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Chapter One

Complex Numbers

1.1 Introduction. Let us hark back to the first grade when the only numbers you knew
were the ordinary everyday integers. You had no trouble solving problems in which you
were, for instance, asked to find a number x such that 3x = 6. You were quick to answer
”2”. Then, in the second grade, Miss Holt asked you to find a number x such that 3x = 8.
You were stumped—there was no such "number”! You perhaps explained to Miss Holt that
3(2) = 6 and 3(3) = 9, and since 8 is between 6 and 9, you would somehow need a number
between 2 and 3, but there isn’t any such number. Thus were you introduced to “fractions.”

These fractions, or rational numbers, were defined by Miss Holt to be ordered pairs of
integers—thus, for instance, (8,3) is a rational number. Two rational numbers (n,m) and
(p,q) were defined to be equal whenever ng = pm. (More precisely, in other words, a
rational number is an equivalence class of ordered pairs, etc.) Recall that the arithmetic of
these pairs was then introduced: the sum of (n,m) and (p,q) was defined by

(n,m) + (p,q) = (nq + pm,mq),

and the product by

(n,m)(p,q) = (np,mq).

Subtraction and division were defined, as usual, simply as the inverses of the two
operations.

In the second grade, you probably felt at first like you had thrown away the familiar
integers and were starting over. But no. You noticed that (n,1) + (p,1) = (n+p,1) and
also (n,1)(p,1) = (np,1). Thus the set of all rational numbers whose second coordinate is
one behave just like the integers. If we simply abbreviate the rational number (n, 1) by n,
there is absolutely no danger of confusion: 2 + 3 = 5 stands for (2,1) + (3,1) = (5,1). The
equation 3x = 8 that started this all may then be interpreted as shorthand for the equation
(3,1)(u,v) = (8,1), and one easily verifies that x = (u,v) = (8,3) is a solution. Now, if
someone runs at you in the night and hands you a note with 5 written on it, you do not
know whether this is simply the integer 5 or whether it is shorthand for the rational number
(5,1). What we see is that it really doesn’t matter. What we have “really” done is
expanded the collection of integers to the collection of rational numbers. In other words,
we can think of the set of all rational numbers as including the integers—they are simply the
rationals with second coordinate 1.

One last observation about rational numbers. It is, as everyone must know, traditional to
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write the ordered pair (n,m) as 5. Thus n stands simply for the rational number -, efc.

Now why have we spent this time on something everyone learned in the second grade?
Because this is almost a paradigm for what we do in constructing or defining the so-called
complex numbers. Watch.

Euclid showed us there is no rational solution to the equation x> = 2. We were thus led to
defining even more new numbers, the so-called real numbers, which, of course, include the
rationals. This is hard, and you likely did not see it done in elementary school, but we shall
assume you know all about it and move along to the equation x> = —1. Now we define
complex numbers. These are simply ordered pairs (x,y) of real numbers, just as the
rationals are ordered pairs of integers. Two complex numbers are equal only when there
are actually the same—that is (x,y) = (u,v) precisely when x = u and y = v. We define the
sum and product of two complex numbers:

() + (Ww,v) = (x+u,y+v)

and

(an’)(uaV) = (Xl/l —Yv,Xxv +J’”)
As always, subtraction and division are the inverses of these operations.

Now let’s consider the arithmetic of the complex numbers with second coordinate 0:
(x,0) + (u,0) = (x +u,0),

and
(x,0)(1,0) = (xu,0).

Note that what happens is completely analogous to what happens with rationals with
second coordinate 1. We simply use x as an abbreviation for (x,0) and there is no danger of
confusion: x+u is short-hand for (x,0) + (1,0) = (x + #,0) and xu is short-hand for
(x,0)(u,0). We see that our new complex numbers include a copy of the real numbers, just
as the rational numbers include a copy of the integers.

Next, notice that x(u,v) = (u,v)x = (x,0)(u,v) = (xu,xv). Now then, any complex number
z = (x,y) may be written
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- (xay) = (X,O) + (Ooy)
x+y(0,1)

N
|

When we let o = (0, 1), then we have

z=(x,y) =x+ay

Now, suppose z = (x,y) = x +ay and w = (4,v) = u+ av. Then we have

zw = (x+ay)(u+av)

xu + a(xv + yu) + a’yv

We need only see what a? is: a? = (0,1)(0,1) = (-1,0), and we have agreed that we can
safely abbreviate (—1,0) as —1. Thus, a?> = -1, and so

zw = (xu —yv) + a(xv + yu)

and we have reduced the fairly complicated definition of complex arithmetic simply to
ordinary real arithmetic together with the fact that a®> = —1.

Let’s take a look at division—the inverse of multiplication. Thus = stands for that complex
number you must multiply w by in order to get z. An example:

z _XxXx+ay _ x+ay u—av
w o u+av  u+av u-—av

_ Gu+tyv) +alu—xv)
u? +v?
xutyv o yu—Xxv
u? +v? u? +v?

Note this is just fine except when u? + v? = 0; that is, when u = v = 0. We may thus divide
by any complex number except 0 = (0,0).

One final note in all this. Almost everyone in the world except an electrical engineer uses
the letter i to denote the complex number we have called a. We shall accordingly use i
rather than a to stand for the number (0, 1).

Exercises
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1. Find the following complex numbers in the form x + iy:
a) (4-7i)(-2+3i) b) (1-1i)3
(542i) 1
b) (1+) )+

2. Find all complex z = (x,y) such that

242z4+41=0

3. Prove that if wz = 0, thenw = 0 orz = 0.

1.2. Geometry. We now have this collection of all ordered pairs of real numbers, and so
there is an uncontrollable urge to plot them on the usual coordinate axes. We see at once
then there is a one-to-one correspondence between the complex numbers and the points in
the plane. In the usual way, we can think of the sum of two complex numbers, the point in
the plane corresponding to z + w is the diagonal of the parallelogram having z and w as
sides:

z+w

We shall postpone until the next section the geometric interpretation of the product of two
complex numbers.

The modulus of a complex number z = x + iy is defined to be the nonnegative real number
Jx2 +y?, which is, of course, the length of the vector interpretation of z. This modulus is
traditionally denoted |z|, and is sometimes called the length of z. Note that
|(x,0)| = S = x|, and so || is an excellent choice of notation for the modulus.

The conjugate Z of a complex number z = x + iy is defined by Z = x — iy. Thus |z|* = zZ.
Geometrically, the conjugate of z is simply the reflection of z in the horizontal axis:
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Observe that if z = x + iy and w = u + iv, then

(z+w)=+u)—i(y+v)
x—1y)+ (u—iv)

=7Z +W.

In other words, the conjugate of the sum is the sum of the conjugates. It is also true that
zw = zw. If z = x + iy, then x is called the real part of z, and y is called the imaginary
part of z. These are usually denoted Rez and Imz, respectively. Observe then that
z+7Z =2Rezandz-7 = 2Imz.

Now, for any two complex numbers z and w consider

z+w]? =@C+w)z+w) = CZ+w)(Z+W)
=zZ +(WZ +Wz) +ww
= |z|* +2Re(wZ) + |w|?
< 2 + 2fzllw] + [wl? = (2] + w])?
In other words,
2+ W] < J2] + W]

the so-called triangle inequality. (This inequality is an obvious geometric fact—can you
guess why it is called the triangle inequality?)

Exercises

4. a)Prove that for any two complex numbers, Zw = Zw.
b)Prove that (£) = =.

w

c)Prove that ||z| — |w|| < |z —w|.

5. Prove that |zw| = |z||w| and that | & | = l‘i‘

Wl
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6. Sketch the set of points satisfying

a)lz—-2+3i| =2 b)z+2i| <1
c)Re(z +i) =4 d)z-14+2i| =z+3+i]
ez+1|+z—-1]=4 Diz+1|-z—-1| =4

1.3. Polar coordinates. Now let’s look at polar coordinates (r,6) of complex numbers.
Then we may write z = r(cosf +isinf). In complex analysis, we do not allow 7 to be
negative; thus 7 is simply the modulus of z. The number @ is called an argument of z, and
there are, of course, many different possibilities for 8. Thus a complex numbers has an
infinite number of arguments, any two of which differ by an integral multiple of 27. We
usually write 6 = argz. The principal argument of z is the unique argument that lies on
the interval (-, 7].

Example. For 1 — i, we have

1-i= \/E(cos(zT”

= ﬁ(cos(—
= ﬁ(cos( 3

+zsm(Tﬂ)
+zsm( )

) + zsm( 3997 ))
oz

etc., etc., etc. Each of the numbers Z-, —Z and 2% is an argument of 1 —i, but the
principal argument is —Z-.

)
)

NS ENE

N

Suppose z = r(cosf + isinf)) and w = s(cos& + isiné). Then
zw = r(cosO + isinf)s(cos& + isiné)
= rs[(cosfcos& — sinfsiné) + i(sinfcosé + siné cosh) ]
= rs(cos(0 + &) +isin(0 +¢))

We have the nice result that the product of two complex numbers is the complex number
whose modulus is the product of the moduli of the two factors and an argument is the sum
of arguments of the factors. A picture:

W
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We now define exp(if), or e by

e = cosO +isinf

We shall see later as the drama of the term unfolds that this very suggestive notation is an
excellent choice. Now, we have in polar form

z = re",
where r = |z| and 0 is any argument of z. Observe we have just shown that

ellpi — pi0+0)

It follows from this that e?e~® = 1. Thus

It is easy to see that

Z = Zi_z = L (cos(0 — &) + isin(0 - &))

Exercises

7. Write in polar form re®:

a)i b)1+i
c)—2 d) —-3i
e) V3 +3i
8. Write in rectangular form—no decimal approximations, no trig functions:
a) Deidn b) e!100m
c) 10eim/6 d) ﬁeisn/4

9. a) Find a polar form of (1 +i)(1 +iJ/3).
b) Use the result of a) to find cos( % ) and sin (% ).

10. Find the rectangular form of (—1 + i) '%.
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11. Find all z such that z3 = 1. (Again, rectangular form, no trig functions.)

12. Find all z such that z* = 16i. (Rectangular form, efc.)
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Chapter Two

Complex Functions

2.1. Functions of a real variable. A function y : [ - C from a set / of reals into the
complex numbers C is actually a familiar concept from elementary calculus. It is simply a
function from a subset of the reals into the plane, what we sometimes call a vector-valued
function. Assuming the function y is nice, it provides a vector, or parametric, description
of a curve. Thus, the set of all {y(¢) : y(r) = ¢ = cost+isint = (cost,sinf),0 < ¢ < 27}
is the circle of radius one, centered at the origin.

We also already know about the derivatives of such functions. If y(¢) = x(¢) + iy(¢), then
the derivative of y is simply y'(¢) = x'(¢) + iy'(¢), interpreted as a vector in the plane, it is
tangent to the curve described by y at the point y ().

Example. Let y(¢) = t+it?, —1 <t < 1. One easily sees that this function describes that
part of the curve y = x? betweenx = —1 and x = 1:

Another example. Suppose there is a body of mass M fixed” at the origin—perhaps the
sun—and there is a body of mass m which is free to move—perhaps a planet. Let the location
of this second body at time ¢ be given by the complex-valued function z(¢). We assume the
only force on this mass is the gravitational force of the fixed body. This force fis thus

_ GMm (__z()
4 ]z(t)]z( |z(t)|)

where G is the universal gravitational constant. Sir Isaac Newton tells us that

! _r_ GMm _Z(t)
mz () =1 |z(t)|2( |z(t)|)
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Hence,

= - z
2|
Next, let’s write this in polar form, z = re™:
d2 (,,eie) — _Leie
dr? r?

where we have written GM = k. Now, let’s see what we have.

dr ,io

A (0 — . d (,i0)
a7 = g€ oy

Now,

%(ei‘))) = %(cos@+isin9)
e do
= (—sin6 +icos@) 7
_ 'sing) 42
= i(cosO + isinf) 7
_ ;dO i
=ige

(Additional evidence that our notation e? = cos@ + isin@ is reasonable.)
Thus,

dr _io
di

= r(iﬁeié’) 4 dr o

d (0N — .. d (,i0)
dt(re) rdt(e )+

dt dt
= (% - ir%)e”’.

Now,
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; Lr o odr dO 0 .
d2( 9)_(d +d;dt+lrd2)9+

(4 -4l

(- (40)) 4 i(r2 drdeﬂ
[dﬂ ’"(dz))“’"dﬂ 2aar ) ¢

. 2 . .
Now, the equation - (re”) = —-/-¢" becomes

d*r ﬁz) .(de drd@) k.
(dt2 r(dt) T\ T a 2

This gives us the two equations

and,

d 0 dr db
dﬂ +2dt dt = 0.

Multiply by r and this second equation becomes

d (.2dO
dt ( dt ) 0.
This tells us that
o= 72 do

dt

is a constant. (This constant ¢ is called the angular momentum.) This result allows us to
get rid of % in the first of the two differential equations above:

d’r _ r(i)z _ _k
dr? 2 2

or,
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Although this now involves only the one unknown function 7, as it stands it is tough to
solve. Let’s change variables and think of r as a function of 6. Let’s also write things in
terms of the function s = . Then,

Hence,
dr _ a dr _ _,ds
dt 2 do do’
and so
dr _d(_,ds\_ 2d(_ ds
P2 dt( “de) as de( “de)
_ d?
= g

and our differential equation looks like

d*r 2.2 ds 2.3 2
ar _ 0 _ 25245 _ n2¢3 = _fs2,
dr? P do?
or,
d’s k
do? a?

