closed interval [3,4]. Again, if R, is the
nth Riemann sum of f(z) over this interval, then

/4 In(ln(z))dr = lim R,.

n—o0

You are likely tempted to use the Fundamental Theorem of Calculus
to compute this integral, by finding an antiderivative. However, you
may be surprised to learn that there is no elementary formula for an
antiderivative of f(z)! So, in this case we cannot describe the limit
any more explicitly than to say it is the number that the sequence
(R,) converges to. Here are some of the terms of the sequence (to 8

decimal places of precision).

Rigoo ~ 0.22051334 Rigs ~ 0.22051276
Rign =~ 0.22051322 Rigos =~ 0.22051265
Ripee ~ 0.22051311 Ripor =~ 0.22051253
Rigos ~ 0.22051299 Rigos =~ 0.22051242
Ripos ~ 0.22051288 Rigey =~ 0.22051230

This example provides a hint of why sequences are so important

in mathematics: many of the things we wish to discuss (e.g., areas
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under curves) cannot be described in explicit, finite terms, but instead
can only be named as the limits of infinite sequences. In fact, most
real numbers are like this, in contrast to rational numbers. If I have
a particular rational number in mind, then I have no trouble telling
you exactly which one it is: I simply tell you that it is the ratio of two
particular integers m/n. But if I have a particular real number in mind,
how can I communicate it to you? Some numbers, like v/2 and 7, can
be easily communicated because they have some special algebraic or
geometric property: /2 is the only positive real number with square 2:
the number 7 is the ratio circumference/diameter for any circle. But
most real numbers don’t have such special properties, so how do we
name them?

Well, you may be thinking: just tell me the decimal expansion,
and then I will know the number. True, but note that the decimal
expansion of an irrational real number is infinite and non-repeating, so
the best I can do is tell you more and more digits. When I do this, I
am really providing a sequence of rational numbers that converges to

the real number I have in mind:
(3, 3.1, 3.14, 3.141, 3.1415, 3.14159, 3.141592, ...).

is the beginning of this sequence of rational approximations of .

So, if real numbers are so much harder to name than rational num-
bers, why do we bother with them? Why not simply do calculus using
rational numbers? After all, if I ask you to visualize the rational num-
bers, you will probably see the same mental image that you use for
the reals: a line stretching to the left and right without bound. But it
turns out that there are lots and lots of tiny “holes” in the rational line,
despite the fact that between any two rational numbers there is an-
other rational number (their average, for instance). These holes in the
rational numbers are bad for calculus, essentially because they prevent
many sequences from converging. The real numbers are exactly the
result of plugging these holes, and the lack of holes in the reals makes

them suitable for the development of calculus. The technical term for
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this property of the real numbers is completeness—if you later take an
analysis course, you will study the concept of completeness in depth.

The most famous hole in the rational numbers is the square root
of 2:

PROPOSITION 2.52. There is no rational number m/n with the
property that (m/n)* = 2.

PROOF. We will get a contradiction by supposing that there is such
a rational number m/n. We can assume that the integers m and n are
both positive and share no common factors. In particular, at most one
of them is even. But if (m/n)? = 2, then m? = 2n? and m? must be
even. But the square of an odd number is odd, which means that m
itself must be even. So we can write m = 2k for some positive integer
k. But then we find that 2n*> = m? = (2k)? = 4k?, and dividing by
2 yields n? = 2k?%, showing that n? is also even. But this implies that
n itself is even, contradicting our assumption that m and n share no
factors. O

OK, but why does this constitute a hole in the rational numbers?
After all, there is no rational number whose square is —1, but we don’t
think of this as a hole in the rationals. The point is that we picture pos-
itive rational numbers as distances along a line, and the Pythagorean

theorem assures us that the square root of 2 is a geometrically necessary

[N

1

distance:

So, there is a distance with square 2, but that distance is not a ra-
tional number. (This discovery was extremely upsetting to the ancient
Greeks.) Moreover, there are rational numbers with squares arbitrarily
close to 2. For instance, consider the Babylonian sequence (z,) from
Examples 2.17 and 2.48, which is a rational sequence that converges
to v/2. By our uniqueness result (Proposition 2.24) and the fact that

/2 is irrational, this means (z,) does not converge to any rational
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number—there is a hole in the rational numbers where v/2 should be,
and the irrational real number /2 plugs that hole.

The trouble with this description of holes and completeness is that
we have been forced to repeatedly mention the irrational number /2
in order to explain why the rationals have a hole where that number
should be. That is, it seems that we need to know what plugs a hole
in order to know that there is a hole. It would be better if we could
instead detect holes directly, without reference to the eventual plug.
For this, we need to introduce a new idea.

At first glance, the following definition looks very similar to the

definition of convergence:

DEFINITION 2.53. A sequence of complex numbers (z,) is Cauchy
if for all real numbers d > 0, there exists an index N > 0 such that

|2 — 2zm| < d for all indices n,m > N.

Note the key difference from Definition 2.14: there is no mention
of a limit w, and instead of discussing the distances |z, — w|, it speaks
of the distances |z, — z,| between different terms of the sequence. In

order to unpack this new definition, we formulate it as a game.

The Cauchy Game:
(1) You go first, and you challenge me with a small distance d > 0.

(2) Now it is my turn. Knowing your choice of distance d, I inves-
tigate the sequence (z,) and try to find an index N such that
all terms with index N or greater are closer to each other than
your distance d. If there is such an index /N, then I announce
it; if no such N exists, then I lose the game.

(3) Now it is your turn again, and you verify my choice by trying
to demonstrate that for all pairs of indices n, m with n,m > N,
we have |z, — z,| < d. If you can find a counterexample to
this assertion, then you have shown that my N is not valid; if
your demonstration succeeds, then my N is valid, and I win
this round of the game.

(4) Now we return to step (1) and play another round.
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To say that the sequence (z,,) is Cauchy is to say that I will win every
round of the Cauchy game.
It may be helpful to compare the following imprecise but brief de-

scriptions of our two notions:

e (Convergent) The terms of the sequence (z,) get arbitrarily
close to the limit w.

e (Cauchy) The terms of the sequence (z,) get arbitrarily close
to each other.

We have been describing holes in the rationals using the concept of
convergence: for example, the Babylonian sequence of rational numbers
(z,) converges to the irrational number w = v/2, and this means that
there is a hole in the rationals. But (z,,) is also a Cauchy sequence, so
what we have here is a Cauchy sequence of rational numbers that does
not converge to a rational number. Indeed, the next proposition shows

that every convergent sequence is Cauchy.

PROPOSITION 2.54. Suppose that (z,) is a convergent sequence.
Then (z,) is a Cauchy sequence.

PROOF. Let’s play the Cauchy game. You challenge me with a
distance d > 0. Now I do something a bit clever: I imagine that you
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FIGURE 2.13. Convergent implies Cauchy
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instead chose d/2. Since the sequence converges to some limit w, I can
find an index N such that for all n > N, the term z, is in the disc of
radius d/2 centered at w (see Figure 2.13). But then for any pair of
indices n,m > N, both of the terms z, and z,, are contained in the
disc of radius d/2 centered at w. The diameter of this disc is d, so
any two points of the disc are separated by a distance less than d. In
particular, we have |z, — z,,| < d as required. Since I can win in this

fashion no matter what you choose for d, the sequence is Cauchy. [

The Cauchy property should appeal to your intuition in the follow-
ing way: it seems plausible that if the terms of a sequence are getting
arbitrarily close to each other, then there should be some particular
number w that the terms are getting arbitrarily close to. That is, it
seems reasonable to expect that the converse of the previous proposi-
tion should be true: if a sequence is Cauchy, then it should converge.
We encourage you to think of the Cauchy property as representing a
sequence’s desire to converge: as you look further and further out in
the sequence, the terms are huddling closer and closer together; they
want to find a single point w (their limit) to huddle around. The only
thing that could thwart the fulfillment of that desire is if there is a hole
where w should be. So, a Cauchy sequence of rational numbers that
does not converge to a rational limit signals the presence of a hole; the
existence of such holes makes the rational numbers unsuitable for cal-
culus. Note that this description of a hole does not require any mention
of the real number plug that will ultimately fill the hole.

Using the notion of Cauchy sequences, we can provide a precise for-
mulation of what we mean by the statement that the real and complex

numbers have no holes:

Cauchy Completeness of R and C: The real numbers R are Cauchy
complete: every Cauchy sequence of real numbers converges to a real
number. The complex numbers C are also Cauchy complete: every

Cauchy sequence of complex numbers converges to a complex number.
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REMARK 2.55. We are not in a position to prove that R and C
are Cauchy complete; for that you will need to take an analysis course
later in your mathematical education. But we have shown that the
rational numbers are not Cauchy complete: the Babylonian sequence
from Examples 2.17 and 2.48 is a Cauchy sequence of rational numbers

that does not converge to a rational number.

To end this section, we will use the Cauchy completeness of R to

prove the Monotone Convergence Theorem 2.43. Recall the statement:

Monotone Convergence Theorem: Suppose that the real sequence

(x,,) is monotone and bounded. Then (z,) converges.

The proof closely follows the “partial proof” provided just after the
statement of the MCT as Theorem 2.43 of Section 2.6.

PROOF. Assume that the sequence (x,,) is increasing (the proof of
the decreasing case is similar). Let U > 0 be an upper bound for the
sequence, so x,, < U for all indices n. We will show that the sequence
is Cauchy, hence convergent to a real number by Cauchy completeness.

So we play the Cauchy game. You begin by choosing a distance
d > 0. I must respond with an index N. First some preliminary

investigation: consider the decreasing sequence
(U,U —d,U —2d,U —3d,...).

I claim that there is a positive integer k£ such that U —kd is not an upper
bound for the sequence (z,,). This seems intuitively clear: starting at
U, I am decreasing by the fixed amount d > 0 at each step, so eventually

I must pass by one of the x’s:

vy, U=d g U U= U—d U

- oo o | | | .

I T3 ... ‘IN... ]37,1 ‘ ‘ ‘

U-Kd U-(K-1)d
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To justify this rigorously, we can appeal to the Archimedean property
and choose k > (U — x1)/d, so that

z1 > U — kd.

Let K be the smallest such integer, so U’ = U — (K — 1)d is an upper
bound for the sequence, but U — Kd = U’ — d is not an upper bound.
Having adjusted the upper bound in this manner, I am now ready to
choose my index N.

Since U’ —d is not an upper bound, there exists an index N such that
xy > U’ —d. This is my chosen index, and it is now your turn to verify
my choice. So consider any two indices n,m > N. For concreteness,
assume that m > n > N. The sequence is increasing, so we have
ry < x, < x,,. But U’ is an upper bound for the sequence, so putting

all of this together yields
U—-d<ay<z,<z,<U.

This means that z,, and z,, are both contained in the half-open interval
(U'—d, U], which has length d. In particular, the distance between z,
and x,, is less than d. Thus, my choice of N is valid. The argument
shows that I can make such a valid choice of N no matter what d
you choose, and this means that the sequence is Cauchy. By Cauchy

completeness of the real numbers, the sequence (z,) converges. O

Key points from Section 2.7:
e The irrationality of v/2 (Proposition 2.52)
e Cauchy sequences (Definition 2.53)
e Convergent implies Cauchy (Proposition 2.54)

e Cauchy Completeness of R and C (page 97)




100 2. SEQUENCES
2.8. In-text Exercises

This section collects the in-text exercises that you should have worked

on while reading the chapter.

EXERCISE 2.1 The term z; = 0 is represented by the red dot at the
origin in Figure 2.1, and the next term z; = ¢ = 0.6¢ is represented by a
red dot on the imaginary axis. Thinking purely geometrically (using the
rotation-scale interpretation of multiplication and the parallelogram
law for addition), find the red dot representing the term z; = ¢ + c.
Can you identify the red dot representing z,? What about 237 How

far can you go?

EXERCISE 2.2 This exercise asks you to consider some sequences that

lie on the unit circle.

(a) Fix a positive integer m > 1, and consider the complex number
a = cos(2m/m) + isin(27/m). Describe the sequence consisting of

the nonnegative integer powers of a:
(a™) = (1, a, a®, a*, ...).

Draw a nice picture of this sequence for m = 6.

(b) Now fix an irrational real number s in the interval (0,1), and de-
fine the complex number b = cos(2ws) + isin(27s). Describe the
sequence (b") = (1b, b%, b3, ...). What would you say is the key

difference between this sequence and the sequence (a™)?

EXERCISE 2.3 Let (w,,) denote the inverse factorial sequence from Ex-

ample 2.7. Give a recursive definition for the sequence (wy,).

EXERCISE 2.4 Which of the sequences in Example 2.3 are bounded,

and which are unbounded?

a) the counting numbers (n)
b) the harmonic sequence (1/n)
(c) the alternating harmonic sequence ((—1)""!/n)

)
)
d) the constant sequence (i,1,1,...)
(e) the sequence (1,2,3,1,2,3,...)

(
(
(
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(f) the sequence of prime numbers (2,3,5,7,11,...)
(g) The digits of 7 in base ten (3,1,4,1,5,9,...)
(h) The iterative sequences (0, ¢,c* + ¢, (¢* +¢)?* + ¢, ...)

EXERCISE 2.5 Consider the recursively defined sequence (h,,):
1
hy=1 and h,=h, 1+ — forn>2.
n

(a) Compute the first 5 terms of the sequence (hy, ho, h3, hy, hs,...) by
hand.
(b) Use a web browser to navigate to SageMathCell, located at
https://sagecell.sagemath.org
Copy and paste the Python code provided below into the window,

being careful to fix any indentation problems that may arise.

N = 100

tail_size = 10

h=1.0

for n in range(2, N + 1 - tail_size):
h=h+ 1/n

for n in range(N + 1 - tail_size, N + 1):
h=h+ 1/n
print("h_{:d} = ".format(n) + str(h))

Now click Evaluate. This code computes the first N = 100 terms of
the sequence (h,) and prints out the last tail size = 10 computed
terms to the screen. By changing the values of N and tail size,
you can investigate the behavior of the sequence. Based on your

investigations, do you think the sequence (h,,) is bounded?

EXERCISE 2.6 Fix a positive real number r > 0 and an initial guess

Tguess > 0 for y/r. Consider the recursively defined sequence (z,):

1 T
To = Tguess and x, = 3 (xnl + . ) forn > 1.
n—1

Use a web browser to navigate to SageMathCell, located at
https://sagecell.sagemath.org


https://sagecell.sagemath.org
https://sagecell.sagemath.org

102 2. SEQUENCES

Copy and paste the Python code provided below into the window, being
careful to fix any indentation problems that may arise in the process.
Now click Evaluate. This code prints the first N = 10 terms of the
sequence (x,) for r = 17 and Zguess = 4. It then prints out the values
of r and z%_,. By changing the values of N, r, and Zgyess, you can
investigate the behavior of these sequences. Based on your investiga-

tions, do you think that (x,) always converges to /r?

= 17

_guess = 4

= 10

X = x_guess

print("x_0 = " + str(x))
for n in range(l, N):

x = 0.5%(x + r/x)

=X R

print("x_{:d} = ".format(n) + str(x))
print("\n r = " + str(r))
print("(x_{:d})"2 = ".format(n) + str(x~2))

EXERCISE 2.7 Suppose that (z,) and (w,,) are complex sequences, and
suppose that (w,) and (z, + w,) are both convergent sequences. Use
part (b) of Proposition 2.20 to prove that (z,) must be convergent as

well.

EXERCISE 2.8 What is the difference between saying that the real
sequence (a,) is unbounded and saying that lim, .., a, = £o0? Can
you give an example of a positive sequence (a,,) that is unbounded but

which does not diverge to oco?

EXERCISE 2.9 Let f : (0,00) — R be a real function and L a real num-
ber. In your calculus course, you may have seen the following formal
definition for the statement that lim, ., f(z) = L:

For every positive real number d > 0, there exists a positive real number
M > 0 such that for all x > M, we have |f(z) — L| < d.
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(a) Write a short paragraph explaining how this formal definition cor-
responds to a more intuitive understanding of the limiting behavior
depicted in Figures 2.9 and 2.10:

lim —=0  and lim arctan(x) = z

(b) Use the formal definition provided above together with Defini-

tion 2.14 to give a rigorous proof of Proposition 2.30 in the case

where L is a real number.

EXERCISE 2.10 Use Definition 2.14 to give a careful proof of Proposi-
tion 2.36. The key point to notice is that ||z,| —0] = |z, —0], so playing
the convergence game for (|z,|) is the same as playing the convergence

game for (z,).

EXERCISE 2.11 Show that a real sequence is bounded exactly when it

is bounded above and bounded below.

EXERCISE 2.12 Suppose that U is an upper bound for a convergent
real sequence (a,), so that a,, < U for all n. Show that lim,,, a, < U.
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2.9. Problems

2.1. Write the first 6 terms of the sequence:

() (cos () +isin () (@ ((3)")
o) (1) © (i)
© ((073)

n>0

2.2. What are the next three terms of the sequence? Explain.

(1, 11, 21, 1211, 111221, 312211, ...).

2.3.  Find two non-constant sequences (z,) and (w,) such that the

sequence of products (z,w,) is a constant sequence.

2.4. Prove that the sequence (i:fjf’) is bounded.

2.5.  For the following sequences and proposed limit points w, start
by playing the convergence game and filling out the following table (if
possible):

d = desired closeness to w | N = index to achieve d
1/2

1/4

1/10

1/100

If you believe that you can win every round of the convergence
game, then prove that the sequence converges to w. If there exists a
choice of d > 0 for which you will lose the convergence game, use it to

prove that the sequence does not converge to the proposed limit w:

(a) (”L”)qpo w=0 (c) (2”11)101 w=0
b) (1)), w=1 ‘
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(d) <27LT:-1>”21 w=1 (f) (cos (”—;)) w=0

n>1

2.6. Find a sequence of real numbers (x,) converging to 1 such that
infinitely many terms are greater than 1 and infinitely many terms are
less than 1.

2.7. Find a sequence of complex numbers (z,), none of which are real,

that converges to 2.

2.8. Give an example of two divergent sequences (z,) and (w,) such

that the product sequence (z,w,) converges.

2.9. Give an example of a divergent sequence (z,) and a convergent
sequence (wy,) such that the product sequence (z,w,) converges. What
is the limit of (w,,) in your example? Is it possible to find an example
with a different limit? If so, provide such an example; if not, explain

why no other limit for (w,) is possible.

2.10. Use Propositions 2.20 and 2.30 to find the limit or explain why

the sequence diverges.

(a) <Cos( )> (e) (1111517(17;)) (h) (ngnﬂ)

) (5352) 0 ((1+2)") (i) (In(n+ 1)~ In(n))
) (%) ® (12) 0 (Vi)

(d) (arctan (%) )

2.11. (The Squeeze Theorem) Suppose that (a,), (b,), and (c,) are
real sequences satisfying a,, < b, < ¢, for all n. Also suppose that
lim,, 00 ap, = lim,_, ¢, = L. Prove that lim,,_.., b, = L by complet-

ing the following steps. Let d > 0 be given.

(a) Show that there exists Ny > 0 such that —d < a,,— L for alln > Nj.
(b) Show that there exists Ny > 0 such that ¢, — L < d for all n > Nj.
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(c) Finally, show that there exists N > 0 such that |b, — L| < d for all
n > N.

2.12.  Use the Squeeze Theorem (Problem 2.11) to find the limits of
the following sequences:

(a) cos(n)

TL2 cos(<mn
(b) ()
(c) <2%> [Hint: use the binomial expansion from Example 2.8 to
show that 2 < (1+ )" for all n]

(d) ((1 + #1)%> [Hint: use part (c)]

2.13. Determine whether the following sequences are bounded, mono-

tone, both or neither.

2.14. Consider the recursive sequence defined by:
a; =+v2 and a, = \/2a,_1 forn > 2.

(a) Write out the first 4 terms of the sequence.

(b) Show that a; < as.

(c) Use induction to show that the sequence (a,) is increasing.

(d) Show that a; < 2.

(e) Use induction to show that the sequence (a,,) is bounded by 2.
(f) Find the limit of (a,).

2.15. Consider the recursive sequence defined by:

a1:\/§ and a, =+/2+a,—1 forn>2.

(a) Write out the first 4 terms of the sequence.
(b) Show that a; < as.

(¢) Use induction to show that the sequence (a,) is increasing.
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(d) Show that a; < 2.
(e) Use induction to show that the sequence (a,,) is bounded by 2.
(f) Find the limit of (a,).

2.16. Consider the recursive sequence defined by:

ap=1 and a,=3-— for n > 2.

An—1
(a) Write out the first 4 terms of the sequence.
(b) Show that a; < as.
(¢) Use induction to show that the sequence (a,,) is increasing.
(d) Show that a; < 3.
(e) Use induction to show that the sequence (a,,) is bounded by 3.
(f) Find the limit of (a,).

2.17. Let (z,) be a sequence of complex numbers that converges to 0.
Let (¢,) be a bounded sequence of complex numbers. Show that (¢, z,)

converges to 0.

2.18.  This problem leads you to a combinatorial interpretation of
the binomial coefficients (Z) Consider the set containing the first n
positive integers:

{1,2,3,--- ,n}.
For each integer k with 0 < k < n, let b(n,k) denote the number
of subsets of this set containing exactly £ numbers; the order of the
numbers does not matter, only which ones are present in the subset.

For example, taking n = 3, we are looking at the subsets of {1, 2, 3}:

k=0: {} = empty set b(3,0) =1
k=1: {1},{2},{3} b(3,1) =3
k=2: {1,2},{1,3},{2,3} b(3,2) =3
k=3 (1,2,3) b(3,3) = 1

Note that b(n, k) is the number of ways of choosing k elements from a

set with n elements.
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(a) Carefully explain why the number b(3, k) appears as the coefficient

of ¥ in the expansion of the polynomial
(1+2)°=(1+2)(1+2)(1+2).

Hint: identify the first, second, and third linear factor written
above with the numbers 1,2,3 and think about the definition of
b(3, k) as you expand the product.

(b) Now explain why, for every n > 1, the number b(n, k) appears as

the coefficient of z* in the expansion of the polynomial
(1+2)"=0+2)1+2)--(1+2)

You have now shown that b(n, k) = (’;), which explains the name “n

choose k7 for the binomial coefficients.

2.19. Let D be the open disc of radius d > 0 centered at a complex
number w:

D={zinC:|z—w| <d}.
Fix a point a in the disc D, and consider the open disc D’ of radius

d =d—|a—w| >0 centered at a:
D'={zinC:|z—a|l <d}.

Draw a nice picture illustrating this situation. Then use the triangle
inequality (Proposition 1.7) to show that D’ is entirely contained inside

the original disc D.

2.20. Consider the sequence (z,,) with nth term z,, = (1+ 1)". Use a
web browser to navigate to SageMathCell, located at

https://sagecell.sagemath.org

Copy and paste the Python code provided below into the window, being
careful to fix any indentation problems that may arise in the process.
Now click Evaluate. This code prints the first N = 10 terms of the
sequence (z,). By changing the value of N, you can investigate the
behavior of the sequence. Based on your investigations, do you think

that (x,) converges? If so, do you have a guess for the limit?


https://sagecell.sagemath.org
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N =10
for n in range(1, N+1):
x = (1+1/n)**n
print("x_{:d} = ".format(n) + str(x.n()))

2.21. Adapt the proof from Example 2.48 to show that the sequence
from EXERCISE 2.6 converges to /7

T

1
zo=1 and xnzi(xn_l—k ) for n > 1.

Tp—1

2.22.  Fix a positive real number r > 0. Consider the recursively

defined sequence (y,):

1
Yyo=1 and y,=-|2y,1+ ; forn > 1.
3 Yn—1

Use a web browser to navigate to SageMathCell, located at
https://sagecell.sagemath.org
Copy and paste the Python code provided below into the window, being

careful to fix any indentation problems that may arise in the process.
Now click Evaluate. This code prints the first N = 10 terms of the
sequence (y,) for r = 2. By changing the values of r and IV, you can
investigate the behavior of these sequences. Based on your investiga-
tions, do you think that (y,) always converges? If so, do you have a

guess for the limit?

r =2
N = 10
y=1.0

print("y_0 = " + str(y))

for n in range(1l, N):
y = (1/3)*%(2*xy + r/(y**2))
print("y_{:d} = ".format(n) + str(y))


https://sagecell.sagemath.org




CHAPTER 3

SERIES

3.1. Inspiration: The Riemann Zeta Function

By way of motivation for this chapter, we now introduce one of
the most interesting complex functions in all of mathematics: the Rie-
mann zeta function, ((z). Figure 3.1 shows the graph of the magni-
tude |((z)| on the domain Re(z) > 1. This fascinating function arises
in the subject of number theory and has applications to other areas
of mathematics and physics. The Riemann Hypothesis, formulated by
the German mathematician Bernhard Riemann in 1859, concerns the
location of the zeros of the zeta function and has profound implica-
tions for the distribution of prime numbers among all the integers. In
2000, the Clay Mathematics Institute listed the Riemann Hypothesis
as one of its seven Millennium Prize Problems, each of which carries
a one million dollar prize. The Riemann Hypothesis is still open, so
pay attention: the ideas in this chapter could set you on the path to a
lucrative reward.

Our reason for introducing the zeta function is because its definition

requires the notion of infinite series, the central topic of this chapter.

111
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FIGURE 3.1. Graph of the magnitude of the Riemann
zeta function |((z)|. Note that the axes are rotated from
the usual representation, with the imaginary y-axis run-
ning horizontally across the page.

Here is the defining formula:

1 1 1
— 4y
((2) tonton et
Right away, there are at least two things about this formula that need

discussion:

(1) The variable z is complex, so we seem to be contemplating
complex number exponents. But what does 2* mean? We
will return to this question in the optional Section 4.10, as
an application of the complex exponential function studied in
Section 4.7. (Recall that we encountered a complex extension
of the real exponential function e* in Example 1.20.) For now,

we will restrict attention to real number exponents p, for which
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the zeta function has the formula

C(p):1+%+3—11)+%+~".
Here, we are thinking of p as a real variable, so we will want
to investigate these expressions for various specific values of p,
for instance p = 2 and p =

1 1 1

<(2) = 1+§+§+4—2+"‘
1 1 1
T R R R
¢(m) T tat T
(2) The dots “---” indicate that the sum goes on forever. So we

need to make sense of the activity of adding up an infinite
sequence of numbers. In this case, the infinite sequence is
(1/n?) = (1,1/2P,1/3P,1/4P ...), but we may investigate this
notion of “infinite summation” for any sequence of complex

numbers (c,).

3.2. Series and Convergence

Suppose that (¢,) is a sequence of complex numbers. We want to
make sense of “adding up all of the numbers ¢,.” Your initial reaction to
this idea may be that the process will never end, or if it does somehow
come to an end, then the result must be infinite or nonsensical. After
all, if there are really infinitely many terms c,, then there are always
more terms to add. This conundrum should remind you of the improper
integrals you studied in MATH 155, where you discovered that some
regions having infinite extent actually have only finite area (we will
return to improper integrals in Section 3.3).

Luckily, our notion of convergence saves the day. Instead of pre-
judging the outcome of “infinite summation,” we proceed slowly and

investigate what happens as we add one additional term at a time to
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obtain the sequence of finite partial sums (s,,):

ST =
So = C1+C
S3 = 1 +tcx+c3

Sm = Ct+Cc+czt--+cy

Having done this, it makes sense to ask whether the sequence (s,,)
converges or not. If it does converge to a finite limit s, then we should
think of s as the sum of all of the numbers c¢,, because the partial
sums S, get arbitrarily close to s as we include more and more of the
terms ¢,. On the other hand, if the sequence (s,,) does not converge,
then we should conclude that it is not possible to add up all of the
terms c¢,,, there being no single finite value that the partial sums s,, are
approaching.

We record these ideas in the following definition.

DEFINITION 3.1. Let (¢,)n>1 be a sequence of complex numbers.
Define a new sequence of complex numbers (S,,)m>1, the sequence of

partial sums, as follows:
m
Sm:C1+C2+C3+"'+Cm:ZCn.
n=1

In words, for each index m > 1, the mth partial sum s,, is the finite sum
of the first m terms of the sequence (¢,). If the sequence of partial sums
(8m) converges to a limit s, then we say that the series ¢; +co+cg+- -

converges to the sum s, and we write

oo

E cpb=¢ +cg+c3+---= lim s, =s.
1 m—0o0

n=

If the sequence of partial sums (s,,) does not converge, then we say

that the series >~ | ¢, diverges.



3.2. SERIES AND CONVERGENCE 115

REMARK 3.2. If the original sequence (¢,),>o starts with the in-
dex 0 or some other integer, then the indices of the sequence of partial

sums (S, )m>o0 are adjusted accordingly:
So = (O

ST = ¢+

m
Sm = CO+Cl+"'+Cm:§ Cp.
n=0

In this case, we write E;OZO ¢, = lim,, o S, when the series converges.

The best way to come to grips with this definition is to start work-
ing with examples. At the end of this section (Remark 3.14), we pro-
vide some general comments about common sources of mistakes when
working with series; those comments are probably best appreciated

after having made some of the mistakes for yourself.

EXAMPLE 3.3. Consider the sequence (¢,) = ( 1 ):

n(nt1)
1 1 1 1 1 1
A=15%% ©537§ % 341
We wish to investigate the series
- 1 1 1 1
Yomrn -2ttt

Does it converge or diverge, and if it does converge, can we name the
sum explicitly? Let’s begin by looking numerically (to 6 decimal places

of precision) at the sequence of partial sums:

s1 = 0.500000

Q

0.999001
sy =~ 0.666667 s1001 A~ 0.999002
s3 = 0.750000 s1002 A~ 0.999003

s4 = 0.800000 S1003 ~ 0.999004
s5; ~ 0.833333

51000

0.999005

Q

51004
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Could it be that these partial sums are converging to 17 Yes, and
if we use a bit of algebra, we can prove it. Note that we can rewrite
the numbers ¢,, as follows:

1 1 1

Cn_n(n+1) n n+1

This allows us to compute the partial sums exactly:

= g+t tcet-+onp

DD )

1

m-+1

Note the fortuitous cancelation in the second line, in which the negative

Sm

term in each parenthesis is canceled by the positive term in the next
parenthesis. Because of this phenomenon, series like this one are called
telescoping, a name derived from the fact that some telescopes are made
of segments that slide inside of each other to make the instrument short
when not in use.

Because of the telescoping behavior, we have found a simple formula
for the mth partial sum of the series:

1

m+1

Sm =

Moreover, since the harmonic sequence (1/(m 4+ 1)) converges to zero,

an application of Proposition 2.20(b) shows that

lim s, = lim =1— lim —— =1.

