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Chapter 1

Complex Numbers

These notes are intended to supplement the text, Fundamentals of complex
analysis, by Saff and Snider [10]. Other often-used references for the theory of
analytic functions of a complex variable are the alternate text by Brown and
Churchill [2], and the more advanced classic by Ahlfors [1]. For a history of the
development of complex numbers, we recommend relevant chapters of [5].

If we were to develop real and complex analysis from the foundation up, we
would start with set theory (as studied in Math 8). Using sets, we would build
up successively the natural numbers, the integers, the rational numbers and the
real numbers.

We would start by defining the set of natural numbers

N={1,2,3,...} and w={0}UN=1{0,1,2,3,...},

together with the usual operations of addition and multiplication in terms of
sets. We could then define an equivalence relation ~ on the Cartesian product
w X w by

(m,n) ~(¢g,r) & m+r=q+n.

The equivalence class [m,n] of the pair (m,n) € w x w would be thought of as
the difference m — n, and the set of equivalence classes

Z={.,-2=1[0,2],-1=1[0,1,0=0,0],1=[1,0},2 =[2,0],...}

would then be regarded as the set of integers. We would next define the usual
addition and multiplication on Z and show that these operations satisfy the
familiar properties. The advantage of Z over N is that subtraction is always
defined.
Next, we would define an equivalence relation ~ on the Cartesian product
Z x (Z—{0}) by
(m,n) ~(q,r) < mr=qn,

and think of the equivalence class [m, n| are representing the fraction m/n. The
set of all such fractions is known as the set QQ of rational numbers. We could



then define addition and multiplication by
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m+q_mr+qn m q mq
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and establish all the usual rules of arithmetic with rational numbers, familiar
from grade school, including now division. A complete construction would be
long and time-consuming, and you might wonder whether it isn’t a bit pedantic
to carry this out with so much rigor. But it is important to understand that all
of the familiar rules of arithmetic for rational numbers can in fact be established
by deduction from the axioms of set theory.

The last stage is developing the real numbers R, which can be thought of as
limits of sequences of rational numbers. For example, the number 7 is the limit
of the sequence

(3,3.1,3.14,3.141, 3.1415, 3.14159, 3.141592, . . . . , 3.14159265358979, . . .).

It is precisely the notion of defining the limit of such a sequence which is the ma-
jor difficulty in developing real analysis. It would take a long time just to define
the real numbers in this manner, so for a first treatment of real analysis, most
authors take a shortcut, and formulate a collection of axioms which characterize
the real numbers. One often assumes these axioms as the starting point of real
analysis, rather than just the axioms of set theory. (Since one does want to
use the properties of sets in discussing real numbers, a full formal development
of analysis in this shortened form would require both the axioms of set theory
and the axioms of real numbers. On the other hand, many authors, just use
set theory as a basic language whose basic properties are intuitively clear; this
is more or less the way mathematicians thought about set theory prior to its
study by Georg Cantor (1845-1918) and its later axiomatization.)

The rational numbers and the real numbers both satisfy the field axioms
that we next describe.

1.1 Field axioms
Definition. A field is a set F' together with two operations (functions)
ftFExF—F  flry)=z+y

and
g:FxF —F, 9(x,y) = zy,

called addition and multiplication, respectively, which satisfy the following field
axioms:

e F1. addition is commutative: z +y =y + x, for all z,y € F.

e F2. addition is associative: (z+y) +2z=x+ (y+ 2), for all z,y,2 € F.



e 3. existence of additive identity: there is a unique element 0 € F' such
that z + 0=z, for all x € F.

e F4. existence of additive inverses: if x € F, there is a unique element
—x € F such that  + (—z) = 0.

e 5. multiplication is commutative: zy = yz, for all z,y € F.
e F6. multiplication is associative: (xy)z = x(yz), for all x,y,z € F.

e F7. existence of multliplicative identity: there is a unique element 1 € F
such that 1 # 0 and 21 = z, for all x € F.

e F8. existence of multliplicative inverses: if x € F and z # 0, there is a
unique element (1/x) € F such that - (1/z) = 1.

e F9. distributivity: x(y + 2z) = 2y + zz, for all z,y,z € F.

Note the similarity between axioms F1-F4 and axioms F5-F8. In the language of
algebra, axioms F1-F4 state that F' with the addition operation f is an abelian
group. (The group axioms are studied further in the first part of abstract
algebra, which is devoted to group theory.) Axioms F5-F8 state that F — {0}
with the multiplication operation ¢ is also an abelian group. Axiom F9 ties the
two field operations together.

Among the most important examples of fields are the set of rational numbers
Q and the set of real numbers R. In both cases we take f and g to be the usual
addition and multiplication operations. On the other hand, the set of integers
Z with the usual addition and multiplication is NOT a field, because integers
do not always have multiplicative inverses.

The field of reals R is much larger than the field QQ of rationals. Indeed,
as you have most likely seen in Math 8, Georg Cantor proved that the field Q
of rational numbers is countable, that is, in one-to-one correspondence with N,
while the field R is uncountable.

Another example. We can define a field Z/pZ, where p is a prime > 2, which
consists of the elements {0,1,2,...,p — 1}. In this case, we define addition
or multiplication by first forming the sum or product in the usual sense and
then taking the remainder after division by p, so as to arrive back in the set
{0,1,2,...,p—1}. This is often referred to as mod p addition and multiplication.
Thus for example,

7/57 ={0,1,2,3,4},

and within Z/5Z,
3+4="Tmod b =2, 3-4=12mod 5 = 2.