This one is easy. From high school differential equations class, we remember that

s = % =Acos(9+(p)+a—k2,

where 4 and ¢ are constants which depend on the initial conditions. At long last,

a’lk
1 +ecos(0+¢)’

where we have set € = Aa?/k. The graph of this equation is, of course, a conic section of
eccentricity €.

Exercises
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1. a)What curve is described by the function y(¢) = 3t+4) +i(t—6), 0 <t < 17?
b)Suppose z and w are complex numbers. What is the curve described by
y@) =0 -tw+1z,0<¢t<17?

2. Find a function y that describes that part of the curve y = 4x3 + 1 between x = 0 and
x = 10.

3. Find a function y that describes the circle of radius 2 centered atz = 3 — 2i .

4. Note that in the discussion of the motion of a body in a central gravitational force field,
it was assumed that the angular momentum « is nonzero. Explain what happens in case
a=0.

2.2 Functions of a complex variable. The real excitement begins when we consider
function f: D — C in which the domain D is a subset of the complex numbers. In some
sense, these too are familiar to us from elementary calculus—they are simply functions
from a subset of the plane into the plane:

f2) = fx,y) = ulx,y) +iv(x,y) = (u(x,y),v(x,y))

Thus flz) = z*> looks like fz) =z?> = (x+iy)? =x*>—»>+2xpi. In other words,
u(x,y) = x> —y? and v(x,y) = 2xy. The complex perspective, as we shall see, generally
provides richer and more profitable insights into these functions.

The definition of the limit of a function f at a point z = z is essentially the same as that
which we learned in elementary calculus:

lim f(z) = L

z-20

means that given an € > 0, there is a 0 so that [f{z) — L| < € whenever 0 < |z —zg| < §. As
you could guess, we say that f/'is continuous at z, if it is true that lim f{z) = f(zo). If f'is
z-zZ(

continuous at each point of its domain, we say simply that f'is continuous.

Suppose both lim f{z) and lim g(z) exist. Then the following properties are easy to
z-2Z()

z-2Z()
establish:
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lim [f(z) £ g(z)] =lim f{z) £lim g(z)
z-z( z-z z-2

lim f(z)g(z) =lim f(z) lim g(z)

and,
I
fim 2. _ 227
z-z( g(Z) llm g(Z)

provided, of course, that lim g(z) # 0.

z-z0

It now follows at once from these properties that the sum, difference, product, and quotient
of two functions continuous at zo are also continuous at zo. (We must, as usual, except the
dreaded 0 in the denominator.)

It should not be too difficult to convince yourself that if z = (x,y), zo = (x0,)0), and
fz) = ulx,y) +iv(x,y), then

lim f(z) = lim u(x,y)+i lim v(x,y)
=20 (x»)~>(x0.0) (e)~(x0.v0)

Thus f'is continuous at zo = (x,)0) precisely when « and v are.

Our next step is the definition of the derivative of a complex function f. It is the obvious
thing. Suppose f'is a function and zy is an interior point of the domain of /. The derivative

7(z0) of fis
7(z0) =lim L& =fz0)

2520 z—Z0

Example

Suppose f{z) = z% . Then, letting Az = z — z(, we have
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1)~ flen) i fon+82) = fla)

lirzr; Zm20 A0
2 _ 2
~ ljm 20+ 00— %
Az—0
2
— lim 2Z()AZA+Z(AZ)
Az-0
=lim (2z9 + Az)
Az—0
= 220

No surprise here-the function f{z) = z? has a derivative at every z, and it’s simply 2z.

Another Example

Let f{z) = zz. Then,

lim fzo + Az) — f(z0) —lim (zo+Az)(zo + Az) —z0Z
Az-0 Az Az-0 Az
Z()A_Z + Z oAz + AzAz

=lim
Az—0 Az

=lim (70 + Az +ZO&)
Az—~0 Az

Suppose this limit exists, and choose Az = (Ax,0). Then,

lim (70+A_Z+Z()&) =lim 70+AX+Z()&
Azl Az Aro0 ( Ax)
=7Zo9+ 20

Now, choose Az = (0,Ay). Then,

. —_ A . . A
lim (7 +Az+z M) = lim (7 —iAy—z Q)
Az0 ’ “Az Ay-0 0 4 OlAy

= Z0— 20
Thus, we must have Z¢ +z9o = Zo — zo, or zo = 0. In other words, there is no chance of

this limit’s existing, except possibly at zo = 0. So, this function does not have a derivative
at most places.

Now, take another look at the first of these two examples. It looks exactly like what you
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did in Mrs. Turner’s 3" grade calculus class for plain old real-valued functions. Meditate
on this and you will be convinced that all the usual” results for real-valued functions also
hold for these new complex functions: the derivative of a constant is zero, the derivative of
the sum of two functions is the sum of the derivatives, the ”product” and “quotient” rules
for derivatives are valid, the chain rule for the composition of functions holds, etc., etc. For
proofs, you need only go back to your elementary calculus book and change x’s to z’s.

A bit of jargon is in order. If fhas a derivative at zo, we say that f'is differentiable at z,. If
fis differentiable at every point of a neighborhood of z(, we say that f'is analytic at zo. (A
set S is a neighborhood of z if there is a disk D = {z : |z—z¢| < r,r > 0} so that D < §.
) If fis analytic at every point of some set S, we say that f'is analytic on S. A function that
is analytic on the set of all complex numbers is said to be an entire function.

Exercises

5. Suppose f(z) = 3xy+i(x—y?). Find lim f(z), or explain carefully why it does not
z-3+2i
exist.

6. Prove that if fhas a derivative at z, then f'is continuous at z.
7. Find all points at which the valued function f'defined by f{z) = Z has a derivative.
8. Find all points at which the valued function f defined by

fz) = Q+i)z® —iz? +4z— (1 + 7i)

has a derivative.

9. Is the function f'given by

differentiable at z = 0? Explain.

2.3. Derivatives. Suppose the function f given by f(z) = u(x,y) + iv(x,y) has a derivative
atz = zo = (x0,70). We know this means there is a number f'(z) so that

f'(z0) =iizir(1) [z +AAZ;_ﬂZ°) .
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Choose Az = (Ax,0) = Ax. Then,

f(z0) =lim LEor28) = flzo)

Az-0

i X0+ Ax, yo) + iv(xo + Ax, yo) = ulx0,y0) = iv(xo,0)
Ax-0 Ax

= lim |: u(xo + Ax,yo) = u(xo,y0)  ; v(xo +Ax,y0) = v(xo,¥0) :|
Ar0 Ax Ax

au (Xo,yo) +l (Xo,yo)

Next, choose Az = (0,Ay) = iAy. Then,

f(z0) = lim {20+ 22) = flzo)

Az-0

= lim u(xo,y0 + Ay) + iv(xo,y0 + Ay) — u(x0,0) — iv(x0,0)
Ay=0 iAy

= lim [ v(xo,y0 + AV) — v(x0,y0) _; ux0,p0 + Ay) — (¥, y0) J
Ay-0 Ay Ay

av (xo,yo) - l (xo,yo)
We have two different expressions for the derivative f'(z¢), and so

6u (xo,yo) +l (xo,yo) 8; (x0,0) — ig—z (x0,0)

or,

Ou _ Ov
o (x0,¥0) oy (x0,¥0),

g—z(xo,yo) = —%(xo,yo)

These equations are called the Cauchy-Riemann Equations.

We have shown that if f has a derivative at a point zo,then its real and imaginary parts
satisfy these equations. Even more exciting is the fact that if the real and imaginary parts of
[ satisty these equations and if in addition, they have continuous first partial derivatives,
then the function f has a derivative. Specifically, suppose u(x,y) and v(x,)) have partial
derivatives in a neighborhood of zo = (x¢,10), suppose these derivatives are continuous at

z¢, and suppose
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%(m,yo) = g—;(xo,yo),

g—;(m,yo) = —%(XO,J/O)-

We shall see that fis differentiable at zo.

ﬂZo + AZ) —f(Zo)
Az

_ [u(xo + Ax,yo + Ay) — u(x0,y0) ] + i[v(xo + Ax, yo + Ay) — v(x0,50)]
Ax + iAy

Observe that

u(xo + Ax,yo + Ay) —u(xo,y0) = [u(xo + Ax,yo + Ay) — u(xo,y0 + Ay)] +
[t(x0,y0 + Ay) — u(x0,y0)].

Thus,
u(xo + Ax,yo + Ay) = uro,yo + &y) = ArGL(Eyo + Ay),
and,
QU (&, y0+ Ay) = QL (xo, ) + &1
ox 7’ ox ’
where,
lim g; = 0.
Az->0
Thus,

u(xo + Ax,yo + Ay) —u(xo,yo0 + Ay) = Ax[g—;t(xo,yo) + € :|

Proceeding similarly, we get
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f(Zo + AZ) —f(Z())
Az
[u(xo + Ax,yo + Ay) — u(xo0,v0)] + i[v(xo + Ax,yo + Ay) — v(x0,0)]
Ax + iAy

Ax[ QU (x0,0) + €1 +l = (x0,Y0) + 182] + AyI: QU (x0,0) + €3 +l (xo,yo) + 184:|
Ax + iAy .

where €; - 0 as Az - 0. Now, unleash the Cauchy-Riemann equations on this quotient and
obtain,

f(Z() + AZ) —f(Z())
Az

A g rig v [ S i ] s

Ax + iAy Ax + iAy
_| ou ov stuff
_|:8x+18 :|+Ax+lAy

Here,

stuff = Ax(e; + ig2) + Ay(es + iga).

It’s easy to show that

lim stuff =0,
a0 AZ
and so,
lim fzo + AZ) f(ZO) 8\2
Azo0 ax Yox

In particular we have, as promised, shown that f'is differentiable at zo.

Example

Let’s find all points at which the function f given by f{z) = x3 + i(1 — y)? is differentiable.
Here we have u = x* and v = (1 —y)3. The Cauchy-Riemann equations thus look like

3x? = 3(1 —y)?, and
0=0.
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The partial derivatives of u and v are nice and continuous everywhere, so f will be
differentiable everywhere the C-R equations are satisfied. That is, everywhere

x? = (1 —y)?; that is, where
x=1-yorx =-1+y.

This is simply the set of all points on the cross formed by the two straight lines

3 -2 -1 0 1 2 3
-1

Exercises
10. At what points is the function f'given by f(z) = x3 + i(1 — y)* analytic? Explain.

11. Do the real and imaginary parts of the function f in Exercise 9 satisfy the
Cauchy-Riemann equations at z = 0? What do you make of your answer?

12. Find all points at which f{z) = 2y — ix is differentiable.

13. Suppose f'is analytic on a connected open set D, and f'(z) = 0 for all zeD. Prove that /
is constant.

14. Find all points at which

X 4
= —i
A2) X242 X242

is differentiable. At what points is f'analytic? Explain.

15. Suppose f'is analytic on the set D, and suppose Ref'is constant on D. Is f necessarily
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constant on D? Explain.

16. Suppose fis analytic on the set D, and suppose |f(z)| is constant on D. Is f necessarily
constant on D? Explain.
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Chapter Three

Elementary Functions

3.1. Introduction. Complex functions are, of course, quite easy to come by—they are
simply ordered pairs of real-valued functions of two variables. We have, however, already
seen enough to realize that it is those complex functions that are differentiable that are the
most interesting. It was important in our invention of the complex numbers that these new
numbers in some sense included the old real numbers—in other words, we extended the
reals. We shall find it most useful and profitable to do a similar thing with many of the
familiar real functions. That is, we seek complex functions such that when restricted to the
reals are familiar real functions. As we have seen, the extension of polynomials and
rational functions to complex functions is easy; we simply change x’s to z’s. Thus, for
instance, the function f'defined by

_Z24z+1
fla) = z+1

has a derivative at each point of its domain, and for z = x + 0i, becomes a familiar real
rational function

_xr+x+1
fo) = x+1 -

What happens with the trigonometric functions, exponentials, logarithms, efc., is not so
obvious. Let us begin.

3.2. The exponential function. Let the so-called exponential function exp be defined by
exp(z) = e*(cosy + isiny),

where, as usual, z = x + iy. From the Cauchy-Riemann equations, we see at once that this
function has a derivative every where—it is an entire function. Moreover,

% exp(z) = exp(2).

Note next that if z = x + iy and w = u + iv, then
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exp(z +w) = e*™[cos(y + v) +isin(y + v)]

e*e’[cosycosv — sinysinv + i(sinycosv + cosysinv)]
= e*e’(cosy + isiny)(cosv + isinv)

exp(z) exp(w).

We thus use the quite reasonable notation e¢* = exp(z) and observe that we have extended
the real exponential e* to the complex numbers.