Hence, we are justified in saying that the series converges to 1, and

=~ 1
RS

n=1

writing

REMARK 3.4. Be careful with the words sequence and series: the
symbol > ¢, denotes a series. This series has two important se-

quences associated with it: the sequence of terms (c,) that we are
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attempting to sum, and the sequence of partial sums (s,,). Note in par-
ticular that lim,, ., ¢, denotes the limit of the sequence of terms (c,),
which is quite different from the infinite series 22021 Cp = im0 S

For instance, in the previous example of the series >~ m, the

sequence of terms is (¢,) = (ﬁ) and the sequence of partial sums

is (Sm) = (1 — mLH) So we have

. . 1

lim ¢, = lim —— =0,
while

o

- 1 1
2 =2 ey A Jm (1= )

EXAMPLE 3.5. Consider the constant sequence (¢,) = (1 + )p>1,
and let’s investigate the series > (1 + 7). As always, we begin by
looking at the partial sums:

Sm=0+9)+ A+ + -+ (1+i)=m+mi.
The sequence (s,,) is not bounded, because

|Sm| = |m +mi| = Vm? + m? = mv/2.

By Proposition 2.18, the sequence of partial sums (s,,) does not con-
verge, so the series Y (1+1) diverges. In this case, the divergence of

the series is due to the sequence of partial sums (s,,) being unbounded.

EXAMPLE 3.6. Consider the alternating sequence
(cn) = ((=1)" )1 = (1,—1,1,-1,1,—1,...).

We wish to investigate the series

L=141—141—14---=) (=1)""

n=1
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We look at the partial sums:
s1 = 1
S = 1—-1=0
s3 = 1—-14+1=1
4 = 1—-141-1=0

We see that the partial sums form the sequence (s,,) = (1,0,1,0,1,0,...).
This sequence does not converge, so the series Y - (—1)"*! diverges.
Note that this type of divergence is a bit different from the previous
example, where the partial sums formed an unbounded sequence. In
this case, even though the sequence of partial sums (s,,) is bounded, it
does not settle down (converge) to a single value, and hence the series

diverges.

EXERCISE 3.1. What is wrong with the following telescoping argu-

ment that purports to show that the series sums to 07

D=1 = 1-141-141—1+4--

n=1

= 1-D)+01-D+10-1)+---
= 0+0+0+---
= 0.

Can you make a similar (invalid) argument that suggests that the series

sums to 17

The previous two examples of divergent series are perhaps not too
surprising in hindsight: in both cases the terms ¢,, do not get arbitrarily
small as the index n gets bigger and bigger. But the terms c¢,, are exactly

the changes in the partial sums:

Spm=0C+C+ F+Cn-1+Cn = Sn—1+ Cn.
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So the fact that the numbers ¢,, do not approach zero means that the
terms s, continue to change substantially as m gets bigger and bigger,
and this means that the sequence (s,,) cannot converge. The next

result makes these observations precise.

PROPOSITION 3.7 (Divergence Test). Suppose that the series Y - | ¢,
converges to the sum s. Then the sequence of terms (c,) converges to

ZEro.

PROOF. We are assuming that » >° ¢, = s. But this just means
that the sequence of partial sums (s,,) converges to s:
lim s, = s.
m—00
Observe that we can also write lim,,_o S;»—1 = s. Indeed, the se-
quence (S,,—1) is the same list of numbers in the same order, only with
the indices shifted by 1.
But, as explained just above, we have (¢;,) = (S — Sm—1), SO an
application of Proposition 2.20(b) shows that
lim ¢, = lim (s, — sp_1) = s —s =0,
m—00 m—s00

so the sequence of terms (¢,,) converges to zero as claimed. O

REMARK 3.8. The previous proposition goes by the name of the
divergence test, because it is most often used to show that a series is

divergent. We explain this in two steps:

(1) The statement of the proposition (which mentions only con-
vergence) is logically equivalent to a statement that mentions
only divergence:

o0
Z Cp CcoOnverges implies lim ¢, =0

n—00
n=1

is logically equivalent to

n—oo

lim ¢, #0 implies Z ¢, diverges.
n=1
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(2) We put this reformulation to work in the following way: given a
series > 7 | ¢y, it is a good idea to first investigate the sequence
of terms (c,). If we find that (¢,) does not converge or that
the limit exists but is different from zero, we can immediately
conclude that the series diverges. If, on the other hand, we find
that lim,,_,+ ¢, = 0, then we must move on to an investigation
of the sequence of partial sums (s,,) to determine if the series

converges or diverges.

Remember: the divergence test can only demonstrate divergence, never
convergence. It may be helpful to think of it this way: there is no
hope for a series Y | ¢, to converge unless the sequence of terms (c;,)
converges to zero; but just because the sequence (¢,) converges to zero
does not in itself guarantee that the series converges. We will see some

examples of this in the next section.

EXAMPLE 3.9. (Divergent p-series) Consider the sequence

@)= () -,

no2
This sequence is unbounded, and so in particular lim,, .. ¢, # 0. The
series > 7 \/n diverges by the divergence test.

More generally, consider the p-sequence (1/nP). For p < 0, the
sequence is unbounded (Example 2.34), while for p = 0 the sequence
(1/n°) = (1),>1 is a nonzero constant. By the divergence test, the
p-series y -, 1/nP diverges whenever the exponent p < 0.

Note that for p > 0, the p-sequence (1/nP) converges to zero,
and the divergence test cannot help us: the corresponding p-series
> >, 1/nP may or may not converge, and we will use other methods

to determine the truth in Proposition 3.18 of the next section.

EXAMPLE 3.10 (Geometric Series). Consider the geometric sequence

with first term ¢ = 2 and common ratio ¢ = 3i:

(ac™)p>0 = (2 (30)")n>0 = (2, 67, —18, —54i, 162, ... ).
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This sequence is unbounded, because the magnitude of the common
ratio || = |3i] = 3 > 1. Hence the geometric series >~ 2 - (3i)"
diverges by the divergence test.

More generally, fix two complex numbers a # 0 and ¢, and consider
the geometric sequence (ac™),>o. As noted above, this sequence is
unbounded if |¢| > 1 by Example 2.35:

lim Jac"| = lim |alle]" = la] lim |e[" = +oc.
n—00 n—00 n—00

If |¢| = 1, then the sequence (ac™) lies on the circle of radius |a| # 0, and
hence does not converge to zero. By the divergence test, the geometric
series >~ ac" diverges whenever |c| > 1.
Now assume that |¢| < 1, so the sequence (|c|™) converges to zero,

which implies that the sequence (ac™) also converges to zero:

lim ac" =a lim ¢" =a-0=0.

n—oo n—oo
Remember: the divergence test now only tells us that it is possible for
the series ) >, ac™ to converge, but cannot help us further to actually
establish the convergence. For that, we will need to take a different
approach, beginning with the following telescoping computation with

polynomials:

Q—2)A+z+22 442" = 1+¢+224+ - +27
—Z—zz—---—z}‘*—zmﬂ

- 1= Zm—i—l

Dividing by 1 — z reveals an important algebraic identity:
1— Zm+1
1—2

This is an identity of complex functions, which means that the equality

l4z+22+ 42" =

continues to hold after plugging in any complex number ¢ # 1 (so as
to avoid a zero in the denominator on the right hand side):

1 — m-+1
1—|—c+c2—|—---+cm=;
1—-c
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In particular, we can use this result to express each of the partial sums
Sm of our geometric series in a compact form:
a(l _»an+1)

1—-c¢

Recall that, since |¢| < 1, we have lim, ., ¢" = 0. Now we take the

sm=a(l+c+c®+-+c") =

limit of the partial sums to find that the series converges:

e 1— m+1
Zac": lim s, = lim a ¢ ): a

m—00 m—00 1—c 1—¢

As a concrete example of a convergent geometric series, take a = 1
and ¢ = 5. Then we have

= /i\" 1 2
2(5) Tl 2-q

2
n=0 2

(2+1).

UHIQ

Figure 3.2 shows both the sequence of terms ((i/2)") and the sequence
of partial sums (s,,) = (30 (i/2)").

We now prove three important limit laws for series. In fact, these
results are immediate consequences of the corresponding facts for se-
quences. (Proposition 2.20).

PROPOSITION 3.11 (Limit Laws for Series). Suppose that the series
> o ¢ converges to the sum s and the series > - d, converges to

the sum t. That is, we have

icn:s and idn:t.
n=1 n=1

Then
(a) N

> (e +dn) chJer = s+t
(b) )

o0

Z(cn—dn):ch—Zdn:s—t;

n=1 n=1 n=1
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14
0.6 -
(1] [ | n 12
0.4 -
L 10
2 0.2 -8
>
©
£
()]
1 e 8 = -6
E 0.0
L4
—-0.2 -
® (cn)=((i/2)")
. 2
~0.4 B (sm)=( ZOU/z)")
=
T T T T 0

-04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
real part

FI1GURE 3.2. The sequence of terms and the sequence of
partial sums for the geometric series ) (i/2)". The
first 15 terms of the sequence ((i/2)") are displayed as
round dots; the first 15 terms of the sequence of partial
sums (s,,) are displayed as squares.

(c) if a is any complex number, then

(0.9} o
g acn:ag C, = as.
n=1 n=1

PROOF. We will prove part (a) and leave the other parts as ex-
ercises. Let (s,,) denote the sequence of partial sums of the series
> oo Cn, and (t,) the sequence of partial sums of >~ d,. Then we

are assuming that (s,,) converges to s and (t,,) converges to t. But

consider the sequence of partial sums (w,,) of the series > >~ (¢, +d,,):
Wy, = (c1+dy)+(c2+dy) 4+ (cm +dm)
= (a+c+-+cp)+(di+do+ - +dy)
= Syt tm.
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It follows by Proposition 2.20(a) that

lim w,, = lim (s, +t,) =s+t.
m—0o0 m—o0

This means that the series Y ° | (¢, +d,,) converges to s+t as claimed.
U

EXERCISE 3.2. Prove parts (b) and (c¢) of Proposition 3.11.

We now state a series analogue of Proposition 2.25 that relates the

convergence of a complex sequence to the convergence of its real and

imaginary parts.
PROPOSITION 3.12. Suppose that > >~ | ¢, is a complex series, with
(¢n) = (an + byi). Consider the corresponding series of real and imag-
inary parts Y - a, and Y - b,. Then
= Re(s) and Z b, = Im(s).
n=1

io: cn =5 if and only if io: an,
n=1 n=1
O

PrROOF. EXERCISE 3.3

EXERCISE 3.3. Use Proposition 2.25 to prove Proposition 3.12.

EXAMPLE 3.13. Here is an example of using Proposition 3.12. Con-

2zt

n=0

sider the series
> (5 5)

Here, the nth term of the sequence is ¢, = 2% + 3% = a, + byt with
2% and imaginary part b, = 3% The corresponding real

real part a, =
series are convergent geometric:

ZQ"IZQ_nzl_l:Q
n=0 n=0 2
and - -
1 1 3
b, = — = = —.
% %3” 1—% 2
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By Proposition 3.12, it follows that ) ¢, is convergent, with
1 | 1 3
—+— | = — +1 — =24+ —i.

(2n+ n) nZ:oQ”HnZ:o?’” + 5

Note that the series >~ ¢, is not itself a geometric series, although its

n=0 n=0

real part >~ a, and its imaginary part >~ b, are both geometric

series.

REMARK 3.14. Here are some common sources of mistakes for stu-
dents beginning to study infinite series:

(a) (Notation) The finite summation symbol Y ™ ¢, is simply short-
hand for the finite sum ¢y +cy+- - - +¢,,. This straightforward alge-
braic procedure always leads to a finite answer, and the usual laws
of algebra always apply. The infinite summation symbol Y > | ¢, is
chosen to look a lot like the finite symbol, but its interpretation is
more subtle. We encourage you to think of the symbol > 7 ¢, not
as a straightforward algebraic operation, but rather as shorthand
for the investigative procedure involving the sequence of partial
sums (S,,) described in Definition 3.1. Depending on the outcome
of that procedure, it may be that the symbol comes to denote a
specific complex number s = lim,,_,o S, (this happens when the
series converges), or it may be that the symbol comes to represent

a type of nonexistence (when the series diverges, so there is no sum).

(b) (Language) We repeat here the content of Remark 3.4: be very
careful in your use of the words sequence and series: the sym-
bol "> | ¢, denotes a series. This series has two important se-
quences associated with it: the sequence of terms (c,) that we
are attempting to sum, and the sequence of partial sums (s,,).
Note in particular that lim,_,. ¢, denotes the limit of the se-
quence of terms (¢, ), which is quite different from the infinite series
> G = limy, o0 Sp. See Figure 3.2 for a visual illustration of the

distinction, and be sure not to confuse these two different limits.
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(c¢) (Algebra) You should use caution when making algebraic manipu-
lations with series, because not all of the familiar rules apply. For
instance, in the optional Section 3.8, we explain how adding up the
terms of a series in a different order can change the sum! To be
safe, when working with infinite series you should carefully apply
the limit laws (Proposition 3.11) or else manipulate the finite par-
tial sums and then draw conclusions about the infinite sum. Refer
back to Example 3.6 and EXERCISE 3.1 for instances of these types

of mistakes.

Key points for Section 3.2:

e Definition of sequence of partial sums, series, conver-
gence and divergence (Definition 3.1)

e Divergence Test (Proposition 3.7)

e Geometric series, convergence and divergence (Exam-
ple 3.10)

e Limit laws for series (Proposition 3.11)

3.3. p-Series and the Integral Test (R)

This section takes place entirely in the context of the real numbers R.

In Example 3.9 of the previous section, we used the divergence test
to show that the p-series >~ nip diverges for p < 0. We now wish
to investigate the convergence or divergence of p-series for p > 0. The
divergence test provides no help, because lim,, ,,, 1/n? = 0 for p > 0.
In order to develop some intuition, we begin by looking numerically
at some specific examples. The actual proofs of convergence or diver-
gence will come later in this section, after we develop the appropriate

theoretical tool for the job.

ExaAMPLE 3.15. Consider the exponent p = 2 and corresponding
p-series > >°  1/n?. Denoting the sequence of partial sums by (s,,) as

usual, we have (to 6 decimal places of precision)



3.3. p-SERIES AND THE INTEGRAL TEST (R) 127

Sg91 ~ 1.643925 Sg96 ~ 1.643931
Sg92 ~ 1.643927 Sgg97 =~ 1.643932
Sg93 ~ 1.643928 Sg98 =~ 1.643933
Sg94 ~ 1.643929 Sg99 ~ 1.643934
Sg95 ~ 1.643930 S1000 ~ 1.643935

These computations suggest that the series Y - 1/n* converges to a

sum s ~ 1.64.

EXAMPLE 3.16. Now consider the exponent p = % and the p-series
S 1/nt/2 =37 1/y/n. Here are some terms of the sequence of

partial sums (s,,):

Sg91 ~ 61.52 Sg96 ~ 61.67
Sg92 ~ 61.55 Sg97 ~ 61.71
S993 =~ 061.58 Sg998 ~ 61.74
S994 ~ 61.61 S999 ~ 61.77
Sg95 ~ 61.64 S1000 ~ 61.80

It is hard to know what to think at this point, so we compute some

later terms of the sequence of partial sums:

Sg991 ~ 198.45 Sg996 ~ 198.50
Sg992 ~ 198.46 Sg997 ~ 198.51
Sgo9s ~ 198.47 Sg998 ~ 198.52
Sgooa ~ 198.48 Sg999 ~ 198.53
Sg995 ~ 198.49 S10000 ~ 198.54
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It appears that the sequence (s,,) may be unbounded, and thus that
the series Y~ 1/4/n may be divergent. As one further piece of evi-
dence in that direction, the millionth partial sum of this series has the

approximate value s19pg000 =~ 1998.54.

EXAMPLE 3.17. As a final numerical example, consider the expo-
nent p = 1, and the corresponding harmonic series Y -, 1/n. Denot-

ing the sequence of partial sums of this series by (h,,), we have

hooo =~ T.475 hoos =~ 7.480
hogr = 7.476 hogs = 7.481
hoge ~ T.477 hogr =~ T.482
hoos = T.478 hoos = 7.483
hogs ~ T7.479 hogy ~ T.484

In fact, you have already considered the sequence (h,,) in EXERCISE

2.5 of Section 2.3, where we introduced it recursively as
1

hy=1 and h,, =h,_1+— form>2.
m

In that exercise, we asked you to investigate the sequence numerically
and make a guess as to whether it is bounded or unbounded. Do you
remember your answer? It is likely that you guessed the sequence to be
bounded. After all, the millionth partial sum is only h1ggoo00 &~ 14.393.

Actually, the sequence (h,,) is unbounded, so the harmonic series
> > 1/n diverges. This is an astounding fact: even though the mil-
lionth partial sum is smaller than 15, the partial sums h,, eventually
get arbitrarily large. This important example highlights the difficulty
of using numerical methods to reliably investigate the convergence of
series. To get definitive results, we need some additional theory as

developed in the remainder of this chapter.
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The next proposition says that the value p = 1 is a sort of dividing
line between divergent and convergent p-series, as the recent examples

have suggested.

PROPOSITION 3.18 (p-series). The convergence / divergence behav-

ior of p-series > - 1/nP may be summarized as follows:

(a) if p>1, then "2, 1/nP converges;
(b) if p <1, then Y~ 1/n? diverges.

We postpone the proof until after we have developed a theoretical
tool called the integral test. The basic idea will be to compare the p-
series Y > 1/nP with the improper integral floo xipdx, so we begin by
briefly reviewing the idea of improper integration from MATH 155.

Suppose that f: (0,00) — R is a real function defined on the posi-
tive real axis. Because it is the case that will be important for us, we
assume that the function f is nonnegative, so that its graph lies entirely
above the z-axis. We also assume that the function f is continuous,
so that its integral over any finite interval [a, b] exists. But we would
like to compute the area under the graph of f over the infinite interval
[1,00). This is a region of infinite extent, so you might initially guess
that its area must also be infinite. But in fact the area is sometimes
finite, as revealed by the following procedure: fix (for the moment) a

large upper bound ¢ > 0, and consider the finite integral

A(t) = /1 t f(x)dz.

The function A(t) gives the area under f over the interval [1,], as
shown in Figure 3.3.

Now take the limit of A(t) as t — oo, and define the improper integral

/1 f(z)dx = t11>123 A(t).

If lim; ,o, A(t) = A is finite, then we say that the improper integral
converges. On the other hand, if lim; ., A(t) = 400, then we say that

the improper integral diverges.
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FIGURE 3.3. The finite areas A(t) account for more and
more of the total area under the graph of f(x) as t — 0.

The justification for this procedural definition is similar to the justi-
fication for infinite series given on page 113: if the areas A(t) approach
a finite limit A as ¢ gets large, it makes sense to think of A as the total
area of the infinite region, since the intervals 1, ¢] account for more and
more of the interval [1,00) as t gets large. On the other hand, since
the total area must always be somewhat greater than any particular
area A(t), if the areas A(t) run off to +o0, we should conclude that the
total area is also infinite.

As discussed at the end of Section 2.5, many real sequences (a,,)
arise from real functions f(x) by setting a,, = f(n). For instance, the
p-sequence (a,) = (1/nP) is related to the function f(z) = 1/aP in
this way. We now state a result known as the integral test, because
it uses improper integrals to provide a criterion for the convergence
or divergence of some real series ) -, a, arising from nonnegative

continuous functions f(z).
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PROPOSITION 3.19 (The Integral Test). Suppose that f(x) is a con-
tinuous, nonnegative, and decreasing function defined on the positive

x-azis, and consider the associated sequence (a,) = (f(n)). Then:

(a) the series Y| a, converges if the improper integral floo f(z)dx
converges;
(b) the series > - | a, dwerges if the improper integral floo f(z)dz di-

verges.

REMARK 3.20. Be careful to check the hypotheses carefully when
using the integral test: the real function f: (0,00) — R must sat-
isfy all three of the stated conditions: continuous, nonnegative, and

decreasing.

EXERCISE 3.4. After reading the proof of the integral test, write a
paragraph explaining where each of the hypotheses on the function f

are used in the proof: (1) continuous, (2) nonnegative, (3) decreasing.

PROOF. We have two things to prove: (a) If the improper integral
converges, then so does the series; (b) if the improper integral diverges,
then so does the series. We begin with (a).

Assume that the improper integral converges to a finite area A, so
[ f(z)dz = A < +o00. We wish to show that the sequence of partial
sums (s,,) of the series Y~ a, converges. For this we will use the
monotone convergence theorem (Theorem 2.43), so we need to show
that the sequence (s,,) is increasing and bounded. Increasing follows

from the fact that the terms a, = f(n) are nonnegative:
Sm+1 = Sm T Qm+1 > Sm-

Figure 3.4 shows that each partial sum s,, is less than the upper bound
a; + A. By the monotone convergence theorem, the sequence (s,,)
converges.

For part (b), we start by assuming that the improper integral di-
verges, so that lim; . A(t) = +o00. Figure 3.5 shows that the partial
sum s, > A(m+1). Since the numbers A(m+ 1) get arbitrarily large,
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S;=a1tay+--+taj<art+A

0.6 - a1

0.4 4

0.2 1

0.0

FIGURE 3.4. The blue region under the graph of f is
the total area A, while the sum of the areas of the 7 red
rectangles is the partial sum s;. In general, for every
index m, we have s, < a; + A.

it follows that the partial sums s,, also get arbitrarily large. That is,

the sequence (s,,) diverges to +o0. O

The problems at the end of the chapter ask you to use the inte-
gral test to determine the convergence / divergence of various series.
Our main concern is to determine the behavior of p-series, so we now
illustrate the use of the integral test by providing a proof of Proposi-
tion 3.18.

PROOF OF PROPOSITION 3.18. First of all, note that we have al-
ready established (using the divergence test in Example 3.9), that
> 1/nP diverges for p < 0.

So we assume that the exponent p > 0; in this case the function
f(z) = 1/zP satisfies the hypotheses of the integral test: it is con-

tinuous, nonnegative, and decreasing. We begin by investigating the
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s;=aj+ax+--+a;>A(8)

0.6 1

0.4 4

0.2 1

0.0 -

FIGURE 3.5. The blue region under the graph of f is
the finite area A(8), while the sum of the areas of the 7
red rectangles is the partial sum s;. In general, for every
index m, we have s,, > A(m + 1).

improper integral. First assume p £ 1. Then

00 t 1-p
/ ialx = lim i01:1: = lim L
1

xP t—oo J; aP t—vo0 1 — D

1

= lim

t—o0 1—p 1

— p > 1.

tl_p—l_{ +oo O0<p<l1
p—1

By the integral test, it follows that )" 2, 1/n® diverges for p < 1 and
converges for p > 1
It remains to study the case p = 1, corresponding to the harmonic

series:
t
= lim (In(¢) — In(1)) = +o0.

1 t—o00

0 1 ) t 1 )
—dz = lim [ —dz = lim In(x)
1

i t—=oo J1 X t—o0

Thus, the harmonic series Y, 1/n diverges. O
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The integral test only tells us whether the series converges, not
the value of the sum. However, it does provide bounds for the sum.

Figures 3.4 and 3.5 show that, in the case of convergence, we have

Aéiangafl_l_/la

n=1

where A = fnoil f(x)dx is the finite value of the improper integral.

EXAMPLE 3.21. Consider the p-series > 7 | 1/n? studied earlier in
Example 3.15. Then a; = 1 and

<1
1 X

=1
1<y —<l1+1=2
n=1

so we have

n2
which agrees with our earlier numerical estimate that Y7 | & ~ 1.64.

In the mid-18th century the Swiss mathematician Leonard Euler

proved the amazing result that the exact value for this sum is
=1 2
— = — = 1.64493406684823 . . .

—~n 6

(This result goes by the name of the Basel problem). In fact, this is
just the first level of Euler’s discovery: for every even positive integer

p = 2k, there is an explicitly known rational number r; such that

o

; n2k k
For instance:
.1 7 =1 76 =1 691712
ot T 90’ ;E:%’ ;W:638512875’

Euler made his incredible discoveries while studying the real zeta

function ((p) introduced in Section 3.1:

11
() =1+ +5+ =) —

n=1
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3.0
— {(p)
® {(2k)
2.5+ e (3
2.0
S 15
L\
1.0 A ¢ O — V1N o—
0.5 -
0.0 T T T T T T T
2 4 6 8 10 12 14

FIGURE 3.6. Graph of the real zeta function ((p). Even
zeta values are shown as blue dots, and ((3) is shown as
a red dot. This curve is what you would obtain by slicing
the plot of the magnitude |((z)| shown in Figure 3.1 with
the vertical plane y = 0 lying above the real axis. The
vertical asymptote at p = 1 indicates the divergence of
the harmonic series.

We are now in a better position to appreciate this function. The defin-
ing formula on the right hand side is the p-series that we have been
studying in this section. But now we are thinking of the real exponent
p as a variable: as the value of p changes, so does the corresponding
sum of the p-series Y~ 1/n”, and we call the resulting function ((p).
The main result of this section (Proposition 3.18) says that the domain
of {(p) is the infinite interval (1, 00). Figure 3.6 shows the graph of the
real zeta function.

The fact that the so-called even zeta values ((2k) = >_°7 | 1/n%* can
be explicitly written in terms of the familar constant 7 is amazing, and

most zeta values can’t be expressed in any such simple, finite form. For
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oo
n=1

[
;a3 2

and so 0.5 < ((3) < 1.5, using the bounds coming from the integral

example, consider ((3) = >.°7, 1/n3. In this case the corresponding

improper integral yields

test. Of course, we can get a better idea of the value ((3) by computing
a partial sum, say for m = 100:

100

1
5100 = Zl —5 ~ 1.2020074.
But how do we know how accurate this partial sum is? Well, the error
is given by the sum of all the terms that we did not include in the

partial sum:

error:C(?))—sloo:Z%—Z%: Z %7

n=1 n=1 n=101
so we would like to get an upper bound for the tail of the series, i.e. the
sum of all terms starting with the 101st. But a version of Figure 3.4
with m + 1 for the lower limit of integration instead of 1 would yield
the inequality:

> P +/oo o1, _ 1
n® =~ (m+1)3 L (m+1)3 0 2(m+1)2

n=m+1 m

For the particular case m = 100, we find that (to 9 decimal places of
precision):

o0

11 1
error = Y | — < 2o+ oo A 0.000049985
n=101

It follows that the partial sum approximation sigg is correct to at least
4 decimal places:
¢(3) ~ 1.2020

The number ((3) is known as Apéry’s constant, after the French
mathematician Roger Apéry who in 1978 proved that ((3) is an ir-

rational number. Although it is known that there must be infinitely
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many other irrational odd zeta values ((2k + 1), no other particular

odd zeta value has yet been proven to be irrational.

Key points for Section 3.3:

e p-series convergence / divergence (Proposition 3.18)
e Integral Test (Proposition 3.19)

3.4. Comparison (R)

This section takes place entirely in the context of the real numbers R.

We have now established the convergence / divergence of two im-

portant families of series with positive terms:

e (p-series)

ii: ¢(p) p>1
n:lnp +OO pgl

e (positive geometric series) for a,r > 0 fixed real numbers,

=~ . &= 0<r<l1
S -
p— +00 r>1.

The next result allows us to determine the convergence / divergence
of other nonnegative series by comparing them to nonnegative series

that we already understand.

PROPOSITION 3.22 (The Comparison Test). Suppose that >~ | a,
and Zzozl b, are two series with eventually nonnegative terms a,, andb,,.

Furthermore, suppose that 0 < a,, < b, for eventually all indices n.
Then

(1) if 07 b, converges, so does > >~ ay
(2) if Y07, a, diverges, so does Y > by.

Moreover, in the convergent case (1), if all terms are nonnegative and
satisfy 0 < a, < by, then we have Y " a, <> 7 by.

REMARK 3.23. The word eventually is shorthand for more precise

statements:
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(a) A sequence (a,) is eventually nonnegative if there exists an index N
such that a,, > 0 for all n > N;

(b) the inequalities 0 < a,, < b, hold for eventually all n if there exists
an index N such that 0 < a, <b, for alln > N.

We will often use the word eventually to simplify the formulation of
statements in this way. The point is that removing finitely many terms
from a sequence (a,) cannot affect whether or not the series Y > ay,
converges (although it does change the value of the sum). Thus, many
hypotheses for convergence tests are stated as eventual properties of

the terms a,,.

REMARK 3.24. Parts (1) and (2) are are logically equivalent. In-
deed, (1) has the form [B implies A|] where B is the assertion that
> o b, converges and A is the assertion that >~ a, converges. In
these terms, (2) is the statement [not A implies not B| which is the
contrapositive of |B implies A]. And as a matter of logic, statements
and their contrapositives are equivalent.

Explicitly, if [B implies A] is true and [not A] is also true, then it
is impossible for B to be true, for then both A and [not A] would be
true, a contradiction. Hence the statement |B implies A| entails its
contrapositive [not A implies not B|. The same argument shows that
the statement [not A implies not B| entails [B implies A|.

PROOF. By the previous remark, we only need to prove part (1),
the convergent case. Moreover, since the question of series convergence
or divergence depends only on the eventual behavior of the terms, we
may assume that all terms are nonnegative and that 0 < a,, < b, for
all n. Let (s,,) denote the sequence of partial sums of ) >° , a,, and
(t) the sequence of partial sums of Y >~ b,.

For (1), we are assuming that the sequence (¢,,) converges to a finite
sum ¢, and we must show that the sequence (s,,) converges. We will use
the monotone convergence theorem. The sequence (s,,) is increasing,

since the terms a,, are nonnegative:

Sm+1 = Sm T Qm+1 > Sm-
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For the same reason, the sequence of partial sums (,,) is increasing,
which means that the sum ¢ is an upper bound for that sequence: t,, <t

for all indices m. But then
Sm=a1+ay+ Ay <by+byt+ -+ by =1ty <,

which shows that ¢ is an upper bound for the sequence (s,,). Hence, the
sequence of partial sums (s,,) is increasing and bounded above, so con-
vergent by the monotone convergence theorem. Morever, by EXERCISE
2.12 from Section 2.6, it follows that

(o) o0
Zan :nh_g)losm <t= an.
n=1 n=1

ExXaAMPLE 3.25. Consider the series

= n
The strategy here is to choose the p-series that most resembles this
series, and then try to use the comparison test. If we pay attention
only to the leading terms of the numerator and denominator, the ratio
looks like n/n® = 1/n?, and so we choose p = 2. The p-series > >~ 1/n?
is convergent, so we try to use part (1) of the comparison test, with
a, =n/(n®+n?+1) and b, = 1/n?. Note that

n n 1

- < -
nd+n?4+1 nd n?

so the required inequality does in fact hold. We conclude that the series

Y

converges.