One can use theorems on prime factorization to show that Z/pZ satisfies all the
field axioms, and is therefore a field which contains only finitely many elements.



On the other hand, if n is not a prime, then Z/nZ with mod n addition and
multiplication is NOT a field. Indeed, in Z/4Z,

24+2=4mod 4 =0,

so 2 does not have a multiplicative inverse in Z/47Z, contradicting Axiom F8, so
Z/AZ is not a field.

1.2 Complex numbers

Unfortunately, it is not possible to take the square roots of a negative real
number and get a real number as a result. This defect makes it impossible to
find solutions to polynomial equations like

224+1=0

when using just real numbers. In order to remedy this problem, we introduce
the complex numbers C. There are two common ways of doing this:

Method I. We can utilize the theory of matrices, and regard the space C of
complex numbers to be the set of 2 x 2 matrices of the form

a —b
b a )’
where a and b are real numbers. One can check that the sum or product of two

elements of C is again an element of C. Although matrix do not commute in
general, it is the case that

G666 2)

for any choice of a, b, ¢ and d, as you can easily verify by direct multiplication.
We often use the notation

(10 (0 -1
“\o 1) "“\1 o
(Z ab>:a+bi.

The set C of matrices we have described, together with the operations of matrix
addition and multiplication, satisfies the field axioms, and we can call it the
field of complex numbers.

so that

Method II. We can also think of the space C of complex numbers as the space
R? of ordered pairs of real numbers (a,b) using vector addition for addition,
with the additional structure of a multiplication defined by the formula

(a,b)(c,d) = (ac — bd,ad + bc). (1.1)



Alternatively, we can set
1=(1,0), i=(0,1), so (a,b)=a+bi,

and the formula (1.1) then shows that i> = —1. Once again, the set C of complex
numbers is a field under the addition and multiplication operations that we
have defined. Thus all of the usual rules of arithmetic (such as the associative,
commutative and distributive laws) can be applied to complex numbers.

The second approach is the one adopted by the text [10], and suggests an im-
portant way of visualizing complex numbers. A complex number

z=x+ 1y

can be thought of as representing a point in the (z,y)-plane. We say that x is
the real part of z, while y is the imaginary part, and we write

z =Re(z), y=Im(z).

Using the Pythagorean law, we can define the length or modulus of the complex

number z = x + iy by
2] = Va2 +y2.

Of the main operations on complex numbers, only division might provide a
challenge for calculation when starting out. If a + b is a complex number, its
conjugate is

a+1ib=a—1b.

The division of complex numbers is then obtained by multiplying both numer-
ator and denominator by the conjugate of the denominator:

3+5i 34+5i2-3i 21+4i

243 2+3i2-3i 13

The complex numbers provide an important extension of the real numbers,
because within the complex numbers, one can always solve quadratic equations.
Recall that if a, b, c € R, the roots of the quadratic equations

_ —bxVb? —dac

az’ +bz+c=0 are z
2a

(1.2)
The solutions can always be written as complex numbers, because we can always
find a square root of b2 — 4ac, even if it is negative.

Indeed, it is with the quadratic formula (1.2) that students usually encounter
complex numbers for the first time. Although they appear strange at first, it
soon becomes apparent that the complex numbers pay for themselves many
times over in many problems in which one needs to find a solution within the
real numbers to a problem expressed in terms of the real numbers.

Of course, one might try to find a similar formula for zeros of the cubic

az’ + b2+ cz+d=0.



Finding such a formula was one of the successes of the Renaissance mathe-
maticians in Italy, a solution in terms of radicals being found by Tartaglia and
Cardano in 1545. Although these Italian mathematicians did not use complex
numbers, their cumbersome methods are far easier to understand with complex
numbers. An even more complicated formula was found for zeros of quartics.
Evariste Galois (1811-32) was able to show that there is no formula in terms of
radicals (square roots, cube roots and so forth) for zeros to the most general
quintic polynomials.

Nevertheless, a far-reaching existence theorem on roots to polynomials is
usually attributed to Carl Friedrich Gauss (1777-1855):

Fundamental Theorem of Algebra. FEvery nonconstant polynomial with
complex coefficients has at least one complex zero.

When the degree of the polynomial is large, one is usually forced to use numer-
ical methods to find approximations to the zeros. The Fundamental Theorem
provides one of the main reasons for the importance of complex numbers. We
will give a proof of this important result later in the course.

Quaternions. One might wonder whether it is possible to extend the notion
of complex numbers yet again to a larger field. This was tried by Sir William
Rowen Hamilton (1805-65) who developed the quaternions as a result; see [5],
pages 776-782. In modern notation, we would define the space H of quaternions
to be the set of 2 x 2 matrices of the form

)

where z and w are complex numbers with conjugates zZ and w. Once again,
one can check that the sum or product of two elements of H is again in H. The
operations of matrix addition and multiplication satisfy all of the field operations
except for commutativity of multiplication F5. Indeed, one can check that if

. (0 1 . (0 —i L (i 0
=l o0) T\ 0) T o =)

ij=k, while ji=—k,

then

in analogy with the cross product. Thus the sets of quaternions H is not quite
a field, but only a skew field. In spite of that limitation, quaternions have
become increasingly important in modern physics. Just like complex numbers,
quaternions can also be thought of as elements

g=a-1+bi+cj+dk
in R* with a special product.