Example

Recall from elementary circuit analysis that the relation between the voltage drop /" and the
current flow 7 through a resistor is V' = RI, where R is the resistance. For an inductor, the
relation is V = L%, where L is the inductance; and for a capacitor, C% = [, where C is

the capacitance. (The variable ¢ is, of course, time.) Note that if V' is sinusoidal with a
frequency w,then so also is /. Suppose then that V' = 4 sin(wf + ¢). We can write this as
V = Im(de?e®") = Im(Be™"), where B is complex. We know the current / will have this
same form: I = Im(Ce’"). The relations between the voltage and the current are linear, and
so we can consider complex voltages and currents and use the fact that
e’ = coswt + isinwt. We thus assume a more or less fictional complex voltage V', the
imaginary part of which is the actual voltage, and then the actual current will be the
imaginary part of the resulting complex current.

What makes this a good idea is the fact that differentiation with respect to time ¢ becomes
simply multiplication by io: <4 Ae' = iwAe™'. If I = be', the above relations between
current and voltage become V = iwLl for an inductor, and iwVC =1, or V = ﬁ for a

capacitor. Calculus is thereby turned into algebra. To illustrate, suppose we have a simple
RLC circuit with a voltage source V = asinwt. We let E = ae™" .

E L
( y—a20000—
h_—
—
|
o
R ¢ =0

Then the fact that the voltage drop around a closed circuit must be zero (one of Kirchoff’s
celebrated laws) looks like
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ioLl + —L— + RI = ae'™ or

ioC
. b _
ioLb + el +Rb=a
Thus,
R + 1<a)L - )
In polar form,
b = a e

JR? + (oL - 2=)*
where

oL — ==
tanp = ———. (R +0)

Hence,

I = Im(be") = Im ei(©+9)
Je (o oy

sin(wt + @)

a

B JR2+ (oL - L)’

This result is well-known to all, but I hope you are convinced that this algebraic approach
afforded us by the use of complex numbers is far easier than solving the differential
equation. You should note that this method yields the steady state solution—the transient
solution is not necessarily sinusoidal.

Exercises
1. Show that exp(z + 27i) = exp(2).

2. Show that —2 ((z)) = exp(z — w).

3. Show that |exp(z)| = e*, and arg(exp(z)) = y + 2kn for any arg(exp(z)) and some
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integer k.

4. Find all z such that exp(z) = —1, or explain why there are none.

5. Find all z such that exp(z) = 1 + i, or explain why there are none.

6. For what complex numbers w does the equation exp(z) = w have solutions? Explain.

7. Find the indicated mesh currents in the network:

E L L
i
O—00000—T—000000——
— —
i LI R T

3.3 Trigonometric functions. Define the functions cosine and sine as follows:

iz —iz
cosz = £ L€ Ee ,
. iz _ ,-iz
sinz = &
2i

where we are using e” = exp(z).

First, let’s verify that these are honest-to-goodness extensions of the familiar real functions,
cosine and sine—otherwise we have chosen very bad names for these complex functions.
So, suppose z = x + 0i = x. Then,

e™ = cosx + isinx, and

e ™ = cosx — isinx.

Thus,
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x —ix
cosx = £+t€

. ix _ ,—ix
sinx = %’
2i

and everything is just fine.

Next, observe that the sine and cosine functions are entire—they are simply linear
combinations of the entire functions ¢ and e™“. Moreover, we see that

A ginz = cosz, and d _ —sinz,
dz dz

just as we would hope.

It may not have been clear to you back in elementary calculus what the so-called
hyperbolic sine and cosine functions had to do with the ordinary sine and cosine functions.
Now perhaps it will be evident. Recall that for real ¢,

) t ot t —t
sinht = %, and cosh? = %.

Thus,
sin(it) = e!® El,e_i(”) Y _26_[ = isinht.
Similarly,
cos(it) = cosht.
How nice!

Most of the identities you learned in the 3"/ grade for the real sine and cosine functions are
also valid in the general complex case. Let’s look at some.

sin’z + cos’z = L[~(e” — )2 + (¢F +¢7)?]
— %[_821'2 + 2eize—iz _ e—2iz + eZiz + zeize—iz + e—2iz]
_ 1 _
= 12+ =1
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It is also relative straight-forward and easy to show that:

sin(z £ w) = sinzcosw % coszsinw, and

cos(z £ w) = coszcosw F sinzsinw

Other familiar ones follow from these in the usual elementary school trigonometry fashion.

Let’s find the real and imaginary parts of these functions:

sinz = sin(x + iy) = sinxcos(iy) + cosxsin(iy)

= sinxcoshy + icosxsinhy.

In the same way, we get cosz = cosxcoshy — isinxsinhy.

Exercises

8. Show that for all z,
a)sin(z + 2x) = sinz; b)cos(z + 27) = cosz; c)sin(z + %) = CoSz.

9. Show that |sinz|* = sin’x + sinh?y and |cosz|* = cos?x + sinh?y.
10. Find all z such that sinz = 0.

11. Find all z such that cosz = 2, or explain why there are none.

3.4. Logarithms and complex exponents. In the case of real functions, the logarithm
function was simply the inverse of the exponential function. Life is more complicated in
the complex case—as we have seen, the complex exponential function is not invertible.
There are many solutions to the equation e = w.

If z # 0, we define logz by
logz = In|z| + iargz.

There are thus many logz’s; one for each argument of z. The difference between any two of
these is thus an integral multiple of 2. First, for any value of logz we have
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elogz — eln\zHiargz _ eln|z\eiargz = z.

This is familiar. But next there is a slight complication:

log(e®) = Ine* +iarge” = x + (y + 2kr)i

z + 2kri,
where £ is an integer. We also have

log(zw) = In(|z||w]) + iarg(zw)
= In|z| + iargz + In|w| + iargw + 2kmni

= logz + logw + 2kni

for some integer k.

There is defined a function, called the principal logarithm, or principal branch of the
logarithm, function, given by

Log z = In|z| + iArg z,

where Arg z is the principal argument of z. Observe that for any logz, it is true that
logz =Log z+ 2kni for some integer & which depends on z. This new function is an
extension of the real logarithm function:

Log x = Inx + iArg x = Inx.

This function is analytic at a lot of places. First, note that it is not defined at z = 0, and is
not continuous anywhere on the negative real axis (z = x + 0i, where x < 0.). So, let’s
suppose zo = xo + iy, where z¢ 1s not zero or on the negative real axis, and see about a
derivative of Log z :

m Logz—Logzo lim Logz—Logzo

Z—2Zo z-20 eLogz _ eLog zo

z-2

Now if we let w =Log z and wo =Log zo, and notice that w - wq as z —» z¢, this becomes
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. Logz—Logzo . W — Wo
lim z—Z = lim W wo
Z-Z( 0 W-wq e —e

-1 _ 1
eWO Z()

Thus, Log is differentiable at z , and its derivative is %

We are now ready to give meaning to z¢, where c is a complex number. We do the obvious
and define

7€ = eclogz.

There are many values of logz, and so there can be many values of z¢. As one might guess,
e°lo¢ is called the principal value of z¢.

Note that we are faced with two different definitions of z¢ in case c is an integer. Let’s see
if we have anything to unlearn. Suppose c is simply an integer, ¢ = n. Then

7 = phlogz — ek(Logz+2kni)

— enLogzeanﬂi = pnlogz

There is thus just one value of z”, and it is exactly what it should be: e"108% = |z|"einaez It
is easy to verify that in case c is a rational number, z¢ is also exactly what it should be.

Far more serious is the fact that we are faced with conflicting definitions of z¢ in case
z = e. In the above discussion, we have assumed that e* stands for exp(z). Now we have a
definition for e* that implies that e* can have many values. For instance, if someone runs at
you in the night and hands you a note with e!/> written on it, how to you know whether this
means exp(1/2) or the two values Je and — /e ? Strictly speaking, you do not know. This
ambiguity could be avoided, of course, by always using the notation exp(z) for e*e?, but
almost everybody in the world uses e* with the understanding that this is exp(z), or
equivalently, the principal value of e*. This will be our practice.

Exercises

12. Is the collection of all values of log(i'/?) the same as the collection of all values of
+ logi ? Explain.

13. Is the collection of all values of log(i?) the same as the collection of all values of
2logi ? Explain.
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14. Find all values of log(z'?). (in rectangular form)
15. At what points is the function given by Log (z2 + 1) analytic? Explain.

16. Find the principal value of
a)i. b) (1 —9)*

17. a)Find all values of |i'|.
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Chapter Four

Integration

4.1. Introduction. If y : D —» C is simply a function on a real interval D = [a, ] , then the
B

integral jy(t)dt is, of course, simply an ordered pair of everyday 3¢ grade calculus

integrals:
B B B
[r@de = [xydr +i [ yoyr,

where y(¢) = x(¢) + iy(¢). Thus, for example,

1
2 B = 4 L L
.([[(t +1)+ir]dt = 3Tt

Nothing really new here. The excitement begins when we consider the idea of an integral
of an honest-to-goodness complex function f : D - C, where D is a subset of the complex
plane. Let’s define the integral of such things; it is pretty much a straight-forward extension
to two dimensions of what we did in one dimension back in Mrs. Turner’s class.

Suppose f'is a complex-valued function on a subset of the complex plane and suppose a
and b are complex numbers in the domain of f. In one dimension, there is just one way to
get from one number to the other; here we must also specify a path from a to b. Let C be a
path from a to b, and we must also require that C be a subset of the domain of /.

b

ﬂ/\/
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(Note we do not even require that a # b; but in case a = b, we must specify an orientation
for the closed path C.) Next, let P be a partition of the curve; that is, P = {z0,z1,22,...,2Zn}
is a finite subset of C, such that a = zo, b = z,, and such that z; comes immediately after
z;-1 as we travel along C from a to b.

A Riemann sum associated with the partition P is just what it is in the real case:

S(P) = D fz))Az;,

J=1

where z; is a point on the arc between z;-1 and z; , and Az; = z; — z;-1. (Note that for a
given partition P, there are many S(P)—depending on how the points z; are chosen.) If
there is a number L so that given any € > 0, there is a partition P, of C such that

IS(P)—L| < ¢

whenever P D Pg, then f is said to be integrable on C and the number L is called the
integral of fon C. This number L is usually written I fz2)dz.
c

Some properties of integrals are more or less evident from looking at Riemann sums:

j f2)dz = ¢ j A2)dz
C C

for any complex constant c.
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[(f2) + @)z = [ f2)dz + [ g(2)az
c c c

4.2 Evaluating integrals. Now, how on Earth do we ever find such an integral? Let
y : [a, ] = C be a complex description of the curve C. We partition C by partitioning the
interval [a,f] in the usual way: a=ty<t; <ty<..<t,=pf.  Then
{a = y(a),y(t1),y(t2),...,y(B) = b} is partition of C. (Recall we assume that y'(¢) + 0
for a complex description of a curve C.) A corresponding Riemann sum looks like

S(P) = D My N @) — y(t1).
j=1

We have chosen the points z7 = y(¢), where ;1 < ¢ < ;. Next, multiply each term in the
sum by 1 in disguise:

Sy = S pry =Ly,

Jj=1

I hope it is now reasonably convincing that in the limit”, we have
B
[ o)z = [ fyepy .
C a
(We are, of course, assuming that the derivative y' exists.)

Example

We shall find the integral of f{z) = (x*> +y) +i(xy) from a = 0 to b = 1 +i along three
different paths, or contours, as some call them.

First, let C; be the part of the parabola y = x?

description of Cyis y1(f) = t+it?2, 0 <t < 1:

connecting the two points. A complex
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0 0.2 0.4 X 0.6 0.8 1

Now, v1() = 1+2ti,and f{ y1(£)) = (> +?) +itr> = 2> +it’. Hence,

1

[ oyt = [y @ar

Cy 0
1-

= | Q2t2 + i) (1 + 2ti)dt

0

1

= .(2t2 =214+ 5630)dt
0

_ 4 5.
15 T 4!

Next, let’s integrate along the straight line segment C; joining 0 and 1 + i.

1
0.8
0.6]
0.4

0.2]

0 0.2 04 06 08 1

Here we have y,(¢) = t+it,0 < ¢t < 1. Thus, y5(¢) = 1 +1i, and our integral looks like
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1

[ oz = [Rr20)rswyar
G

= |[(£? + 1) +ir*](1 +i)dt

1

= | [t+i(t+2¢%)]dt

o ¢

1.7
27 %!

Finally, let’s integrate along C3, the path consisting of the line segment from 0 to 1
together with the segment from 1 to 1 + .

1
0.8
0.6]
0.4

0.2

0 0.2 04 0.6 0.8

We shall do this in two parts: Cs3, the line from 0 to 1 ; and Cs,, the line from 1 to 1 + .
Then we have

J fz2)dz = I fz2)dz + J. fz2)dz.
C;

Cs Cx

For C3; we have y(¢) = ¢,0 <t < 1. Hence,

1
If(z)dz = Idt = %

Cs 0

For C3; we have y(¢) = 1 +it,0 <t < 1. Hence,

1
. O - __L i
jﬂ@&—jﬂ+mwmm— L3
Csy 0
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Thus,

jf(z)dz = j‘j’(z)dz+ Iﬂz)dz
C3 C31 (&3]
5

= =I.