EXAMPLE 3.26. Now consider the series

> 2

>
nd—n’

n=1

Again, paying attention just to the leading terms of the numerator and
denominator yields the ratio n?/n® = 1/n. So we will compare with the
divergent harmonic series >~ | 1/n, using part (2) of the comparison

test with a, = 1/n and b, = n*/(n®> — n). Since n®> —n < n? for all n,
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we have

n? n? 1

>
nd—n n3 n
which is the required inequality. So we conclude that the series diverges.

ExXAMPLE 3.27. Now consider the series

o0

1
; n—++n
In this case, we might try p = 1, since when n is large /n is much
smaller than n. So we would like to compare to the divergent harmonic
series, using part (2) of the comparison test with a, = 1/n and b, =
1/(n + y/n). Unfortunately, 1/n > 1/(n + /n), so the inequality goes
the wrong way! But note that n 4+ /n < 2n, so 1/2n < 1/(n + v/n)
as required. Moreover, the series >~ % also diverges (this follows

either from the integral test or from Proposition 3.11). So, we conclude

that > > — +1 = diverges.

REMARK 3.28. The previous example shows that our first guess
for a comparison series may not quite work, and it may be necessary
to modify our initial guess in some way. In the optional Section 3.7,
we present a more sophisticated comparison method called the limat
comparison test that often eliminates the need for clever modifications

of the initial guess.

The problems at the end of the chapter ask you to use the compar-
ison test to determine the convergence / divergence of various series.
Our main theoretical use for the comparison test is to develop two pow-
erful tools that will help us establish the convergence of many complex
series. We take up the first of these tools in the next section, where we
introduce and study the notion of absolute convergence of a complex
series. The second tool is called the ratio test and is the subject of
Section 3.6.

Key points for Section 3.4:
e Comparison Test (Proposition 3.22)
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3.5. Absolute and Conditional Convergence

The integral and comparison tests apply only to nonnegative real
series. But we are interested more generally in series with complex
terms. Fortunately, it turns out that we can often establish the con-
vergence of a complex series by instead investigating the convergence
of a related nonnegative real series, formed by taking the magnitude of

each term. To explain this further, we introduce a definition.

DEFINITION 3.29. Suppose that Y~ ¢, is a complex series, and
consider the series obtained by replacing each term ¢, by its magni-

tude |c,|:

[e's)
> leal:
n=1

If this nonnegative real series converges, then we say that the original

series >~ | ¢, is absolutely convergent.

PROPOSITION 3.30. If the complex series -, ¢, is absolutely con-

vergent, then it is convergent.

PROOF. Suppose that >~ |¢,| converges. We need to show that
the original series >~ | ¢, converges. We will do this by considering
the real and imaginary parts of the sequence of terms (c,); we will
write ¢, = a,, + b,i.

We first do the special case where each of the terms ¢, = a,, is real.

Under this assumption, note that we have the following inequalities:
0 < ap+ lan| < 2|ay].

Indeed, if a,, > 0, then |a,| = a, and so a, + |a,| = 2|a,| > 0. On the
other hand, if a,, < 0 is negative, then |a,| = —a, > 0 is positive, and
we have a, + |a,| = a, — a, = 0 < 2|a,|. In either case, the stated
inequalities hold.

Our assumption is that the series > | |a,| converges, from which
it follows that the constant multiple series > | 2|a,| also converges

(Proposition 3.11(c)). By the comparison test, we then conclude that
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> (an+|a,]) converges. Using Proposition 3.11(b), we see our orig-

inal series converges, as claimed:

n = Z((an + lan]) = lan]) = Z(an + lan]) — Z |-
n=1 n=1 n=1 n=1

Now return to the general case where the terms ¢, = a,, + b,? are
complex. Then by Proposition 1.6, we have |a,| < |c,| and |b,| < |c,].
Since we are assuming that >~ |¢,| converges, the comparison test
says that each of the series Y | |a,| and >~ 7 | |b,| are also convergent.
By the special case above, we find that the real series >~ a, and
> o2, b, converge. Since these are the real and imaginary parts of our
original complex series, it follows from Proposition 3.12 that Y~ ¢,

converges. ]

Proposition 3.30 implies that, even though the integral and compar-
ison tests apply only to nonnegative real series, these tests are actually
able to establish the convergence of more general complex series, by
showing that they are absolutely convergent. We illustrate with the

following example.

ExAMPLE 3.31. Consider the following complex series:

i (3+31)"
= n?2+in

Let’s show that it is absolutely convergent. We start by computing the

magnitude of the nth term:

ey |G
n2+in | |n24in]  VnAfn?

We may compare the series of magnitudes Y>>, 1/v/n* +n? to the
convergent p-series > - 1/n? because
1 1 1

= < .
vnt+n2 nvn2+1  n?
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By the comparison test, the series of magnitudes > - 1/v/n* +n?
converges, which means that the original complex series is absolutely

convergent. By Proposition 3.30, the original complex series converges.

REMARK 3.32. Note that Proposition 3.30 only tells us that the
series converges, without telling us much about the sum. In particu-
lar, the magnitude of the sum of the series will not be equal to the
sum of the series of magnitudes. For an explicit example, consider the
convergent geometric series >~ (1/2)". By Example 3.10, we have

i <z)” 12
=~ \2 1—5 2—u
The magnitude of this sum is 2/ V5.

On the other hand, the sequence of magnitudes is another conver-

(2+14).

ot D

gent geometric series:

>

n=0

n

=1 1
2227:1— =2

n=0

N | .

N |—=

Absolute convergence is a special type of convergence, and there
are convergent series that are not absolutely convergent. We give these

a name in the following definition.

DEFINITION 3.33. If a complex series converges but is not abso-

lutely convergent, we say that it is conditionally convergent.

REMARK 3.34. Conditional convergence of a series >~ | ¢, is un-
stable, in the sense that it depends on a tug-of-war between the ar-
guments of the terms ¢, to achieve convergence. If we eliminate the
tug-of-war by using only the magnitudes |c,|, then the series diverges.
In the optional Section 3.8, we explain a surprising aspect of the insta-
bility of conditionally convergent series. In particular, we will explain
how it is possible to reorder the terms ¢, so as to achieve different
sums! Such strange behavior does not occur for absolutely convergent
series, and in this sense absolute convergence is “better” than condi-

tional convergence.
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EXAMPLE 3.35. (alternating harmonic series) The most famous ex-
ample of a conditionally convergent series is the alternating harmonic
series

i(—nn“_l L 1 1,
n 2 3 4

n=1
The series of magnitudes is the divergent harmonic series >~ 1/n, so
the alternating harmonic series is not absolutely convergent. But our
next result (the alternating series test) says that it does converge, and
hence provides an example of a conditionally convergent series. Before

stating this result, we need a definition.

DEFINITION 3.36. A real series Y~ a, is alternating if the terms
alternate in sign. That is, the series is alternating if there is a nonneg-

ative sequence (b,) such that either
an = (—1)"*1b, for n > 1,

or
a, = (—1)"b, for n > 1.

(The two cases allow for the first term a; to be either positive or neg-

ative.)

PROPOSITION 3.37 (Alternating Series Test). Suppose that >~ | a,
1 an alternating series with lim,,_ . a,, = 0. Moreover, suppose that the
sequence of magnitudes (b,) = (|ay,|) is eventually decreasing: by, > b1

for eventually all n. Then the series converges.

ProOF. We will prove the case where a; is positive, the other case
being similar. The following picture will be useful as we construct the

proof:
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Sg S84+ Sop s S2k+1-- S3 S
0 , by = a;
Y
ba
\
[ 4
[)3
y
Y
by
—_—
bak+1

Consider the partial sums s, with even indices, and remember that
the even terms ag; are negative, the odd terms agxyq are positive, and

the magnitudes b, = |a,| are decreasing:

So9 = a1+a2:b1—b220
S4 = a1+ as+ag+as =S92+ (bs —by) > s9
Sg = 84+a5~|—a6:s4+(b5—b6)254

We see that the sequence (sgx) of even partial sums is increasing. But

these numbers are all bounded above by b; = ay:

Sok = by — (ba — b3) — -+ — (bagk—1) — bag—1) — ba, < by.

Thus, the sequence of even partial sums (sg) is increasing and bounded,
so (by the monotone convergence theorem) it converges to a limit which

we call s. But now consider the sequence of odd partial sums (sgx41):

Sok+1 = Sok + Qok+1 = Sok + bogt1.

We have just shown that the sequence (sg;) converges to s. Moreover,
we are assuming that the sequence of terms (a,) converges to zero,
i.e. that the terms a, get arbitrarily small. But then if we only pay
attention to the odd terms asi, 1, we see that these are also getting ar-
bitrarily small, which means that the sequence containing only the odd

terms (ag+1) also converges to zero. An application of Proposition 2.20
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then shows that
lim soy1 = lm (Sg + agky1) = lm sop + lim agey 1 = s+ 0 = s.
k—oo k—oo k—oo k—oo

Since the two sequences (sox) and (sgx11) together comprise the entire
sequence of partial sums, it follows that the full sequence of partial sums
(8m) converges to s, which means that the alternating series Y | ay,

converges. O

As with the integral and comparison tests, the alternating series test
tells us only that the series converges, but does not explicitly identify
the sum. But it turns out that the sums of many convergent alternating
series are especially easy to estimate. We illustrate with the alternating

harmonic series.

EXAMPLE 3.38. Denote the sum of the alternating harmonic series

by s, so that
(_1)n+1

5= ; —
Each partial sum s,, provides an approximation for s, but how good
are they? Well, the size of the error is given by the absolute value of
the tail of the series:
> (_1)n+1
lerror(m)| = |s — s;| = Z — .
n=m-+1

But note that the sequence of magnitudes (1/n) is decreasing. By the
alternating nature of the sum, it follows that the size of the tail of the
series is at most the size of its first term, 1/(m +1). So we see that for
all m>1

lerror(m)| < 1/(m + 1).

In general: for convergent alternating series with decreasing terms, the
error in the mth partial sum approximation is bounded by the size of
the (m + 1)st term.

For example, suppose we wish to determine the value of the alter-
nating harmonic series s = > - #, correct to 4 decimal places.

n=1

So we take m = 10° and look at the corresponding partial sum, keeping
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6 decimal places of precision:
s105 ~ 0.693152.

Since the error in this approximation is less than 1/(10°+1) < 0.00001,

we see that the first four decimal places of s are correctly given by
s~ 0.6931

We end this section by mentioning the tantalizing fact that
In(2) = 0.693147 . . ..

Could it be that the alternating harmonic series converges to the nat-
ural logarithm of 27

Key points for Section 3.5:

e Absolute convergence (Definition 3.29)

e Absolute convergence implies convergence (Proposi-
tion 3.30)

e Conditional convergence (Definition 3.33)

e Alternating series and test (Definition 3.36 and Propo-
sition 3.37)

e Conditional convergence of alternating harmonic series
(Example 3.35)

3.6. The Ratio Test

In this section, we establish a powerful test for absolute conver-
gence; the key step of the proof involves comparison with a convergent

geometric series.

PROPOSITION 3.39 (The Ratio Test). Suppose that Y > ¢, is a
complex series with nonzero terms c,. Investigate the consecutive ratios
of magnitudes |cpi1|/|cnl:

(1) If limy, oo |Cot1|/|cn| = L < 1, then the series > -, ¢, is ab-

solutely convergent;
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(2) If limpsoo [Cnsal /leal = L > 1 or if iy oo [ensal /]ea| = +00,
then the series Y | ¢, diverges.

REMARK 3.40. If lim, o |cny1]/|ca] = 1, then we can’t draw any
definite conclusion from the ratio test: the series may be convergent or
divergent. For example:

e the p-series > > 1/n? converges, but

: n? . 1
lim —— = lim P —

e the harmonic series Y, 1/n diverges, but

1
lim

im =1.

3=

PROOF OF THEOREM 3.39. To prove (1), we assume that the limit
lim,, o0 |€ny1]/]cn] = L < 1. Our goal is to compare the series of magni-
tudes >~ |¢,| to a convergent geometric series. We begin by choosing
a positive real number r with L < r < 1; this will be the common ratio
of our geometric series. Consider the interval of radius d =r — L > 0
centered at L:

—_

=

Since the sequence (|c,11|/|cn|) converges to L, it follows that there
is an index N such that for all n > N, then ratios |c,.1|/|c,| are
contained in this interval. In particular, for n > N we have

_]cn+1| <r<l.
|Cn|
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Multiplying by |c,| yields the relation |¢,41| < 7|¢,| for n > N. So we
have
levyil < orlen
lenvel < rlensa] < r¥lewl

lengsl < rlense| < 7Pew]

IN

leal < 7" Vewl

Now watch the indices carefully to recognize the convergent geo-

metric series:

o0

S ewl = lew| +lexlr + lexlr® + lexr® + -

n=N
o0
= Z len|r®.
k=0

Hence, by the comparison test we find that the series » ° . |c,| con-
verges. But this only differs from the full series of magnitudes >~ | |c,]|
by finitely many terms, so it follows that Y >, |¢,| converges, and hence
the original series Y7, ¢, is absolutely convergent.

For (2), suppose that the limit L > 1 or L = +o0. A similar
argument to that given for (1) shows that there is an index N and a
number r > 1 such that for n > N we have |¢ 1| > 7|c,|. Then it
follows as before that |c,| > r"N|cy| > |en| > 0 for n > N. Thus, the
sequence of terms (c,) does not converge to zero, so the series Y, ¢,

diverges by the divergence test. 0

EXERCISE 3.5. Fill in the details of the proof of part (2) of the

ratio test, Proposition 3.39.

EXAMPLE 3.41. Consider the positive series

[eS) (ST,
E Ay = —.
2
n
n=1

n=1
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To apply the ratio test, we begin by investigating the limit of the ratio
of consecutive terms:

2n+1 n2

. Ap+1 .
lim = lim ———
n—00 (U n—00 (’[’L —+ ]_)2 on
_ 2n?

lim ———
n—oon? + 2n + 1
) 2
= lm ———

= 2.

Since the limit is greater than 1, the ratio test says that the series

diverges.

EXAMPLE 3.42. Now consider the complex series

- = (20)"

We apply the ratio test:

o 2n+1 3n
lim [ens1] = lim vn
n—o00 |Cn| n—oo 3n+1 /n + 1 2n

B 2 n

53V n+1

2 . 1

= — lim T

2

-3

Since the limit is less than 1, the ratio test says that the series is

absolutely convergent.

ExXAMPLE 3.43. The ratio test tends to work especially well on
series whose terms ¢, involve n as an exponent or in a factorial. For

instance: fix a complex number ¢ and consider the series

oo oo
"
D= o
n:
n=0

n=0
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To apply the ratio test, we compute the ratio of consecutive magni-

tudes: )
el J wl
len] (n+D!e® n+1

Now take the limit, remembering that ¢ is a fixed complex number:

1
limL|1:|c|lim =|c/-0=0<1.

n—oo N + nsoomn+1
By the ratio test, it follows that the series is absolutely convergent for
all complex c.
We record a consequence of this example as a lemma for future use.
It says that the factorials n! grow much faster than the terms of any
geometric sequence (¢"). For more about growth rates, see the optional
Section 3.7.

LEMMA 3.44. For any complex number c, the sequence (c"/n!) con-

verges to zero.

ProOOF. This follows from the divergence test: since the series
> oS converges, the sequence of terms (c"/n!) must converge to

Zero. O

REMARK 3.45. If we think of z as a complex variable, then the
previous example defines a complex function A: C — C, given by the
series formula

= z" 1 1 1
hz) = Z 1 2.2 23 A
(2) %n! +z+2z +6z +24z—|-

This is an important special case of a power series, the topic of the

next chapter.

Key points for Section 3.6:
e The ratio test (Proposition 3.39)
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3.7. Optional: Limit Comparison, Growth and Decay (R)

This section takes place entirely in the context of the real numbers R.

In Example 3.27 of Section 3.4, we considered the positive series

= 1

; n+n

Motivated by the fact that n is much bigger than /n when n is large,
we chose to compare with the divergent harmonic series - 1/n.
But our initial attempt was frustrated by the fact that the inequal-
ity between terms goes the wrong way to conclude divergence by the
comparison test: 1/(n + y/n) < 1/n. Our initial intuition was cor-
rect, however, and we succeeded by comparing to the divergent series
> 1/2n instead.

At base, our initial diagnosis was that the series > >°  1/(n + y/n)
and >~ 1/n behave the same way (i.e., diverge), because the two
sequences of terms (1/(n++/n)) and (1/n) converge to zero at similar
rates. One way to measure the difference between these “rates of decay”

is to investigate the ratios:

g Yt vR) o 1

= lim —— =1.

The key point here is that the limit is a nonzero real constant, which
we interpret as saying that the two rates of decay toward zero are
similar. Observe that a limit of zero for these ratios would instead
mean that the numerators were getting small significantly faster than

the denominators:

At the other extreme, if the ratios diverge to 400, then the numerators

are getting small significantly slower than the denominators:

. 1/n . n? ,
lim = lim — = lim n = +o0.
n—o00 1/n2 n—oo N n—o0o

These ideas come together in the following strengthening of the

comparison test.
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PROPOSITION 3.46 (The Limit Comparison Test). Suppose that
S Lan and Y7 by, are two series with eventually nonnegative terms
a, and b,. Furthermore, suppose that b, > 0 for eventually all n.

Consider the ratios a, /by, and suppose that

m & =L with0 < L < +oo.

n—oo n

Then the series Y - a, converges if and only if the series >~ by

CONVETGES.

PROOF. The basic idea is to reduce this result to the direct com-
parison test, Proposition 3.22. For this, we need to transform our
hypothesis about the limit of the ratios into some inequalities between
the terms a,, and b,, of the two series. As usual, since convergence de-
pends only on the eventual behavior of the terms, we may assume that
all terms are nonnegative, with b, > 0 for all n.

Because L is a positive real number, we may choose a smaller posi-
tive real number 0 < d < L. We then play (and win!) the convergence
game using the distance d: there exists an index N such that forn > N
we have

an
L
by,

This single inequality for the absolute value is really a chain of two

<d.

inequalities:
—d < Z—” —L<d.

n

Now do a bit of rearrangment, and recall that L — d > 0:
0<(L—d)b, <a, < (L+d)b, for all n > N.

These are the inequalities that we are looking for, and we now use the
comparison test.

First assume that )~ b, converges. Then, Y > \'b, also con-
verges, since we have simply omitted finitely many terms at the be-
ginning. Multiplying by the constant L + d then yields the convergent
series > 7 \(L+d)b,. By the comparison test, it follows that >~ \ a,
converges, and hence (after adding finitely many initial terms) that the

full series Y | a, also converges.
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Now suppose that >~ a, converges. The next exercise asks you

to show that Y ° b, must also converge. U

EXERCISE 3.6. Finish the proof of the limit comparison test (Propo-
sition 3.46) by showing that the convergence of Y > a, implies the

convergence of Y > | by,.

EXAMPLE 3.47. Consider the positive series

i 100n% 4 2n + 17
ot n+n+1

Focusing just on the leading exponents of the numerator and denomi-

nator yields the convergent p-series S°°°, % = S L We use limit

n=1 nt n=1 n2
comparison:
(100n% +2n + 17)/(n* + n + 1) . n%(100n? + 2n + 17)
lim = lim
n—00 1/712 n—00 nt4+n+1

) 100—1—2/71—1—17/712
= lim
n—00 1+1/n3+1/n4
= 100.

Since the limit is a nonzero constant, we conclude that the original

series converges.

The topic of decay rates introduced before the limit comparison
test is an important subject in its own right, and there is a comple-
mentary notion of growth rates. In fact, decay and growth are two sides
of the same coin: if I understand the rate at which a positive sequence
(a,) is decaying to zero, then I also understand the rate at which the
reciprocals (1/a,) are growing toward +o0o. In the remainder of this
section, we discuss the growth rates of various sequences, and in par-
ticular we distinguish between 4 types of growth: logarithmic, power,

exponential, and factorial.

DEFINITION 3.48 (logarithmic growth). Consider the nonnegative

sequence (In(n)) arising from the real function f(z) = In(x), which
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diverges to +o00. If (a,) is any positive sequence such that

1
lim n(n)

n—00  (y,

=L for 0 < L < 400,
then we say that (a,) has logarithmic growth.

EXAMPLE 3.49. The sequence (a,) = (In(n?)) has logarithmic growth:

| | | 1 1
lim n(n) = lim n() = lim M = lim - = —.
n—oo  Q, n—o00 ]n(n2) n—oo 2 ]n(n) n—soo 2 2

DEFINITION 3.50 (power growth). Fix a positive exponent r > 0,
and consider the nonnegative sequence (n") arising from the real func-
tion f(x) = 2”. This sequence diverges to +oo since r > 0. If (a,) is

any positive sequence such

r

lim = =L for0< L < +oo,

n—00 (A,

then we say that (a,) has r-power growth. We say that a positive
sequence (ay,,) has power growth if there exists r > 0 such that (a,,) has

r-power growth.

EXAMPLE 3.51. The sequence (a,) = (n*++/n) has 3-power growth
(also called cubic growth):

’ n® 1
n1—>rf>lon3+\/ﬁ_nl—>r{>101+

I
n2y/n

DEFINITION 3.52 (exponential growth). Fix a positive base ¢ > 1,
and consider the geometric sequence (¢") arising from the real function

f(z) = ¢*, which diverges to +o00. If (a,) is any positive sequence such

7

limc—:L for 0 < L < +o0,

n—00 A,

then we say that (a,) has c-ezponential growth. We say that a positive
sequence (a,,) has exponential growth if it has c-exponential growth for

some ¢ > 1.

EXAMPLE 3.53. The sequence (e"*!%) has e-exponential growth:

n n
e e . 1 —100

lim ——— = lim —— = lim — =e
nsoo @nH100 TS0 enel00 T plis @100
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DEFINITION 3.54 (factorial growth). Consider the nonnegative se-
quence (n!), which diverges to 4+00. If (a,) is any positive sequence
such that '

lim&:L for 0 < L < +o0,

n—00 Ay,

then we say that (a,) has factorial growth.

EXERCISE 3.7. Give an example of a sequence (a,,) that has facto-

rial growth.

We wish to determine the relationship between these four different

rates of growth. The key idea is presented in the following definition.

DEFINITION 3.55. Suppose that (a,,) and (b,,) are positive sequences,
both diverging to +occ. Then we say that the growth of (b,) dominates

the growth of (ay) if
lim = = 0.
n—oo by,

Intuitively, dominance means that the terms b,, grow much faster than

the terms a,,.

EXAMPLE 3.56. The growth of (n?) dominates the growth of (n):

. n . 1
lim — = lim — =0.
n—oo N2 n—oo N

More generally, if 0 < r < s, then s-power growth dominates r-power
growth:
n" 1

lim — = lim
n—oo NS n—oo NS~T

=0.

EXERCISE 3.8. Suppose that d > ¢ > 1, and show that d-exponential

growth dominates c-exponential growth: lim,, .. (¢"/d") = 0.

Our goal is to show that (see Figure 3.7)

factorial growth  dominates
exponential dominates
power dominates

logarithmic.
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— Inta 50001 —— €' o

1573 e n

e n! 4000 -

3000 -

2000 -

1000 1

FIGURE 3.7. The left hand side shows plots indicating 5
different growth rates: logarithmic (blue), 1/2-power (or-
ange), 2-power or quadratic (green), exponential (red),
and factorial (purple dots). Dominance concerns the
long term behavior of these plots, not the initial relation-
ships: the square-root graph is initially above the qua-
dratic graph, and the factorial sequence is initially below
the exponential graph. The right hand side illustrates
how factorial growth dominates exponential growth in
the long-run.

We will begin at the bottom and work our way up.

PROPOSITION 3.57 (power growth dominates logarithmic growth).

Let r > 0 be any positive real number. Then

1
i 1)

n—oo N

=0.

As a result, if (ay,) has logarithmic growth and (b,) has power growth,
then the growth of (b,) dominates the growth of (ay).

PROOF. The sequence (In(n)/n") arises from f(z) = In(z)/2", so
by Proposition 2.30, it suffices to prove that lim, ., f(x) = 0. For this

we use L’Hopital’s rule:

In(z)) 1 1
I C1C)) L R S R S
T—00 (1:7")’ z—oo 1 z—o0 7"

Thus, it follows that lim, ., f(x) = 0, and so lim,,_,, In(n)/n" = 0.
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Now suppose that (a,) has logarithmic growth and (b,) has power
growth, with

1 T
i 2 Z 0 and dm =L, >0,
n—o0 (O n—o0 0y,
Then
lim & — an_ In(n) 7
n— 00 bn n— 00 11’1(n> n’ bn
= lim n lim ln(n) lim n
n—00 ln(n) n—oo N’ n—00 bn
1
= —.0-L
L 2
= 0.

This shows that the power growth of (b,) dominates the logarithmic
growth of (ay). O

PROPOSITION 3.58 (exponential growth dominates power growth).

Let r > 0 be any positive real number, and ¢ > 1 be a positive real base.
Then

T

. n
lim — = 0.
n—oo C"

As a result, if (a,) has power growth and (b,) has exponential growth,
then the growth of (b,) dominates the growth of (ay).

PROOF. Consider the series >°°° | 2= and apply the ratio test:

n=1 ¢n

1) 1 1N 1 N\ 1
hmmc——hm—(wr ) ——(lim (1+—)> —— <1,
n—oco (1l qpr n—oo C n ¢ \ n—oo n c

since we are assuming that ¢ > 1. By the ratio test, the series converges.

But then the divergence test says that the sequence of terms (n”/c")

must converge to zero as claimed. U

EXERCISE 3.9. Finish the proof of Proposition 3.58 by modifying
the end of the proof of Proposition 3.57.
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PROPOSITION 3.59 (factorial growth dominates exponential growth).

Let ¢ > 1 be a positive real base. Then

As a result, if (a,) has exponential growth and (b,) has factorial growth,
then the growth of (b,) dominates the growth of (ay).

PROOF. The limit is Lemma 3.44. The final statement is proved as
in Proposition 3.57 and EXERCISE 3.9. U

REMARK 3.60. These different growth rates are of fundamental im-
portance for the study of algorithms in computer science. Roughly
speaking, an algorithm is a precise sequence of steps for solving a math-
ematical problem for a given family of inputs. But algorithms are not
all equally good, and in particular we are interested in efficient algo-
rithms: those that will terminate in a reasonable amount of time. Of
course, we expect the algorithm to take longer on bigger inputs than on
smaller inputs, so what we care about is the growth rate of the sequence
of running times (¢, ) indexed by n = size of input. Generally speaking,
an algorithm is thought to be efficient if its sequence of running times
(t,) is dominated by power growth (these are called polynomial time al-
gorithms). On the other hand, algorithms with (¢,,) having exponential
or factorial growth are considered extremely inefficient.

For example: consider the problem of determining whether a posi-
tive integer m > 1is prime. A brute force algorithm consists of checking
whether each of the numbers 1 < k£ < m is a divisor of m, and this takes
approximately m steps (if we think of each trial division as one step).
The relevant size of the input integer m is given roughly by n = log, m,
since integers are stored in a computer as strings of 0’s and 1’s using
the binary number system. Thus, the sequence of running times (¢,)

indexed by input size is given by

t, A~ m = 2\982m — 9n
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So the sequence of running times (¢,,) of the brute force algorithm for
testing primality has exponential growth, is not efficient, and has no
practical value for the testing of large integers.

In 2002 there occurred a major development: the Indian computer
scientists Manindra Agrawal, Neeraj Kayal, and Nitin Saxena pub-
lished an efficient polynomial time algorithm for primality testing (now
called the AKS primality test). They showed that the sequence of run-
ning times (¢, ) for their algorithm is dominated by r-power growth for
any r > 12, and variants of the algorithm have now reduced the value
of r further, to around 6. You may be interested to learn that Kayal

and Saxena were undergraduates when they discovered their algorithm!

Key points for Section 3.7:

e The limit comparison test (Proposition 3.46)

e Growth rates and dominance (Definitions 3.48-3.55)

e Factorial growth dominates exponential dominates
power dominates logarithmic (Propositions 3.57-3.59
and Figure 3.7)

3.8. Optional: Rearrangements

In Section 3.5 we saw that the alternating harmonic series is con-

ditionally convergent:

i<_1)n+1—1 1+1 1+1
n 2 3 4 5

n=1
Recall what this means: the series converges, but the corresponding se-
quence of magnitudes Y>> | 1/n diverges. We also used the alternating
nature of the series to provide an estimate for the value of the sum s,
correct to 4 decimal places: s ~ 0.6931. In this section, we want to
prove the following strange fact about the alternating harmonic series:
simply by reordering the terms, we can make the sum any real number

we choose.
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Before stating and proving the result, we pause to emphasize how
strange it is, based on our experience with finite summation. Indeed,
if I have four numbers a, b, ¢, d, then the commutative and associative
laws for addition imply that the order of summation doesn’t matter:

at+b+c+d=a+c+d+b=d+c+b+a= etc.

Clearly this extends to any finite collection of numbers: changing the
order of a finite sum does not affect the result. But let’s investigate
what happens if we rearrange the alternating harmonic sequence as
follows:

(ar) ] 1 11 1 11 1 1

ay) = — T, T, =, Ty Ty — Ty |

¢ ) 27 4737 67 8757 107 127

In this sequence, instead of alternating signs, we include two negative

terms after each positive term. Here is the series:
ia —1_1_1+1_1_1+1_i_i+
A 8

Let’s look at some numerical values for the partial sums:

So991 ~ 0.346448 S2996 ~ 0.346699
S2992 ~ 0.346949 So997 ~ 0.346448
Sag9s ~ 0.346699 Sogog =~ 0.346949
Sag9a ~ 0.346448 Sag99  ~ 0.346699
Sa995 ~= 0.346949 s3000 ~ 0.346449

It certainly appears that the partial sums are converging to a value close
to 0.346, which is different than the sum s ~ 0.6931 of the alternating

harmonic series.

PROPOSITION 3.61. Let L be any real number. Then there exists a
rearrangement (ag) of the alternating harmonic sequence ((—1)""!/n)

such that y",°, ag = L. By a rearrangement, we mean that every term
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(—=1)"* /n appears exactly once in the sequence (ay), and there are no

additional terms.

PROOF. We begin by observing that the series Y | 1/2n diverges,
since it is simply the divergent harmonic series multiplied by the con-
stant 1/2. But then the comparison test shows that the sum of just

the positive terms of the alternating harmonic series also diverges:

oo

1 1 1
Series P : Z2n—1:1+§+5+”':+oo‘

n=1

Also, the sum of just the negative terms diverges:

Series N : = _Z_... - 0.

Note that every term of the alternating harmonic sequence ((—1)"*1/n)
appears as a term in exactly one of the series P or N, and no other
terms appear. So if we make use of every term from P and N exactly
once in our new sequence (ay), then we will have a rearrangement of
the alternating harmonic sequence.