Exercise A. a. Prove Pascal’s rule:

=6+



Hint: Write out the right-hand side in terms of factorials, put over a common
denominator and simplify.

b. Use Pascal’s rule and mathematical induction on n to prove the binomial
formula for complex numbers:

(Z+w)n :Zn_|_ (T)Zn_lw‘f'""F (Z)zn—kwk

( n ) n—1 n
+--+ Zw +w".
n—1

In proving this formula, it might be helpful to first write it in summation nota-
tion:
" /n
z4+w)" = 2Rk,
G =3 (})

1.3 Polar coordinates

Complex addition is just vector addition, but complex multiplication is a little
harder to visualize. To fully understand complex multiplication, it is convenient
to use polar coordinates in the complex plane:

x=rcosf, y=rsind.
We can then write
z=x+1iy =rcosf +irsinf = r(cosf + isinf).

We call r the modulus and 6 the argument of the complex number z; note that
the argument 6 = arg(z) is only defined up to the addition of an integer multiple
of 2. We let Arg(z) denote the unique value of arg(z) which lies in the interval
(—m, 7], and call it the principal value of the argument.
We often write
cosf +isind = e* (1.3)

and call this Fuler’s identity. To give a rigorous version of this identity, we would
need to investigate convergence of power series, which indeed is done in Math
117 or in Chapter 5 of [10]. However, the reader has probably seen power series
already in calculus courses, sufficient to at least motivate the expression for €.
To see how Euler’s identity arises, we start with the McClaurin expansions for
e”, sinz and cosz:

€T __ 1 2 1 3 1 4 1 n
e _1_;,_1-4_535 +ax +Ix ++ﬁx +oe
cosx—l——m2+—x4—lx6+---
-2 4l 6! ’



s L g, 15 14

sma:fxfgz +ax fﬂx + -
Then substituting 6@ for x and assuming that the power series converge, we
obtain

) '202 '303 -464
620:1+i9+%z2+%x3+%x4...+...

1, 1, . 1 4 1 s
_(1_!9 +!9—-~-)+Z<9—!9 +79 — ..
=cosf +isind,

which is exactly what we wanted to establish. For the time being, the reader
can simply think of (1.3) as defining €. Once we have Euler’s identity at our
disposal, we can write the polar form of a complex number as

zZ=7re

It is the polar form of complex numbers which makes complex multiplication
easy to visualize. Indeed, if

z1 =711(cosfy +isinfy) and 2y = ro(cosfy + isinbsy),

then

2122 = T17T2 (COS 01 + l Sin 91)(008 92 + i Sin 92)
= rir2[(cos b1 cos B — sin 0y sin f2) + i(cos 6y sin O3 + sin 6y cos 02)]
= r1ra(cos(01 + 02) +isin(01 + 02)),

where we have used the familiar formulae for the cosine and sine of the sum of
two angles. Thus to multiply two complex numbers together, we multiply the
moduli and add the arguments, expressed in terms of Euler’s identity as

(r1€%91) (1rge?%2) = (rlrg)ei(olJrez).
An important special case of this calculation is
01 02 _ i(01+02) (1.4)

This interpretation of complex multiplication makes it relatively easy to
calculate square roots; indeed,

Vel = +4/re'/?.
For example,

e

Vi = Veim/2 = +e™/* = +(cos(n/4) + isin(n/4)) = 5

[



More generally, suppose that we want to calculate the m-th root of a complex
number z. There are actually m such m-th roots. Indeed, the m-th roots of

unity are simply
. 2 2
Wy = 2T = cog <7r) + 7sin (W>
m m

and all of its powers. We can visualize the distinct m-th roots of unity,
Wiy W2, oW

as equally spaced points around the unit circle. To find the m-th roots of a
real number, we find the positive real m-th root and multiply it by all the m-th
roots of unity.

For example, the three cube roots of unity are just

2 2 1 3 1 3
w3 = cos (;Z) + ¢sin (;Z) =3 + gz wj = -5~ £i, wi =1,

and so the three complex cube roots of 8 are just

2wy = —1+V3i, 2wi=—-1-V3i, 2wi=2

1.4 The complex exponential

The main goal of Math 122A is to study complex-valued functions of a com-
plex variable z. One of the most important of these functions is the complex
exponential f: C — C defined by

f(2) = e = "W = %™ = e”(cosy +isiny) = e® cosy + ie” siny,

where we have used Euler’s identity (1.3) to express e?¥ in terms of cosy and
siny. It is often convenient to write

f(2) = f(a,y) = u(z,y) +iv(z, y),

where
u(z,y) = e cosy, wv(x,y) =e"siny

are smooth functions of x and y, called the real and imaginary parts of the
complex-valued function f.
Note that since

f(z+2min) = f(2), forn€Z,

the function f is not one-to-one. It is also not onto, because there is no z € C
such that f(z) = 0. Nevertheless, we can define a partial inverse function

Log:C—{zeR:2 <0} - C by Log(z)=Loglz|+iArg(z),



where the logarithm on the right is the usual natural logarithm of a real number.
Note that the function Log is defined everywhere except on the negative z-axis.
If we tried to extend it over the negative z-axis, we would have to introduce a
jump discontinuity.