6

Suppose there is a number M so that |[f{(z)| < M for all zeC. Then

I fz2)dz
c

B
[ 1@y 0a

B
Wy @)y (D)]dt

a

IA

B
< M [Jy'(t)|dt = ML,

a

B
where L = [|y'(¢)|dt is the length of C.

Exercises

1. Evaluate the integral I?dz, where C is the parabola y = x2 from 0 to 1 + i.
c

2. Evaluate J.%dz, where C 1is the circle of radius 2 centered at 0 oriented
c
counterclockwise.

4. Evaluate _[ fz)dz, where Cis the curve y = x3 from -1 —ito 1 +i,and
C

1 for y<O
flz) = .
4y for y>0

5. Let C be the part of the circle y(¢) = e" in the first quadrant from a = 1 to b = i. Find as
small an upper bound as you can for”c(z2 -Zz4+5)dz | .
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6. Evaluate _[ fz)dz where f(z) =z+2Z and C is the path from z=0 to z=1+2{
c

consisting of the line segment from 0 to 1 together with the segment from 1 to 1 + 2i.

4.3 Antiderivatives. Suppose D is a subset of the reals and y : D — C is differentiable at 7.
Suppose further that g is differentiable at y(#). Then let’s see about the derivative of the
composition g(y(#)). Itis, in fact, exactly what one would guess. First,

gy () = ulx(®),y(®) +iv(x(2),y(?)),
where g(z) = u(x,y) + iv(x,y) and y(¢) = x(¢) + iy(¢). Then,

d _ Oudx , Oudy -(@@ @ﬂ)
arf0 D) = o ar ey ar T axar Vo dr )

The places at which the functions on the right-hand side of the equation are evaluated are
obvious. Now, apply the Cauchy-Riemann equations:

d _ _
a8 ) = e T e ar T\ e T ox ar
_(ou ,;ov ([ dx -ﬂ)
(8x “ax)(dr 7

=g'(r@®)y' (.

S qude_pedr(Ovde, qudh)

The nicest result in the world!

Now, back to integrals. Let F : D - C and suppose F'(z) = f(z) in D. Suppose moreover
that a and b are in D and that C < D is a contour from a to 5. Then

B
[100dz = [ fr @y a,
C o

where 7 : [a, ] » C describes C. From our introductory discussion, we know that
LFGy©0) = F @)y () =fr@®)y' (). Hence,
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B
[ 100z = [ fr@yy' e
c o

B
= [ LFy@)dr = FG(B) - F(y(@)
= F(b) - F(a).

This is very pleasing. Note that integral depends only on the points a and b and not at all
on the path C. We say the integral is path independent. Observe that this is equivalent to
saying that the integral of f around any closed path is 0. We have thus shown that if in D

the integrand fis the derivative of a function F, then any integral _[ fz)dz for C < D is path
c

independent.
Example

Let C be the curve y = x% from the point z = 1 + i to the pointz = 3 + é Let’s find

jzzdz.
C

This is easy—we know that F'(z) = z* , where F(z) = +z°. Thus,

260 _ 728
27 2187

Now, instead of assuming f has an antiderivative, let us suppose that the integral of f
between any two points in the domain is independent of path and that f is continuous.
Assume also that every point in the domain D is an interior point of D and that D is
connected. We shall see that in this case, f has an antiderivative. To do so, let z¢p be any
point in D, and define the function F by

Fz) = [ flo)de,
C;

where C; is any path in D from zo to z. Here is important that the integral is path
independent, otherwise F(z) would not be well-defined. Note also we need the assumption
that D is connected in order to be sure there always is at least one such path.
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Now, for the computation of the derivative of F:

Fz+Az) - F(z) = j As)ds,

La-

where L. is the line segment from z to z + Az.

F+AZ

Zpg

Next, observe that I ds = Az. Thus, f(z) = i I f(z)ds, and we have
La-

L,

F(z+ AAz; —F@) _ oy - . I (f(s) —A(z) )ds.

La:

Now then,

< | & [1Az| max {fs) — f(z)] : seLxc}

L [ (fts) - fiz))ds
La:
< max{|f(s) —f(z)| : s€eLa:}.

We know f'is continuous at z, and so lim max<{|f(s) — f(z)| : seLa-} = 0. Hence,
Az—0

lim
Az—0

F(Z+AA22—F(Z) —fz) =lim (t J.(f(s) f(z))dS)

Az—0 L

= 0.
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In other words, F'(z) = f(z), and so, just as promised, f/ has an antiderivative! Let’s
summarize what we have shown in this section:

Suppose f : D - C is continuous, where D is connected and every point of D is an interior
point. Then f'has an antiderivative if and only if the integral between any two points of D is
path independent.

Exercises

7. Suppose C is any curve from 0 to 7 + 2i. Evaluate the integral

[ cos(£ )az.

C

(SN

8.a)Let F(z) = logz, 0 < argz < 27. Show that the derivative F'(z) = L.
b)Let G(z) = logz, —% < argz < Z-. Show that the derivative G'(z) = +.

c)Let C; be a curve in the right-half plane D = {z : Rez > 0} from —i to i that does not
pass through the origin. Find the integral

d)Let C, be a curve in the left-half plane D, = {z : Rez < 0} from —i to i that does not
pass through the origin. Find the integral.

9. Let C be the circle of radius 1 centered at 0 with the clockwise orientation. Find
1
J. 70’2
c

10. a)Let H(z) = z¢,—r < argz < n. Find the derivative H'(z).
b)Let K(z) = z¢,—4 < argz < %’. What is the largest subset of the plane on which
H(z) = K(2)?
c)Let C be any path from —1 to 1 that lies completely in the upper half-plane. (Upper
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half-plane = {z : Imz > 0}.) Find

j F(z)dz,
C

where F(z) = z/,-n < argz < .

11. Suppose P is a polynomial and C is a closed curve. Explain how you know that
jP(z)dz =0.
c
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Chapter Five

Cauchy’s Theorem

5.1. Homotopy. Suppose D is a connected subset of the plane such that every point of D is
an interior point—we call such a set a region—and let C; and C, be oriented closed curves
in D. We say C, is homotopic to C, in D if there is a continuous function H : S - D,
where S is the square S = {(t,s) : 0 <s,¢ < 1}, such that H(¢,0) describes C; and H(z,1)
describes C,, and for each fixed s, the function H(z,s) describes a closed curve Cy in D.
The function H is called a homotopy between C; and C,. Note that if C; is homotopic to
C, in D, then C, is homotopic to C; in D. Just observe that the function
K(t,s) = H(t,1 —s) is a homotopy.

It is convenient to consider a point to be a closed curve. The point ¢ is a described by a
constant function y(¢#) = ¢. We thus speak of a closed curve C being homotopic to a
constant—we sometimes say C is contractible to a point.

Emotionally, the fact that two closed curves are homotopic in D means that one can be
continuously deformed into the other in D.

Hi 13

Hie o)

Example

Let D be the annular region D = {z : 1 < |z| < 5}. Suppose C; is the circle described by
y1(f) = 2e™, 0 <t < 1; and C, is the circle described by y,(f) = 4e>™, 0 < ¢t < 1. Then
H(t,s) = (2 + 2s)e™ is a homotopy in D between C; and C,. Suppose C; is the same
circle as C, but with the opposite orientation; that is, a description is given by
y3(f) = 47?7, 0 < t < 1. A homotopy between C; and Cj is not too easy to construct—in
fact, it is not possible! The moral: orientation counts. From now on, the term “closed
curve” will mean an oriented closed curve.
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Another Example

Let D be the set obtained by removing the point z = 0 from the plane. Take a look at the
picture. Meditate on it and convince yourself that C and K are homotopic in D, but I" and A
are homotopic in D, while K and I are not homotopic in D.

f\m®
AN,

Exercises

1. Suppose C; is homotopic to C, in D, and C, is homotopic to Cs in D. Prove that C; is
homotopic to Cz in D.

2. Explain how you know that any two closed curves in the plane C are homotopic in C.

3. A region D is said to be simply connected if every closed curve in D is contractible to a
point in D. Prove that any two closed curves in a simply connected region are homotopic in
D.

5.2 Cauchy’s Theorem. Suppose C; and C, are closed curves in a region D that are
homotopic in D, and suppose f is a function analytic on D. Let H(¢,s) be a homotopy
between C; and C,. For each s, the function y,(¢) describes a closed curve Cy in D. Let
I(s) be given by

I(s) = j A2)dz.
Cs

Then,

5.2



Is) = j S, s)) 2D gy

Now let’s look at the derivative of I(s). We assume everything is nice enough to allow us
to differentiate under the integral:

1
d OH(t,s)
%DﬂH{t’s))Tdt]

aH(; ,S) aH(t s) + RH(L5)) 02 gl(atts) :| ;

I'(s)

1
- [[raesy
0

1

- 'o[f(H(t )

aH(; ) aH(t s) + H(1.5)) 02 ggt ) Jdr

) .1 [f(H(t 5)) 2H5) aH(t s) J dt

0

aH(l 5) aH(o 5

= fIH(1,s5)) ——=2+ - fIH(0,s)) — >+
But we know each H(t,s) descnbes a closed curve, and so H(O,s) = H(1,s) for all s. Thus,

aH(l 5) aH(o s)

I'(s) = fIH(1,5)) == = flH(0,5)) — > = 0,

which means /() is constant! In particular, /(0) = /(1), or

j Az)dz = j Az)d=.
C Cy

This is a big deal. We have shown that if C; and C; are closed curves in a region D that are
homotopic in D, and fis analytic on D, then f fAz2)dz = f fz2)dz.
C )

An easy corollary of this result is the celebrated Cauchy’s Theorem, which says that if f'is
analytic on a simply connected region D, then for any closed curve Cin D,
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[ )z = 0.
C

In court testimony, one is admonished to tell the truth, the whole truth, and nothing but the
truth. Well, so far in this chapter, we have told the truth and nothing but the truth, but we
have not quite told the whole truth. We assumed all sorts of continuous derivatives in the
preceding discussion. These are not always necessary—specifically, the results can be
proved true without all our smoothness assumptions—think about approximation.

Example

Look at the picture below and convince your self that the path C is homotopic to the closed
path consisting of the two curves C; and C, together with the line L. We traverse the line
twice, once from C; to C;, and once from C; to C;.

Observe then that an integral over this closed path is simply the sum of the integrals over
C; and C,, since the two integrals along L , being in opposite directions, would sum to
zero. Thus, if fis analytic in the region bounded by these curves (the region with two holes
in it), then we know that

j A2)dz = j A2)dz + j A2)de.

C C] C2

Exercises
4. Prove Cauchy’s Theorem.

5. Let S be the square with sides x = £100, and y = £100 with the counterclockwise
orientation. Find
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j %dz.
s

6. a)Find I ﬁdz, where C is any circle centered at z = 1 with the usual counterclockwise
c

orientation: y(f) = 1 + 4e*™, 0 <t < 1.

b)Find 'f ﬁdz, where C is any circle centered at z = —1 with the usual counterclockwise
c
orientation.

¢)Find _[ L_dz, where C is the ellipse 4x?+y*> = 100 with the counterclockwise
C

z2-1

orientation. [Hint: partial fractions]

d)Find | Sdz, where C is the circle x* - 10x+y* = 0 with the counterclockwise
C

orientation.

8. Evaluate _[ Log (z + 3)dz, where C is the circle |z| = 2 oriented counterclockwise.
c

9. Evaluate _[ Z%dz where C is the circle described by y(¢) = €™, 0 <t <1, and n is an
c

integer # 1.

10. a)Does the function f{z) = L have an antiderivative on the set of all z = 0? Explain.
b)How about f{z) = -, n an integer + 1 ?

11. Find as large a set D as you can so that the function f{z) = e* have an antiderivative
on D.

12. Explain how you know that every function analytic in a simply connected (cf. Exercise
3) region D is the derivative of a function analytic in D.
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Chapter Six

More Integration

6.1. Cauchy’s Integral Formula. Suppose f is analytic in a region containing a simple
closed contour C with the usual positive orientation and its inside , and suppose zy is inside
C. Then it turns out that

Z—2Z0

fzo) = %mjc.—ﬂdz.

This is the famous Cauchy Integral Formula. Let’s see why it’s true.

Let € > 0 be any positive number. We know that f is continuous at zy and so there is a
number ¢ such that |[f{(z) — f(zo)| < € whenever |z —z¢| < §. Now let p > 0 be a number
such that p < 9 and the circle Co = {z : |z —2z¢| = p} is also inside C. Now, the function
[ s analytic in the region between C and Cy; thus

z-20

Z—Z0 Z—Z
Co

I fz) dz = J.Mdz.
C

Z—.

We know that I

Co

L—dz = 2mi, s0 we can write

Z—2Z0 Z— 20

J. ;%dz—%rij(zo) = I Ma’Z — flzo) J. L,
Co Co Co

[ g
Co

For zeC( we have

Z7 20 |z —zo]

‘f(Z) —flzo) | _ M2) —fz0)|

IA
ol

Thus,
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j L2 g _orifizo)

Z—2Z0

jf(Z) —(z0) d=

Z—2Z

< £ 27rp = 2re.