We will assume that L > 0, although a similar argument works in
the negative case. The basic idea is to use the positive terms from P
until we get to the right of L, then make use of the negative terms from
N until we get to the left of L, then use more terms from P until we
overshoot L again, etc. The divergence statements above imply that no
matter how many positive terms of the series P we have already used,
the remaining terms still sum to +o0o. Similarly, no matter how many
negative terms of the series N we have already used, the remaining
terms still sum to —oo. So we can continue this process forever, and
at each stage we will be able to overshoot the target L. We build the
sequence (ay) by listing the terms from P and N in the order we use
them. As we will see, this construction leads to a sequence of partial
sums (s,,) for the series >",°, a, that converges to L. We describe
this process a bit more explicitly below, by reference to the following

picture:
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Ny
yl
N
Ny
y
A )
<—‘—ST2—.—.—.—.—.—.—>
0 Sma- -+ Smo I, Smopsr- - Sms  Smy
?
Py
\
L4
Py
—
Py

(1) Let m; > 1 be the smallest index such that the finite sum
P =3%"1/(2n — 1) > L. We begin the sequence (az) by

using these terms:

11 1
ap)= (1,22 — )
(a17a27a’37 , @ 1) ( 3 5 2m1 . 1)

We have s,,, = P, > L.
(2) Now let k1 > 1 be the smallest index such that

k1 1

P1+N1:P1—Z%<L.

n=1

We continue the sequence (a¢) by adjoining

1 1 1
(am1+17am1+27 B >am1+k1) = (_57 _Za ceey _2_]{;1) .

Setting ms = my + k1, we have s,,, = P, + N1 < L.

(3) Now add up just enough of the next unused terms from series
P to obtain a sum P; satisfying s,,, + P, > L. Adjoining
these positive terms to the portion of the sequence (ay) already
constructed, we get s,,, = Sp,, + P2 > L.

(4) Keep going, hopping back and forth over L by alternating
between the series P and N.

Note the following points about this construction:
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e At each step we adjoin at least one unused term from either P
or N. It follows that we eventually use every term of P and N
exactly once, and so (ay) is a rearrangement of the alternating
harmonic series.

e The sequence (ay) has a first positive string of terms, then a
first negative string of terms, then a second positive string of
terms, then a second negative string of terms, etc. At the end
of the kth positive string of terms, we have certainly made
use of every odd reciprocal up to and including 1/(2k — 1),
and so all later positive terms of (a,) are smaller than 1/2k.
Similarly, after the kth negative string of terms, we have made
use of every even reciprocal up to and including 1/2k, so all
later negative terms of (a,) also have size smaller than 1/2k.
Hence, after the kth pair of positive and negative strings, all
terms of (ay) are smaller than 1/2k.

e Corresponding to the strings of positive and negative terms in
(ar), the sequence of partial sums (s,,) has stretches of increase
and decrease. Moreover, the sequence (s,,) changes direction
just after it hops over L. Moreover, if we consider one of these
hops $;—1 < L < Sy = Sm—1 + @, then |L — s,,| < |ay,|. That
is: when the partial sums hop over L, they overshoot by at
most the size of the last used term, and then they head in the

other direction, back toward L.

We now wish to show that the sequence of partial sums (s,,) con-
verges to L. For this, we play the convergence game. You begin by
choosing a positive distance d > 0, and I must respond with an index
N such that |s,,, — L| < d whenever m > N. To find N, I first select an
integer k such that 1/k < d. Then consider the kth pair of positive and
negative strings of (ay) just discussed. Let N be the index of the last
term ay of the kth negative string. As mentioned above, |a,| < 1/2k
for every £ > N. Now we must verify that my choice of N is valid. We

will make use of the following picture:
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an

SN+ SN+t—1 SN+t SN-1

0 L
—
AN+t

To get started, consider the partial sum sy, which is a turning point

for the sequence:
SN_1t+anxy =sy < L < sy_1.

It follows that |L — sy| < |an| < 1/2k < d. Beginning with sy,
the partial sums increase for a while until reaching the next turning
point sy All the partial sums syy1, Syio,. .., Syi_1 are between sy
and L, hence closer to L than d. For the turning point sy,; we have
SNtt—1 < L < Syyt = Snypi—1 + Nt < SNpi—1 T+ ok < SN4i—1 T+ d.
Thus, we have sy, — L| < d as well. Continuing in this way, passing
from turning point to turning point, we see that all partial sums s,, for
m > N are within a distance d of L. Thus, my choice of N is valid,

and we have proved that lim,, .o S,, = L, which means that

OOE Ay = L.
=1
u

It turns out that this strange behavior is not confined to the alter-
nating harmonic series, but occurs for all real conditionally convergent
series. Happily, it cannot occur for absolutely convergence series. These

facts are recorded in the following theorem, due to Riemann:

THEOREM 3.62 (Riemann Rearrangement). Consider a convergent
real series Y- b, = s.
(1) If > "7 | by, is absolutely convergent, then every rearrangement (ay)

of the sequence (b,) sums to the same value s:
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(2) If > "7 | by, is conditionally convergent, then for every real num-

ber L, there ezists a rearrangment (a,) of the sequence (by,) that

io: Ay = L.
=1

We finish this section with a complex version of this result. It was

sums to L:

discovered by the 19 year-old Paul Lévy in 1905 while he was still
an undergraduate at the Ecole Polytechnique in Paris. He actually
formulated his result for series of vectors in R?, but there was a gap in
his proof for d > 2 that was filled in 1913 by the German mathematician
Ernst Steinitz. The case d = 2 applies to the complex numbers C:

THEOREM 3.63 (Lévy Rearrangement). Suppose that >~ ¢, = s
18 a convergent complex series.

(1) If "> | ¢, is absolutely convergent, then every rearrangement (ay)

of the sequence (c,) sums to the same value s:

0 0
E ay = E Cp = S.
/=1 n=1

(2) If 37, ¢, is conditionally convergent, then let S denote the
collection of all sums of rearrangements of (b,). That is: a
complex number z is in the set S if and only if there exists a
rearrangement (a,) of the sequence (by) such that > ,~, a; = z.
Then there are two possibilities:

(a) the set S is a line in the complex plane;

(b) the set S = C is the entire complex plane.

Key points for Section 3.8:

e Riemann Rearrangement Theorem (Theorem 3.62)
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3.9. In-text Exercises

This section collects the in-text exercises that you should have worked

on while reading the chapter.

EXERCISE 3.1 What is wrong with the following telescoping argument

that purports to show that the series sums to 07
[e.e]
D=1 = 1-141—141—1+4--
n=1

= 1-D)+01-D+10-1)+---
= 0+0+0+---
= 0.

Can you make a similar (invalid) argument that suggests that the series

sums to 17
EXERCISE 3.2 Prove parts (b) and (¢) of Proposition 3.11.
EXERCISE 3.3 Use Proposition 2.25 to prove Proposition 3.12.

EXERCISE 3.4 After reading the proof of the integral test, write a
paragraph explaining where each of the hypotheses on the function f

are used in the proof: (1) continuous, (2) nonnegative, (3) decreasing.

EXERCISE 3.5 Fill in the details of the proof of part (2) of the ratio
test, Proposition 3.39.

EXERCISE 3.6 Finish the proof of the limit comparison test (Propo-
sition 3.46) by showing that the convergence of Y > a, implies the

convergence of > b,.

EXERCISE 3.7 Give an example of a sequence (a,) that has factorial
growth.

EXERCISE 3.8 Suppose that d > ¢ > 1, and show that d-exponential

growth dominates c-exponential growth:
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EXERCISE 3.9 Finish the proof of Proposition 3.58 by modifying the
end of the proof of Proposition 3.57.
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3.10. Problems
3.1. For the following series, compute the m-th partial sum for m = 1, 2, 3, 4:
k co  (=1)"
%) i (e) Zn:l n(n+2)
- (F) 2nms 747
k 00 \n
u (8) 0, (2i)

3.2. Consider the infinite series Zn 1 n(n +2)

(a) Find real numbers A and B with e +2) 4.4 n—+2
(b) Use a telescoping argument to show that Z

+2) converges

and find the sum of the series.

3.3. Consider the infinite series Zn 1 n(n +3)
_ A, B

(a) Find real numbers A and B with n(n 5= at s

(b) Use a telescoping argument to show that > 7

n=1 m converges

and find the sum of the series.

3.4. Consider the infinite series Y, 4n2 I

(a) Find real numbers A and B with ;35— = ;2= + 2nB+1

(b) Use a telescoping argument to show that > > converges and

n=1 4n 2 -1
find the sum of the series.

_ 3
3.5. Let a, = >"5.
(a) Determine whether the sequence (a,) converges or diverges.

(b) Determine whether the series ) ° , a, converges or diverges.
3.6. Let b, = (3i)".
(a) Determine whether the sequence (b,) converges or diverges.

(b) Determine whether the series Y, b, converges or diverges.

3.7. Let ¢, = (%) .
(a) Determine whether the sequence (c,) converges or diverges.

(b) Determine whether the series Y ° ¢, converges or diverges.

3.8. Show that the following real series diverge:
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(a) 220:1 33711 (d) 220:1 \/TT_T_n_l
() 33 (3)' (@) Sy (VA1)
(0) 3252, cos (74) (1) T2 et

n=1 arctan(n)

3.9. Suppose that > > ¢, is a convergent series with complex terms.

Show that >~ ° | @, must also converge.

3.10. In Section 3.2, we learned that Y7 ¢" = 1, when|c| < 1.
Fix some ¢ with |c| < 1.

(a) Show that

o0

chzlic'

n=1

(b) Find the sum of the infinite series Y, ™.

3.11.  Determine whether the following geometric series converge or

diverge. If the series converges, find its sum.

—~

54

N~—
83 8
o

—~

&

\_/\_/

3
IO
~— ~—
3
|I8
—-

—~

ol

~—

3

VW N
WA | w|¥
\_/

(b) Zn 1
(¢) 2oz

3.12. Consider the infinite series Y >~ | m
(a) Find constants A, B, C such that m 4.4 n—+1 + n—+2

1

(b) Use a telescoping argument to show that En e ey e

con-

verges and find the sum of the series.

3.13. For the following series, find all values of ¢ for which the series

converges. Draw a picture of the region on the complex plane.

(a) Y00, & (¢) 3202, (2ic)"
(b) 320 (c—2)" (d) 302, (2)"

3.14. Find all values of ¢ for which

[e.e]

d (4o =1

n=2
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3.15. For each of the following series: (1) find a positive, decreasing,
and continuous function f(z) with f(n) = a, for all n, and (2) use the

integral test to determine whether the series converges or diverges.

() 30, oA (c) S0, s
(b) ZZO:Q ﬁ(n)

3.16. Use the integral test to find all values of p for which > >°

converges.

n=2 n(ln n)p

3.17. Use the integral test to find all values of p for which Y > n(1 + n?)?

converges.
3.18. Estimate )~ % correct to three decimal places.
3.19. Estimate Y - (2n 4 1)7% correct to five decimal places.

3.20. Use the direct comparison test to determine whether the follow-

ing real series converge or diverge:

a) Yoty Aok O
oo n oo COS2 n

b) Zn:Z n—1 (f) Zn:l %
(¢) oty 75 (&) Yova s
) sii\n)= 2

3.21. Determine whether the following alternating real series converge

or diverge.

(a) 30 (=1)" 5 (d) 3nZi(=1)"cos (5
(-1 () na(=1)"sin (3)

(b) anl n
(€) 3oty (1)
3.22. Determine whether the following series converges: >~ %

3.23. Show that the following complex series are absolutely convergent:
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00 n+in oo 3+44)"
(a) oo, Yot (d) 021 5oty

oo (A+i)" 0 (342"
(b) 3o () oo, Gy

() ooty i

3.24. Use the ratio test to determine whether the following real series

converge or diverge:

(a) 22021 i_z (d) fo;l (267:)!
o0 n o n: 2
(b) YooZo % (&) Yoo,

n=1
(o] n2
(©) Xonto @iy

3.25. Use the ratio test to determine whether the following complex

series converge or diverge.

(a) Yoo, 240 (d) Yoo, e
[e%) 31)"n [e’e] n
(b) Yoo & (e) Yoot (55

3.26. In Example 3.43, we showed that the series >~ % converges
by using the ratio test. Provide an alternate proof of convergence

for this series using the comparison test. (Hint: use the geometric

series y >0 k)



CHAPTER 4

POWER SERIES

4.1. Preview: The Geometric Series

We preview the topics of this chapter by focusing on a single im-
portant example: the complex function defined by f(z) = 1/(1 — z).
The domain of f(z) is the entire complex plane except for the point
z = 1, because this point would lead to a zero in the denominator of
the expression 1/(1 — z). Let’s begin by tracking the effect of f on a
single complex number z using the geometric ideas from Section 1.1:

R
1—z 11— 2]2

z = —z = 1-—z l1—2 —

\ \
S

173
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With this in mind, consider the following picture showing the effect of

the function f on vertical lines in the style of Section 1.3:

¢ 21 2iF

7 a0

—2i —2i +
As in the previous picture, the pair of red dots represents the transfor-
mation of the point z = —1 4 2i into f(—1+2i) = ; + &

1 1 2+ 2 242 1

—(—i+2) 2-2 (-2)C2+2) 8 4

7
1
EXERCISE 4.1. Spend some time pondering the picture above.

(a) Check that f(—i) =1 — % as indicated by the pair of black dots in

the picture.
(b) Now consider a general point z = iy on the imaginary axis, so

.1 1+ay
T == =12

As y varies, do you see why f(iy) traces out the black circle on the
right hand side?
(c¢) Can you convince yourself that f takes vertical lines to circles, as

the picture indicates?

We now want to make contact with our study of series. To begin,
recall the convergence result established in Example 3.10: if ¢ is a

complex number with |¢| < 1, then the geometric series with common

oo . 1
;C T1—c

This formula is valid for all complex numbers ¢ in the open disc of

ratio ¢ converges:

radius 1 centered at the origin. Notice that the expression on the right
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hand side is f(c), the value of our function at the point z = ¢. So the
convergence result for geometric series provides a series formula for the
function f on the restricted domain |z| < 1:

1 o
D N

The change of notation from ¢ to z emphasizes the shift in our focus
compared with Chapter 3: instead of focusing on individual series of
complex numbers >~ ", we now want to focus on the series formula
> > o 2" for the complex function f(z).

But what is the meaning of this series formula for f(z)? Recall
that the value of a convergent infinite series is given by the limit of its
partial sums, and in this case the partial sums are polynomials in the

complex variable z:
=1
= 14z

(2)
(2)
sa(z) = 14+2+42°
(2) = 1+z+22+2°

So, the series formula f(z) =), 2" expresses the fact that, on the
domain |z| < 1, the function f(z) can be expressed as the limit of

polynomials:

f(z)

We would like to get a visual sense of what it means for the function

1
= lim sp,(2) = lim (1 + 2422+ 2%+ +2™).

1—2 m—o0 m—o00

f(2) to be the limit of polynomials, and for this it will be extremely
helpful to restrict attention to real values z = z, so that we can look
at graphs of real functions. So, we now consider the real function
f(x) = 1/(1—2) and the real partial sums s,,(z) = 1+x+2%+- - -+2™.

On the domain |z| < 1, we have

flz) = = lim sp(z) = lim (1+2+2> +2° + - +2™).

1—=2x m—00 m—00
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FIGURE 4.1. The first four polynomial partial sums
sm(x) for the geometric series representation of 1/(1—z).

Figure 4.1 shows the graph of f(z) together with graphs of the first

few polynomial partial sums. We interpret the figure as follows:

e the partial sum so(z) = 1 (lightest blue) is the best constant
approximation of f(z) =1/(1 —x) (red) near the point x = 0;

e the partial sum s;(z) = 1 + z (light blue) is the best linear
approximation: its graph is the tangent line to f(x) at x = 0;

e the next partial sum sy(x) (medium blue) appears to be the
best quadratic approximation to f(x) at x = 0;

e the degree-3 polynomial s3(x) (darkest blue) seems to be the

best cubic approximation.

To explain this terminology, recall that the tangent line to the graph
of a function f at a point ¢ provides the best linear approximation to
the graph at ¢, because it shares both the value of the function f(c)
and the slope f'(c) at that point. Generalizing this idea, the best

quadratic approximation at ¢ will share not only the value f(c) and
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the slope f’(c), but it will also have the same second derivative f”(c).
In general, when we say that the polynomial s,,(x) is the best mth
degree approzimation of f(z) near z = ¢, we mean that s,,(z) not only
has the same value as f at x = ¢, but also the same first, second, ...,

mth derivatives:
sm(€) = f(c),  s(c) = f'(e), sn(c)=f"(c), ..., s\ (c) = f"(c).

EXERCISE 4.2. For f(z) = 1/(1 — x) and the third partial sum
s3(x) = 1+ 2 + 2% + 23, verify by explicit computation that

£(0) = s5(0),  f(0) = s5(0),  f"(0) = s5(0), fP(0) =5 (0).

Figure 4.1 helps us understand the meaning of the series formula

1 o
fla)=g——=> a"
n=0

Namely, the partial sums s,,(z) provide better and better approxi-

mations to the function f(z) near the point # = 0, and in the limit as
m — 00, these polynomial approximations converge to provide an exact
match for f(z) on the domain |z| < 1. Moreover, even though we can-
not easily visualize the graphs of the complex function f(z) =1/(1—z)
and the complex partial sums s,,(z), the meaning of the complex series
formula f(z) = )" " 2" is the same: the complex polynomials s, (2)
provide approximations to the complex function f(z), and in the limit
as m — oo, the polynomials converge to provide an exact match for

f(2) on the open disc |z| < 1.

REMARK 4.1. Note that the domain of the function f(z) = 1/(1 — 2)
is larger than the domain of convergence |z| < 1 for the geometric series
formula >~ 7, 2". Thus, while the geometric series does represent the

function f(z), it does so only on a small portion of the original domain

of f.

Based on this example, we now provide a list of questions that will

serve as a roadmap for the chapter ahead:
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(1)

(2)

(3)
(4)

(6)

4. POWER SERIES

What are the domains of convergence for series formulas of the
type F(z) = > 2 ,a,2", where z is a complex variable and the
coefficients a,, are complex numbers? Such functions are called
power series, and they are the main topic of this chapter.

We know from calculus that real polynomials are nice func-
tions: they are differentiable, and their derivatives are easy
to compute term-by-term using the power rule. What about
complex polynomials?

Power series are limits of polynomials, so we wonder: do the
nice properties of polynomials carry over to power series?
Given a complex function G(z), is there a power series for-
mula G(z) = Y 7 a,2", valid on some domain in the com-
plex plane? If so, how can we find the numerical coefficients a,,
explicitly?

Given a real function g(x), can power series help us to find
a nice complex function G(z) that extends g to the complex
plane? That is, can we find a complex function G(z) such that
G(z) = g(x) for real numbers x7 We will be especially inter-
ested in extending the familiar trigonmetric functions cos(x)
and sin(z) to the complex plane, as well as the exponential
function e”.

What are some applications of power series?

Key points from Section 4.1:

e The geometric series formula for f(z) = 1/(1 — 2):

=Y 2" |z| < 1.
=0

3

e f(z) as a limit of polynomials (Figure 4.1)
e Best mth degree polynomial approximation (page 177)
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4.2. The Radius of Convergence

We begin by giving a precise definition of the power series mentioned

in the previous section.

DEFINITION 4.2. A power series is a series of the form

oo
n __ 2 3
E Apz = Qg+ a12 + agz” +aszz” + -+ - .

n=0

Here, z is a complex variable, and the coefficients a,, are complex num-
bers. This series will generally converge for some values of z and diverge
for other values. Letting D denote the set of complex numbers z for
which the series converges, we obtain a complex function F': D — C

defined by the power series:

o
F(z)= Z a,z".
n=0
EXAMPLE 4.3. Generalizing the example from the previous section,

for every complex number a, the geometric series with first term a

defines a power series on the domain |z| < 1:

F(Z):Zaz”:a+az+az2+az3+-~-=

n=0

a
1—2

A caution about domains: the formula a/(1 — z) on the right hand side
makes sense for all z # 1, but the series converges only on the much
smaller domain |z| < 1. As a concrete example, consider the point
z = 3. Then the right hand side makes perfect sense: a/(1—3) = —a/2.

But the left hand side is a divergent geometric series:

o0

Za-?)".

n=0
So: the function F(z) defined by the power series has domain |z| < 1,
even though in this special case we see how to extend the function to

a larger domain by using the formula a/(1 — z) on the right hand side.

Note that geometric series define functions with especially nice do-

mains: the power series )~ az" converges on the open unit disc
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|z| < 1. In fact, the next proposition shows that all power series have

nice domains.

PROPOSITION 4.4. Suppose that Y~ a,z" is a power series. Then
there is a real number R > 0 (or R = 4+00) such that the power series

is absolutely convergent for |z| < R and divergent for |z| > R.

DEFINITION 4.5. The number R in Proposition 4.4 is called the
radius of convergence of the power series. The picture above indicates
the reason for this term: the power series converges inside the disc of
radius R.

REMARK 4.6. We will prove Proposition 4.4 under the additional
assumptions that (1) the coefficients a,, are eventually nonzero and (2)
the magnitudes of the ratios of successive coefficients converge to a real

number L or diverge to +oo:

or lim [t 41 = 400

lim [0 41] =L

These extra hypotheses are not actually necessary, but assuming them
allows us to give an easier proof that explicitly identifies the radius
of convergence as R = 1/L and avoids a more technical argument
involving completeness. Moreover, these extra hypotheses will hold for
all the examples in this course (although see Example 4.9 below for
more about the assumption (1) that the coefficients a,, are eventually

nonzero).
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PROOF. First note that the series certainly converges (to ag) for

z = 0. So assume that |z| > 0 and use the ratio test:

lim —|an+1z"+1| = lim ]z\w = { 2L

nooanzt| o nooo T fag) +00,
according to which case of our extra assumption (2) holds. If the ratios
diverge to +o00, then the ratio test says the power series diverges for
all nonzero z, and we take R = 0. On the other hand, if L = 0, then
the ratio test says that the power series converges absolutely for all z,
and we take R = +o00. Finally, if 0 < L < +o00, then we set R = 1/L.
In this case the ratio test says that the series converges absolutely if
|z2| < R = 1/L (since then |z|L < 1) and diverges if |z|] > R = 1/L
(since then |z|L > 1). O

EXAMPLE 4.7. Consider the power series with coefficients a,, = 2"/n:
> 2n/na" =22+ 4v227 +8V3 4 -
n=0

To find the radius of convergence, we use the ratio test as in the proof
of Proposition 4.4:

. |2n+l /n+1zn+1| B . 2n+1 ‘ /n+1 . |Z|n+l
n

nooo  [20/nz"| n—oo 2" 2|

1
= lim 2-4/1+—-|z]
n

n—oo

1
= 2|z] lim 4/1+ —
n

n—00

= 2|z|.

For the ratio test to guarantee absolute convergence, we must have
2|z| < 1 or |z| < 1/2, which tells us that the radius of convergence is
R=1/2.

EXAMPLE 4.8. Now consider the power series with factorial coeffi-
cients a,, = n!:

[e.e]

Zn!z”: 1424222 462°+242* +1202° + - - -
n=0
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We use the ratio test to find the radius of convergence:

1)! n+1 1)! n+1

N ([ RS CR S VA

n—r00 |n'z”| n—o00 n! |Z|n
= lim (n+1)- 2|

= |z| lim (n+ 1)
n—oo
= —o0.

Thus, the ratios diverge to oo for all nonzero z, so the power series
converges only for z = 0 and the radius of convergence is R = 0. This
example provides an illustration of the extremely fast growth rate of
the factorial sequence (n!). For more on that topic, see the optional
Section 3.7.

EXAMPLE 4.9. Consider the power series

o 2n 2 4 6
S = -y STy
247 (2n)! 2 "4 6l

6

2 4
_ O I Y BT A Y B AT
= 1+0-2 2+Oz+4!+02 6!+

The coefficients are ag = 1, a3 = 0, ay = —1/2, a3 = 0,.... In partic-
ular, all the terms with odd index are zero. At first glance, it would
seem that we cannot use the ratio test to determine the radius of con-
vergence, since the ratio |a,1|/|a,| is not defined for odd values of n.
But note that if we set w = 22, then we can rewrite the power series in

terms of w, with nonzero coefficients b,, = (—1)"/(2n)!:

> ZQn & w™
—1)" _ —1)
Now we find that
B 5 L

nhoe [bu] | noee (204 2)]  noee (20 + 2)(2n + 1)
As in the proof of Proposition 4.4, the limit L = 0 for the ratios of the

coefficients implies that R = 400 and the series converges for all w.

But since w = 22, it follows that the original power series converges
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for all z. In this way, the ratio test can sometimes be used for series
with “missing terms” (but see the remark below for an example where

it cannot be used).

EXERCISE 4.3. Adapt the argument given in Example 4.9 to show
that the power series below has radius of convergence R = +4o00.

o0
Z2ntl 2 25 S

S Y e S o T T T
2 oy TR TR Tl

n=0 ’

REMARK 4.10. Note that Proposition 4.4 says nothing about the
behavior of a power series for |z| = R, shown as the red boundary
circle below. This boundary behavior is quite delicate, and all sorts of
things can happen: the series may converge nowhere or everywhere on
the boundary circle, or it might converge at some points and diverge
at others. Moreover, the convergence may only be conditional on the
boundary. In this course, we will mainly ignore the issue of boundary
behavior, and focus on the interior of the disc of radius R, where the
power series converges absolutely. The next example illustrates some

interesting boundary behavior.

EXAMPLE 4.11. Consider the power series

oo
L(27) 2 4 8

—ay 22y
gm T T T

F(z) =
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FI1GURE 4.2. Plots showing the effect of the power series

F(z)=)", 2(22: ! on three concentric circles of radius r
centered at the origin. The red curve is the result of ap-
plying F' to the circle |z| = 1, which forms the boundary

of its domain.

9

This series has lots of “missing terms,” and the gaps between nonzero
terms grows larger and larger. For this reason, we can’t use the method
of Example 4.9 to determine the radius of convergence. But one can
show (Problem 4.7) that the radius of convergence is R = 1, and more-
over that the series converges absolutely on the disc |z| < 1. Figure 4.2
shows the effect of the power series F'(z) on some circles centered at

the origin, including the boundary circle |z| = 1.

Key points from Section 4.2:

e The radius of convergence R (Definition 4.5)
e Using the ratio test to find the radius of convergence
(Examples 4.7-4.9)
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4.3. The Complex Derivative

In your first calculus course, you defined the derivative of a real
function f: R — R at a point ¢ by using function limits: the real
function f is differentiable at ¢ when the following limit exists:

. fle+h) - f(c)
"(c) =1 )
1) B0 h
The number f’(c) is called the derivative of f at c.

You went on to establish many properties of differentiation, such as

the sum, product, quotient, and chain rules. In particular, you proved
that all real polynomials are differentiable, and their derivatives are

easy to compute term-by-term using the power rule:

d
—(ag + a1z + agx® + - 4+ ap,2™) = ay + 2a92 + -+ - + naz" "t

dz

Our aim in this section is to extend the idea of differentiation to
the complex setting, and to show that complex polynomials are also
differentiable using the power rule. In order to do this, we begin by
recasting our definition of the real derivative in terms of sequence limits
rather than function limits.

In your first calculus course, you likely discussed the limit defining

the derivative f’(c) in the following informal way: the difference quo-

fleth)—f(c)
h

number h gets sufficiently close to 0. When thinking about this limit,

tient gets arbitrarily close to the number f’(c) as the real
we can imagine h approaching zero from the left or from the right. But
no matter how h approaches zero, the corresponding difference quo-
tients must approach the same number f’(c); this is what it means for
the function limit to exist. Figure 4.3 shows the graphical interpre-
tation of convergence from the left and from the right by displaying
secant lines converging to the tangent line for f at c.

This way of thinking—imagining all the different ways h can ap-
proach zero—suggests the following rewriting of the definition of real

differentiability in terms of sequences (h,,) converging to zero:

DEFINITION 4.12 (Sequential Definition of Real Derivative). Con-

sider a real function f(z) defined on an open interval containing the
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FIGURE 4.3. Plot of the graph of a function f(z) to-
gether with its red tangent line at ¢ and two families of
secant lines. The green secants correspond to a positive
sequence (h,) converging to zero from the right, and the
blue secants correspond to a negative sequence (k) con-
verging to zero from the left. Differentiability of f at ¢
means that the slopes of the blue lines converge to the
same value as the slopes of the green lines, the common
value being the slope of the red tangent line at c.

real number ¢. Then f is differentiable at c if for every sequence (h,,)
of nonzero real numbers converging to zero, the following limit exists
and is independent of the choice of sequence:

i Fet ) = £(0)

n—o00 h,

In this case, we denote the common limit by f’(¢) and call it the de-

rivative of f at c.

Now that we have a definition for the real derivative in terms of

sequence limits, we can immediately promote it to the complex setting:
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DEFINITION 4.13 (Sequential Definition of Complex Derivative).
Suppose that f(z) is a complex function defined on an open disc con-
taining the complex number c. Then f is differentiable at c if for every
sequence of nonzero complex numbers (h,,) converging to zero, the fol-
lowing limit exists and is independent of the choice of sequence:

i L€t ) = fle)

n—00 hn

In this case, we denote the common limit by f’(c) or % (c) and call it

dz
the derwvative of f at c.

No matter what sequence (h,) we consider, the limit of the cor-
responding difference quotients must exist and be equal to the same
value f’(¢). Compared to the real setting, there are many more ways
to approach zero in the complex plane (see Figure 4.4), and so complex

differentiability is harder to achieve than real differentiability.

EXAMPLE 4.14. Consider the squaring function f(z) = 22 and any
point ¢ in the complex plane. We want to investigate the existence of
the derivative f'(c). So let (h,) be any sequence of nonzero complex
numbers converging to zero, and look at the difference quotients:

flc+hy) — f(c) (c+ hy)* =
I, I,
&+ 2ch, + h2 — ¢
ho,
2ch, + h?

hn,

= 2c+ h,.

Having made this computation, we now take the limit:

lim fled hn) = f(c) = lim (2¢ + h,) = 2¢ + lim h, = 2c.

n—00 hy, n—00 n—00

Note the key point: the limit not only exists, but its value 2¢ does not
depend on the sequence (h,). This shows that f(z) = 22 is differen-

tiable at ¢ with f’(c) = 2¢. Since this is true for all complex numbers c,



188 4. POWER SERIES

? s T T T T TS 9
,z
0.4 A 27
’ 7’ ]
A
/ ¢
i ) 1
02 $
i ¢
\
iy \
0.0 f======= o ——-R-0- ©o-—-¢e-——-———- -2 —-
AY
S
_02_
_04_
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
X

FI1GURE 4.4. The blue sequence is approaching zero from
the left along the real axis, while the green sequence is ap-
proaching from the right. The red sequence is approach-
ing from above along the imaginary axis. The pink se-
quence is approaching along a slightly curved path in the
3rd quadrant, and the black sequence is spiraling inward.

we write f'(z) = 2z or
d .
— = 2z.
- (z9) z
Here is an example showing the failure of complex differentiability

for a seemingly nice function.