From (1.4), we easily conclude that the exponential function has an impor-

tant special property
el +z2 _ e*le?2

The exponential function and its inverse are examples which will recur through-
out the course.

Of course, when we let z = i, where 6 is real, the complex exponential just
reduces to Euler’s identity (1.3). The conjugate of Euler’s identity is

cosf —isinh = e, (1.5)
and we can solve (1.3) and (1.5) for cosine and sine, obtaining
it 4 o—ib if _ o—i0

cos@zf, smHZT. (1.6)

More generally, we can replace 6 by an arbitrary complex number:
eZZ + e—lZ . elZ _ e—lZ
cosz = ——, sinz=———
24

2

Thus over the complex numbers, the trigonometric functions can be defined in
terms of the exponential. This fact can often be exploited to advantage.
For example, suppose that we want to calculate the integral

27
/ sin* 6d6.
0

Although this might appear to be difficult to do directly, it is easy if we substi-
tute from (1.6) and expand using the binomial theorem:

1 1 4
.4 i0 —if
sin® 0 = (22) (ez —e )
1 . . ) .
_ 24 (6419 _ 46219 + 6 _46—219 +€410)
1
=5 (2 cos(40) — 8 cos(20) + 6) .

Since cos(26) and cos(40) integrate to sines which cancel at the upper and lower

limits, we see that
27 2
/ sin® 0df = / Sap =37
0 0o 8 4

Conversely, we can express cos(nf) and sin(nf) in terms of powers of cos 6
and sin @ by means of de Moivre’s formula:

cos(nd) + isin(nf) = (cosf + isin 6)".

10



For example, suppose that we want to express cos(46) in terms of powers of
cos and sind. We can write

cos(40) + isin(46) = (cos @ + isin 0)*,
expand the right-hand side using the binomial formula, and compare the real
parts of the two sides. Since
cos(40) + isin(46)

= cos® 0 + 4icos@sin @ — 6 cos? O sin? @ — 4i cos® O sin § + sin? 6,
we can take the real parts of both sides, and conclude that

cos 40 = cos* 6 — 6 cos? O sin? 0 + sin 6.

1.5 Subsets of the complex plane

We have seen that the complex plane C is just the Euclidean plan R? together
with two operations which make it into a field, vector addition and complex
multiplication. It is therefore not too surprising that much of the terminology
from R™ (as described in [8] for example) carries over directly to the complex
plane.

In particular, the distance between two points zg = zg+iyg and z1 = x1+iy1
within C is given by the Pythagorean formula

d(Zo,Zl) = |Zo - Z1| = \/(iﬂo - !E1)2 + (yo - y1)2.

This distance function satisfies all of the usual axioms which make C into what
is called a metric space:

1. d(z0,21) > 0 and d(20,21) = 0 & 20 = 21,
2. d(zp,21) = d(z1,22), and
3. d(Zo,ZQ) < d(2’072’1) + d(217z2)7

whenever zg, z; and z5 are elements of C.
It is possible to describe many interesting subsets of C in terms of the dis-
tance function. Thus for example,

S={z€C:|lz—(2+14)|=4}={2€C:d(z,(2+1)) =4} (1.7)

is just the set of points which are four units away from 2 + 4, which is of course
the circle of radius 4 centered at 2 + 4. Similarly,

S={z€C:|z—-B+1i)|=]z—(+2i)|} (1.8)

is just the set of points which are equidistant from the two points 3 + ¢ and
5 + 2¢, which is the straight line which bisects the line segment from 3 4 i to
5+ 2.

11



There is much terminology associated with distance functions from metric
spaces which has become part of the fabric of contemporary mathematics. We
will need this terminology for our study of complex analysis.

Definition. If € is a positive number, the open disk of radius € about the point
zp € C is the subset

N(zp;e) ={z€C:|z— 2| <&}

We sometimes also call this an e-neighborhood about zy.

Definition. A subset U C C is said to be open if whenever z € U, there is an
open disk N(z;¢) of some positive radius € about z such that N(z;e) C U.

Roughly speaking, a subset U C C is open if whenever z € U, any point
sufficiently close to z is also in U. Thus, for example, the set {z € C: |z| < 1}
is open while the set {z € C: |z| < 1} is not.

Proposition 1. The empty set ) and the whole space C are open subsets of C.
The union of an arbitrary collection of open sets is open. The intersection of a
finite collection of open sets is open.

For completeness, we include a proof, although some may prefer to accept the
theorem on faith. In particular, we leave it to the reader to check that the
empty set () and the whole space C are open subsets of C. To prove that an
arbitrary union of open sets is open, we could suppose that {U, : « € A} is a
collection of open sets and that

U=|J{Ua: €A}

If z € U, then z € U, for some o« € A. Hence there is an ¢ > 0 such that
N(z;e) C U,. But then N(z;¢) C U, and this shows that U is open.
On the other hand, suppose that {Uy,...,Uy,} is a finite collection of open
sets and that
U=U;Nn---NUp.

If z € U, then z € U; for every i, 1 < i < m. Hence for each i, 1 <i < m, there
exists €; > 0 such that N(z;¢;) C U;. Let

e =min(ey,...,Em),

and note that € > 0 since the minimum of a finite number of positive numbers
is positive. Then N(z;e) C U; for every i, 1 <i < m. Hence N(z;¢) C U and
the finite intersection U is open, finishing our proof.