But ¢ is any positive number, and so

I %dz —27if(z0)

or,

which is exactly what we set out to show.

Meditate on this result. It says that if f'is analytic on and inside a simple closed curve and
we know the values f{(z) for every z on the simple closed curve, then we know the value for
the function at every point inside the curve—quite remarkable indeed.

Example

Let C be the circle |z| = 4 traversed once in the counterclockwise direction. Let’s evaluate
the integral

Ccosz
——=L (7.
J;22—6z+5 z

We simply write the integrand as

cosz _ Ccosz — )
z22—6z+5 (z-5@E-1) =z-1°

where
_ COSZz
fle) = £982.

Observe that f'is analytic on and inside C,and so,
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j __cosz j f(_Z)l dz = 2rif(1)

z2 —6z+5
C

— o osl _ _im o461

1-5 2
Exercises

1. Suppose f and g are analytic on and inside the simple closed curve C, and suppose
moreover that f{z) = g(z) for all z on C. Prove that f{z) = g(z) for all z inside C.

2. Let C be the ellipse 9x? + 4y* = 36 traversed once in the counterclockwise direction.
Define the function g by

2
g(z) = [ S5t Las

c
Find a)g(i) b) g(4i)
3. Find
eZz
J 22 dz,

where C is the closed curve in the picture:

_/
2L

Hil

4. Find 'f dz where I is the contour in the picture:
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Hik

/‘_/
S

6.2. Functions defined by integrals. Suppose C is a curve (not necessarily a simple closed
curve, just a curve) and suppose the function g is continuous on C (not necessarily analytic,
just continuous). Let the function G be defined by

G(z) = J.:gg(TS)st
C

forall z ¢ C. We shall show that G is analytic. Here we go.

Consider,
Gz+Az) - G
R
C
_ g(s)
_I s T
C
Next,
Gz+Az)-G(z) [ _g(s) _ 1 1
Az £<s—z>2ds l[(s—z—Azxs—z) -2)? Jecoas

R Jeoe

_ g(s)
B Azl Gz MG

Now we want to show that
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i g(s) _
fa [Azi G-z MG ds] -

To that end, let M = max{|g(s)| : s € C}, and let d be the shortest distance from z to C.
Thus, for s € C, we have |s —z| > d > 0 and also
|s —z—Az| > |s —z| — |Az| > d — |Az|.

Putting this all together, we can estimate the integrand above:

M

g(s) <
© (d-|Azpd?

(s —z—Az)(s — 2)?

forall s € C. Finally,

o) M
‘AZC (S—Z—AZ)(S—Z)2 ds‘ = |AZ| (d_ |AZ|)d2 length(C),

and it is clear that

: g(s) _
a [Azi G-z A2 ds] -0

just as we set out to show. Hence G has a derivative at z, and

G = —(Sg_(sz))z ds.
C

Truly a miracle!

Next we see that G’ has a derivative and it is just what you think it should be. Consider
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G'(z+A)-G'(=» _ 1 (] 1 B {
Az Az L (s —z—Az)? (s —2)2 :|g(S)dS
1 ([ =22 (s—z-A2)?
- AZ'C_ (s—z—Az)*(s —z2)? :|g(S)ds
_ 1 ([ 26 —2)Az — (A2)?
Az (s-z-A2)2(s—2)? :|g(s)ds

- I[ (s _2Z(S__A?)2_(;Ajz)z }g(S)ds
C

Next,

G'(z+Az2)-G'(2) (s)
Az _2_£(g—sds

2(s —z) — Az B )
L (s—z—A2)*(s — 2)? G-2)° :|g(S)ds

2007t )t L

Il
O ——
1

I
a—

[ 2(s —2)2 — Az(s —2) — 2(s — 2)2 + 4Az(s — 2) — 2(Az2)?
(s —z—-A2)%(s —z)? :|g(s)ds

|
O —

L (?,SA—ZS: 2)_2&(%?)23 Jg(s)ds

I
O ——

Hence,

G'z+A2)-G'(2) 2(s) _ 3Az(s — z) — 2(Az)?
A e ‘l[ s e
3m| + 2|AzDM
< o= (AR

where m = max{]s —z| : s € C}. It should be clear then that

:0’

lim
Az-0

G'(z+A2) - G'(2) )
Az _Z‘E%ds

or in other words,
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G'(z) = ZI %ds.
C

Suppose fis analytic in a region D and suppose C is a positively oriented simple closed
curve in D. Suppose also the inside of C is in D. Then from the Cauchy Integral formula,
we know that

2nif(z) = I {(E)Z ds

c

and so with g = f'in the formulas just derived, we have

@ =

2711

j(f() ds, and f'(z) = j(f(s) ds

for all z inside the closed curve C. Meditate on these results. They say that the derivative
of an analytic function is also analytic. Now suppose f is continuous on a domain D in

which every point of D is an interior point and suppose that _[ fz)dz = 0 for every closed
c
curve in D. Then we know that f has an antiderivative in D—in other words f is the

derivative of an analytic function. We now know this means that f is itself analytic. We
thus have the celebrated Morera’s Theorem:

If 2D - C is continuous and such that _[ flz)dz = 0 for every closed curve in D, then fis
c

analytic in D.
Example

Let’s evaluate the integral
et d
Z’
J. Z3
c

where C is any positively oriented closed curve around the origin. We simply use the
equation

/ Ss)
/@) = 2mi I (s —2z)3 ds

—Z
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with z = 0 and f{s) = e*. Thus,

Exercises

5. Evaluate
sinz
I = dz
C

where C is a positively oriented closed curve around the origin.

6. Let C be the circle |z — i| = 2 with the positive orientation. Evaluate

a) [Sdz b) [ iz
c c

7. Suppose fis analytic inside and on the simple closed curve C. Show that

(z—w)?

J.*ZS&V)VCZZ = J.—LZ) dz
c C

forevery w ¢ C.

8. a) Let a be a real constant, and let C be the circle y(¢) = e, —x < t < . Evaluate

oz
j eZ dz.
c

b) Use your answer in part a) to show that
V
je"‘“’“cos(a sint)dt = 7.
0

6.3. Liouville’s Theorem. Suppose f is entire and bounded; that is, f is analytic in the
entire plane and there is a constant M such that |f{z)| < M for all z. Then it must be true
that /'(z) = 0 identically. To see this, suppose that f'(w) # 0 for some w. Choose R large
enough to insure that 4= < |f'(w)|. Now let C be a circle centered at 0 and with radius
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p > max<{R,|w|}. Then we have :

G
—<]f'(w)|< 2nlJ.(SS dz

w)?

1 M

< M
27rp

27Tp = Fa

a contradiction. It must therefore be true that there is no w for which f'(w) # 0; or, in other
words, f'(z) = 0 for all z. This, of course, means that f is a constant function. What we
have shown has a name, Liouville’s Theorem:

The only bounded entire functions are the constant functions.

Let’s put this theorem to some good use. Let p(z) = a,z" +a,1z" ' +...+a1z + ao be a
polynomial. Then

— An-1 an-2 ao n
p(z) = (a,,+ = +—22 tot )Z .

|an]

2n

n/

Now choose R large enough to insure that for each j = 1,2,...,n, we have | <

whenever |z| > R. (We are assuming that a, # 0.) Hence, for |z| > R, we know that

P@)] = [lan] = | - + <22 "
An—1 an-2 ao n
> [lan] - 4L | - | 2 \—...—|Z—n [
> |an|_Ja_"|__Ja_"|__m_Ja_"|_ Elk
2n 2n 2n
>|“2—"||z|".
Hence, for |z| > R,
1 .2 _._2
p@)  lanll2|” T lan|R"

Now suppose p(z) # 0 for all z. Then — ( ) is also bounded on the disk |z| < R. Thus, ( )

is a bounded entire function, and hence, by Liouville’s Theorem, constant! Hence the
polynomial is constant if it has no zeros. In other words, if p(z) is of degree at least one,
there must be at least one zo for which p(zo) = 0. This is, of course, the celebrated
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Fundamental Theorem of Algebra.
Exercises

9. Suppose f'is an entire function, and suppose there is an M such that Ref(z) < M for all
z. Prove that f'is a constant function.

10. Suppose w is a solution of 5z% + z* + z2 — 7z + 14 = 0. Prove that |w| < 3.

11. Prove that if p is a polynomial of degree n, and if p(a) = 0, then p(z) = (z — a)q(2),
where ¢ is a polynomial of degree n — 1.

12. Prove that if p is a polynomial of degree n > 1, then

pi) =clz—z)h(z-z)...(z- zj)ki,
where ki, ka2, ..., k; are positive integers such that n = k1 + ko +... +k;.

13. Suppose p is a polynomial with real coefficients. Prove that p can be expressed as a
product of linear and quadratic factors, each with real coefficients.

6.4. Maximum moduli. Suppose f is analytic on a closed domain D. Then, being
continuous, |f(z)| must attain its maximum value somewhere in this domain. Suppose this
happens at an interior point. That is, suppose |[f(z)| < M for all z € D and suppose that
|f(zo)| = M for some z¢ in the interior of D. Now zy is an interior point of D, so there is a
number R such that the disk A centered at z¢ having radius R is included in D. Let C be a
positively oriented circle of radius p < R centered at zo. From Cauchy’s formula, we
know

_ 1 [
f(Z()) = mj. 5 =20 dS.
c
Hence,

2

fzo) = ﬁ j Azo + pet)dt,
0

and so,
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2

M = [fizo)| < 5 [1fzo + petyjar < m.
0
since |[f(zo + pe™)| < M. This means

2r

_ 1 it
M= 4 jy(zo+pe )[dt.
0

Thus,

2r 2n
M — i I|f(zo + pel)|dt = ﬁ [M - [f(zo + pe™)|]dt = 0.
0

0

This integrand is continuous and non-negative, and so must be zero. In other words,
|fiz)] = M for all z € C. There was nothing special about C except its radius p < R, and so
we have shown that f must be constant on the disk A.

I hope it is easy to see that if D is a region (=connected and open), then the only way in
which the modulus |[f(z)| of the analytic function f can attain a maximum on D is for fto be
constant.

Exercises

14. Suppose f'is analytic and not constant on a region D and suppose f(z) # 0 for all z € D.
Explain why |f(z)| does not have a minimum in D.

15. Suppose f(z) = u(x,y) + iv(x,y) is analytic on a region D. Prove that if u(x,y) attains a
maximum value in D, then ¥ must be constant.
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Chapter Seven

Harmonic Functions

7.1. The Laplace equation. The Fourier law of heat conduction says that the rate at which
heat passes across a surface S is proportional to the flux, or surface integral, of the
temperature gradient on the surface:

k”VT-dA.
S

Here k is the constant of proportionality, generally called the thermal conductivity of the
substance (We assume uniform stuff. ). We further assume no heat sources or sinks, and we
assume steady-state conditions—the temperature does not depend on time. Now if we take
S to be an arbitrary closed surface, then this rate of flow must be 0:

k”VT-dAzO.
S

Otherwise there would be more heat entering the region B bounded by S than is coming
out, or vice-versa. Now, apply the celebrated Divergence Theorem to conclude that

”j(v .VT)dV = 0,
B

where B is the region bounded by the closed surface S. But since the region B is completely
arbitrary, this means that

OT | T .| 8T
V.VT— —0.
o ot o

This is the world-famous Laplace Equation.

Now consider a slab of heat conducting material,
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in which we assume there is no heat flow in the z-direction. Equivalently, we could assume
we are looking at the cross-section of a long rod in which there is no longitudinal heat
flow. In other words, we are looking at a two-dimensional problem—the temperature
depends only on x and y, and satisfies the two-dimensional version of the Laplace equation:

0’T | 0*T
T | T _,
ox? oy?

Suppose now, for instance, the temperature is specified on the boundary of our region D,
and we wish to find the temperature 7(x,y) in region. We are simply looking for a solution
of the Laplace equation that satisfies the specified boundary condition.

Let’s look at another physical problem which leads to Laplace’s equation. Gauss’s Law of
electrostatics tells us that the integral over a closed surface S of the electric field E is
proportional to the charge included in the region B enclosed by S. Thus in the absence of
any charge, we have

[[E-a4=0.

S

But in this case, we know the field E is conservative; let ¢ be the potential function—that
1s,

E = Vo.

Thus,
[[E-da = [[ve-aa.
S S

Again, we call on the Divergence Theorem to conclude that ¢ must satisfy the Laplace
equation. Mathematically, we cannot tell the problem of finding the electric potential in a
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region D, given the potential on the boundary of D, from the previous problem of finding
the temperature in the region, given the temperature on the boundary. These are but two of
the many physical problems that lead to the Laplace equation—You probably already know
of some others. Let D be a domain and let o be a given function continuous on the
boundary of D. The problem of finding a function ¢ harmonic on the interior of D and
which agrees with o on the boundary of D is called the Dirichlet problem.

7.2. Harmonic functions. If D is a region in the plane, a real-valued function u(x,y)
having continuous second partial derivatives is said to be harmonic on D if it satisfies
Laplace’s equation on D :

’u , 0%u
Qu Qu
ox?  oy?