EXAMPLE 4.15. Consider the complex conjugation function f(z) = Z,
defined by f(xz+iy) = x—iy. Geometrically, this is the reflection across
the real axis. Fix any complex number ¢, and consider the real sequence
(hn) = (1/n), which approaches zero from the right. We find that

fle+hy) = fle) c+1/n—6_6+1/n—6_1
hy, B 1/n B 1/n -
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On the other hand, if we use the imaginary sequence (h,) = (i/n)
which approaches zero from above, we find

fle+hy) —f(c) cHi/n—¢ c¢—i/n—C .

hy, B i/n B i/n -

Thus, the limits for these two sequences do not agree, and so complex

conjugation is not complex differentiable at any point!

Despite the lesson you might draw from the previous example, there
are many complex differentiable functions. In particular, the same
proof that you saw for the real function ™ in your first calculus course
works to establish the power rule for the derivative of the complex

function z™.

PROPOSITION 4.16 (Power Rule). For any integer m > 1, the com-
plex function z™ is differentiable, with derivative

a
dz

(™) = mz™"t
PROOF. For any complex number h we have

(z+h)™=2"+mh2""" + (7;

)thm_z 4+ mh™ e+ B

It follows that, for any sequence of nonzero complex numbers (h,)

converging to zero, the difference quotients are

(z4hy)™— 2™ mh, 2"+ (Y222 b R
hn - hn
= mz™ ! 4 (2) Rpz™ 2 4o mh™ 2y 4 B

The key point to notice is that every term except the first in this

expression contains h,, and so converges to zero as n — oo:

hn m __ ,m
lim (2 4 fn) ° — lim <mzm1 + <m> hn2™ 2 4+ h:zn1>

m—1
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Since the limit exists and equals mz™"! independently of the sequence (h,,),
we find that 2™ is differentiable with
d
dz

(2™) = mz™"t

O

More generally, all the usual differentiation rules hold for the com-
plex derivative (the sum rule, the product rule, the quotient rule, and
the chain rule), and their proofs are basically the same as in the real
case. In particular, the derivative of a complex polynomial may be

computed by using the power rule term-by-term:

PROPOSITION 4.17. Complex polynomials are differentiable, and

their derivatives may be computed term-by-term using the power rule:

—(ap+ a1z + apz® 4+ -+ a,z") = ay + 2asz + -+ + napz"t.
dz

ProoOF. This follows by combining the sum rule, the constant mul-

tiple rule, and the power rule. O

EXERCISE 4.4. Fill in the details in the proof of Proposition 4.17.

To illustrate the use of the chain and quotient rules, we prove the

following result that we will use later.

PROPOSITION 4.18. Suppose that m is an integer exponent and b a
fixzed complex number. Then the function f(z) = (z — b)™ is complex
differentiable, with

f'(z) =m(z —b)™ 1.

PROOF. First consider the case where m > 0. By the chain rule

and the power rule,
f'(z) =m(z = 0)" (2 = b) = m(z — )",

since (z — b)’ = 1 by the previous proposition.
Now suppose that m < 0 is negative, and set kK = —m > 0. Then

the derivative of (z — b)* is k(z — b)*~! by the nonnegative case. But
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f(z) =1/(z — b)*, and we can use the quotient rule:

0-(z—=b)k—1-k(z—0b)r?

/ —
B —k
T (z— bR
= m(z—b"m .
O
Key points from Section 4.3:
e Definition of complex derivative (Definition 4.13)
e Term-by-term differentiation of polynomials (Proposi-
tion 4.17)
4.4. Power Series as Infinite Polynomials
Now consider a power series f(z) = Y " a,2", with radius of

convergence R > 0. As discussed in Section 4.1, the partial sums are
polynomials, so the function f(z) is a limit of polynomials:

o0

f(z) = an?™ = lim (ag + a1z + agz® + - 4+ a,2").
n—oo
n=0

Since the function f(z) is the limit of differentiable polynomials,
it seems reasonable to expect that f(z) should be differentiable. This
is actually true for power series, although the proof is technical and
we will not give it here—it is better suited for a later course in anal-
ysis. However, in other contexts besides power series, the result may
not hold! That is, there are examples of non-differentiable functions
g(z) = lim, o g,(z) that are limits of differentiable functions g,(z).
Figure 4.5 indicates what can go wrong.

But in the special case of power series, the convergence of the poly-
nomial partial sums is of a good type (called uniform), and we have

the following extremely useful result:



192 4. POWER SERIES

1.0 4
0.8
g 0.6
<
D 0.4
0.2 4
O.O ) T T T T T
-1.0 -0.5 0.0 0.5 1.0
X
1.0 A L
0.8 1
— 0.6 1
X
2 0.4
0.2 A
0'0 L T T <|: T T
-1.0 -0.5 0.0 0.5 1.0
X

F1GURE 4.5. The upper plot shows the differentiable
functions g,(z) = e ™; each is a smooth bell shape
of height 1, but they get narrower and narrower as n in-
creases. The lower plot shows the limit function g(z) =
lim,, 00 gn(2); it is zero except at x = 0, where it has a
jump discontinuity.

THEOREM 4.19. Suppose that f(z) = > 7 an2" is a power series
with radius of convergence R > 0. Then the function f(z) is differ-
entiable on the open disc of radius R, and its derivative is given by

term-by-term differentiation using the power rule:
o0
f/<2) = Znanznfl = ay + 2a92 + 3azz® + - .
n=0

Moreover, the power series defining f'(z) has the same radius of con-

vergence R.
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EXAMPLE 4.20. Consider the power series from Example 4.7, which

has radius of convergence R = 1/2:
f(z) = 22”\/52” =22 +4V222 4 8V32 + - -
n=0

Then the theorem says that f is differentiable on the open disc of radius
R =1/2, with derivative

f(z) = Z ny/nz" Tt =2+ 8v/2z 4 24322 4 - - -
n=0

EXERCISE 4.5. Check that the power series for f’(z) in Exam-
ple 4.20 also has radius of convergence R = 1/2.

ExAMPLE 4.21. Consider the power series from EXERCISE 4.3:

o . 22n+1 ZS 25 Z7

You showed in that exercise that the radius of convergence is R = 400,
so the function S(z) is defined on the entire complex plane C. Using

the theorem, we find that the derivative is

, = L2n 4 1) & . 2
$6) = T = e

which is the power series from Example 4.9.

Theorem 4.19 concerns the derivatives of power series, but it im-

mediately implies a result about antiderivatives.

PROPOSITION 4.22. Suppose that f(z) =Y 2 anz" is a power se-
ries with radius of convergence R > 0. Consider the following power se-

ries, obtained by antidifferentiating term-by-term using the power rule:

d a
F(z) =) —=2""
—n+t 1

The power series F(z) has the same radius of convergence R, and the

function F provides an antiderivative of f on the open disc of radius R:

F'(z) = f(2) for |z| < R.
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PROOF. First suppose that the radius of convergence of F(z) is
S > 0. Then Theorem 4.19 implies that

oo o0

( +1 n n
F’(z):nz% nn+1a nz:anz

also has radius of convergence S, which means that S = R and F'is an
antiderivative of f for |z| < R as claimed.

We now need to investigate the possibility that S = 0, which would
mean that the power series F'(z) converges only for z = 0. But this
is impossible, for the following reason (we work under the additional
assumptions described in Remark 4.6): the radius of convergence R for
f(z) is given by R = 1/L, where

0< L= tim 121l o 4o

n—oo |ay,|

But then the radius of convergence of F'(z) is given by S = 1/M, where

g U= B 1 B U N G ey
It follows that S =1/M = 1/L > 0 as claimed. O

ExXAMPLE 4.23. Consider again the power series from Example 4.7,

with radius of convergence R = 1/2:
= 22"\/52” =224+ 4v222 +8V322 + - -
n=0

The previous proposition says that the following power series F'(z) is

an antiderivative of f(z) on the open disc of radius R = 1/2:

>, on 4/2
F(z)=) n—ﬁzn“ =22+ T\/_Z?) +2V3 4
n=0

EXERCISE 4.6. Verify that the antiderivative power series F'(z) in
Example 4.23 has radius of convergence R = 1/2.

In addition to these nice differentiation properties, we may manipu-

late power series algebraically following the usual rules for polynomials.
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PROPOSITION 4.24. Suppose that f(z) =Y - a,z" has radius of

convergence R > 0 and g(z) = Y 0" b,2™ has radius of convergence
S > R>0. Then

(1) the sum f(z)+g(z) may be computed term-by-term, and it has
radius of convergence > R:

o0

F(2)+9(z) = D (an+b,)2"

n=0
= (ag+bo) + (ay + b))z + (ag + ba)2> + -+ .

(2) the product f(2)g(z) may be computed following the usual rule

for polynomials, and has radius of convergence > R:

[e.9]

f(Rg(z) = Y e

n=0

= aobo + (a0b1 + (Ilbo)Z + (&ng + (Zlbl + a2b0)2’2 —+ .- y
where in general the coefficient ¢, is given by

cn = (agby + arbp_1 4 -+ + an_1b1 + aybo).

REMARK 4.25. As the proof below will show, the formula for the
sum f(z) + g(z) holds for any z where both series converge. But the
formula for the product f(z)g(z) requires absolute convergence, and

hence can only be used safely for z inside the radius of convergence.

PROOF. We will provide a proof of (1), which only requires the
limit laws for series. Part (2) is more difficult, and we will omit the
proof.

Let ¢ be any complex number for which both power series converge.
Letting s,,(z) denote the partial sums of f(z) and t,,(z) denote the
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partial sums of g(z), we have

[e.9]

FO+90) = Y a+ b

n=0

= Aol i ()

= lim (sp(c) + tm(c)) by Proposition 3.11(a)
m—0o0

= lim (ap +arc+ -+ anc™ + by +bic+ -+ by,c™)
m—0o0

= lim ((ao +bo) + (a1 + b1)e+ -+« + (A + by) ™)

o0

= Z(an + by,) "

n=0
Since S > R, this argument is valid for all ¢ with |¢| < R, and we have

o0

f(z)+g(z) = Z(an +b,)2" for |z| < R.

n=0

In particular, the radius of convergence of this power series is > R. [

ExXAMPLE 4.26. We illustrate the addition and multiplication of

power series using the following two series:

= 1

= A =142z +422 +8°3 +--- ==

f(2) nZ:O z +2z+42° +82° + ( 2)

g(z) = D =14zt 240+ (S =1).
n=0

The sum f(z) + g(z) also has radius of convergence R = 1/2:

F2)+g() = (2" +1)2" =2+ 32+ 522 +92° + - .

n=0
The product is given by f(z)g(z) =D ., 2", with coefficients
cn = 2014214221442t 1 4271
= 14+2+2%+ .. 4274 2n
1— 2n+1

1—2
= onfl_ 1,
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Thus, we have the following power series for the product f(z)g(z), with
radius of convergence R = 1/2:
oo
f(2)g(z) = Z(Q"H —1)2" =1+32+T72"+ 152"+ -+ .
n=0
The results of this section may be summarized as follows: inside its
radius of convergence, we are entitled to treat a power series as an “in-
finite polynomial™: it is a differentiable function, and its derivative and
antiderivative may be computed term-by-term using the usual power
rule. Moreover, power series may be added and multiplied using the
same rules as polynomials. In the next section, we exploit these nice
features of power series to find series formulas for some familiar func-

tions.

Key points from Section 4.4:
e Term-by-term differentiation and antidifferentiation of
power series (Theorem 4.19 and Proposition 4.22)

e Addition and multiplication of power series (Proposi-
tion 4.24)

4.5. Power Series Related to Geometric Series

We have made good progress on providing answers to the first three
questions about power series listed on page 177, and it is time to move

on to question four, repeated here:

Question: Given a complex function G(z), is there a power series for-
mula G(z) = Y, a,2", valid on some domain in the complex plane?

If so, how can we find the numerical coefficients a,, explicitly?

In the next section we will develop a general procedure to answer
this question, applicable to all sorts of complex functions G(z). But in

this section, we begin by studying functions that are closely related to
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f(z) =1/(1 — z), the function studied in Section 4.1. Since

1 [e.o]
= E Z" for |z| < 1,
1—2 o

we should be able to use the geometric series as a starting point.

EXAMPLE 4.27 (Binomial Theorem for Negative Exponents). We
begin by taking deriviatives of both sides of the geometric series formula
displayed above, using the usual rules of calculus (Proposition 4.18) for
the left hand side, and treating the right hand side as an infinite poly-
nomial as explained in the previous section. Taking the first derivative

yields the formula

1 - n—1 2
(l—z)QZan =1+2z2+32"+---,
n=0

valid for all |z| < 1. If we continue taking derivatives, we find a whole

sequence of formulas:

2 o
= Zn(n—l)z”_2:2—1—3-2z+4-322+---
0

3
I

—~
—_
| w
IS W)
~—
S
I
gk

3
i
=)

m/!
(1 _ Z)m+1

T
WE

nn—1)---(n—m+1)z"""

i
o

After dividing by m!, we find that

R
- 2 ()

nin—1)n—2)2""3=3-2+4-3-22+5-4-32"+...
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This equality holds for all |z| < 1, and it is called the binomial theo-
rem for negative integer exponents, because it generalizes the ordinary

binomial theorem:

(142)™ = ki:o (ZZ) =1+ (T) z+ (73) e -+(m7i 1) 2™

So, starting with the geometric series formula for f(z) = 1/(1 — 2),
we have found series formulas for the functions 1/(1 — z)™! by taking
derivatives and using Theorem 4.19. In the next example, we instead

take an antiderivative, using Proposition 4.22.

EXAMPLE 4.28 (Logarithm). We would like to take antiderivatives
of both sides of the equation

=) "=1+z+2+2 4+

n=0

1
1—=2

However, we don’t yet know an antiderivative for the complex function
1/(1 — z), and so we retreat to safety (for the moment) and restrict
attention to real values —1 < x < 1, where we have the real power

series formula

:Zx”:1+x+x2+x3+---.
x

n=0

1
1 —

Taking the antiderivatives of both sides now yields
! 2 3

—1n(1—:c)+C':Zn+1:$+%+%+~--
n=0

To find the constant of integration C, simply evaluate both sides at
x = 0, which shows that C' = 0:

n 2 3

In(1 - z) Zn+1 2 3

n=0

We have found a power series formula for the real function In(1—x),
valid on the open interval (—1,1). But the same power series formula
for the complex variable z converges absolutely on the open unit disc,

and there it provides an antiderivative L(z) of the geometric series
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2o =1/ (1= 2):

0 ot 2 23
T
We have L'(z) = —1/(1 — z) for |z| < 1, and we have found a complex

antiderivative of the complex function —1/(1 — z2).

REMARK 4.29. Note that if we evaluate the power series L(z) at a

real number z = x, then we have
L(z) =In(1 —x) for -1 <z < 1.

That is, the power series L(z) provides a complex extension of the
familiar real function In(1 — x) to the open unit disc in the complex
plane. This example provides a first indication of how power series are
relevant to the problem of finding complex extensions of real functions,

listed as the 5th question about power series on page 177.

REMARK 4.30. If we replace x by —z in the power series represen-
tation of In(1 — ), we find an alternating series formula for In(1 + z),
valid for —1 <z < 1:

o'} nl,nJrl 1’2 $3
ln(l—i—x):Z(—l) ) :x_§+§_....
n=0

The absolute values of the terms are decreasing, and so we can use the

estimation method described in Example 3.38 to obtain approximations

to the values of the natural logarithm—see Example 4.57 in Section 4.9.
Moreover, it is tempting to plug in = 1 and obtain the formula

= (—=1)” 1 1 1
In(2) = =14+ _Z4...
n(2) Z_On+1 3Tt

an equality that we wondered about at the end of Section 3.5. While
the formula is correct, we have not provided a valid derivation. Do you

see why?

Sometimes functions need to be manipulated a bit to discover a

connection to the geometric series.
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EXAMPLE 4.31. Consider the complex function f(z) = 2/(2 + 3z).

Observe the following bit of algebraic massaging:

z 1 z 1
M = g = s (3 "2 T ()
3

2
and we can write this as a geometric series:

1 A
i L
“E(Y
= Z(—l)";—:z”.

n=0

Setting w = —3z, we see the function 1/(1 —w) on the right hand side,

This formula is valid for jw| = 2|z| < 1, or |z| < 2/3. Finally, we
multiply by z/2 to obtain a power series formula for the original func-
tion f(z), valid on the disc |z| < 2/3:

3n
2+ 3z 2 e 2"
- n 3" n+1
- Z(_l) on+l
n=0
1 3 9
B S-S

Sometimes a connection with the geometric series will only be re-

vealed after taking a derivative or antiderivative.

EXAMPLE 4.32 (Arctangent). Consider f(x) = arctan(z), the real
arctangent function. Recall the formula for the derivative of f from
your first calculus course, and observe that it may be massaged into a

geometric series:

o

1 1
/ — —_ _ —1)" 2n _ 1 _ 5.2 4 .6
i e e e P i




202 4. POWER SERIES

1.00

0.75 4

0.50 A

0.25 4

0.00 A

—0.25 1

—0.50 A1

—0.75 1

_1.00 T T T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
X

FIGURE 4.6. Plot of the arctangent function on the do-
main |z| < 1 together with the first four distinct partial
sums of its series formula.

This formula is valid for —1 < < 1. Now take the antiderivative of

both sides to find that
221 3 5 7

= " 0 0
f@)+0=3 Vg g=r-—grg -5+
n=0

Since f(0) = arctan(0) = 0, the constant of integration C' = 0, and we
find that

o :L,2n+1 ZL'B IS I7
arctan(z) ;< o B A T

with radius of convergence R = 1. Figure 4.6 shows the first few partial
sums as approximations of arctan(z) on the interval —1 < = < 1.
The complex version of this power series also has radius of conver-

gence R = 1, so it defines a complex function A(z) on the open unit



4.5. POWER SERIES RELATED TO GEOMETRIC SERIES 203

disc, given by
> 2n+1 23 5

P 7
AR =D (g =5t

n=0
Note that the function A(z) provides a complex extension of the real

arctangent function: for —1 < x < 1, we have A(x) = arctan(z).

REMARK 4.33. In this section, we have used power series to provide
complex extensions of two familiar real functions: the natural logarithm
(Example 4.28) and arctangent (Example 4.32). The next exercise
asks you to show that these two complex functions are related in an

interesting fashion.

EXERCISE 4.7. Let L(z) and A(z) denote the power series from
Examples 4.28 and 4.32:

oo

Zn+1 22 ZS
L(z) = — E =—2——— — -

n+1 2 3

n=0

and
o0

S2n+1 23 5 LT

kU T T

Show that for |z| < 1, we have

Key points from Section 4.5:
e Binomial Theorem for Negative Exponents (Exam-
ple 4.27)
e Power series for the logarithm (Example 4.28)
e Manipulating a power series to discover a geometric se-
ries (Example 4.31)
e Power series for arctangent (Example 4.32)
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4.6. Maclaurin Series

So far, our power series formulas for functions have all been related
to the geometric series. But what if we want to find a power series
formula for a function like f(z) = /1 + z with no clear relationship
to the geometric series? To develop a strategy, we employ a common
technique of mathematical investigation: we assume that we already
have what we are looking for, and then we try to learn something about
it. So suppose that f(z) is a function, and that there is a power series

formula for f(z), valid inside some radius of convergence R > 0:

f(Z):Zanzn:a0+a12+a222—|—a3z3+... .

n=0
First note that by Theorem 4.19, the power series on the right hand
side can be differentiated as many times as we want on the open disc
of radius R, hence the same must be true for the function f(z). So we

have learned something:

e If the function f(z) has a power series formula on a disc of
positive radius, then f(z) is infinitely differentiable on that
disc.

Moreover, using term-by-term differentiation, we see that the coef-

ficients a,, are completely determined by the derivatives of f at z = 0:

f(z)=ay+arz+---, so f(0) = ag
f'(z) = a1 +2a2 4 -, so f'(0) = ay
f'(z) =2a2+3-2a3z + -, so f"(0) = 2ay
f"(z)=3-2a3+4-3-2a42+---, so f"(0) = 3 - 2a;3
f™(2) =nla, + (n+ Dlaygz+---, so f™(0) =nla,

We turn this computation into a definition.

DEFINITION 4.34 (Maclaurin Series). Suppose that f(z) is a func-

tion defined and infinitely differentiable near z = 0. The Maclaurin
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series of f is the power series with coefficients a,, = £ (0)/n!:

REMARK 4.35. We emphasize that the Maclaurin coefficients a,,
are constants obtained by evaluating the derivatives of f at z = 0
and then dividing by factorials. A common mistake is to omit the
evaluation at zero, which leads to a more complicated expression that
is not the Maclaurin series. For instance, consider the exponential
function f(z) = e®. Then f(™(z) = e for all n > 0, and so the
Maclaurin coefficients a,, are given by
fMmo) & 1

n! n!  nl

n:

The Maclaurin series of e* is therefore

n 2 3

N, =T ¥ x
z;anl' :z;m:l—i—l‘—FE‘f—g—F"'.

Note how different this is from the following series, in which we
forget to evaluate the derivatives at x = 0:
Z | x:Z—m =e terte —+e —+---.

| | |
— n —n 2! 3!

In fact, this series is not even a power series, and it is certainly not the

Maclaurin series of e®.

The discussion preceding Definition 4.34 establishes the following:

e If a function f(z) has a power series formula on a disc of pos-
itive radius, then that power series must be the Maclaurin

series of f.

To make sense of the coefficients in the Maclaurin series, consider the

mth partial sum:

1 (m)
sm(2) = f(0) + f(0)z + fz—(!o)zz 4t f m1<0) m
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This is a polynomial of degree m that has the same first m derivatives

at zero as the function f:

sm(0) = £(0), s,,(0) = f(0), s, (0)=f"(0),---, s\ (0) = f™)(0).

It follows that s,,(z) is the best mth degree polynomial approximation
to f at z = 0, in the sense discussed on page 177.

We record our findings in the following strategy:

Strategy: In order to find a power series formula for a function f(z):

(1) Compute all derivatives f™(0) for n > 0. (If f is not infinitely
differentiable, then it has no power series formula.)
(2) Write down the Maclaurin series for f and find its radius of

convergence R:

— f70)
ZO "

(3) Try to prove that the Maclaurin series is equal to the function
f(z) for |z] < R:

—

f(z)= i (TZ!(O)Z” for |z] < R.

n=0

In the next example, we will employ this strategy for the function
f(z) = V1+ 2z Before we get started, let’s be sure we understand
the meaning of this complex function. We are interested in values of 2
near zero, which means that 1+ z is near 1. In particular, if |z| < 1,
then 1+ z is contained in the open disc of radius 1 centered at 1 (see
picture below). This disc does not include zero, so every number 1+ z
in the disc has two distinct square roots. Which one of these square
roots are we referencing with the function f(z) = v/1+ 2? We make
the following choice, which matches the convention from Example 1.19
in Chapter 1: each point 1+ z in the disc has polar coordinates of the
form (r,0) with —7/2 < 6 < 7/2. Negative arguments correspond to

points in the bottom of the disc, positive arguments to points in the
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top. Then f(z) = v/1+ z is the square root with polar coordinates

(vr,0/2).

T T Tl 142
. N
, _0
- A\
// //’/ \ 1+Z
/ /////7/' \\
- z - | 1y
s T |
SO 1
\\\\\ = /' 1+U)
\ N 4
N N 4
N ’
ha \.’///
14+ w
Y

EXAMPLE 4.36. Let’s compute the Maclaurin series of the complex
function f(z) = v/1+ z. Of course, we don’t yet actually know that
f(2) is complex differentiable, nor that the usual power rule applies if
it is differentiable. So for the moment, let’s restrict attention to real

values z, so we have f(z) = v/1 4+ z. Here is the sequence of derivatives:
fa) = (1+2):
1
flle) = (A +z)"

NI

2
fle) = —j(1+a)]
@) = g+t

2 - ” 2n—1
f(n)(x> — (_1>n+1%(1 +z)" 7z forn>2.

(Here, the double factorial (2n — 3)!! indicates the product of all odd
numbers between 1 and 2n — 3.) Evaluating at x = 0 and dividing by

n! yields the coefficients a,, of the Maclaurin series:

1 1 1
aozla =5, 2 = —3, a3

B 2n — 3)!!
2 8 16’ '

X _(_ n+1(
= (=1) 21!
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So the real Maclaurin series for f(x) =+/1+x is
2 3

A 3)!!
1 -7 A n+1— n'
TR TG + + Z onpl ¢

Here is the corresponding complex series:
(2n — 3!
1 + + Z )t 12n =3

21!

To find the radius of convergence, we investigate the consecutive ratios:
|Gni1|  @2n-—1I 2%l 2n-—1
|ay| 20tl(p+ 1) 2n =3 2(n+1)

Taking the limit yields

. m — 1 1— 2L
lim 1] = lim " = lim =1 =1L,

which implies that the radius of convergence is R = 1/L = 1. So the
complex Maclaurin series defines some function on the open unit disc,
but how do we know that the function is f(z) = /1 + 27

Figure 4.7 shows pictures of some partial sums of the real series,
which suggest that they are indeed converging to v/1 4+ 2. But how can
we know for sure, and what about the complex series? We could try to
check explicitly that the square of the complex series is equal to 1+ z.
This seems like a daunting computation, so we will just square each of

the first few partial sums:

2 2
1+2) = 14242
2 1
2
12 E 142
- — z — — -
27 3% 8 o4

2
142 Z2+Z3 = 1+z +5Z4 25+ -
2 8 16 a 64 64 256

Note that, at least in these initial cases, we have

5m(2)? = 1+ z + terms of degree greater than m.
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FIGURE 4.7. Three polynomial partial sums s,,(z) for
the Maclaurin series of /1 4 z.

Assuming that this pattern continues (it does), the full Maclaurin series
will have square equal to 1 + z. Of course, this method of verification
is very special to the function v/1 + z, and will not work in general to
settle the question of whether or not a Maclaurin series represents its
function. In Example 4.60 in the optional Section 4.9, we will study
the functions (1 + z)P for real exponents p, and prove that they are
represented by their Maclaurin series; the square root function of this

example is the case p = 1/2.

REMARK 4.37. There are examples of infinitely differentiable real
functions f(x) that are not represented by their Maclaurin series on

any interval. The standard example is

flz)= { 6_0962 jj(())
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As suggested by Figure 4.8, this function is so flat at the origin that all
of its derivatives are zero: f (”)(0) =0 for all n > 0. It follows that its
Maclaurin series is the constant function 0, which does not agree with

the nonconstant function f(z) except at the single point z = 0.

0.8 1

0.7 A

0.6 -

0.5 1

0.4 1

_ 2
e 1/x

0.3 4

0.2 4

0.1

0.0 ~

-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0
X

_ L
e =2,

FIGURE 4.8. Graph of the function f(x)

We now state an amazing theorem which implies that the phenom-
enon illustrated in the previous example cannot happen for complex

functions:

THEOREM 4.38. If f(z) is complex differentiable in an open disc
centered at zero, then it is actually infinitely differentiable and repre-

sented by its Maclaurin series on that disc.
PRrROOF. Take MATH 535: Complex Analysis. O

COROLLARY 4.39. Suppose that f(z) and g(z) are both complex

differentiable in an open disc centered at zero, and that f(z) = g(z)
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for all real = in an open interval containing zero. Then f(z) = g(z) for

all z in the open disc.

PROOF. Consider the difference h(z) = f(z) — g(2), which is also
complex differentiable on the open disc, hence infinitely differentiable
by the previous theorem. Moreover, h(z) = 0 for all z in some open
interval containing zero. Since we can compute h'(z) by approaching x
along the real axis, it follows that h’(x) = 0 for all z in the open interval.
Repeating this argument, we find that the nth derivative A (z) = 0
for all x near zero. In particular, h(™(0) = 0 for all n > 0, which implies
that the Maclaurin series of h is 0. But this series represents h on the
open disc by the theorem, which means that h = 0, or f(z) = g(z) for
all z in the open disc. 0

This corollary forms the basis of our approach to the problem of
finding complex extensions of real functions (question (5) from page 177).
Namely: suppose that the real function f(z) is defined near zero, and
suppose that we successfully employ our Maclaurin series strategy to

find a real power series formula for f(z):
flz) = Zanx" for |z| < R.
n=0

Then the corresponding complex power series has the same radius of
convergence R, and so it defines a complex extension F'(z) of the real

function f(z) to a disc in the complex plane:
F(z) = Zanz” for |z| < R,
n=0

F(x) = f(z) for —-R <z < R.

Moreover, the corollary implies that this is the only possible extension
that is complex differentiable.

Note that this is the method we employed to find complex ex-
tensions of the natural logarithm and arctangent functions in Exam-

ples 4.28 and 4.32. In the next section, we will use this strategy to find



212 4. POWER SERIES

complex extensions of the real functions cos(x),sin(z), and e”.

Key points from Section 4.6:

e Definition of Maclaurin series (Definition 4.34)

e Strategy for finding power series formulas (page 206)

4.7. The Complex Exponential, Sine, and Cosine

We now employ the ideas of the previous section to derive power
series formulas for the real functions e”, cos(z), and sin(z), together
with extensions of these functions to the complex plane. For each
function f(z), we postpone the key step of the argument: showing that
the real Maclaurin series actually converges to the real function f(z).

This step will be explained carefully in the optional Section 4.8.

EXAMPLE 4.40 (Exponential Function). Consider the real exponen-
tial function f(z) = e*, which is defined for all real z. For all n > 0 we

have f(™(x) = e?, so the Maclaurin coefficients are

fM0) e 1

n

n! n!  nl
and the Maclaurin series is
2 " _ 1 2 28
D= TR

n=0
In Example 3.43, we showed that this series converges for all values of z,
and hence has radius of convergence R = +o0o. Figure 4.9 shows the
first few partial sums as approximations of f(x) = e®, which suggests
(but does not prove!) that the series converges to e”.
The corresponding complex series defines a function on the entire

complex plane, called the complex exponential function:

o0 n

exp(z) = Z %

n=0
Note that we are introducing a new symbol on the left hand side,

exp(z), which is simply our name for the function defined by the power
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FIGURE 4.9. Plot of the exponential function together
with the first four partial sums of its Maclaurin series.

series on the right hand side. Once we prove (in the optional Sec-
tion 4.8) that the real Maclaurin series converges to e”, then we will
know that exp: C — C is the unique complex differentiable extension

of e” to the complex plane, thus justifying its name.