Definition. A subset S C C is said to be closed if C — S is open.

For example, the circle (1.7) and the line (1.8) are closed subsets of C which
are not open. Any finite subset of C is closed. By an argument similar to that
of the Proposition, one can show that the empty set () and the whole space C

12



are closed, the intersection of an arbitrary collection of closed sets is closed, and
the union of a finite collection of closed sets is closed.
Particular types of open and closed sets are also important.

Definition. An open subset U C C is said to be connected if whenever zg, z; €
U, there is a smooth path from zy to z; which lies entirely within U.

In this definition, one can replace “smooth path” by “polygonal path,” and in
fact this is done by Saff and Snider in §1.6 of [10]. Connected open sets are quite
important within complex analysis, so Saff and Snider have a special name such
set; connected open sets are called domains.

Proposition 2. Suppose that U is a connected open subset of C. If u: U — R
is a function with continuous partial derivatives such that

oo, 0o
then u is constant.
A proof, using ideas from calculus, follows from the chain rule. Indeed, if g, 21 €
U and 7 : [a,b] — U is a smooth path such that v(a) = zg and (b) = z1, say
v(t) = z(t) +iy(t), fort € [a,b],
then
)~z = [ o= [ (Gete Sy,

a

so u(z1) = u(zp). Thus u has the same value at any two points of U, which is
exactly what we needed to prove.

Example. Suppose that U = {z = z + iy € C: 2 # 0}. Then the function

u : U — R defined by
(@ + iy) 3, ifx<0,
u ) =
=5, iz >o,

satisfies (1.9) yet is not constant. Of course, in this case, U is open but not
connected.

Among the most important closed sets are those which are bounded.

Definition. A subset S C C is said to be bounded if there is a positive real
number R such that
zeS = |z|<R

A subset K C C is compact if it is both closed and bounded

One of the key theorems from real analysis ([8], Corollary 24.10) states that a
continuous real-valued function defined on a compact set K C C must achieve
its maximum and minimum values at some points of K.

13



1.6 The Riemann sphere

The Riemann sphere is the space obtained from the complex plane C by adding
a point at infinity, which we denote by co. It is most often visualized, however,
via stereographic projection from the (x1,x3)-plane to the unit sphere

S? = {(21,79,73) € R : 2} + 23 + 235 = 1}.

If N = (0,0, 1) is the north pole on S2, stereographic projection is a one-to-one
onto function

®:C— S?—{N},

where C is thought of as the (z1,x9)-plane

We can follow the calculations in §1.6 of [10] to define the stereographic
projection. We consider the line L containing N = (0,0, 1) on S? and the point
(z,9,0) in the plane 3 = 0. This line L can be parametrized by

YRR where (1) = (21 (1), 2(t), 2(8)) = t(,,0) + (1 - £)(0,0,1),
or alternatively, we can write this as
x1(t) =tz, z2(t) =ty, wx3(t)=1—t. (1.10)

There is a unique nonzero value for ¢ such that ~(t) lie on S? — {N}, and it
occurs when
1=a? 422 +22 =t2? + 122 + (1 - t)2

We can expand and solve for ¢:

1=t + ) +1 =20+t =t*(2® +y* +1) — 2t +1,
2

2% =32 +12+1), 2=t(xz>+4>+1), t=—"——.
(z° +y" + 1), (z° +y° +1), PR

Substitution into (1.10) then yields the point on S? which corresponds to the
point (z,y,0), corresponding to x + iy € C:

2x 2y 1 2
rH=——— To=—-— T3=1— ————.
P2l TP 221 x4y 4+ 1
We can then simplify this to

_ 2z _ 2y _ 22 +9y? -1 (1.11)
NTRERAD PR+l BT 2240 '

which gives an explicit formula for stereographic projection

d:C — Sz . {N}, (I)(Z) _ (QRG(Z) QIm(z) ‘Z|2 _ 1> 7

22+ 17 [ +17 |22 +1

where Re(z) and Im(z) are the real and imaginary parts of z.
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To see that @ is one-to-one and onto, we can construct an explicit inverse.
Indeed, eliminating ¢ from equations (1.10) gives first ¢t = 1 — 3 and then
X1 T xT9 X9

xr=— = 5 = — = .
t 17%3 Y t 17153

Thus we can define a function

T + 1xo

¢:5° —{N} = C by o(z1,22,13) = 1— 22
3

which is exactly the inverse of ®. The inverse map ¢ is well-behaved except
when x5 = 1, that is, it is well-behaved except at the north pole N on S2.

These explicit formulae may seem confusing at first. The important point
to note is that as the modulus of z gets larger and larger, ®(z) approaches the
north pole on $2. Thus if we think of using ® to identify points of C with points
on S%2—{N}, then the north pole N should be identified with a point at infinity.
Indeed we might think of extending ® to a map

d:CU {0} — 52

This idea of adding a point at infinity to the complex plane, thereby obtaining
what is sometimes called the extended complex plane or the one-point compact-
ification of C, has turned out to be extremely useful in understanding functions
of a complex variable.

Example. Supppose that U = C — {3} and

1

f:U—C by f(z)2273.

Since f(z) gets larger and larger as z approaches 3, it is often useful to extend
f to a map

1/(z—3), ifz+#3,
0, if z=3.

f:C—CuU{oco} so that f(z):{

Unfortunately, there is no way of defining addition and multiplication with oo
so that C U {oo} satisfies the field axioms.