There is an intimate relationship between harmonic functions and analytic functions.
Suppose fis analytic on D, and let f{(z) = u(x,y) + iv(x,y). Now, from the Cauchy-Riemann
equations, we know

Qu _ 0v

ox ay’and
ou _ _ov
oy ox

If we differentiate the first of these with respect to x and the second with respect to y, and
then add the two results, we have

QPu  Pu _ v _ v _
ox>  0y*  0Oxdy  Oyox

Thus the real part of any analytic function is harmonic! Next, if we differentiate the first of
the Cauchy-Riemann equations with respect to y and the second with respect to x, and then
subtract the second from the first, we have

0>y |, 0%
Ov , 0v _
o oy? ’

and we see that the imaginary part of an analytic function is also harmonic.

There is even more excitement. Suppose we are given a function ¢ harmonic in a simply
connected region D. Then there is a function f analytic on D which is such that Ref = ¢.
Let’s see why this is so. First, define g by
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_9% %
g(Z)_ax lay

We’ll show that g is analytic by verifying that the real and imaginary parts satisfy the
Cauchy-Riemann equations:

1(0_«)) _ O _ 29 _ i(_a_fp)

ox \ ox x: 2 o\ oy

since @ is harmonic. Next,

a(afp)_ O’ _ ¢ _ 6(_5_(/’)_

v\ ox )] oyox  xdy  ox \ oy

Since g is analytic on the simply connected region D, we know that the integral of g around
any closed curve is zero, and so it has an antiderivative G(z) = u + iv. This antiderivative
is, of course, analytic on D, and we know that

o) = Qu _;0u _ 0p 00
G(Z)—8 lﬁy Em l@y'

Thus, u(x,y) = ¢(x,y) + h(y). From this,

ou _ 09 4

and so /'(y) = 0, or h = constant, from which it follows that u(x,y) = ¢(x,y) + c. In other
words, Re G = u, as we promised to show.

Example

The function ¢(x,y) = x> —3xy? is harmonic everywhere. We shall find an analytic
function G so that ReG = ¢. We know that G(z) = (x* —3xy?) +iv, and so from the
Cauchy-Riemann equations:

ov _ _Qu

ox oy = 63y
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Hence,

v(x,y) = 3x%y + k(y).

To find k(y) differentiate with respect to y :

OV _ 2.2 piyy— OU _ 2.2 2.2
oy 3x*+k'(y) o 3x= =3y,

and so,

K(y) = -3y* or
k(y) = —y* + any constant.

If we choose the constant to be zero, this gives us
v =3x%y + k(y) = 3x%y —y?,
and finally,

G(z) = u+iv = (x*-3x%) +i(Bx%y — »3).

Exercises

1. Suppose ¢ is harmonic on a simply connected region D. Prove that if ¢ assumes its
maximum or its minimum value at some point in D, then ¢ is constant in D.

2. Suppose ¢ and o are harmonic in a simply connected region D bounded by the curve C.
Suppose moreover that ¢(x,y) = o(x,y) for all (x,y) € C. Explain how you know that
¢ = o everywhere in D.

3. Find an entire function f such that Ref = x> — 3x — y?, or explain why there is no such
function f.

4. Find an entire function f such that Ref = x? + 3x — y?, or explain why there is no such
function f.
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7.3. Poisson’s integral formula. Let A be the disk bounded by the circle
C, = {z : |z| = p}. Suppose ¢ is harmonic on A and let f'be a function analytic on A and

such that Ref = ¢. Now then, for fixed z with |z| < p, the function

f(s)Z

g(s) = 5=
p -5z

is analyic on A. Thus from Cauchy’s Theorem

We know also that

Adding these two equations gives us

-1 1 z
fz) = 271ic.“(S—Z + P )/(S)ds

p

L p* —z|*
27t | - 2)(p? - 57)
P

f(s)ds.

Next, let y(¢) = pe’, and our integral becomes

2
1 I p? — 2|
2ni 5 (pe" —z)(p® — pe'T)

1)

2n .
p* Lz flpe™) g
2n 3 (pe' —z)(pe™ - 7)

2r )
p> =z [ _fpe")
i 2
24 lpe' —z|

Now,
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2r
2 _ 2 it
o(x,y) = Ref = p 5 |z| (p(Pe )2dl‘.
T 0 |pelt_z|

Next, use polar coordinates: z = re® :

2
2_,2 (p(pe”)
(r,0) = £ R
¢ 2 .([ |pezt _ reze|2

Now,
|pe” _ 7"€i0|2 _ (peit _ rei@)(peﬂ't _ re*’@) _ pz +72 = rp(ei(zfe) n efi(tfe))

= p? +7r?—2rpcos(t—0).

Substituting this in the integral, we have Poisson’s integral formula:

2n
2_ 2 it
0y L =T p(pe™)
¢(0) 2r ;'; p? +1r*—2rpcos(t—0)

This famous formula essentially solves the Dirichlet problem for a disk.

Exercises

2r
5. Evaluate f p+dt. [Hint: This is easy.]
0

2472 2rp cos(t-0)

6. Suppose ¢ is harmonic in a region D. If (x¢,y9) € D and if C < D is a circle centered at
(x0,¥0), the inside of which is also in D, then @(xo,y0) is the average value of ¢ on the
circle C.

7. Suppose ¢ is harmonic on the disk A = {z : |z| < p}. Prove that

0(0,0) = n}ﬂ ”(pdA.
A
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Chapter Eight

Series

8.1. Sequences. The basic definitions for complex sequences and series are essentially the
same as for the real case. A sequence of complex numbers is a function g : Z, - C from
the positive integers into the complex numbers. It is traditional to use subscripts to indicate
the values of the function. Thus we write g(n) = z, and an explicit name for the sequence
is seldom used; we write simply (z,) to stand for the sequence g which is such that
g(n) = z,. For example, () is the sequence g for which g(n) = +

The number L is a limit of the sequence (z,) if given an € > 0, there is an integer N such
that |z, —L| < ¢ for all > N,. If L is a limit of (z,), we sometimes say that (z,)
converges to L. We frequently write lim(z,) = L. It is relatively easy to see that if the
complex sequence (z,) = (u, + iv,) converges to L, then the two real sequences (u,) and
(vu) each have a limit: (u,) converges to ReL and (v,) converges to ImL. Conversely, if
the two real sequences (u,) and (v,) each have a limit, then so also does the complex
sequence (u, + iv,). All the usual nice properties of limits of sequences are thus true:

lim(z, £ w,) = lim(z,) + lim(w,);

lim(z,w,) = lim(z,) lim(w,); and

lim ( ) lim(z,)

lim(w,)

provided that lim(z,) and lim(w,) exist. (And in the last equation, we must, of course,
insist that lim(w,) # 0.)

A necessary and sufficient condition for the convergence of a sequence (a,) is the
celebrated Cauchy criterion: given € > 0, there is an integer N so that |a, —an| < €
whenever n,m > Ni.

A sequence (f,) of functions on a domain D is the obvious thing: a function from the
positive integers into the set of complex functions on D. Thus, for each zeD, we have an
ordinary sequence (f,(z)). If each of the sequences (f,(z)) converges, then we say the
sequence of functions (f,) converges to the function f defined by f(z) = lim(f,(z)). This
pretty obvious stuff. The sequence (f,) is said to converge to f uniformly on a set S if
given an € > 0, there is an integer N; so that |f,(z) — f(z)| < e foralln > Ny and all z € S.

Note that it is possible for a sequence of continuous functions to have a limit function that
is not continuous. This cannot happen if the convergence is uniform. To see this, suppose
the sequence (f;) of continuous functions converges uniformly to f on a domain D, let
zoeD,and let € > 0. We need to show there is a 0 so that |[f{zo) —f(z)| < € whenever
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z0 —z| < 6. Let’s do it. First, choose N so that |[fy(z) — f{z)| < <. We can do this because

of the uniform convergence of the sequence (f,). Next, choose 0 so that

[fn(z0) —fn(2)| < £+ whenever |z —z| < 6. This is possible because f is continuous.

Now then, when |zo — z| < d, we have

fz0) = f2)| = [f(z0) = fn(z0) +fn(z0) — fn(2) + fn(z) — 2)]
< |ftzo) — fn(z0)| + |fn(z0) — fn(2)| + |fn(2) — f2)|

£ .8 &8 _
<3+3+3 €,

and we have done it!

Now suppose we have a sequence (f,) of continuous functions which converges uniformly

on a contour C to the function f. Then the sequence j fn (z)dz) converges to 'f fz)dz. This
c C
is easy to see. Lete > 0. Now let N be so that |f,(z) — f{z)| < £ for n > N, where 4 is the

length of C. Then,

[ 1@z = [ @z | = | [((2) ~ fi2))dz
C C C

<=4 =c

h;|m

whenever n > N.

Now suppose (f,) is a sequence of functions each analytic on some region D, and suppose
the sequence converges uniformly on D to the function f. Then f'is analytic. This result is in
marked contrast to what happens with real functions—examples of uniformly convergent
sequences of differentiable functions with a nondifferentiable limit abound in the real case.
To see that this uniform limit is analytic, let zopeD, and let S = {z : |z —zo| < r} < D .Now

consider any simple closed curve C < S. Each f,, is analytic, and so j fn(2)dz = 0 for every

c
n. From the uniform convergence of (f,) , we know that f f(z)dz is the limit of the sequence
c
(f Jn (z)dz), and so f fz)dz = 0. Morera’s theorem now tells us that f'is analytic on S, and
c c

hence at zo. Truly a miracle.

Exercises
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1. Prove that a sequence cannot have more than one limit. (We thus speak of the limit of a
sequence.)

2. Give an example of a sequence that does not have a limit, or explain carefully why there
is no such sequence.

3. Give an example of a bounded sequence that does not have a limit, or explain carefully
why there is no such sequence.

4. Give a sequence (f;) of functions continuous on a set D with a limit that is not
continuous.

5. Give a sequence of real functions differentiable on an interval which converges
uniformly to a nondifferentiable function.

8.2 Series. A series is simply a sequence (s,) in which s, = a; + a2 +...+a,. In other
words, there is sequence (a,) so that s, = 5,1 +a,. The s, are usually called the partial

n
sums. Recall from Mrs. Turner’s class that if the series (Z aj) has a limit, then it must be
=1

true that lim (a,) = 0.

n—o0

Consider a series (Z ﬁ(z))of functions. Chances are this series will converge for some
=1
values of z and not converge for others. A useful result is the celebrated Weierstrass
M-test: Suppose (M;) is a sequence of real numbers such that M; > 0 for all j > J, where

J 1s some number., and suppose also that the series (ZMJ) converges. If for all zeD, we
=1

have |fj(z)| < M, for all j > J, then the series (Z ﬁ(Z)) converges uniformly on D.
=1

To prove this, begin by letting € > 0 and choosing N > J so that

n
E M; <e
Jj=m

for all n,m > N. (We can do this because of the famous Cauchy criterion.) Next, observe
that
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2/

< Zm(zn < ZMj <&

n
This shows that (Z Ji (z)) converges. To see the uniform convergence, observe that
=1

D> (@] =

Jj=m

<E§€

n m—1
> 6@ - 1)
Jj=0 j=0

for all zeD and n > m > N. Thus,

lim <g
n—o0

n m—1
> 6@ -5
J=0 j=0

© m—1
> 6@ - 6@
j=0 J=0

for m > N.(The limit of a series (Z aj) is almost always written as »_ a;.)

J=0 J=0

Exercises

6. Find the set D of all z for which the sequence (% )has a limit. Find the limit.
7. Prove that the series (Z aj) convegres 1f and only if both the series (Z Re aj) and
=1 =1

(Z Ima; ) converge.
=

8. Explain how you know that the series (Z(%)j ) converges uniformly on the set
=1

lz] = 5.

8.3 Power series. We are particularly interested in series of functions in which the partial
sums are polynomials of increasing degree:

sp(z) = co+c1(z—2z0) + c2(z—20)? +...4+cn(z — z0)".
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(We start with n = 0 for esthetic reasons.) These are the so-called power series. Thus,

n
a power series is a series of functions of the form (Z ci(z—2zo) )
J=0

Let’s look first as a very special power series, the so-called Geometric series:

Here
sp=1+z+z%+...4z", and

8y = z+ 2% + 23 +... 4z,
Subtracting the second of these from the first gives us
(1-2)s, = 1-2z"1,

If z = 1, then we can’t go any further with this, but I hope it’s clear that the series does not
have a limit in case z = 1. Suppose now z # 1. Then we have

Now if |z] < 1, it should be clear that lim(z"*!) = 0, and so

1im(sz) = lims, = ——.

j=0

Or,

o0

sz =1 for lz| < 1.

‘ 1-z°
j=0

There is a bit more to the story. First, note that if |z| > 1, then the Geometric series does
not have a limit (why?). Next, note that if |z] < p < 1, then the Geometric series converges
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uniformly to -—. To see this, note that

)

has a limit and appeal to the Weierstrass M-test.

Clearly a power series will have a limit for some values of z and perhaps not for others.
First, note that any power series has a limit when z = z¢. Let’s see what else we can say.