EXAMPLE 4.41 (Sine). Now consider the sine function f(z) = sin(x),

also defined for all real . We start by computing some derivatives:

f(z) = sin(z)
fla) = cos(x)
f'(x) = —sin(z)
f@) = —cos(a)
FO) = sin(x)
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We see the pattern: even derivatives are £ sin(z) with the signs alter-
nating, while odd derivatives are + cos(z) with the signs alternating.
Moreover, even integers may be written as n = 2k for some k, while
odd integers may be written as n = 2k 4+ 1 for some k. Putting this all
together, we find that

k o e o
f(">(x) _ (—1)"sin(z) ' it n =2k is ‘even
(—=1)kcos(x) if n =2k + 1 is odd.

Evaluating at x = 0 and dividing by n! yields the Maclaurin coefficients:

0 if n = 2k is even
A =
(—1)k/(2k +1)! if n=2k+1is odd.
The Maclaurin series is
prd (2k + 1)! 3! 5! 7!

1.5

1.0

[T
-3 3333
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F1GURE 4.10. Plot of the sine function together with
some partial sums of its Maclaurin series.
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In EXERCISE 4.3, you showed that this series has radius of con-
vergence R = +o00. The corresponding complex series thus defines a

complex differentiable function on C, which we call the complex sine

function:
o0 Lk
in(z) =y (=1)fF—— .
sin(z) g( N oTy

Once again, the symbol sin(z) on the left hand side is simply our name
for the function defined by the power series on the right hand side.
This name will be justified once we prove (in the optional Section 4.8)
that the real Maclaurin series converges to the real sine function sin(z).
Figure 4.10 shows a few partial sums as approximations of sin(x), which

provide some visual evidence for this assertion.

EXERCISE 4.8. (Cosine) Compute the Maclaurin series for cos(x),
and show that the complex version matches the series from Exam-

ple 4.9, with radius of convergence R = +o0:

cos(z) = nz%(—l)" (;n)'

So how can we prove that a real function f(x) is represented by
its Maclaurin series? Well, let’s see what this really means: if f(x) is

equal to its series for |z| < R, then we have

flx) = Z a,x” = lim s,,(z),
n=0

the limit of the polynomial partial sums s,,(x). Subtracting, we find
that
0= lim (f(z) —sw(z)) = lim R,(z) for |z] < R,

m—o0 m—o0
where R,,(z) = f(z) — () is the mth Maclaurin remainder of f(z).
So: in order to show that f(z) is represented by its Maclaurin series,
we need to show that for |z| < R, the sequence of remainders R,,(z)
converges to zero. For this, it would be helpful to have a result that

tells us something about the size of the remainders R,,(z) if we know
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something about the function f(x) and all of its derivatives near 0.
Taylor’s Theorem in the next section provides just what we need.
Because the proofs require Taylor’s Theorem and are a bit tech-
nical, we postpone until the next optional section the arguments that
e’ sin(x), and cos(z) are each represented by their Maclaurin series.
For the remainder of this section, we explore some remarkable rela-
tionships between the complex extensions exp(z),sin(z), and cos(z).
The next exercise is essential—be sure to complete it before you move

on.

EXERCISE 4.9. (Euler’s Formula) Recall the power series defining

the complex exponential, sine, and cosine as functions on the complex

plane:
n=0
sin(z) = i(—l)”%:z_z_j+;_?_...
cos(z) = 2(—1)”(;:)! :1_';_?+Z_T_...

Using these power series, show that for all complex numbers z,

exp(iz) = cos(z) + isin(z).

This result is likely to surprise you, since your prior experience with
the exponential and trigonometric functions may not suggest much of
a connection between them. But as Jacques Hadamard observed in
1945: “It has been written that the shortest and best way between two

truths of the real domain often passes through the imaginary one.”!

LAn Essay on the Psychology of Invention in the Mathematical Field (Princeton U.
Press, 1945, p. 123)
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Euler’s formula is often presented for real numbers z = y, in which

case it says that
exp(iy) = cos(y) + isin(y).

Note that the magnitude of these numbers is always 1:
‘exp(z’y)‘2 = cos?(y) +sin*(y) = 1.
Moreover, since cosine and sine each have period 27, we find that
exp(2min) = cos(2mn) + isin(27n) = 1 for all integers n.

These formulas have the following geometric interpretation: the com-
plex exponential function takes the imaginary axis and wraps it infin-
itely many times counterclockwise around the unit circle, making one
revolution every time y increases by 2w. That is, exp(iy) is the point

on the unit circle with argument 6 = y (see picture below).

271 1 |

exp

e
VA
—27TiI |

In order to understand more about the geometry of the complex

e

exponential, we need to establish the complex generalization of the

familiar law of real exponents e* ¥ = e%eY.

PROPOSITION 4.42. For any two complex numbers z and w, we
have

exp(z + w) = exp(z) exp(w).
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ProoF. This follows from the multiplication of power series as in-

finite polynomials, Proposition 4.24.

3 wQ wS

z z
exp(z) exp(w) = (1+z+—+§+~-)(1+w+7—1—?—1—'--)
22 w?
= 1+(z+w)+(5+zw+7)
+(Z3+22 +Zw2+w3)+
3! 2 2 3!

= 1+ (z4+w)+

= 1+ (z+w)+

= exp(z+w).

22+ 22w + w?
2
23 + 322w 4 3z2w? + WP
3!
2 3
(z+w) N (z+w) N
2 3!

To see that the suggested pattern really does continue, note that for

any n > 0, the part of total degree n on the right hand side will form

a sum with n + 1 terms:

n n—kwk

k=0

by the binomial theorem.

2 (n—k)&

Zn: n . Zn—kwk
— (n — k)k! n!
1 (n n—k, k
k=0
(z 4+ w)”
n!

We apply this result to x + iy and find that

exp(z + iy) = exp(z) exp(iy) = e”(cos(y) + isin(y)),

where we have used Euler’s formula in the final step, together with the

(as yet unproven) assertion that exp(z) = e”. You may recognize this

from long ago in Chapter 1 as the function from Example 1.20. You

should review that example carefully now to recall the geometry of the

complex exponential function.
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EXAMPLE 4.43 (de Moivre’s Formula). A nice application of Eu-
ler’s formula exp(if) = cos(#) + isin(f) is to produce trigonometric
identities: raise each side of the formula to the nth power and use

Proposition 4.42:
exp(inf) = (exp(if))" = (cos(#) + isin(0))".

But Euler’s formula says that exp(inf) = cos(nf) + isin(nf), which

yields de Moivre’s formula:
cos(nd) + isin(nd) = (cos(d) + isin(6))".

Expanding the right hand side using the binomial theorem and collect-

ing the real and imaginary parts yields the multiple angle identities:

n=2:
cos(20) = cos*(#) — sin?(0)
sin(20) = 2cos(0)sin(0)
n=3
cos(30) = cos(0) — 3cos(f)sin*(0)
sin(30) = 3cos?(#)sin(f) — sin®(0)
n =4
cos(40) = cos*(#) — 6 cos*(#) sin®(#) + sin*(#)
sin(40) = 4cos®(0)sin(0) — 4 cos(0) sin®(h),
etc.

EXERCISE 4.10. Use de Moivre’s formula to find identities for
cos(50) and sin(560) in terms of cos(#) and sin(6).

At the beginning of the course we saw two advertisements for the

superiority of the complex numbers over the real numbers:

(1) The Fundamental Theorem of Algebra (Theorem 1.16): every

nonconstant complex polynomial has a complex root. The
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analogous statement is false for the real numbers, as there are
real quadratic polynomials (e.g. z* + 1) with no real roots.

(2) Complex Dynamics (Section 2.1): our experiments with iterat-
ing complex quadratic polynomials led to a striking fractal set
in the complex plane. The corresponding set of real numbers
is just the closed interval [—2,1/4].

Our work in this section serves as a third advertisement: whereas
the real exponential function e* seems to have no connection with
the trigonometric functions cos(z) and sin(x), the complex exponen-
tial exp(z) unifies all three into a single function displaying beauti-
ful geometry and providing a coherent explanation for some familiar
trigonometric identities. See the optional Section 5.4 of the next chap-
ter for the connection of the exponential function to a different form of
trigonometry based on the hyperbola rather than the circle.

Given how often you have encountered the real functions e”, sin(x),
and cos(x), it should come as no surprise that the complex versions are
also ubiquitous in mathematics, physics, and engineering. As exam-
ples, in Sections 5.2 and 5.3 of the next chapter, we explain how these
functions appear in the study of differential equations and oscillating

physical systems.

Key points from Section 4.7:

e Maclaurin series for exp(z),sin(z), and cos(z). (Exam-
ple 4.40, 4.41 and EXERCISE 4.8)

e Euler’s formula (EXERCISE 4.9)

e Multiplication law for exp(z) (Proposition 4.42)

4.8. Optional: Taylor Series and Taylor’s Theorem

All of our work so far has focused on the behavior of functions
near z = (. But we may wish to investigate the behavior of functions
near an arbitrary point z = ¢ in the complex plane. In the following

example, we illustrate by reference to the function f(z) =1/(1 — z2).
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EXAMPLE 4.44. Suppose we want to study the complex function
f(2) = 1/(1 — 2) near the point z = 2. Note that this is outside
the domain of convergence of the geometric series Y ° 2", which only
represents f(z) on the unit disc centered at 0. But we can use a different

geometric series if we massage the formula a bit:

I 1
-z  —1—(2-2)
B ~1
1+ (2-2)

—1

- (-(-2)
= Y-y

= 1+(:z-2)—(2—22*+(z—2)°>—---

This series formula is valid for |z — 2| < 1, which defines the open unit

disc centered at 2.

We now extend some our earlier concepts about power series to this

more general setting.

DEFINITION 4.45. Suppose that c is a fixed complex number. Then
the power series centered at ¢ with coefficients a,, is the following infinite

series, viewed as a function of the complex variable z:

F(Z):Zan(z—c)":a0+a1(z—c)+a2(z_c)2+...

All of the results from Section 4.4 continue to hold for these more
general power series. In particular, every power series centered at c
has a radius of converge R > 0 or R = +oo. Inside the disc of radius
R centered at ¢, the series converges absolutely to a complex differen-
tiable function that may be differentiated and antidifferentiated term-
by-term. Moreover, we may perform addition and multiplication for

power series centered at c¢ just as if they were “infinite polynomials.”
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Note that if the center ¢ and the coefficients a,, are real numbers,
then we get a real power series centered at ¢, which converges absolutely

to an infinitely differentiable function on the open interval (c— R, c+R).

EXAMPLE 4.46. Here is a power series centered at ¢ = 2:

;%(2—2)”:%(2—2)—é(z—2)2+i(z—2)3—---

To find the radius of convergence, we use the ratio test:

[T . n-2" 1 n

1
lim = ———— = lim — - =—-=
n—00 |0Jn‘ n—00 (n + 1) . 9n+1 n—oo 2 n-4+1 2

The ratio test guarantees absolute convergence for |z — 2| < 1/L = 2,

so the radius of convergence is R = 2.

DEFINITION 4.47 (Taylor Series). Suppose that f(z) is a complex

function defined and infinitely differentiable near z = c.

(1) The Taylor series of f at ¢ is the power series centered at ¢
with coefficients a,, = f™(c)/n!:

% £(n) (.
Zf |(>(Z—C)n.

n:

(2) The mth partial sum of the Taylor series is called the mth
Taylor polynomial for f at c:

"(c (m) c
To(z) = fle) + f'(e)(z —¢) + fT()(z —c)? + -t fT'()(z — )™
As before, the polynomial T,,(z) is the best mth degree ap-
proximation to f(z) at z = c, in the sense that T\ (¢) = f®(c)
for 0 <k <m.
(3) The mth Taylor remainder of f at c is the difference between

the function f(z) and the mth Taylor polynomial:
Ry(2) = f(2) = Tin(2).

If f(z) is instead a real function defined and infinitely differentiable
near the real number x = ¢, then these same definitions yield the real

Taylor series, polynomials, and remainders for f at c.
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EXAMPLE 4.48. Consider the real function f(z) = In(z) near the

point ¢ = 2. Here is the sequence of derivatives:

) = -
@) = -
) =
@) = 22

—1)!
(n) _ (_qprn= D
) = (-t
Evaluating at = 2 and dividing by n! yields the the Taylor coeffi-

cients a,,:

S (2) =1 (=t
n! nl.2n n-2"
Thus, the Taylor series of f at ¢ = 2 is basically the series from Exam-
ple 4.46:

ap = f(2) = In(2), an

We are interested in showing that particular real functions f(x) are
represented by their Taylor series near x = ¢. As discussed on page 215
for Maclaurin series, we need to show that the Taylor remainders R,,(z)
converge to zero as m — oo for all x near c. We repeat the logic here:
to say that

m—00

f(z) = Zan(x —o)" = lim T,,(x) (|lz —c| < R)
n=0
is equivalent to saying that

lim R, (z)= lim (f(z)-Tn(x)) = f(z)— lim T,,(z) =0 (Jz—¢| < R).
m—00 m—00 m—00

The following important theorem provides just the tool we need, namely
information about the remainders R,,(x) in terms of the derivatives of f

near r = C.
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THEOREM 4.49 (Taylor’s Theorem). Suppose that the real func-
tion f(x) is (m 4+ 1)-times continuously differentiable on the open in-
terval (c — R,c+ R). Then for each x with |z — ¢| < R, there exists a
point T between ¢ and x such that
ma1) o (T =)™
Ry (z) = f* )(x)m
(Note that the point & depends on x.)

Before proving Taylor’s Theorem, we show how to use it.

EXAMPLE 4.50 (Exponential). Consider the real exponential func-
tion f(x) = e, and the point ¢ = 0. Then the Taylor series at ¢ = 0 is

the Maclaurin series computed in Example 4.40:

|

“— nl

We will use Taylor’s Theorem to show that the remainders R,,(x) con-

verge to zero as m — oo for all z. Note that f(x) = e” does satisfy

the necessary hypotheses, as f is infinitely differentiable on R, with

f@™(z) = e for all n > 0. So fix x and m, and look at the conclusion
of Taylor’s Theorem:

xm—i—l

Ry (7) =" ——.
m(®) (m+1)!

Here, # is some unknown real number with |Z| < |z|. In particular,
e” < el*l and so we have

] ‘x|m+1

B (2)] < e m
By Lemma 3.44 (with ¢ = |z|) the right hand side converges to zero as
m — oco. Hence, we have shown that lim,, ,. R, (z) = 0. It follows,
at long last, that the real exponential function is represented by its

Maclaurin series for all real z:

o
X :En
e = E —.
n!
n=0
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EXAMPLE 4.51 (Sine). Consider the sine function sin(x). Again,

fix z and m and examine the conclusion of Taylor’s Theorem:

(—1)Fsin(7) G ifm=2k—1is odd
Ry (x) 1k o\ g2k . P
(—1)" cos(Z) G i = 2k is even.

Here, 7 is an unknown real number with |Z| < |z|. But both sine and
cosine are bounded by 1 in absolute value, so we find that
‘xl%

ifm=2k—11s odd
[Rn(z)] < 4 B

@ if m = 2k is even.

Both of the sequences on the right hand side converge to zero by
Lemma 3.44. It follows that sin(z) is represented by its Maclaurin

series for all real z:

o I2n+1
sin(z) = nz;(—wm.

EXERCISE 4.11. (Cosine) Use Taylor’s Theorem to show that cos(z)
is represented by its Maclaurin series for all real x.

EXAMPLE 4.52 (Logarithm). As a final example, we use Taylor’s
Theorem to show that f(x) = In(x) is represented by its Taylor series

near ¢ = 2. We computed the Taylor series in Example 4.48:

2+ (;1); (x—2)"

This power series has radius of converge R = 2, but we will only show
that it converges to In(x) for |z — 2| < 1.
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So fix m and a point x with |z — 2| < 1. Then by Taylor’s Theorem
there is a point & between 2 and x such that

(x —2)mtt

A e

[Bn(@)] =

m! |z — 2™
™ (m+ 1)
1
(m+1)|z|
Now note that either 1 < 2 <2 <2o0r 2 <z <z < 3. In either case

m+1"°

we have |Z| > 1, which implies that
1 1

R, (x)| < < ,

and the right hand side converges to zero as m — oco. It follows that
lim,,, 00 R (z) = 0, so that
(_1 n+1

In(z) =1n(2) + Z n—)2”(x —2)" for |z —2| < 1.

To conclude this section, we provide a proof of Taylor’s Theorem.
The proof requires the following two results, which should be familiar

from your first calculus course:

THEOREM 4.53 (Intermediate Value Theorem). Suppose that the
real function f: la,b] — R is continuous on the closed interval [a,b].
Moreover, suppose that r is a real number between f(a) and f(b). Then

there exists a point T in [a,b] such that f(Z) =r.

THEOREM 4.54 (Extreme Value Theorem). Suppose that the real
function f: |a,b] — R is continuous on the closed interval [a,b]. Then f
achieves a maximum and a minimum on |a,b|. That is, there exist

points t1 and ty in [a,b] such that for all t in [a,b] we have

f&) > f(t1) = minimum of f on [a, ]
f&) < f(t2) = mazimum of f on [a,bl.
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PROOF OF TAYLOR'S THEOREM. Assume that x > ¢ (the proof
for < ¢ is similar, but care must be taken about signs). By the

Fundamental Theorem of Calculus, we have

+ /x f(t)dt

Now use integration by parts with u = f/(t) and v = t —z (so dv = dt):
f0) = g+~ [
= 0= FEe—a) = [ (=ar v
— fO+f@E=a+ [ -

Repeat the integration by parts on the remaining integral, this time
with u = f"(t) and dv = (x — t)dt:

/j ") (z—t)dt = wv|f — /x vdu
_ f” / £(8)

Putting this together with the previous computation, we find that

f(.?:) = f(C) + f/(C) (x — ) f” / f///

Continuing to use integration by parts in the fashion, we find that

f(x) / F(e) ) .

Subtracting the mth Taylor polynomial from both sides, we find an

integral expression for the mth Taylor remainder of f at c:

Ron(z) = / g &0y

m.

Now note that, by assumption, f(™+V is a continuous function, hence
it attains its minimum and maximum on the closed interval [c, z] by

the Extreme Value Theorem. Choose t; and ¢ in [¢, ] such that

Fm D (¢)) = minimum on ¢, z]
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and

f(m+1)(t2) — maximum on [Ca :L’]

It follows that

s [ < Rue) < 50w [

m)! c

Tz =)™
m)!

dt.

Evaluating the integrals yields

f(m—H)(tl)

)m+1 T C)m+1

@ me1gy)
T S Bnle) < S )T

Since f(m+1(t) (zz;cl’;)*!l is a continuous function of ¢, the Intermediate

Value Theorem implies that there is a point & between ¢; and 5 such

that
(Ilf _ C)m—i—l

Ry (z) = f(m+1)(f)m~

Key points from Section 4.8:

e Power series centered at ¢ (Definition 4.45)

e Taylor series, polynomials, and remainders (Defini-
tion 4.47)

e Taylor’s Theorem (Theorem 4.49)

e Using Taylor’s Theorem to show that f(x) is represented
by its Taylor series (Examples 4.50, 4.51)

4.9. Optional: Applications of Power Series

This section presents five applications of power series:

(1) The number e is irrational (Theorem 4.55)

(2) Numerical approximation of values of the natural logarithm
and other functions (Example 4.57 and EXERCISE 4.12)

(3) The computation of non-elementary antiderivatives (Exam-
ple 4.58)

(4) Limit computations for indeterminate forms (Example 4.59)

(5) The General Binomial Theorem (Example 4.60)
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In Example 4.50, we showed that the real exponential function e®

is represented by its Maclaurin series:
o
gZE:ﬁ
-
“—~ n!
If we plug in « = 1, we find a series expression for the number e:
— 1
=y 1
n!
n=0

(In fact, this is really the definition of e, although you probably first

encountered this number in a different way.)

o0 1 -

neo o1 18 irrational.

THEOREM 4.55. The real number e =

PROOF. We begin by studying the error in the partial sum approx-

imations s,,:

error(m) = e — 8,
1l &1
=22
n=0 n=0
=1
- Z ~
n=m+1
1 1 1

T Dl mal T maa

1 1 1
" (m+ 1) (1+m+2+ (m+2)(m+ 3) +>
Let > /7, a; denote the series in parentheses on the last line, with
ap=1and for k> 1
1
(m+2)(m+3)---(m+k+1)

Note that we have a < 1/(m+ 1) for all k¥ > 0, which means that the

series > -, ay, is bounded by the convergent geometric series

ajp =

[e.9]

p— 1 p—

1 1 m+1

k=0
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Returning to the error term, we have

1 = m+ 1 1
error(m) (m+1>!k§“’“ =m-m+ 1) m-m

Now suppose, in order to get a contradiction, that e = %’ is a rational
number, with p, ¢ positive integers. Moreover, replacing p and ¢ by 2p
and 2q if necessary, we may assume that ¢ > 2. Consider the partial
sum s,, with index given by the denominator of p/q. Our computation
tells us that .

e — s, =error(q) < —
! q-q!
Multiplying both sides by the integer ¢! we find that
1
0<qgllfe—s,) <-<1.
q

But note that ¢!s, is a positive integer:

T S I L L
T = 7 ol " 31 -1 ¢
= ¢'+q+ql¢g—1)--3+qlg—1)---4+---+q+ 1L
This implies that ¢!(e — s,) is also a positive integer:

b
ql(e —sq) = q!g —qls,=p-(qg— 1) —qls,.

But this is a contradiction, since there are no integers between 0 and 1.
O

REMARK 4.56. In the proof of the previous theorem, we established

a bound for the error in the partial sum approximations of e:

error(m) = e — s, < :
m - m!

The numbers on the right hand side approach zero rapidly, so the
partial sum approximations s,, are quite good even for small values
of m. For instance, taking m = 9 we find that

1
9ol ~ 3.06 x 1077 = 0.000000306.
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It follows that the partial sum sq approximates e correctly to 5 decimal

places:

°1
Z — A~ 2.71828
TL

As the previous remark indicates, another application of power se-
ries to to provide approximations to numbers of interest. In particular,
when we have an alternating series with decreasing term-sizes, then we
can use the technique described in Example 3.38 to estimate the sum,

with good control over the error.

EXAMPLE 4.57. Suppose that we want to find an approximation
of In(1.1), correct to 4 decimal places. Consider the Maclaurin series

representation for In(1 + x):

o0 n 2 3 4
(1 a) = S et
n(l+x) n:1( ) - x 2+3 4—|—

This formula is valid for |z| < 1, and in particular at x = 0.1:

In(1.1) = (0.1) — <O'21)2 + <0'31)3 _ (0'41)4 L

Because this series is alternating with decreasing term-sizes, the error

in the mth partial sum approximation is bounded by the size of the
(m 4+ 1)st term. In particular, if we keep the first four terms displayed
above, then the error is at most (0.1)°/5 = 0.000002. Hence, the 4th
partial sum approximation is correct to 4 decimal places:

In(1.1) = (0.1) - @25 D7 (017

5 3 1 ~ 0.0953

EXERCISE 4.12. Compute a decimal approximation to arctan(0.5)

correct to two decimal places, using the Maclaurin series formula

> 2+l P B B
arctan(:c):Z(—l)” —r -y
—~ 2n+1 3 5 T

Our next application concerns the computation of antiderivatives.
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ExXAMPLE 4.58. Consider the real function f(z) = e¢*/x. You may
be surprised to learn that this innocent looking function has no ele-
mentary antiderivative. That is, there is no finite combination (using
addition, subtraction, multiplication, division, and composition) of fa-
miliar functions (such as polynomials, nth roots, exponentials, loga-
rithms, trigonometric or inverse trigonometric functions) with deriva-
tive equal to f(x). Nevertheless, since f(z) is a continuous function,

the Fundamental Theorem of Calculus guarantees that it does possess

/ Cat

This function satisfies F'(1) = 0 and F'(z) = f(z) = ¢"/z for all x > 0.

As a theoretical description of the antiderivative, the integral is fine.

an antiderivative:

But for further analysis and the computation of specific values, it would
be better to have a more explicit formula, and this is where power series
come in.

Note that we can obtain a series formula for f(z) = e*/x by dividing

the Maclaurin series for e* by x:

e:l?

x x £= nl

Y UL
o v 21 3!
B S A A
oz 2l 3l

1 d z"
R Dyt

n=0
Thus, we have represented f(z) as the reciprocal function 1/z plus a
power series, and the formula is valid for all x > 0. But now we can

compute the antiderivative F'(x) term-by-term:

o xn—kl
F(z) = C+n(z)+ Y
—~n+1)-(n+1)
ZEQ .173
= CH+n(z)+z+ + + -

2.2 3-3!
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Any choice for the constant of integration C' yields an antiderivative for
e”/x; if we want to obtain the particular antiderivative F'(z) satisfying
F(1) =0, we must choose C' = — 5> 1

n=1 n-n!"’

Now we provide an application of power series to the computation

of function limits.

EXAMPLE 4.59. Consider the following limit:

(9
lim (sm(w ) B cos(x)) ‘
2—0 x4 xr2

In your first calculus course you might have used L'Ho6pital’s Rule mul-

tiple times for this problem. But we will use power series instead. We
begin by combining the fractions and then finding a power series for-
mula for the numerator, starting with the Maclaurin series for sin(z)
and cos(x).
sin(z?)  cos(z)  sin(x?) — z? cos(x)
4 4 :

x 2 x

To understand the numerator as a power series, write

o 2\2n+1 6 10 14
. 2 o n(l’) _ 2_$_ x__x_
sin(z”) - = ZO(_D enrn U TR TEH T T
co 2n 4 6 8
2 _ 2 n _ 2 r T
veos(z) = @ ZO<_1) D TR

Now subtract, and note that the degree-2 terms cancel:

4 1 1 8
Sin(xZ)—xzcos(x):%— (é—i_ﬂ) xG_%+....

Dividing by z#, we get a power series formula for our original expression:

sin(x?) —z%cos(z) 1 5 , = N
= — — —p° — — e,
xt 2 24 8!

4
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Finally, we take the limit, and observe that all terms after the first on

the right hand side go to zero:

, sin(z?) — 2% cos(z) | . 1 5 ,
iﬂ%( P R T T

Note that, in the final step, we have used the fact that the power series

is continuous at x = 0; this follows from the fact that it is differentiable.

EXAMPLE 4.60 (General Binomial Theorem). Fix a real exponent p,
and consider the real function f(z) = (1+x)P. This function is defined

and infinitely differentiable near z = 0, with

flz) = (1+z)°
F@) = pL+ap
') = plp—1(1+az)P?

f) = plp—=1)---(p—n+1)(1+a)"

Evaluating at = 0 and dividing by n! yields the coefficients of the

Maclaurin series:

-1 1 (p— 1
ag =1, a; = p, agz%,“.,an:p(p ) ngp nt ),

Note that, in the special case p = m an integer, we have

m! m
aQy, = ——— =
" nl(m—n)! n)’

the binomial coefficient. For this reason, for arbitrary real numbers p

we define the symbol

(p) _pp=1)---(p=ntl)

n n!
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Using this notation, we find that the Maclaurin series for f(x) is given

by
i <p) n
x".
n
n=0
First note that if p = m > 0 is a nonnegative integer, then the
series is actually a finite polynomial, equal to (1 + z)™ by the ordinary
binomial theorem. So assume that m is not a nonnegative integer,
which implies that all coefficients a,, are nonzero. To find the radius of
convergence R, we use the ratio test:
G, —1)---(p—n n!
i (il o Pe =1 (p—n)| '
n—=o0 |a| n=oo [p(p—1)---(p—n+1)] (n+1)!
lim _|p —n
1=k
= lim T

=1
= L,

so R =1/L =1, and the series converges absolutely for |z| < 1. We
wish to show that in fact, the series converges to the original function
flz) =1+ 2)P for |z| < 1.

At this point, all we know is that the Maclaurin series converges
to some function s(z) that is infinitely differentiable on the interval

—1 < x < 1. Moreover, the derivative of this function is
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so if we multiply by 1+ = we find that
(1+2)s'(x) = §'(x)+zs(x)
_ - p n—1 S p n—1
S QS

= 30 (l)e
- i(n+1)<n+1)x"+in(i)

n=0 n=

_ §<(n+1)<ni1> +n<i))a¢"

Let’s investigate that complicated looking coefficient:

L O R a1

Returning to the previous computation, we find that

(14 )8’ Zp( )m = ps(x).

Now consider the function g(x) = (1 + x) Ps(x), which (being the
product of two differentiable functions) is differentiable on the interval

—1 < x < 1. We compute the derivative using first the product rule
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and then the previous computation:
d(x) = —p(l+2) P s(x)+ (1+2)Ps ()
= —(I+2) " 1 +2)s@@) + (1+2)7Ps ()
= —(1+2)Ps(z)+ (1+2)Ps(2)
= 0.

Since the derivative of g is zero for all z, it follows that g(z) = C' is a
constant function, so that s(xz) = C(1 4 x)P. Plugging in « = 0 reveals
that the constant C' = 1, so that s(z) = (1 + z)? as expected:

(1+ ) = i (z)a:”

n=0
This is the General Binomial Theorem.
We now consider the complex function F'(z) defined by the same

Maclaurin series:

The function F(z) is absolutely convergent on the open unit disc, where
it defines a complex differentiable function that extends the real func-
tion (14x)P. Moreover, F(z) is the only possible complex differentiable
extension of (1 + z)?, and for this reason we denote it by (1 + 2)P. In
this way, we have extended the use of arbitrary real exponents p to the
complex plane, at least for points 1 4+ z in the open disc of radius 1

centered at 1.

EXERCISE 4.13. Consider the case p = —(m + 1) < 0 a negative

exponent. Replace z by —z in the general binomial theorem, and check

m+1

that the series formula you obtain for the function 1/(1—z)™*! matches

the one we obtained from the geometric series in Example 4.27.
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Key points from Section 4.9:

e The number e is irrational (Thm 4.55)

e Series approximation of function values (Example 4.57)

e Power series for antiderivatives (Example 4.58)

e Using power series to compute function limits (Exam-
ple 4.59)

e General Binomial Theorem (Example 4.60)

4.10. Optional: Back to the Riemann Zeta Function

We have some unfinished business from way back in Section 3.1.
There, we began our discussion of series by writing down the Riemann
zeta function:

— 1 11
=y — =14+ —+—+...,
((2) ; e TR

but we immediately retreated to consideration of real inputs z = p:

[e.e]

1 1 1
C(p): _15214—%4—%—%....

We used the integral test in Section 3.3 to show that the p-series defin-
ing ((p) converges for p > 1 and diverges to +oo for p < 1. We are
now ready to consider general complex inputs z to the zeta function.
For this, we need to make sense of the expression n* for n a positive
integer and z a complex number. This is an example of our complex
extension problem: we want to extend the real function f(p) = n” to a
complex function F'(z). We begin by looking carefully at the real case,
using the natural logarithm to rewrite the function f(p) = n? in terms

of the real exponential:

f(p)=nP = ePn(m) — exp(pln(n)).