We can think of ¢ as defining a coordinate z on S2, which is well-behaved
everywhere except at the north pole N. But sometimes we want a coordinate
w that might be well-behaved near co. We might try to take

w= =
z

as such a coordinate. Can we think of this also as a complex coordinate on part
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of 2?7 We find that

1 +ixg
o 1—l‘3
1 1— - 1—23)(x1 —ix
o == .3 :( 32)( 12 2)
z X1+ X r] + x5
_ (1 7ZL'3)(£E1 77:1'2) _ X1 72‘1’2
1—,@% 14 z3

Thus if we let S denote the south pole (0,0, —1), we can define

T, — 1’1’2

0SS} C by w=d(w,wy ) = 52

It tuns out that conjugation followed by the inverse of v is then stereographic
projection with the north pole replaced by the south pole.
These constructions give two complex coordinate systems on 52,

$:8*—{N} —-C and ¢:5%-{S} -»C

which are related by
1
oo () =w=—.

z

These complex coordinate systems make S? into what is called a Riemann sur-
face.
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Chapter 2

Analytic functions

Recall that if A and B are sets, a function f : A — B is a rule which assigns to
each element a € A a unique element f(a) € B. In this course, we will usually
be concerned with complex-valued functions of a complex variable, functions
f:U — C, where U is an open subset of C. For such a function, we will often
write
w = f(z) = f(z +iy) = u(z,y) +iv(z,y),

where u(z,y) and v(z,y) are the real and imaginary parts of f. We can think
of the complex-valued function f as specified by these two real-valued functions

u and v.
For example, if f : C — C is defined by w = f(z) = 22, then

22
z2:(sr:+iy)2:x2—y2+2ixy - u(z,y) =z —y*,
v(z,y) = 2zy.

We can think of this as defining a transformation

uw=2a>—vy% =2y
from the (z,y)-plane to the (u,v)-plane.

Our goal is to study complex analytic functions f : U — C, functions which
have a complex derivative at each point of U. We will see that the existence of
a complex derivative at every point is far more restrictive than the existence of
derivatives of real valued functions. We will also see that a function f : U — Cis
complex analytic if and only if its component functions u and v have continuous
partial derivatives and satisfy the Cauchy-Riemann equations

Ou v Ou  0Ov
oxr 0Oy’ oy  Ox’
Moreover, u(z,y) and v(x,y) automatically have arbitrarily many derivatives
and satisfy Laplace’s equation:
u 0%*u v 0%
g %%y, 2220
0x2 = 0Oy? 0x2 = Oy?
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These equations have many practical applications. For example, the real part of
an analytic function can be used to model steady-state temperature distributions
in regions of the plane.

2.1 Convergence and continuity

To properly deal with complex-valued functions, we need to understand limits
and continuity. These are similar to the same concepts for real-valued functions
which are studied informally in calculus or more carefully in real analysis courses
such as Math 117 (see [8]). The simplest of the definitions is that of limit of a
complex sequence.

Definition 1. A sequence (z,) of complex numbers is said to converge to a
complex number z if for every € € R with € > 0, there is an N € N such that

neN and n>N = |z,—z|<e.

In this case, we write z = lim z,,. A sequence (z,) of real numbers which does
not converge to a real number is said to diverge.

Example 1. We claim that the sequence (z,,) defined by z,, = 1/n converges to
0. Indeed, given € > 0, there exists N € N such that N > 1/¢ and thus 1/N < ¢
by the so-called Archimedean property of the real numbers. It follows that

1 1 1
n>N = 0I<-<—= = |zn0|‘0‘<5.
n N n

Using the same technique, you could show that the sequence (z,) defined by
zn = ¢/n converges to 0, whenever c¢ is a complex number.

Example 2. On the other hand, the sequence (z,) defined by z, = " diverges.
We can prove this by contradiction. Suppose that this sequence (z,) were to
converge to z. We could then take ¢ = 1, and there would exist N € N such
that

n>N = |zm—z <Ll

But then if n > N and n is even, we would have z,,2 = (i?)2z, = —2,. Since
|Zn‘ =1,
2=|zp — znyo| <l|on— 2|+ |72 — 2ng2| <14+1=2,

a contradiction.

Example 3. Suppose that z, = a”, where a« € R and 0 < a < 1. Then
1
—=1+4+b, where b>0,
a

and by the binomial formula

a

1 n
() = (14+b)"=1+nb+---+b" > nb,

18



SO 1 L
c
— = —, where c= -

bn n’ b’
Now the argument for Example 1 can be applied with the result that

a” <

lim z, = lim(a™) = 0.
Finally if ¢ € C and |c¢| < 1, then

lc" —=0] <|e/* = limc" =0.

Proposition 1. Suppose that (z,) and (w,) are convergent sequences of com-
plex numbers with lim z,, = z and lim w,, = w. Then

1. (zn + wy) converges and lim(z, + wy,) = z + w,
2. (zpwy) converges and lim(z,w,) = zw,

3. (zn/wy) converges and lim(z, /w,) = z/w, provided w,, # 0 for all n and

w # 0.