Consider a power series | >_¢;(z —zo) ) Let
0
2 = tim sup(Jles| ).

(Recall from 6” grade that lim sup(ay) = lim(sup{as : kK > n}.) Now let R = % (We
shall say R =0 if A =00, and R = o if A = 0. ) We are going to show that the series
converges uniformly for all |z — z¢| < p < R and diverges for all |z —zo| > R.

First, let’s show the series does not converge for |z —zo| > R. To begin, let £ be so that

1 1 _
E— < k< R A.

There are an infinite number of ¢; for which J/|c;| > k, otherwise lim sup( Jlc/l ) < k. For
each of these c¢; we have

lcj(z = z0) | = («/’ €5l IZ—Zo|)J > (klz = zol) > 1.

It is thus not possible for lim |c,(z —z0)"| = 0, and so the series does not converge.

n—00

Next, we show that the series does converge uniformly for |z—z¢| < p < R. Let k be so
that

_ 1 1
/”L—R<k<p.

Now, forj large enough, we have J/|c;| < k. Thus for |z — zo| < p, we have
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ez —z0Y1 = ({lefl 2 =201) < Gz —z0l) < Ghp).

The geometric series (Z(kp)f ) converges because kp < 1 and the uniform convergence
=0

of (Z ci(z—zo) ) follows from the M-test.
=0

Example

n

Consider the series (Z ji!zf). Let’s compute R = 1/lim sup( Jlc)| ) = lim sup({/j! ). Let
]=0 K2K
QKL "

K be any positive integer and choose an integer m large enough to insure that 2”7 >

. !
Now consider -, where n = 2K + m:

n  QK+m)!  QRK+m)QRK+m-1)...2K+ 1)(2K)!
ﬁ - K2K+m - KmK2K
m (2K)!
> 2 F > 1

Thus #n! > K. Reflect on what we have just shown: given any number K, there is a
number 7 such that /! is bigger than it. In other words, R = lim sup({/j! ) = o, and so the

n
series (Z -7 ) converges for all z.

j=0

n
Let’s summarize what we have. For any power series ci(z —zo) |, there is a number
] 9
=0

such that the series converges uniformly for |z —z¢| < p < R and does not

1
lim sup(M
converge for |z —zo| > R. (Note that we may have R = 0 or R = «©.) The number R is
called the radius of convergence of the series, and the set |z —zo| = R is called the circle
of convergence. Observe also that the limit of a power series is a function analytic inside
the circle of convergence (why?).

Exercises

9. Suppose the sequence of real numbers (e;) has a limit. Prove that
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lim sup(e;) = lim(a;).

For each of the following, find the set D of points at which the series converges:

10. (Z 1z )
j=0

8.4 Integration of power series. Inside the circle of convergence, the limit
S@2) = D ciz—z0)
=0

is an analytic function. We shall show that this series may be integrated
“term-by-term”—that is, the integral of the limit is the limit of the integrals. Specifically, if
C is any contour inside the circle of convergence, and the function g is continuous on C,
then

0

Ig(Z)S(Z)dZ = Z Cj Ig(Z)(Z —z0)/dz.
C

J=0 C

Let’s see why this. First, let € > 0. Let M be the maximum of |g(z)| on C and let L be the
length of C. Then there is an integer N so that

o0
Z Cj(Z — Zo)j
Jj=n

S
< ML
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for all » > N. Thus,

& _
<MLML €,

J

c

(g(z) Z ci(z— Zo)-i)dZ

Jj=n

Hence,

n—1

[2@5@dz =Y ¢; [ e)z - z0ydz
c

J=0 C

j(g(z) Z ci(z—2zo) )dz
Jj=n

C

<e,

and we have shown what we promised.

8.5 Differentiation of power series. Again, let
S(z) = Z ci(z—zo).
=0

Now we are ready to show that inside the circle of convergence,
S'(z) = D _jejz—zoy .
-1

Let z be a point inside the circle of convergence and let C be a positive oriented circle
centered at z and inside the circle of convergence. Define

1

g(s) = m,

and apply the result of the previous section to conclude that
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jg(S)S(S)dS = ZC/ jg(s)(s —zo)ds,or

S(s) (s = )
P J. G —Sz)2 ds = c]_l Z0/_ds. Thus

S = Yjese -z,
=0

as promised!
Exercises

14. Find the limit of

(Z(” 1)21).

For what values of z does the series converge?

27

For what values of z does the series converge?

15. Find the limit of

16. Find a power series (Z ci(z—1y ) such that

J=0

2 =D ciz—1Y, forlz—1] < 1.
j=0

17. Find a power series (Z ci(z— 1) ) such that
=0
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Logz = ch(z— 1y, for|z—1| < 1.

j=0
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Chapter Nine
Taylor and Laurent Series
9.1. Taylor series. Suppose f'is analytic on the open disk |z —z¢| < 7. Let z be any point in

this disk and choose C to be the positively oriented circle of radius p, where
|z—zo| < p < r. Then for seC we have

1 1 1 (z=z0)
§=Z " (s—z0)—(z—z0) ST20 [ 1- £ J Z (s —zo )

S—z¢

since |i=¢| < 1. The convergence is uniform, so we may integrate

_i {(E)Z ds = (J. G ﬂS))]H )(z—zo)j,or

1 DIFEE oI fs) J
1 =50 S%ds - ZO( 2mi d (s - zo)"! ds)(zzo) :

We have thus produced a power series having the given analytic function as a limit:
f0) =D ez —zo), 2= 20| <1,
j=0

where

[s)
27i Jc. (s — zo)/*! ds.

J

This is the celebrated Taylor Series for fatz = z.

We know we may differentiate the series to get

HOEDIICEEN
j=1
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and this one converges uniformly where the series for / does. We can thus differentiate
again and again to obtain

1" (@) = ZJ(/—l)(] 2)...(—n+ Dejz — zo) ™.

Jj=n
Hence,
f"(z0) = nlc,, or
n)
e = L2G0)
n!
But we also know that
Cn = 1) ds.

27” Z[ (S_Zo)n+1

This gives us

) s forn=0,1.2.....

n)(ZO) = 27_” I (S Z())n+1

This is the famous Generalized Cauchy Integral Formula. Recall that we previously
derived this formula for n = 0 and 1.

What does all this tell us about the radius of convergence of a power series? Suppose we
have

fz) =D ej(z—z0),
j=0

and the radius of convergence is R. Then we know, of course, that the limit function f'is
analytic for |z—zo| < R. We showed that if f is analytic in |z —zo| < r, then the series
converges for |z —zo| < . Thus » < R, and so f cannot be analytic at any point z for which
|z—zo| > R. In other words, the circle of convergence is the largest circle centered at zg
inside of which the limit fis analytic.
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Example

Let f(z) = exp(z) = €°. Then {0) = f(0) =...= f(0) =...= 1, and the Taylor series for f
atzop = 01s

-> 4
J!
and this is valid for all values of z since f is entire. (We also showed earlier that this
particular series has an infinite radius of convergence.)

Exercises

1. Show that for all z,

o0

Z]L(z—l)f.

2. What is the radius of convergence of the Taylor series (Z cjzf) for tanhz ?

3. Show that

=iy
Z l)]+1

for |z —i| < J/2.

4. If flz) = <=, what is /19 (i) ?

5. Suppose [ is analytic at z = 0 and f{0) = f'(0) = /"(0) = 0. Prove there is a function g
analytic at 0 such that f{z) = z°g(z) in a neighborhood of 0.

6. Find the Taylor series for f{z) = sinzatzy = 0.

7. Show that the function f defined by
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sz for z 0
fz) =
1 for z=0

is analytic at z = 0, and find /'(0).

9.2. Laurent series. Suppose f 1s analytic in the region R; < |z —zo| < R2, and let C be a
positively oriented simple closed curve around z, in this region. (Note: we include the
possiblites that R; can be 0, and R, = «.) We shall show that for z ¢ C in this region

fe) = Za,(z z0) +Z(Z o~

where

o Ss) F
aj = 5 £ Gz ds,forj =0,1,2,...

and

1 fs) _
b; i ! Gz ds,forj=1,2,....

The sum of the limits of these two series is frequently written

fz) = ZCJ(Z_ZO)‘i,

J=—o

where

L[S s
C 27Tic(s—zo)f” ,j=0,21,£2,....

This recipe for f(z) is called a Laurent series, although it is important to keep in mind that
it is really two series.
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Okay, now let’s derive the above formula. First, let »; and r, be so that
Ri <ri < |z—2z0] £ r2 < R, and so that the point z and the curve C are included in the
region r; < |z —zo| < r2. Also, let I" be a circle centered at z and such that I' is included in

this region.

Then % is an analytic function (of s) on the region bounded by C,,C,, and I', where C, is
the circle |z| = r1 and C; is the circle |z| = r2. Thus,

I %ds = I %ds+‘[%ds.

&) Ci r

(All three circles are positively oriented, of course.) But I %ds = 27if(z), and so we have
r

27if(z) = j &ds— I &ds.
C C

Look at the first of the two integrals on the right-hand side of this equation. For seC,, we
have |z —z¢| < |s — 20|, and so

1 1
§—z (s —z0) — (z—2z0)

_ 1 1

S‘ZO[I—(izs J

S—IZ() Z(;(izg )j
j=

= S
B Z (s —zo)Y*! ( )

j=0
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Hence,

g(f)z ds = i( _Ns) — ds)(z —z0)/
Cs -0 \_c, (s —z0)
_Z(.[ )J+1 dS)(ZZo)j

J=0

For the second of these two integrals, note that for seC; we have |s — zo| < |z —zo|, and so

1 _ ~1 _ - 1
S=Z " (z-2z0) - (s—20) 2—20[1—(“20}

z—2¢

z— Zo Z(§:§g> - Z(S—Zo)f(z Z)]H

— _ —z j-1_ 1 1
Z(S 0) - ZO)] Z( ZO) — )

(z—2zo)

As before,

Ss) o fGs) 1
Jls—zds (J (s Zo) —+1 )(Z_Zo)j
.y ORI N
jzl(c (s —20)7"! S) (z—zo)

Putting this altogether, we have the Laurent series:

_ 1 Ss) 1 Ss)
S@) = ZEiJSdeS_ 2m,&[sfzds

) f5) Ly 3 ) I
/Zo( i (s—zo)-"“ ds)(z zo) +]Zl( 77 J Gz ds) ——E

Example
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Let /' be defined by

N ]
/@) zZ(z—-1)"

First, observe that f'is analytic in the region 0 < |z| < 1. Let’s find the Laurent series for f
valid in this region. First,

_ 1 _ 1 1
U e AT &

From our vast knowledge of the Geometric series, we have

0

flz) = —% —sz.

j=0

Now let’s find another Laurent series for f, the one valid for the region 1 < |z| < .

First,
1 _ 1 1
z—1 ZL1-L

Now since |+ | < 1, we have

and so
R I
@) = —7+— —7+;Z/
-
flz) = Zz’f.
=2
Exercises

8. Find two Laurent series in powers of z for the function f'defined by

9.7



)

and specify the regions in which the series converge to f(z).

9. Find two Laurent series in powers of z for the function f'defined by

fle) = —1

Cz(1+2%)
and specify the regions in which the series converge to f(z).

10. Find the Laurent series in powers of z — 1 for f{z) = < in the region 1 < |z — 1| < oo.
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Chapter Ten
Poles, Residues, and All That

10.1. Residues. A point z is a singular point of a function f'if f not analytic at z¢, but is
analytic at some point of each neighborhood of zy. A singular point zo of fis said to be
isolated if there is a neighborhood of zo which contains no singular points of f save zo. In
other words, f'1s analytic on some region 0 < |z —zg| < €.

Examples

The function f given by

f2) 1

B z(z2 +4)
has isolated singular points atz = 0, z = 2i, and z = —2i.

Every point on the negative real axis and the origin is a singular point of Log z, but there
are no isolated singular points.

Suppose now that zg is an isolated singular point of /. Then there is a Laurent series

f2) =D ciz—z0)

J=—0

valid for 0 < |z —zo| < R, for some positive R. The coefficient c_; of (z —zo) ™! is called the
residue of fat zy, and is frequently written

Res f.

z=z(

Now, why do we care enough about c_;to give it a special name? Well, observe that if C is
any positively oriented simple closed curve in 0 < |z—zo| < R and which contains zo
inside, then

_ 1
e = 5 i 2)dz.
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This provides the key to evaluating many complex integrals.
Example

We shall evaluate the integral

Jel/zdz
C

where C is the circle |z| = 1 with the usual positive orientation. Observe that the integrand
has an isolated singularity at z = 0. We know then that the value of the integral is simply
2ri times the residue of e at 0. Let’s find the Laurent series about 0. We already know
that

e’ = i jl'zj

J=0

for all z. Thus,

The residue c_; = 1, and so the value of the integral is simply 27i.