We can now replace the real variable p with the complex variable z,

obtaining a complex function F'(z):

F(z) = exp(zIn(n)).
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This function is defined for all complex z and satisfies F'(p) = n? for
all real numbers p. That is, F(z) is is the unique complex differen-
tiable extension of the real function f(p) = n” to the complex plane.
For this reason, we write n®* = F(z) = exp(zIn(n)). Note that since
exp(w) exp(—w) = exp(w — w) = exp(0) = 1, we have
1 1
= xp(zIn() = exp(—z1In(n)).
With this understanding of the meaning of the terms 1/n?, we can

finally understand the definition of the Riemann zeta function:

o0

) = 3

n?
n=1

= Zexp(—zln(n))
= 1+exp(—21In(2)) + exp(—zIn(3)) +--- .

To determine where this series converges, set z = = + iy, and note
that the nth term is

exp(—z1In(n)) = exp(—(z + 1y) In(n)) = exp(—zIn(n)) exp(—iy In(n)).

Moreover, because exp(—iyIn(n)) lies on the unit circle, the magnitude

of the nth term is
—x In(n 1
lexp(—zIn(n))| = e~ ) — =
So the series of magnitudes is given by
n=1 ‘nz, n=1 n®

which converges for x > 1. Thus, the series defining the Riemann

zeta function converges absolutely for all complex z with real part
greater than 1. Figure 4.11 shows the graph of the magnitude |((z)]
for z = x4y with x > 1. The large yellow spike in the center represents

the divergence of the harmonic series.
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25
2.0

o
15 &
1.0
0.5

FIGURE 4.11. Graph of the magnitude of the Riemann
zeta function.

Note that the series formula for {(z) is not a power series formula:
the terms are complex exponentials exp(—zIn(n)) rather than mono-
mials a,2", and the series does not look like an “infinite polynomial.”
So our results about power series do not tell us whether ((z) is differen-
tiable, for instance. Although we are not in a position to prove it here,
((2) is complex differentiable, and provides one of the most important
and mysterious functions in all of mathematics.

The domain of the Riemann zeta function ((z) may be extended
to include the entire complex plane C with the exception of the single
point z = 1 (where it diverges as the harmonic series). Actually, we
saw an elementary instance of this “expansion of the domain” in our
very first example of the geometric series. Namely, even though the
geometric series ), z" converges only on the open disc |z| < 1, it
defines the function 1/(1 — z) on that disc, and that formula makes

sense for all z # 1. In a similar but more sophisticated way, ((z)
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extends to a function that makes sense for all z # 1, even though it
is no longer defined by the original series on the larger domain. This
extension method is called analytic continuation, and you will learn
about it if you take MATH 535: Complex Analysis.

The famous Riemann Hypothesis mentioned in Section 3.1 concerns
the locations of the zeros of the extended zeta function ((z). It turns

out that the zeta function vanishes at all negative even integers:
¢(2n)=0 for all integers n < 0.

These zeros are well-understood, and for that reason are called the
trivial zeros of ((z). But the other zeros are mysterious: it is known
that all non-trivial zeros lie in the vertical critical strip defined by
0 < Re(z) < 1. The Riemann Hypothesis is the statement that they
actually lie on the critical line defined by Re(z) = 1/2:

Riemann Hypothesis: If w is a nontrivial zero of the Riemann zeta
function, then Re(w) = 1.
The import of this statement for number theory is highly non-obvious,
but may be roughly stated as follows: the prime numbers p are dis-
tributed in the “best possible way” among all the integers.

The example of the Riemann zeta function illustrates that there are
other important types of series besides power series. In particular, {(z)
is the most important instance of a Dirichlet series, which have the

form
oo

Qn a9 as
e PR R
n=1
for complex coefficients a,. These series play a central role in the
subject of analytic number theory.

Trigonometric series are real series of the form

o0

> (an cos(nf) + by, sin(no)).

n=0
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/ /

/
_2.0 T T T T T T T
-3 —-2n - 0 m 2n 3n

FIGURE 4.12. Partial sums of the trigonometric series
n+1
Yoy % sin(nf) together with the periodic extension

f(0) of the linear function 6/2 on the interval (—m, ).

Here, 6 is a real variable and the coefficients a,, and b,, are real. Note
that each term has period 2w, so these series define periodic functions
fi: D — R, where D is the domain of convergence. Trigonometric series
are also known as real Fourier series. Figure 4.12 shows some partial

sums of the trigonometric series

sin(nf) = sin(f) — = sin(26) + - sin(36) — - - -,
n=1 n 2 3

which seem to be converging to the function f(6) obtained by periodic
extension of the linear function /2 on (—m, ).
There are also complex Fourier series, which have the following

0

form (where we have written e = exp(inf)):

00
E : Cnemﬂ = ¢ + 61610 + 6_16—19 + 026210 + 0_26—219 4.

n=—oo
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Here, 0 is still a real variable, but the coefficients ¢, are complex, so
these series define complex-valued periodic functions g: D — C, where
D C R is the real domain of convergence.

The subject of Fourier analysis addresses questions similar to those

we asked about power series in this chapter:

(1) what are the domains of convergence D?
(2) are the functions defined by Fourier series differentiable?
(3) given a periodic function G(f), can we find a Fourier series

that represents it?

The answers to these questions are all more subtle than in the case of
power series, and require a deeper study of the concept of convergence.
But the answers are well worth the effort to discover: just like power
series, Fourier series have important applications to many areas of pure

and applied mathematics, physics, and engineering.

Key points from Section 4.10:

e Meaning of the complex function n* in terms of the com-

plex exponential function (page 239)
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4.11. In-text Exercises

This section collects the in-text exercises that you should have worked

on while reading the chapter.

EXERCISE 4.1 Spend some time pondering the picture on page 174.
Can you convince yourself that f takes vertical lines to circles, as the
picture indicates? To get started, consider the imaginary axis z = uy.

Then . 4
L 14y
M) ==, = 15

As y varies, do you see why f(iy) traces out the black circle on the right

hand side? Investigate the other vertical lines in a similar manner.

EXERCISE 4.2 For f(z) = 1/(1 —z) and the third partial sum s3(z) =
1+ + 2% + 23, verify by explicit computation that

£(0) = s5(0),  f(0) = s5(0),  f"(0) = s5(0), FP(0) = s (0).

EXERCISE 4.3 Adapt the argument given in Example 4.9 to show that
the power series below has radius of convergence R = 400.

oo
22n+1 3 5 7

B eV A N
2 N C T s R T T i

EXERCISE 4.4 Fill in the details in the proof of Proposition 4.17.

EXERCISE 4.5 Check that the power series for f/(z) in Example 4.20

also has radius of convergence R = 1/2.

EXERCISE 4.6 Verify that the antiderivative power series F(z) in Ex-

ample 4.23 has radius of convergence R = 1/2.

EXERCISE 4.7 Let L(z) and A(z) denote the power series from Exam-
ples 4.28 and 4.32:
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and
00 on+t1 3 5 7

A(Z):Z(_l)n;z“:z 3575 7

Show that for |z| < 1, we have

EXERCISE 4.13 Consider the case p = m + 1 < 0 a negative exponent.
Replace z by —z in the general binomial theorem, and check that the

)m—l—l

series formula you obtain for the function 1/(1 — z matches the

one we obtained from the geometric series in Example 4.27.

EXERCISE 4.8 Compute the Maclaurin series for cos(x), and show that
the complex version matches the series from Example 4.9, with radius

of convergence R = oc:

cos(z) = nz;(—l)” (;n)‘

EXERCISE 4.9 (Euler’s Formula) Recall the power series defining the

complex exponential, sine, and cosine as functions on the complex

plane:
exp(z) = 2§—1+z+;—?+£+-~'
sin(z) = g(—l)”%—z_§+;—?_...
cos(z) = 2(—1)”(22!—1_;—?4_2_?_...

Using these power series, show that for all complex numbers z,

exp(iz) = cos(z) + isin(z).
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EXERCISE 4.10 Use de Moivre’s formula to find identities for cos(56)

and sin(50) in terms of cos(6) and sin(0).

EXERCISE 4.11 Use Taylor’'s Theorem to show that cos(x) is repre-

sented by its Maclaurin series for all real x.

EXERCISE 4.12 Compute a decimal approximation to arctan(0.5) cor-
rect to two decimal places, using the Maclaurin series formula
o0 In+1 PRI

7
x x
t = -1 = ...
arctan(z) g (—1) 1= 3 tE - +

EXERCISE 4.13 Consider the case p = —(m + 1) < 0 a negative expo-

nent. Replace z by —z in the general binomial theorem, and check that

m+1

the series formula you obtain for the function 1/(1—2)™* matches the

one we obtained from the geometric series in Example 4.27.
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4.12. Problems

4.1. For each of the following, check that the polynomial p(x) is the
best mth degree approximation of f(x) near x = ¢, for the specified
values of m and ¢ (see EXERCISE 4.2):

(a) f(z) = arctan(2z), p(z) =2z — 523, m=3,¢ =0

(b) f(z) =sin(z)+cos(x), p(z) = 1+z—a° — g’ + 50 m=4,c=0

(c) flz) =a%3, p(z) =1+2(z—1)—}(z—1)*+ 4 (=1, m=3,c=1

4.2. For each of the following coefficient sequences (a,),>0, write out
the corresponding power series using both the summation notation and

the expanded + - -- form including at least 5 terms:

()
n __ 2 3 4
E A2 = ag+ a1z + aez” + azz” + agz” + -+ -

n=0

4.4. Find the radius of convergence of the following power series:

— ()",
ZO (17n)”

4.5. Use the “missing terms method” illustrated in Example 4.9 to find
the radius of convergence of the following power series:

& 2n

Z 27(Inn)?

n=2
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4.6. Let (a,) be a coefficient sequence and suppose that the limit
A =1lim,,_, T anl .y exists. Determine the radius of convergence of each

of the followmg power series:

(a) D ooepanz"
(b) >on oan22n
(C) ZZO Oan’z

4.7. Consider the power series:

n
22" 22 2t 2B

Z ettty

n=0

(a) Show that the series converges absolutely for |z| < 1.
(b) Show that if |z| > 1, then the series diverges. [Hint: use the

divergence test.|

4.8. For each of the following power series, first find the radius of con-
vergence, and then compute the derivative as a power series. What is

the radius of convergence of the derivative?

a) >, gn" () >ty nz"
> (0 X (15
fo:l (ni—l)” (2) Z?ﬂ 9"z
ZOO

4.9. For each of the power series in Problem 4.8, compute the ani-
tiderivative as a power series. What is the radius of convergence of the

antiderivative?

4.10. For each of the following functions, find a power series represen-

tation by using a geometric series expansion. Determine the radius of

convergence.

(a) i (d) =

(b) 1323 (e> liz4
(C) zi5 (f) 3z2212
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4.11. Consider the function f(z) = z2=.
(a) What is the domain of f7
(

)

b) Find constants A and B such that f(z) = 4; + 2

(c) Use part (b) to find a power series representation of f(z).
)

z+2°

(d) What is the radius of convergence of the power series you found in
part (c)?

4.12. For each of the following real functions, find a power series rep-
resentation in two different ways: (i) by immediately using a geometric
series expansion; (ii) by recognizing the function as the derivative of
a logarithm—FExample 4.28 may be helpful. Determine the radius of

convergence.

(a) 2%

(b) =

4.13. Fix a positive integer k£ > 2. In this problem, you will find an

exact value for the infinite series ) " | = and >, Z—i Recall that

Example 4.27 shows that for |z| < 1 we have

1 = I 2
ZTLZ = 1_—2) and ;n(n — ].)Z = m
(a) Evaluate at z = 1 to find exact values for the series > | 7 and

Zoo ) n(zfl) .
(b) Now find the exact value for the series > -

n=1 kn :
4.14. Use the method illustrated in Example 4.36 to compute the
Maclaurin series of the function f(z) = v/2 4+ z. Determine the radius

of convergence.

4.15. Use the method illustrated in Example 4.36 to compute the
Maclaurin series of the function f(z) = In(1 + z). Compare to the

result of Example 4.28.

4.16. Use the method illustrated in Example 4.36 to compute the
Maclaurin series of the function f(z) = In(2 + 3z). Determine the

radius of convergence.
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4.17. Compute the Maclaurin series of the function f(z) = sin(nz) in

two different ways:

(a) Using the method illustrated in Example 4.36.
(b) Using the result of Example 4.41 and the fact that sin(x) is equal

to its Maclaurin series for all z.

4.18. Use the power series for e to compute the Maclaurin series

of \/e®.

4.19. Use the power series for the exponential function to compute the

Maclaurin series of the function f(z) = 2% exp(22?).

4.20. This problem concerns the complex sine function sin(z), defined
by the power series in Example 4.41.

(a) Find the Maclaurin series for the function %

(b) Use your answer to part (a) to compute the limit lim, o S”;ﬁ

(c) Use your answer to part (a) to compute the Maclaurin series for
sin(22)

the function —;

sin(z?)

(d) Now find a power series antiderivative for the function >3

(e) Finally, use your answer to part (d) to find an approximation to

the following definite integral, correct to 3 decimal places:

1 .: 2
[y,
0 T

4.21. In this problem, you will derive the following identity for the

sine and cosine functions, valid for all complex z # 27m, an integer
multiple of 27:
sin((n + 3)z)

2sin(3)

1
5 + cos(z) + cos(2z) + - - - + cos(nz) =

(a) Show that for all complex w, we have cos(w) = % (exp(iw) + exp(—iw)).

(b) Use part (a) to show that
1 1 2n
5t cos(z) + cos(2z) + - - - + cos(nz) = 5 exp(—inz) g exp(ikz).
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(c) Note that the sum on the right hand side in part (b) is the partial

. . 2 _an2n+1
sum of a geometric series; use the formula Y ;" wh = =2 t

1—w
rewrite the expression.

_ 1
T2

(e) Observe the following: for z = z real, we have the following identity

(d) Now use the formula sin(w) (exp(iw) — exp(—iw)) to finish.

that makes no mention of complex numbers:

sin((n + %)x)

1
— + cos(z) + cos(2z) + - - - + cos(nz) = 25 ()

2

While this statement is entirely real, the derivation makes essential

use of the complex trigonometric and exponential functions.






CHAPTER 5

APPLICATIONS TO
DIFFERENTIAL EQUATIONS

5.1. Motivation: Population Growth

Suppose we have a population of bacteria in a petri dish, and we
wish to study the number of cells in the population as time goes on.

For this purpose, we introduce an unknown function P(t) such that
P(t) = number of cells at time .

We imagine that the experiment starts at time ¢ = 0, when there are
some initial number Fj of cells present. The population of bacteria will
grow through the process of cell-division, and we assume that each cell
makes the same fized contribution to the growth rate at each instant of
time. Our goal is to predict the number of cells P(t) at later times
t>0.

Recall that the rate of change of a function is given by its derivative,
so our assumption is really about the derivative P’(t) of the unknown

function P(t). More precisely, our assumption says that the relative

253
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growth rate P'(t)/P(t) is a positive constant r > 0:
P(t)
P(t)
In summary, we may express our assumptions about the unknown func-
tion P(t) as follows:

=r for all ¢ > 0.

P'(t) =rP(t) forallt >0, and P(0) = P,.

On the left we have a differential equation, and we seek a solu-
tion: a particular function P(t) that makes the equation true. More-
over, we want to find a solution that also satisfies the initial condition
P(0) = Py. In this case, it is easy to write down a solution explicitly:

P(t) = Ce™ where C' is any constant. Indeed, by direct computation:
P'(t) = (Ce™) = Cre’™ = rP(t).

In order the match the initial condition P(0) = Py, we must choose the
constant C' = Fy:
P(t) = Pye™.

In fact (Problem 5.1), the solution P(t) = Pye™ is the only solution
to the differential equation satisfying the initial condition P(0) = P,.
We express this fact by saying that it is the unique solution with the
specified initial condition. So, our assumption of a constant relative
growth rate leads to the prediction that the population of bacteria will
grow exponentially.

The differential equation P’(t) = rP(t) shows up in many different
contexts: in addition to population growth, it models certain chemi-
cal reactions as well as continuously compounded interest. And if the
constant r < 0 is negative, then it describes population decline, ra-
dioactive decay, and other phenomena. This is an instance of a fact
that we should marvel at: many seemingly unrelated physical and social
systems may be successfully modeled by a single differential equation.

Of course, in our finite world, no growth can be exponential forever,
and so we need more sophisticated assumptions to better represent the

long-term growth of real populations. The following logistic differential
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equation models a population of individuals who must compete for
resources:
P'(t) =rP(t) - %(P(t))z.

Briefly, the first term rP(t) on the right corresponds to our old assump-
tion of constant relative growth, but the second term —+(P(t))? serves
to suppress the growth rate as the population gets large. If there are
P(t) individuals at time ¢, then there are roughly (P(¢))? opportunities
for competitive interaction between individuals, and the assumption is
that each possible interaction decreases the growth rate by the same
constant amount . The positive constant K > 0 is called the carrying

capacity.

EXERCISE 5.1. Consider the logistic differential equation with rel-
ative rate r = 0.1 and carrying capacity K = 100:

TSP

a) By direct computation, verify that the following function is a solu-

P'(t) =0.1P(t) —

tion satisfying the initial condition P(0) = Fy:
P01t
P(t) -

1 + o (01t 1)
b) Show that if Py > 0, then lim, ,., P(t) = 100, so that in the long-

100
run, the population described by this logistic equation approaches

its carrying capacity K = 100.

Figure 5.1 shows several solutions to the logistic equation from the pre-
vious exercise (for different initial conditions Fp), and compares them
to the simpler model of exponential growth.

In general, the type of story we told above about population growth
is common: in applied problems we often have an unknown function
f(t) that represents some quantity of interest, and we have some reason-
able assumptions about the relationship between f(t) and its deriva-
tives. The resulting differential equation then provides the starting
point for the study of the quantity represented by f(t). In the op-

tional Section 5.3 we present an extended example of this method for
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' — Py=1
140 - i Py =20
H —— Py=K=100
120 - ; —— Py =150
| -—- P(t)=e'
]
100 -
= 80+
T
60
40
20
0_
0 20 40 60 80 100 120

FIGURE 5.1. Graphs of some solutions P(t) to the lo-
gistic equation with relative rate » = 0.1 and carrying
capacity K = 100. Also shown for comparison is the ex-
ponential growth model e with the same relative rate

r=0.1.
the study of oscillating physical systems. In the remainder of this in-
troductory section, we make a few general remarks about some purely
mathematical aspects of differential equations.
To expand upon what we saw by example above, a differential equa-

tion is an equation involving an unknown function f(t) together with

some of its derivatives f'(t), f”(t),.... Here are some examples:
(1) f'(t) = 2f(t) (iv) f'(t) = =4f (1)
(i) f/(t) = =3f(t) + 7 (v) f1() + f'(t) + f(t) = 0
(i) f'(t) = sin(f(2))

A solution to a differential equation is a particular function f(t)
that makes the equation true. For instance, the equation (i) above

is an example of the population growth equation (with r = 2), and



5.1. MOTIVATION: POPULATION GROWTH 257

we have seen that for any constant C, the function f(t) = Ce* is a
solution:

f'(t) = (Ce*t) = 2Ce* = 2f(t).

The next exercise asks you to verify some solutions to equation (iv).

EXERCISE 5.2. Consider the differential equation f”(t) = —4f(t).

a) Check that the function f(t) = cos(2t) is a solution.
b) Check that the function f(t) = 3sin(2t) is a solution.
¢) More generally, check that for all constants A, B, the following func-

tion is a solution:

f(t) = Acos(2t) + Bsin(2t).

Problems 5.2 and 5.3 ask you to verify solutions to equations (ii) and
(iii), and we will study equation (v) in Examples 5.3 and 5.4.

In the exponential and logistic population examples discussed ear-
lier, we saw that we needed to specify an initial value P(0) = P in
order to fully determine a solution (see Figure 5.1) . In a similar way,
in each of the examples listed above, there are actually infinitely many
solutions to the differential equation:

(i) For any constant C, the function f(¢) = C'e* is a solution to
f'(t) = 2f(t). The constant C' determines the initial value of
the solution: f(0) = Ce?? = C.

(iv) For any constants A, B, the function f(t) = A cos(2t)+ B sin(2t)
is a solution to f”(t) = —4f(t). This time, the constants de-
termine the initial values of the solution f(¢) and of the first
derivative f'(t):

f(0) = Acos(2-0)+ Bsin(2-0)=A
f(0) = —2Asin(2-0) +2Bcos(2-0) = 2B.
In general:

e When a differential equation involves only the first derivative
of the unknown function f(¢) (as in (i-iii) above), we expect to

obtain a family of solutions with one free constant, and making
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a specific choice for that constant allows us to obtain a solution
satisfying a given initial condition for f(t), often presented in
the form f(0) = ag as in the population examples.

e When a differential equation involves the second derivative of
the unknown function f(t) (as in (iv—v) above), we expect
to obtain a family of solutions with two free constants, and
specific choices for these constants allow us to obtain a solu-
tion satisfying given initial conditions for f(t) and f’(t), often
presented in the form f(0) = ap and f'(0) = a;.

e An important uniqueness theorem guarantees that in these
examples, there is only one solution of the equation satisfying

the specified initial conditions.

EXERCISE 5.3. Find the solution f(¢) to the differential equa-
tion f”(t) = —4f(t) satisfying the initial conditions f(0) = 1 and
£1(0) = 1.

If you take a differential equations course, you will learn more about
the existence of solutions to differential equations, and about the role
of initial conditions in specifying a unique solution. You will also learn
to identify different types of differential equations, and about special
techniques for finding explicit solutions when they exist. Finally, you
will see how differential equations arise in the social and physical sci-
ences, and learn how to use mathematical properties of the solutions
to gain insight into the original applied problems.

For all of the differential equations presented in this section, we
have been able to write down explicit formulas for solutions involving
only elementary functions. But in general, the solutions of differential
equations do not have elementary formulas, and so we need other tech-
niques to describe them—in the next section we will use power series
to find solutions. But it is the differential equation itself that is the
primary object of interest: as we saw in the population examples, a dif-
ferential equation generally represents a story about a physical, social,
or mathematical phenomenon. An existence and uniqueness theorem

will generally guarantee that there is exactly one solution satisfying
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specified initial conditions, but we have no right to expect that this so-
lution will be expressible in terms of familiar elementary functions. In
fact, many so-called special functions in pure and applied mathematics
are defined simply as solutions to certain differential equations—they
come to our attention as solutions to interesting equations, and we give
them a name in order to refer to them more easily. We will see an ex-

plicit example of such a function in Example 5.5 of the next section.

Key points from Section 5.1:
e What is a differential equation? (page 256)

e Verifying that a particular function f is a solution to
a given differential equation (EXERCISE 5.1 and EXER-
CISE 5.2)

e What is an initial condition? (page 257, EXERCISE 5.3)

5.2. Series Solutions to Differential Equations

In this course, we have taken various real functions as known start-
ing points (such as e, sin(z), and cos(x)), and then used the good
properties of power series to extend them into the complex domain.
We present an alternative point of view in this section by showing how
the complex functions (and thus the real functions as well), arise as
power series solutions to some simple differential equations. We will
also see how to find power series solutions to some differential equations

that do not have elementary solutions.

EXAMPLE 5.1. Suppose that we wish to find a complex differen-
tiable function f(z) satisfying the differential equation

f'(z) = f(2)

for all z near zero. Well, if such a function exists, then it is represented

by its Maclaurin series, f(z) = >~ ;a,z". Substituting this expression
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into the differential equation yields:

o0 o
g na,z" = g anz”.

For these two series to be equal, all of the coefficients must match, and
so we find that

a; = Qo
2@2 = a1
3(13 = Q9
na, = Gap-1

It follows that we are free to choose the constant coefficient ag, but

then all the other coefficients are determined:

a; = Qg
aq Qo
a2 = _— = —
2 2
[¢5) Qao
a3 = _— = —
3 3-2
Apn—1 Qo
an = = —'
n n!
So we see that
) 00 .
Qo o, z
f(z)zzﬁz :aozm.
n=0 n=0

The constant term ag specifies the value of f(z) at the origin (the initial
condition): f(0) = ao. Note that our derivation reveals that f(z) is
the only solution satisfying the initial condition f(0) = ag; we say that
it is the unique solution.

You should recognize this power series as the complex exponential

function, f(z) = agexp(z), which now forces itself upon our attention
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as the solution of the simplest of all differential equations, f'(z) = f(z).

The next exercise asks you to generalize this example.

EXERCISE 5.4. Fix a complex number « and consider the differ-
ential equation f'(2) = af(z). Mimic Example 5.1 to show that the
unique solution satisfying the initial condition f(0) = ag is given by
f(2) = apexp(az).

EXAMPLE 5.2. Now consider the differential equation f”(z) = f(2),
where we are looking for a solution near z = (. Once again, we intro-
duce the Maclaurin series f(z) =Y o a,2" to get information about

the unknown coefficients a,,:

o0

oo
nn —1)a,z"?* = Zanz”.
n=0

n=0
We find that
200 = a
3-2a3 = a
4-3a4 = ao

nn—1)a, = ano
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In this case, we are free to choose ay and a;, which then determine all
other coeflicients:

Qg
gy = 3
ay
“ T3
a2 Qo
Qa g g
4 4.3 4-3.2
a _ A2n—2 _ Qo
2 m(2n—1)  (2n)!
A2n—1 a1
Aopy+1 = =

(2n+1)(2n) (2n+1)!

So we find that

fe) = i(

0

oo
= )
n=0

The ratio test shows that these power series have radius of convergence
R = 400, so that the solution f(z) is defined for all complex z. We
have f(0) = ap and f'(0) = a1, so that these constants are the initial
values of f(z) and f’(z). Note that taking ag = a; yields the solution

3

2n o 22n+1

a0 _on a1 2n+1
e’ Tenr” )
-4

a
2

n)! T 2n 4 1)

apexp(z) of the differential equation f’(z) = f(z) from Example 5.1.
We have not previously encountered the two power series displayed
above, but they certainly define interesting functions, as they are solu-
tions to the simple differential equation f”(z) = f(z). Moreover, these
power series should remind you of the series for cosine and sine:

> 2n e 2277,—1—1

cos(z) = > _(~1)" (;n>!, sin(z) = Z(—l)"m-

n=0 n=0
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10.0
7.5 1
5.0 1

2.5 1

—2.5 1
—5.0 1
—7.5 A

—— cosh(x)
—10.0 A sinh(x)

-3 -2 -1 0 1 2 3

FIGURE 5.2. Graphs of the real functions cosh(z) and sinh(x).

So we give these new power series names, calling them the hyperbolic

cosine and hyperbolic sine functions:

io: 22n f: 2n+1
cosh(z) = —_— sinh(z
— (2n)! n:(] (2n+1)!

In this notation, the general solution of f”(z) = f(z) has the form
f(z) = ag cosh(z) + ay sinh(z).

Figure 5.2 displays graphs of the real versions of these functions, cosh(x)
and sinh(z); see the optional Section 5.4 for their connection to hyper-

bolas and trigonometry.

EXERCISE 5.5. Now consider the equation f”(z) = —f(z). Mimic
Example 5.2 to show that the unique solution satisfying f(0) = a¢ and

1(0) = ay is given by

f(2) = agcos(z) + ay sin(z).
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Note that taking a; = iaq yields the solution ag exp(iz) to the differen-
tial equation f'(z) =if(2).

ExXAMPLE 5.3. Now consider the differential equation

f'(2) + f'(2) + f(z) = 0.

Introducing the Maclaurin series f(z) = Y a,2" and plugging into

the differential equation yields:

i n(n —1)a,z""? + i na,z" "t + i an,z" = 0.
n=0 n=0 n=0

Now collect the coefficients of each power of z:
2&2 +a+a = 0
3'2a3—|—2a2+a1 =0
4~3CL4+3(I3+CL2 =0

nn—1a,+n—1a,—1+a,2 = 0

Solving for the highest coefficient in each line reveals

aq Qo
ay = —— — —
2 2 2
a2 ay aq 4 Qg a1 ag
Qa = —_—— sy J— —
s 3 3.2 3.2 3.2 3.2 3.2
as as Qo ai Qg ay
a = —_—_ = — _ _— = —
4 4 4.3 4040 T4
ay as aq ao
a fry RN
> 5 5-4 51 5l
as Qy a Qg ai Qo
a/6 = _— — = — _—— — = —
6 6-5 6! 6! 6! 6!
ag as Qo aq Qg ay
0/7 = _— = —— f—

7ot T

-3
- ‘
D
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We see that the pattern goes as follows:

Qo
fan = (3n)!
ai
Gt = Br 1)
aq Qo
A3ny2 = — -

(Bn+2)!  (3n+2)!

So we wish to examine the power series

_ S Ao _3n a1 3nt+1 ag + a1 3,49
f(z)_z((?m)!z TS (B3n+2)1° )

n=0

An application of the ratio test shows that the series has radius of
convergence R = 400, hence converges absolutely for all z. So, the
series defines the unique solution f(z) with f(0) = ap and f'(0) = a;.

It is not apparent whether the power series solution from Exam-
ple 5.3 can be expressed in terms of more familiar functions. This is
the blessing and the curse of the series method for solving differen-
tial equations: it will often produce the power series representation of
a solution even when no elementary formula exists, but when an ele-
mentary solution does exist, the series method may not reveal it. We
illustrate by solving the differential equation of the previous example

using a different method, that of exponential trial solutions.

EXAMPLE 5.4. Once again, we consider the differential equation

[(2) + ['(z) + f(2) = 0.

This time, set f(2) = exp(az) for an unknown complex number «, and

plug into the differential equation:
0 = f'(=)+ f(z)+ f(z)
= (exp(az))” + (exp(az)) + exp(az)
= oexp(az) + aexp(az) + exp(az)

= (& +a+1)exp(az).
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It follows that we will have a solution if we choose a to be either root
of the polynomial z? + z + 1. By the quadratic formula, these roots are
_ —1+V3i o —1—/3i
2 T2
Notice that these roots are complex conjugates: as = a7. So we find

651

two solutions f1(z) = exp(ayz) and fa(z) = exp(azz). The next ex-
ercise asks you to check that we may combine these to obtain more

solutions:

EXERCISE 5.6. Show that for all constants A, As, the function f(z)
defined below is a solution to f”(2) + f'(z) + f(z) = 0:

f(z) = Ay exp(agz) + Az exp(aaz).
(Here, oy and ay are the roots of the polynomial 2% + z + 1.)