This theorem is proven in Math 117 for sequences of real numbers, and exactly
the same proof holds for sequences of complex numbers. For example, to prove
part I, we let € > 0 be given. Since (z,) converges to z, there exists an N3 € N
such that

€

5

Since (w,) converges to w, there exists an No € N such that

neN and n>N, = |z,—2|<

neN and n>N; = |wn—w|<%.

Let N = max(Ny, Na). Then using the triangle inequality, we conclude that

neN and n>N = |[(zptws)—(24w)| < |zn—2]+|w,—w| < %—i—% =g,

which is exactly what we needed to prove. This is sometimes called the /2
trick. Similar arguments are used to prove the other parts of the Proposition.

Example 4. Suppose we want to investigate the convergence of the sequence

(2n) defined by
_2n+3+14

" n45—4i

We can rewrite this as )
24+ @3B+1i)/n

A e

By Example 1, we see that as n — oo, (3+14)/n and (5—4¢)/n converge to zero.
We can then use the above Proposition to establish that

lIm(2+ (83+4)/n) =2, lim(1+(5—4i)/n)=1 and limz, =2.
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Similarly, we can use the Proposition to show that the sequence (z,) defined by

20?7+ (3+5i)n+ (6 — 1)
32+ (5+i)n+ (2 + 3i)

n

converges to z = 2/3.
Example 5. Suppose that (z,) is the sequence of complex numbers defined by

n 1
21 =15, zpt1 = f(zn) = % +—, forneN (2.1)

Zn
If this sequence has a limit, Proposition 1 tells us what the limit must be.
Indeed, by induction one sees that z, € R and z, > 0 for all n € N. Moreover,
using calculus, one can show that z € R = f(z) > v/2. Thus if z = lim z,, it

follows from Proposition 1 that

lim z, 1 z 1

z
= — —_ :> -
2 limz, 2 + z 2z

z=limz,4; =
Thus we see that z = /2. We remark that (2.1) provides a good numerical
method for finding the square root of two.

We next turn to the notion of limits of functions. If zy is a complex number, a
deleted open ball about zg is a set of the form

N*(z0;€) = N(z0;¢) — {20} = {2 € C:0< |z — 20| < e},
for some ¢ > 0.

Definition 2. Let D C C and let zg be a complex number such that some
deleted neighborhood N*(zg;¢€) of z lies within D. A complex number wyq is
the limit of a function f: D — C at zg if

2n €D, z,#2z and limz, =2z = limf(z,) = wo.
In this case, we write

lim f(z) = wo.

z—20

Some authors, including [10], prefer an alternate definition which turns out to
be equivalent:

Definition 2°. Let D C C and let zy be a complex number such that some
deleted neighborhood of z lies within D. A complex number wyq is the limit of
a function f: D — C at zg if for every € > 0 there exists 6 > 0 such that

O<|z—z|<d = |f(z) —wo| <e.

With either Definition 2 or 2’, it is important that the function f need be
defined only on a deleted open ball about zp, not necessarily at the point zg
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itself. Indeed, we will often take limits at zy when f is not defined at zy. The
following proposition follows immediately from Definition 2 and Proposition 1:

Proposition 2. Let D C C and let zy be a complex number such that some
deleted neighborhood of zy lies within D. Suppose that f : D — Candg: D —
C are functions such that lim,_,,, f(z) = wp and lim,_,,, g(z) = wy. Then

1. lim, . (f(2) + g(2)) = wo + wn,
2. lim, ., (f(2)9(z)) = wown,
3. if g(z) # 0 for z € D and wy # 0, then lim,_, ., (f(z)/g(z)) = wo/w;.

Definition 3. Suppose that D C C, that f : D — C, and zg is a point of D
such that N(zg;¢) C D for some € > 0. Then f is continuous at zq if

lim f(2) = f(z0)-

zZ—20

The following proposition follows immediately from this definition and Propo-
sition 2:

Proposition 3. Suppose that D C C and that f : D — C and g : D — C are
continuous at zgp € D. Then the functions f + g and f - g are also continuous at
z0. Moreover, if g(z) # 0 for z € D, then the quotient f/g is also continuous at
z0-

It is quite easy to show that the function f : C — C defined by f(z) = z
is continuous at every zy € C. It then follows from Proposition 3 that every
polynomial function

P(z) =an2" + An_12"" 1+ 4 a1z + ag,

with complex coefficients ag, a1, .., an_1, G, is continuous at every zy € C.
Suppose that

Q(2) =bpmz™ + by 12™ 4 bz + by =0

is a second polynomial with complex coefficients and that S be the finite set
of points at which Q(z) vanishes. Let D = C — S. Then it also follows from
Proposition 3 that the rational function R : D — C defined by

is continuous at every point of D. Thus we can construct many examples of
continuous functions. Moreover, it is easy to calculate the limits of continuous
functions, because if f is continuous at zy then

lim f(2) = f(z0)-

Z—20
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But there are also numerous cases in which limits do not exist. For an
important example, suppose that D = C — {0} and that f : D — C is defined
by
r—iy (x—iy)?  a®—y®—2ayi

vy x4y 22 4y?

fa+iy) = f(z) == =

Then if (2, = @, + iy,) is a sequence in D which lies on the z-axis, y, =0 =
f(zn) =1, while if (2, = x,, + iy,) is a sequence in D which lies on the y-axis,
Zn =0 = f(z,) = —1. Thus lim,_,¢ f(2) does not exist.