Now suppose we have a function f which is analytic everywhere except for isolated
singularities, and let C be a simple closed curve (positively oriented) on which fis analytic.
Then there will be only a finite number of singularities of f inside C (why?). Call them z,,
zs, ..., zy. For each k = 1,2,...,n, let C; be a positively oriented circle centered at z; and
with radius small enough to insure that it is inside C and has no other singular points inside
it.
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Then,

Jﬂz)dz = Iﬂz)dz + If(z)dz +...+ J.f(z)dz
c C C Cn

= 2ni Res f+2ni Res f+...+2ni Res f

z=Z] zZ=Z) Z=Zp

This is the celebrated Residue Theorem. It says that the integral of f'is simply 27i times
the sum of the residues at the singular points enclosed by the contour C.

Exercises

Evaluate the integrals. In each case, C is the positively oriented circle |z| = 2.
L. [e'7dz.
c
2. _[ sin(L)dz.
c
3. [cos(L)d=.
c

4. [Lsin(L)dz.
C

5. [Lcos(L)dz.
c
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10.2. Poles and other singularities. In order for the Residue Theorem to be of much help
in evaluating integrals, there needs to be some better way of computing the
residue—finding the Laurent expansion about each isolated singular point is a chore. We
shall now see that in the case of a special but commonly occurring type of singularity the
residue is easy to find. Suppose zo is an isolated singularity of f and suppose that the
Laurent series of f at zo contains only a finite number of terms involving negative powers
of z — zg. Thus,

C_p Cn+l C-1
z) = + +...+ +co+ci(z—2zp) +....
/e (z—z0)"  (z—2zo)"! (z —z0) o+l )

Multiply this expression by (z —zo)" :
0(2) = (z—20)"(2) = con + Conr1(Z—20) +...+c_1(z—20)" ! +....

What we see is the Taylor series at zo for the function ¢(z) = (z —z¢)"f(z). The coefficient
of (z— z9)™! is what we seek, and we know that this is

A €2))
(n—1)

The sought after residue c_; is thus

(n-1)
e Res /= F

where ¢(z) = (z —z0)"f2).
Example

We shall find all the residues of the function

fle) = o5

22(22+ 1)

First, observe that f has isolated singularities at 0,and %i. Let’s see about the residue at 0.
Here we have
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$(2) = 2°flz) = Tl)

The residue is simply ¢'(0) :

iy (22 +1)e? —2zef
¢'(2) = NI

Hence,
Res /= ¢'(0) = 1.
z=0

Next, let’s see what we have at z = i:

¢(2) = (z-Dfz) =

2( +l)

and so
Res flz) = ¢(i) = —%
In the same way, we see that

Res f=

z=—1I

Let’s find the integral I —-%—dz , where C is the contour pictured:

|

2(2 +1)
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This is now easy. The contour is positive oriented and encloses two singularities of f; viz, i
and —i. Hence,

je—zdz = 27ri|:Res f+Res f:|

C 22(22+ 1) z=i z=—1
_ ol e e
- 27”[ 2 }
= 2misinl.

Miraculously easy!

There is some jargon that goes with all this. An isolated singular point zy of f'such that the
Laurent series at zo includes only a finite number of terms involving negative powers of
z —z¢ is called a pole. Thus, if z¢ is a pole, there is an integer n so that ¢(z) = (z — z0)"f(2)
is analytic at zg, and f{z9) # 0. The number # is called the order of the pole. Thus, in the
preceding example, 0 is a pole of order 2, while i and —i are poles of order 1. (A pole of
order 1 is frequently called a simple pole.) We must hedge just a bit here. If zo is an
isolated singularity of f'and there are no Laurent series terms involving negative powers of
z — z9, then we say zy is a removable singularity.

Example

Let

fz) = SPE;

then the singularity z = 0 is a removable singularity:

1@

Il
N|»—‘
w2
p—
=
N
Il
. |N4> N |—
o)
N
|
|t\1
+
|t\1
|
N’

and we see that in some sense f'is “really” analytic at z = 0 if we would just define it to be
the right thing there.

A singularity that is neither a pole or removable is called an essential singularity.

Let’s look at one more labor-saving trick—or technique, if you prefer. Suppose f is a
function:
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2@
f2) Ok

where p and ¢ are analytic at z, and we have g(zo) = 0, while ¢'(z¢) # 0, and p(zo) * 0.
Then

b

Aoy = 2O _ _ pE) +p'CIE—z0) +..
q(z) qf(zo)(z—zo)Jr@(Z_Zo)z__.

and so

#(z) = (z—zo)f(2) = p(zo) +pISZO)(Z_ZO) +... '
q'(zo) + 4 (220) (z—z0) +...

Thus zy is a simple pole and

— b(z) = PO
ligosf_ ¢( 0) ql(ZO) .

Example

Find the integral

cosz
J.ez—ldz’
C

where C is the rectangle with sidesx = £1,y = —r, and y = 3.

The singularities of the integrand are all the places at which e = 1, or in other words, the
points z = 0,27, +4nxi,.... The singularities enclosed by C are 0 and 27i. Thus,

z=0 z=27i

IeCZO—EZldz = 27ri|:Res f+Res f:|,
c
where
f(Z) — _COSz )

e —1
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Observe this is precisely the situation just discussed: f(z) = %, where p and ¢ are
analytic, etc.,etc. Now,
p(2) _ cosz
qg@@ &
Thus,
Res f'= % = 1,and
z=0
_ cos2mi _ e +e? _
Zlize”sif— e 5 = cosh2r.
Finally,
J‘%dz = 2m'|:Res f+Res f:|
e -1 z=0 z=27i
c
= 27i(1 + cosh2r)
Exercises

6. Suppose f has an isolated singularity at zo. Then, of course, the derivative /' also has an
isolated singularity at zo. Find the residue Res f'.

z=2

7. Given an example of a function f with a simple pole at z¢ such that Res f = 0, or explain

z=z(

carefully why there is no such function.

8. Given an example of a function f with a pole of order 2 at zo such that Res /= 0, or

z=z

explain carefully why there is no such function.

9. Suppose g is analytic and has a zero of order n at zo (That is, g(z) = (z —z¢)"h(z), where
h(zo) # 0.). Show that the function f'given by
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has a pole of order » at zo. What is Res f?

z=z

10. Suppose g is analytic and has a zero of order » at zo. Show that the function f'given by

/
_ 8@
z) = &~
& =)
has a simple pole at zy, and Res f = n.
z=z(
11. Find
cos
J. o _Z4 dz,

where C is the positively oriented circle |z| = 6.

12. Find
j tanzdz,
C

where C is the positively oriented circle |z| = 27x.

13. Find

1
————dz,
jZZ+Z+1 ‘
c

where C is the positively oriented circle |z| = 10.
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Chapter Eleven

Argument Principle

11.1. Argument principle. Let C be a simple closed curve, and suppose f'is analytic on C.
Suppose moreover that the only singularities of f'inside C are poles. If f{z) # 0 for all zeC,
then I' = f{C) is a closed curve which does not pass through the origin. If

y(t),a<t<p

is a complex description of C, then

CO =fy@®), a<t<p

is a complex description of I'. Now, let’s compute

B
f(Z) — m /
5 = vy 70

But notice that {'(¢) = /' (y(¢))y'(¢). Hence,

1@ e 30
2 gz = | LL iy = | 2 gy
i I fr@)

1) © ()

= J‘%dz = n2mi,
r

where |n| is the number of times I" ”winds around” the origin. The integer n is positive in
case I is traversed in the positive direction, and negative in case the traversal is in the
negative direction.

Next, we shall use the Residue Theorem to evaluate the integral I %dz. The singularities
=

of the integrand ’;((TZ)) are the poles of f'together with the zeros of /. Let’s find the residues at

these points. First, let Z = {z;,z2,...,zx} be set of all zeros of f. Suppose the order of the
zero z; is n;. Then f(z) = (z —z;)"h(z) and h(z;) # 0. Thus,
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fiz) (- z))"h'(2) + nj(z — z;))V ' h(z)
7o) (- 2)"h()

h'@)

hz)  (z-z)

Then
z z—z & z—z; M .
¢(z) = ( j) ) h(z) + 1y,
and
Res & =

The sum of all these residues is thus

N=ny+ny+...+ng.

Next, we go after the residues at the poles of f. Let the set of poles of f be
P ={p1,p2,...,psr. Suppose p; is a pole of order m;. Then

h(z) = (z-p)"if2)

is analytic at p;. In other words,

5~ _h@)
&=

Hence,

[@) _ E=p)"h'(@)—miz=p)"'h(z)  (z=p)™

f2) (z=pj)*" h(z)

_ e my
h(z)  (@E-p)™~

Now then,
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h' ()

m S @ _ o \m .
¢(z) = (z-p)) =(z-p)) h(z) mj,

f2)

and so
Res Lo = ¢(p)) = —m;.

The sum of all these residues is
—P=-mi—my—...—my

Then,

@ 4 in_ py
£ e = 2mi(N - P);

and we already found that

J‘f(z) dz = n2ri,
C

where n is the “winding number”, or the number of times I' winds around the
origin—n > 0 means I winds in the positive sense, and » negative means it winds in the
negative sense. Finally, we have

n=N-P,

where N = n; + ny +...+ng is the number of zeros inside C, counting multiplicity, or the
order of the zeros, and P = m; +m3 +...+m is the number of poles, counting the order.
This result is the celebrated argument principle.

Exercises

1. Let C be the unit circle |z| = 1 positively oriented, and let f be given by
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fAz) = 2.
How many times does the curve f{C) wind around the origin? Explain.

2. Let C be the unit circle |z| = 1 positively oriented, and let /' be given by

fle) = ££2.

z

How many times does the curve f{C) wind around the origin? Explain.

3. Letp(z) = a,z" + a,1z"" +...+a1z + ao, with a,, # 0. Prove there is an R > 0 so that if
C is the circle |z| = R positively oriented, then

p'(2)

dz = 2nri.
p(2)

O —

4. How many solutions of 3e* —z = 0 are in the disk |z] < 1? Explain.

5. Suppose f'is entire and f{z) is real if and only if z is real. Explain how you know that f’
has at most one zero.

11.2 Rouche’s Theorem. Suppose f and g are analytic on and inside a simple closed
contour C. Suppose moreover that |f(z)| > |g(z)| for all zeC. Then we shall see that f'and
f+ g have the same number of zeros inside C. This result is Rouche’s Theorem. To see
why it is so, start by defining the function W(¢) on the interval 0 < ¢ < 1 :

_ 1 [(f@+tg®
Y@ = 2mi l Az) + tg(z) dz.

Observe that this i1s okay—that is, the denominator of the integrand is never zero:

[fz) + 1g(2)| = (D] = 4g(D)]] = [[D)] — [g@)]] > 0.

Observe that V¥ is continuous on the interval [0,1] and is integer-valued—W(?) is the
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number of zeros of f+ tg inside C. Being continuous and integer-valued on the connected
set [0, 1], it must be constant. In particular, W¥(0) = W(1). This does the job!

_ 1 [f@
Yo = 27i J; f2) dz

is the number of zeros of finside C, and

Wy = L [ L@@,

2ri . fz) +g(2)

is the number of zeros of f+ g inside C.

Example

How many solutions of the equation z® — 5z° +z° —2 = 0 are inside the circle |z| = 1?
Rouche’s Theorem makes it quite easy to answer this. Simply let f{z) = —5z° and let
g(z) =z°+2z>—2. Then |f(z)] =5 and |g(2)| < |z|/® +|z> +2 = 4 for all |z = 1. Hence
|fiz)| > |g(z)| on the unit circle. From Rouche’s Theorem we know then that fand f+ g
have the same number of zeros inside |z| = 1. Thus, there are 5 such solutions.

The following nice result follows easily from Rouche’s Theorem. Suppose U is an open set
(i.e., every point of U is an interior point) and suppose that a sequence (f,) of functions
analytic on U converges uniformly to the function f. Suppose further that f'is not zero on
the circle C = {z : |z—zo| = R} < U. Then there is an integer N so that for all n > N, the
functions f,, and f'have the same number of zeros inside C.

This result, called Hurwitz’s Theorem, is an easy consequence of Rouche’s Theorem.
Simply observe that for zeC, we have |f(z)| > € > 0 for some €. Now let N be large enough
to insure that |f,(z) —f(z)| <& on C. It follows from Rouche’s Theorem that f and
f+ (f» —f) = f» have the same number of zeros inside C.

Example

On any bounded set, the sequence (f,), where f,(z) = 1+z+ % +...+%, converges

uniformly to f(z) = e, and f{z) # 0 for all z. Thus for any R, there is an N so that for
n > N, every zero of 1 +z + % +...+% has modulus > R. Or to put it another way, given

an R there is an N so that for » > N no polynomial 1 +z + % +... +% has a zero inside the
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circle of radius R.

Exercises
6. Show that the polynomial z° + 4z — 1 has exactly two zeros inside the circle |z| = 1.
7. How many solutions of 2z* — 223 + 2z — 2z + 9 = 0 lie inside the circle |z| = 1?

8. Use Rouche’s Theorem to prove that every polynomial of degree n has exactly » zeros
(counting multiplicity, of course).

9. Let C be the closed unit disk |z| < 1. Suppose the function f analytic on C maps C into
the open unit disk |z| < 1—that is, |f{z)| < 1 for all zeC. Prove there is exactly one weC
such that f{(w) = w. (The point w is called a fixed point of /")
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