If we want to match the initial conditions f(0) = a¢ and f'(0) = ay,

we just need to choose A; and A, appropriately:
apg = f(O) = A1 exp(oq : 0) + AQ exp(a2 : 0) = Al + AQ
and

a; = f'(0) = Ajag exp(a - 0) + Asag exp(as - 0) = Aoy + Asas.

EXERCISE 5.7. Solve the following pair of equations for A; and As:

A1+A2 = Qq
A1a1+AQOéQ = Q.

You should find that
o agg — Ay

Ay =22270 g,—

Qo — aq
Qg — ’ Q1 — Qg .

With these choices of A; and A, the function f(z) is a solution
to f"(z) + f'(z) + f(2) = 0 with the initial conditions f(0) = ag and
1'(0) = a;. But the power series solution from Example 5.3 is the

unique such solution, so f(z) must be equal to that power series.
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Now let’s look at the particular initial conditions ag = 1 and a; = 0.

The coeflicients are then

1 a  14+V3Bi 1 V3
t (OéQ—Oél) 2\/3@ 2 6
1 w3
Ay = 1-A1=—-+—.
2 1 2+ 6

Notice that Ay = Aj.
Consider the first term of the solution f(2):

_ /3
Ajexp(aiz) = Ajexp (_z + Z\/_Z>

2 2

— Ajexp (_72) cos (%) _isin <g>

Adding these together yields the solution f(z):

fz) = oxp (;) Ay exp (ifz>+mexp <_¢¢2§Z>

= oo () (=) 7o (F)
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F1GURE 5.3. Plot showing the graph of the real solution
f(z) = e /2 (cos (%) + Lsin (%)) to the differ-
ential equation f”(x) + f'(z) + f(z) = 0.

Figure 5.3 shows the graph of the corresponding real solution obtained

by restricting to real inputs z = x. In Section 5.3 we will discuss an

interpretation of this solution in terms of oscillating physical systems.

If you take a differential equations course, you will learn more tech-

niques for finding solutions of differential equations in terms of familiar

elementary functions. But as mentioned at the end of Section 5.1, of-

ten the solutions are not expressible in terms of elementary functions,

and in those cases the series method is invaluable. The next example

provides a prominent example.

EXAMPLE 5.5. Consider the differential equation

Pf(2) + 2f (2) + 22 f(2) = 0.
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Note the difference from our earlier examples: the coefficients of this
differential equation (2%, z, and 2?%) are functions of z, rather than con-
stants. Nevertheless, we again search for a power series solution near
z = 0, and so we introduce a Maclaurin series f(z) = > a,z", with
currently unknown coefficients a,,. We begin by computing each term
of the differential equation separately:

2f(z) = 2 Zn(n —1)a,z"? = Zn(n — Da,z"
n=0 n=0
2f'(z) = zZna,@"’l = Znanz”
n=0 n=0

22 Z an2" = Z an 2" 2.
n=0 n=0
Now add these together to regain the differential equation:
0 = 22f"(2) +2f'(2) + 2°f(2)
= Z n(n —1)a,z" + Z nap,z" + Z a, 2" 2
n=0 n=0

n=0

2f(2)

= az+ Z(n(n — Day, +nap, + ap—2)2"
n=2

= a2+ Z(nzan + a, 2)2".

n=2

It follows that
a; =
22ay +ag =

32az +a, =

o O O O

Lag+ay =

na, +a, o = 0
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Solving for the highest index term in each line:

a, = 0
ay = _ﬁ
a1
a3 = —§ = O
Q9 Qo
a = _—— =
! 427 (4-2)2
a
as = —5—2 = O
Qg ap
aﬁ = = —

Observe the developing pattern:

e all odd terms are zero: as, 1 = 0;

e the even terms alternate in sign;

e the denominator of as, is the square of the product of all even
numbers between 2 and 2n:

ao
an = (=) (2n-(2n —2)---4-2)

We can rewrite this product of even numbers as follows:

2n-(2n—2)---4-2=2"(n-(n—1)---2-1) =2" - nl.

Thus, the formula for the coefficient as, may be written as

follows:
_ n__ Q0
= Y
So the power series solution is
o0 520 L2 A 6
_ —1)" — 124+ 2 )l
fE) =a) (-1) 920 ()2 Wl =T +5 " mu )

n=0

Now find the radius of convergence:

lagnio|  27(n!)* 1

|agy| 220 2((n+ 1)NH2  4(n+1)?
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FIGURE 5.4. Graph of the real Bessel function Jy(x).

It follows that R = +oo, and the series converges for all complex z. If
we take the solution satisfying the initial condition f(0) = ao = 1, we
obtain the Bessel function of the first kind of order zero:

72 = Y1) g

Figure 5.4 shows the graph of the corresponding real function Jy(x).

Note that the series method has produced a family of solutions
with only one free constant ay rather than the two free constants ag
and a; that we may have expected based on the fact that the differential
equation involves the second derivative f”(z). In fact, there is a second
family of solutions, but they are not defined at z = 0, and hence our
series method did not discover them (these are Bessel functions of the
second kind).

The differential equation 2%f"(z) + zf'(z) + 22f(z) = 0 is known

as Bessel’s differential equation of order zero. More generally, for any
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nonnegative integer k > 0, Bessel’s differential equation of order k is

2 () + 2f (2) + (22— k) f(2) = 0.

As in the case k = 0, application of the series method to this equation
yields a family of solutions with one complex parameter ay, and an
appropriate choice for ay yields Jy(z), the Bessel function of the first
kind of order k (see Problems 5.6 and 5.7).

The point of this example is the following: the Bessel functions
Ji(z) arise from the consideration of some simple differential equations,
and they appear in many areas of mathematics and physics. They are
defined by complex power series, and it is simply not possible to ex-

press them in terms of other more familiar and elementary functions.

Key points from Section 5.2:

e Series method for solving differential equations (Exam-
ples 5.1, 5.2, 5.3, 5.5)
e Method of exponential trial solutions (Example 5.4)

5.3. Optional: Oscillators and the Complex Exponential

In this section, we illustrate how some of the differential equations
from the previous section arise in the important context of oscillating
physical systems. As explained at the end of this section, the model
that we are about to introduce is ubiquitous, because it serves as a
good approximation to most physical systems near stable equilibria
(which is often where we want to study them). To begin, consider a
spring attached at one end to the wall, with the other end attached to a
moveable block of mass m (See Figure 5.5). The mass is resting on the
floor, which is covered with oil. If you pull the block away from the wall
and then let go, the stretched spring will pull the block back toward the
wall, while the friction with the oily floor tends to impede the block’s
motion. Once the block passes its original resting place the spring

will compress, pushing on the block until it stops moving toward the
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wall and starts moving away under the force of the now decompressing
spring. We expect the block to continue moving back and forth, with
the oscillations getting smaller and smaller due to the friction with the
oily floor. In this section, we will write down a mathematical model of
this setup in the form of a differential equation, and the solutions will

provide the possible motions of the block.
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FIGURE 5.5. A block of mass m connected to the wall
by a spring with spring constant k. The floor is covered
with oil that has a friction coefficient r.

First, we must set up the notation: let z(¢) denote the position of
the block at time ¢, with x = 0 indicating the resting position of the
block, in which the spring is at its natural length, neither compressed
nor stretched. Increasing values of z indicate motion away from the
wall. Recall that the wvelocity of the block is given by the derivative
2'(t), while the acceleration is given by the derivative of velocity, or
the second derivative of position: z”(¢). In the setup described above,

the block experiences two types of forces:

e a force s due to the stretched/compressed spring: we model
this as a linear function of position s(x) = —kx for a positive
spring constant k. The negative sign indicates that when =z >
0, the stretched spring pulls the block back toward the wall,
while when z < 0, the compressed spring pushes the block
away from the wall. Larger values of k correspond to stiffer
springs.

e a friction force f due to the oily floor: we model this as a linear
function of velocity f(z') = —ra’ for a positive friction coef-
ficient r. The negative sign indicates that the friction always

acts in the opposite direction of the block’s velocity, tending
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to resist its motion. Larger values of r correspond to more

viscous oil.

Now we apply Newton’s Second Law of Motion, which states that
if our block feels any type of force F', it responds by accelerating in the
direction of the force, with the block’s mass acting as the constant of
proportionality:

F=ma".
In our setup, the total force F' = s+ f is the sum of the spring force

and the friction force, and we find that
mz" = F = s(x) + f(2') = —kx — ra’.
Rearranging, we obtain the following differential equation for the posi-

tion function x(t):

2(t) + %x’(t) + %x(t} = 0.

For convenience, we now assume that our block has mass m = 1 (which

just amounts to adjusting our units), so we can write our equation as
2"(t) + ra'(t) + kx(t) = 0.

Even though we are looking for a real function z(t), we begin by plug-
ging in the complex trial solution z(t) = exp(at), using an unknown

complex constant a. We proceed as in Example 5.4:
0 = 2'(t)+rd(t)+ kz()
= (exp(at))” + r(exp(at)) + kexp(at)
= o’exp(at) + raexp(at) + kexp(at)
= (o +ra+k)exp(az).

We find that we will have a solution provided that « is a root of the

quadratic polynomial w? +rw + k. By the quadratic formula, the roots

—r+ V12— 4k —r — /1?2 — 4k
5 .

and g =

are

a1 =

There are several cases to consider:
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o (d = r* — 4k > 0) This is the “viscous oil and weak spring”
regime, where as < a1 < 0 are negative real numbers.

o (d = 7> — 4k < 0) This is the “non-viscous oil and strong
spring” regime, where a; # ay are complex conjugate complex
numbers.

e (d=1?—4k = 0) This is the “critical damping” regime where

there is only a single real root ay = ap = —7r/2.

We begin by assuming 12 # 4k, so we have two distinct roots a; #

as. Then the most general complex solution looks like
z(t) = Ay exp(ait) + A exp(ast),

where the coefficients must be chosen to match the desired initial condi-
tions z(0) = ap and 2'(0) = a;. As in Example 5.4, we will consider the
initial conditions z(0) = 1 and 2’(0) = 0, which correspond to stretch-
ing the block a unit distance away from its resting location, holding the
block steady, and then letting go at time ¢t = 0, so that the block starts
with an initial velocity of zero. To achieve these initial conditions, we
must have (Problem 5.5)

e%) r+vd 1 r/d
Al — — = -4+ —.
Qo — (X1 2\/8 2 2d

1 7"\/3
AQ—l—Al—Q—W

In the d > 0 regime, all of these quantities are real, and we see

and

immediately that the real solution is
2(t) = Ae™" + Age®,

Both terms are decaying exponentials, with the second having a faster
rate of decay. Figure 5.6 shows the graph of this solution for the case
r = 3 and k = 1. There is no oscillation: the oil is so viscous compared
to the spring strength that the block just slides back to zero. This

phenomenon is called overdamping.
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FIGURE 5.6. Graph of an overdamped oscillator, with
r=3and k= 1.

Now consider the d < 0 regime, where all quantities are complex.

Generalizing Example 5.4 (see Problem 5.5), the real solution is

z(t) =e —rt Ccos d]t + o d sin d]¢
— ex _
P\ 2 d] 2

Figure 5.7 shows the graph of this solution for » = 1 and k£ = 10. Here

we see the expected oscillation, decaying over time due to the friction
with the oily floor. This phenomenon is called underdamping.

It remains to consider the case of critical damping, were d = 0 and
there is a single real root a3 = e = —7/2. In this case, we find only one

family of solutions A; exp(—%). But we cannot choose the constant A,
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FIGURE 5.7. Graph of an underdamped oscillator, with
r=1and k = 10.

so as to achieve the initial conditions x(0) = 1 and 2/(0) = 0. Luckily,
we can check that ¢ exp(—%) is another solution.
EXERCISE 5.8. Show by direct computation that x(t) = texp(—%)

is a solution to the critically damped oscillator differential equation
2
"(t) +ra'(t) + Zx(t) = 0.

So now the general solution looks like

x(t) = Ajexp <—%t) + Astexp <—%t) ,

and we wish to choose A; and A to satisfy the initial conditions.
Setting 1 = 2(0) = A; determines the first coefficient, and then

0=2/(0) = —g+A2
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implies that A, = 5. The corresponding solution is thus

T t T T t
x(t) = e %4 DeF —e % (1 + T—) :

2
The graph of this solution for » = 2 and k£ = 1 is shown in Figure 5.8.

The term critically damped refers to the fact that this exact combina-
tion of friction r and spring-stiffness k results in the fastest possible
damping of the oscillator: any deviation from the critical point r? = 4k
will yield either oscillations (underdamped) or a slower slide across the
oily floor (overdamped). Because of this optimal behavior for damping
unwanted vibrations, the phenomenon of critical damping is important

for many engineering applications.

1.0

0.8 1

0.6 1

x(t)

0.4 1

0.2

0.0

FIGURE 5.8. Graph of a critically damped oscillator,
with r =2 and k = 1.

Now, you may be wondering how important these oscillator differ-
ential equations can possibly be. Indeed, you are not likely to encounter

many physical systems manufactured out of springs and oil as described
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above. But miraculously, the same differential equations govern the be-
havior of many physical systems that seem initially to have nothing in
common with springs and oil. As a prominent example, when those of
you studying physics take an electronics course, you will discover that
these same equations describe the behavior of RLC circuits, consisting
of a resistor, an inductor, and a capacitor connected in series or in
parallel.

An important special case of the oscillator equation comes from set-
ting the friction coefficient » = 0; this corresponds to a frictionless floor
(think of an air-hockey table). In this case, the differential equation
becomes (reinstating the mass m, which we previously set to m = 1):

2" (t) + Ez(t) =0.
m
This undamped oscillator is in the underdamped regime, with real so-
lution (still using the initial conditions x(0) = 1 and z’(0) = 0):

x(t) = cos (wt) with w = \/%

Figure 5.9 shows the graph of this familiar solution: there is no decay,
and the oscillations repeat with period 27 /w = 271'\/%. This behavior
is called stmple harmonic motion. In particular, we see that increasing
the mass leads to slower oscillations, while stiffening the spring leads
to quicker ones.

The simple harmonic oscillator equation z”(t) + w?z(t) = 0 and
the resulting simple harmonic motion are of universal importance in
physics, and we can understand why by applying the theory of Taylor
polynomials to a general 1-dimensional physical problem. Here is the
setup: suppose that we have a particle of mass m moving along the
x-axis due to the presence of a force F'(x) that varies with the location
of the particle. By Newton’s Second Law, the particle experiences an

acceleration given by
1
2" (t) = —F(x(t)).
(t) = —F(a()
At this point, the force F'(z) is quite general, and we want to keep it

that way. But let us at least assume that F'(x) is a continuous function,
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FIGURE 5.9. Graph of undamped oscillator, with con-
stants k =m = 1.

which means that it has an antiderivative. In fact, we will introduce

an antiderivative for —F'(z) and call it the potential function V (z):

(Note that, given the force F'(x), the potential V' (z) is determined only
up to an additive constant.)

Now step back for a minute, and think about the stability of the
world around you: there are many small objects in your immediate
vicinity, and most of them don’t seem to be moving very much. More-
over, if they do move a bit, they often tend to come back to where
they started, perhaps rocking or rolling around for a while. Think, for
example, of a grape sitting at the bottom of an otherwise empty fruit
bowl. Of course, if you slam your hand into the grape, it may fly out
of the bowl. But if you only nudge it a bit, then it will roll around only
slightly, the walls of the bowl combined with gravity forcing it back
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Vv

FIGURE 5.10. The point ¢ is a stable equilibrium for the
potential function V' (z) (shown in blue), with quadratic
Taylor polynomial T5(z) (shown in red).

toward the center. So: we are often interested in studying particles at
locations where the force on them is zero, and near which they experi-
ence small forces that push them back toward their starting point . . . we
call such points stable equilibria. Let’s think about what the graph of
the potential function V' (x) looks like near a stable equilibrium at z = ¢
(see Figure 5.10):

e First of all, we can subtract a constant from the potential to
ensure that V' (c) = 0.

e There is no force at x = ¢, so 0 = F(¢) = —V'(¢), and the
graph of V(x) has a horizontal tangent line at x = c.

e The forces near x = ¢ tend to push the particle back toward c,
so 0 < F(z) = =V'(z) for v < cand 0 > F(z) = =V'(x)
for x > ¢. Thus we see that V'(z) is negative to the left of ¢
and positive to the right of c. By the first derivative test, the
function V' (z) has a local minimum at x = c.

o If we also assume that the second derivative of V' exists and
is continuous, then we can apply the second derivative test to
conclude that V" (c) > 0.

Now consider the quadratic Taylor polynomial 75(x) for the poten-
tial V(x) at ¢

V"(c) 2 _ w? 2
Dt =L (o e,

To(z) =V(c)+ V'(c)(x —¢) +
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where we have introduced the nonnegative constant w = \/VT(C) . Re-
call that this is the best quadratic approximation to the function V'(x)
near the stable equilibrium x = c.

Depending on the exact nature of the potential V'(x), the Taylor
polynomial T5(z) may or may not be a good approximation near = = c.
But in most cases, the potential V(x) is actually equal to its Taylor
series near ¢, and moreover V”(c) is nonzero (so that w > 0). In this
case, the quadratic approximation is often quite good, in which case

we can approximate the particle’s motion by using the potential

V(z) =Ta(z) = o (z - c)?,
and this yields an approximate force F(z) = —V'(z) = —w?(z — ¢).
Now return to Newton’s Second Law with these approximations:
1 ~
2"(t) = —F(x(t)) = —w*(2(t) —c).
m

Making the change of variable w = x — ¢ (which just amounts to trans-
lating the origin), we find that «”(t) = 2”(¢), and so

u’(t) + w?u(t) = 0,

which is the simple harmonic oscillator equation. This means that the
solution w(t) describes simple harmonic motion about the origin, or
equivalently, that x(t) = u(t) + ¢ describes simple harmonic motion
about the stable equilibrium x = ¢. In summary: to second-order ap-
proximation, all particles exhibit simple harmonic motion near a stable
equiltbrium. This wonderful fact accounts for the ubiquity of the simple
harmonic oscillator, and makes it the most important piece of physics

that you will ever learn.
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Key points from Section 5.3:

e The damped oscillator equation 2 + Lz’ + £z = 0
(page 274)

e Overdamping, underdamping, and critical damping
(pages 274-278)

e The ubiquity of simple harmonic motion (pages 279
282)

5.4. Optional: Hyperbolic Trigonometry

In Example 5.2, we introduced two power series as solutions to the
differential equation f”(z) = f(z), calling them the hyperbolic cosine

and hyperbolic sine functions:

O 20 20+l
cosh(z) = Z o) sinh(z) = Z Gn i)
n=0 ’ n=

In this section, we derive some properties of these functions and explain

their names.
EXERCISE 5.9. Use the series definitions to show that

(sinh(z))" = cosh(z) and (cosh(z))" = sinh(z).

REMARK 5.6. You should compare the previous exercise to the sit-

uation for the circular trigonometric functions:
(sin(2)) = cos(z) and (cos(z)) = —sin(z).

The next exercise shows that cosh(z) and sinh(z) are the even and

odd parts of the complex exponential function.

EXERCISE 5.10.

a) Using the power series definitions, show that

exp(z) = cosh(z) + sinh(z).
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b) Show that cosh(z) is an even function and sinh(z) is an odd function:
cosh(—z) = cosh(z), sinh(—z) = —sinh(z).

c) Use parts a) and b) to show that

exp(z) + exp(—=z)
2

exp(2) — exp(—2)

h pumm
cosh(z) 5

and sinh(z) =

REMARK 5.7. You should compare the previous exercise to the fol-

lowing situation for the circular trigonometric functions cos(z) and sin(z):

exp(iz) = cos(z) + isin(z)
_exp(iz) +exp(—iz)
cos(z) = 5
. _exp(iz) — exp(—iz)
isin(z) = 5 .

These relations reveal that cos(z) and isin(z) are the even and odd
parts of the function exp(iz). Restricting to real values z = 0, we
obtain the more familiar fact that cos(f) and sin(f) are the real and

imaginary parts of exp(if):

exp(if) = cos(f) + isin(h)

cos(f) = exp(if) —i—2exp(—i0) = Re(exp(if))
sin(f) = exp(if) —%exp(—zp) = Im(exp(if)).

Just as we obtained circular trigonometric identities by taking pow-
ers of de Moivre’s formula exp(if) = cos(#) +isin(f), we obtain identi-
ties for the hyperbolic functions cosh(z) and sinh(z) by taking powers

of the formula exp(z) = cosh(z) + sinh(z). For instance:
exp(2z) = (exp(z))2
= (cosh(z) + sinh(2))?
— cosh?(2) + 2 cosh(z) sinh(z) 4 sinh?(2).
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FIGURE 5.11. The left hand side shows the parametriza-
tion of the unit circle using the circular trigonometric
functions (cos(#),sin(#)). The right hand side shows the
parametrization of the unit hyperbola using the hyper-
bolic trigonometric functions (cosh(t),sinh(¢)). In each
case, the area of the shaded region is equal to one-half of
the parameter (6 or t).

Now take the even and odd parts of both sides:
cosh(2z) = cosh?(2) + sinh?(2)
sinh(2z) = 2cosh(z)sinh(z).

To understand the term hyperbolic as applied to these functions,

restrict attention to real values z = t. Then we have
1 = e'e™ = (cosh(t) 4 sinh(t))(cosh(t) — sinh(t)) = cosh?(t) — sinh?(t).

This means that as t varies, the point (cosh(t),sinh(¢)) traces out the
right half of the unit hyperbola z? — > = 1 (see right side of Fig-
ure 5.11). Compare this to the way that the point (cos(d),sin(6))
traces out the unit circle 2% + y? = 1.

It is interesting to think more carefully about these parametriza-

tions of the circle and the hyperbola.

EXERCISE 5.11. Convince yourself that the area of the shaded re-
gion on the left side of Figure 5.11 is equal to 6/2. Thus, the pa-

rameter 0 in [0,27) for the unit circle may be interpreted as twice
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the area of the shaded region swept out by the red radius pointing to
(cos(#),sin(h)).

We wish to show that the parameter ¢ for the hyperbola also has
an interpretation as an area. Consider the shaded region on the right
in Figure 5.11, bounded by the z-axis, the hyperbola, and the red line
connecting the origin to the point (cosh(t),sinh(¢)). Let A(t) denote
the area of this shaded region. Also consider the triangle with vertices
(0,0), (cosh(t),0), and (cosh(t),sinh(¢)). Assuming that ¢ > 0 as in the
figure, the area of the triangle is 3 cosh(t)sinh(t). Moreover, the area
A(t) is the difference between the triangular area and the area under
the hyperbola on the interval [1, cosh(t)]:

cosh(t)

At) = %cosh(t) sinh(t) — Va? — ldx.

1
To compute the integral, we will make use of the following identities

established earlier:
cosh*(v) =1 = sinh?*(v)
cosh(2v) = cosh®(v) + sinh2(v) =14 2sinh*(v).

Now make the substitution z = cosh(v), so that dz = sinh(v)dv:

cosh(t)
Va?—1lde = /\/cosh2 —1 smh( )dv

— /0 sinh?(v)dv

1 t
= 5/0 (cosh(2v) — 1)dv

0
sinh(2t) ¢
4 2

1
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Using the identity sinh(2¢) = 2 cosh(?) sinh(¢), we find that
inh(2¢ t
sinh(2t) ¢

Alt) = %cosh(t) sinh(t) — T 4 1

t
5

Hence, the parameter t = 2A(t) is twice the area of the shaded region

in Figure 5.11 swept out by the red line pointing from the origin to the
point (cosh(t), sinh(t)).

The hyperbolic trigonometric functions cosh(z) and sinh(z) have
many applications throughout mathematics, physics, and engineering.
We mention just two:

e They appear in the description of the Lorentz transformations
of special relativity, serving to relate the spacetime measure-
ments of two observers in uniform relative motion;

e For any constants A, B > 0, the graph of A cosh(z/B) is called
a weighted catenary curve. When A = B, the curve is an ordi-
nary catenary and describes the shape of an idealized hanging
chain supported only at its two ends. For this reason, weighted
catenaries are commonly used in engineering and architectural
applications. A prominent example is the St. Louis Gateway
Arch (Figure 5.12).

Key points from Section 5.4:
e The hyperbolic trigonometric functions cosh(z) and
sinh(z) (page 283)
e The identity cosh?(t) —sinh?(¢) = 1 and parametrization
of the unit hyperbola 2% — y*> = 1 (Figure 5.11)
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FIGURE 5.12. Top: Graph of the weighted catenary
69 cosh(x/100); Bottom: “Gateway Arch & St. Louis
MO Riverfront at Dawn” by Parker Botanical is licensed
under CC BY-SA 3.0.
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5.5. In-text Exercises

This section collects the in-text exercises that you should have worked

on while reading the chapter.

EXERCISE 5.1 Consider the logistic differential equation with relative
rate r = (0.1 and carrying capacity K = 100:

TSP

a) By direct computation, verify that the following function is a solu-

P'(t) =0.1P(t) —

tion satisfying the initial condition P(0) = Fy:

P 0.1t
P(t) o

- 14 &(eo.u _ 1)
b) Show that if Py > 0, then lim;,o, P(t) = 100, so that in the long-

100
run, the population described by this logistic equation converges to

its carrying capacity K = 100.

EXERCISE 5.2 Consider the differential equation f”(t) = —4f(¢).

a) Check that the function f(t) = cos(2t) is a solution.
b) Check that the function f(¢) = 3sin(2¢) is a solution.
¢) More generally, check that for all constants A, B, the following func-

tion is a solution:

f(t) = Acos(2t) + Bsin(2t).

EXERCISE 5.3 Find a solution to the differential equation f”(t) =
—4f(t) satisfying the initial conditions f(0) =1 and f/(0) = —1.

EXERCISE 5.4 Fix a complex number « and consider the differential
equation f'(z) = af(z). Mimic Example 5.1 to show that the unique

solution satisfying f(0) = ag is given by the function f(2) = ag exp(az).

EXERCISE 5.5 Now consider the equation f”(z) = —f(z). Mimic Ex-
ample 5.2 to show that the unique solution satisfying f(0) = a¢ and
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f(0) = a; is given by
f(z) = agcos(z) + a sin(z).

Note that taking a; = iaq yields the solution agexp(iz) to the differen-
tial equation f'(z) =if(z).
EXERCISE 5.6 Show that for all constants Aj, As, the function f(z)
defined below is a solution to f”(2) + f'(2) + f(z) = 0:

f(z) = Ay exp(agz) + Az exp(aaz).

(Here, oy and ay are the roots of the polynomial 2% + 2z + 1.)

EXERCISE 5.7 Solve the following pair of equations for A; and As:
A+ A4y = a
Ajoq + Asas = ay.
You should find that

Qplia — aq
A= ———, Ay =

Qg — O a1 — Qg

Qo — aq

EXERCISE 5.8 Show by direct computation that z(t) = texp(—%) is a

solution to the critically damped oscillator differential equation

2" (t) + ra'(t) + éx(t) =0.

EXERCISE 5.9 Use the series definitions to show that

(sinh(z))" = cosh(z) and (cosh(z))" = sinh(z).

EXERCISE 5.10

a) Using the power series definitions, show that

exp(z) = cosh(z) + sinh(z).
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b) Show that cosh(z) is an even function and sinh(z) is an odd function:
cosh(—z) = cosh(z), sinh(—z) = —sinh(z).
c) Use parts a) and b) to show that

exp(z) + exp(—z2)

exp(2) — exp(—2)
2 |

h pumm
cosh(z) 5

and sinh(z) =

EXERCISE 5.11 Convince yourself that the area of the shaded region
on the left side of Figure 5.11 is equal to 6/2. Thus, the parameter 6
in [0, 27) for the unit circle may be interpreted as twice the area of the
shaded region swept out by the red radius pointing to (cos(#), sin(f)).
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5.6. Problems

5.1. Consider the population growth differential equation with initial
condition:

P'(t) =rP(t), P(0) = PB.
Suppose that f(t) is a solution satisfying the initial condition, so that
f'(t) =rf(t) and f(0) = Fy. Then consider the function g(¢) defined
by

g(t) = j;f?

Show that ¢'(t) = 0 for all ¢, and hence that g(¢) is a constant function.
Then show that in fact g(¢t) = Fp for all ¢, and conclude that

f(t) = Poert.

5.2. Consider the differential equation f'(t) = —3f(t)+e~2!. Show that

for any constant C', the following function is a solution:

flt)=e2 4 e

5.3. Consider the differential equation f'(t) = sin(f(¢)).

a) Show that for any constant C, the functions f(t) = £2arccot (e )
are solutions. (Observe that these solutions never change sign: the
+ yields a positive solution, and the — yields a negative solution.)

b) Show that the constant C' is the unique value of ¢ for which f(¢)
equals =7 (and hence the unique value of ¢ for which f’(t) equals £1).

5.4. Fix a nonzero complex number a and consider the differential
equation f”(z) = af(z). Mimic Example 5.2 to show that the unique
solution satisfying f(0) = ag and f'(0) = a; is given by

F(2) = ag cosh(v/a 2) + % sinh(v/a 2).

Does it matter which square root of a you use?
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5.5. Fix complex numbers b and ¢ and consider the differential equation

f'(2) +bf'(2) +cf(2) = 0.

Under the assumption that b* # 4c, show that there are exactly two
values of « that yield a solution exp(az) to the differential equation.
Adapt the method of Example 5.4 to find the solution with initial
conditions f(0) =1 and f’(0) = 0.

5.6. This problem concerns Bessel’s differential equation of order k = 1:

2f1(2) + 2f(2) + (22— ) () = 0.

Mimic the method of Example 5.5 to find a power series solution. Your
answer should involve one free constant a;. If you set a; = % in your

solution, you should find the Bessel function of the first kind of order 1:

%)
> ZQTL

h(z) = 2 Z(_1)1122”71!(71 + 1)l

n=0

See Figure 5.13 for the graph of the real version of this function.

5.7. Fix a nonnegative integer k£ and consider Bessel’s differential equa-

tion of order k:

22+ 2f (2) + (22— kKD f(2) = 0.

Mimic the method of Example 5.5 to find a power series solution. Your
answer should involve one free constant ay. If you set a5 = 2'+k1 in your
solution, you should find the Bessel function of the first kind of order k:

2277,

k [e.e]
< n
Tulz) = 2720(_1) 22nnl(n + k)

See Figure 5.13 for the graphs of the real versions of some of these

functions.

5.8.  Fix a nonnegative integer £ > 0, and consider the differential
equation

2f"(2) + (1= 2)f'(2) + kf(z) = 0.
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FIGURE 5.13. Graphs of some real Bessel functions Ji(x)

Mimic the method of Example 5.5 to find the unique solution f(2)
with f(0) = 1. Explain why your answer is actually a polynomial of

degree k. It is called the kth Laguerre polynomial.
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