Here is another example. Recall that Arg(z) is the unique value of the
multivalued angle function arg(z) which lies in the interval (—m, 7]. This defines
a function

Arg: C— {0} — (—m, 7]

which we use to define the logarithm
Log:C— {0} - C by Log(z)= Log|z|+ iArg(z). (2.2)
As we saw earlier, if exp : C — C is the function defined by exp(z) = e*, then
exp o Log(z) = z, Log o exp(w) = w,

when the composition is defined. If (z, = z, + iy,) is a sequence of complex

numbers such that y, > 0 and limz, = —1, then limLog(z,) = =, while
if (zn = xp + iyn) is a sequence such that y, < 0 and limz, = —1, then
lim Log(z,) = —n. Thus

ZlimlLog(z)

does not exist, and the function Log defined by (2.2) fails to be continuous at
z=—1
On the other hand, one can show that the restricted function

Log:C—{ze€R:2<0} - C, defined by Log(z)= Log|z|+ iArg(z),

is in fact continuous, because we have excised the points of discontinuity from
the domain.

2.2 Complex derivatives and analyticity

The notion of derivative for a complex-valued function looks superficially similar
to the similar definition for real-valued functions, but we will see that it has far
stronger implications:

Definition 1. Suppose that f: U — C is a complex valued function, where U
is an open subset of C and zy € U. Then the complex derivative of f at zy is

ﬁ('ZO) = f'(z0) = lim f(z0+ Az) — f(20)

2.
dz Az—0 Az ’ (2:3)
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if this limit exists. We say that f is differentiable at zy if it has a complex
derivative at zg.

Definition 2. A function f : U — C, where U is an open subset of C, is said
to be complex analytic or holomorphic if it has a derivative at every zg € U. If
U = C, we say that the function is entire.

Example 1. If f: C — C is the function defined by f(z) = 2", then it follows
from the binomial formula that

fz0+Az2) =20 +nzd Az + (Z) 2072 (A2)% 4 -+ (A2),
S0
f(z0 +Az) — f(20) = nzy Az + (Z) 2073 A2+ -+ (A2)"
and

Fzo+ AAZ; — f(x0) =nzl t + (Z) 2072(AZ) + -+ (A"

Taking the limit as Az — 0 yields

fo) = gim TEFED ) o

Thus in this case, the derivative of f exists at every zg € C and is given by the
familiar formula

f(z0) = nzg_l.
Thus f is complex analytic on the entire complex plane, that is, it is an entire
function.

Example 2. If f: C — C is the function defined by f(z) = z, then

flz0+Az2) — f(20) = (20 + A2) — 20 = Az,

Thus L
flzo+Az) — f(z0) _ Az
Az Az’
But L L
Az . . Az
SO
lim f(z0 + Az) — f(20)
Az—0 AZ

cannot exist in this case, so f is not differentiable at any zy € C, even though
if we divide f into real and imaginary parts,

f(z) = f(x +iy) = u(z,y) +iv(z,y), then {“((
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and the component functions v and v have continuous partial derivatives of
arbitrarily high order in the usual sense of several variable calculus.

One can use Proposition 2 from §2.1 as the foundation for proving:

Proposition 1. If f : D — C and g : D — C are differentiable at zy € D, then
1. f+ g is differentiable at zo, and (f + g)'(z0) = f'(20) + ¢'(20),
2. cf is differentiable at zy for any constant ¢, and (cf) (z0) = c¢f’(20),
3. fg is differentiable at zq, and (fg)'(20) = f'(20)9(20) + f(20)9’(20),
4. if g(z) #0 for z € D, then f/g is differentiable at zy. and

(f)l (20) = 9(20) f'(20) — f(Zo)g/(Zo).

g 9(20)?

(2.4)

Using Example 1 and this Proposition, it becomes straightforward to show that
any polynomial

P(2) = ap2" + apn_12" "'+ + a1z + ao,

with complex coefficients ag, a1, ..., ap_1, a, is differentiable at every point
zo € C, with complex derivative given by the formula

P'(2) = nan2371 +n(n— 1)(1,”,12;6172 +--+a.
Moreover, if

Q(2) = bp2™ + bp_12™ bz 4+ b =0

is a second polynomial with complex coefficients and S is the finite set of points
at which Q(z) vanishes. It also follows from Proposition 1 that the rational
function

is differentiable at every point of D = C — S. In this case, we would say that R
is complex analytic except at the points of S, and we can use (2.4) to find the
derivative at any point of C — S.

We can also prove a version of the chain rule for complex derivatives:

Proposition 2. Suppose that U and V are open subsets of the complex plane
C and that f : U — V and g : V — C are differentiable at zo € U and f(z) € V
respectively. Then the composition go f : U — C is differentiable at zg and

(g0 f) (20) = g'(f(20))f'(20)-
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Here is a simple application of the chain rule: We will see in the next section
that the function

g:C— C defined by g(z+iy) =e* =e"(cosy + isiny)

is differentiable at every point of C and ¢'(z) = e*. If f: C — C is defined by
f(w) = aw, where a € C, then go f(z) = e**, and it follows from the chain rule
that
(90 £)(2) =g'(f(2))f'(2) = e"%a = ae"*.
Finally, just as in the real case, it turns out that a function which has a
complex derivative at a point automatically is continuous at that point:

Proposition 3. If f : D — C is differentiable at zog € D, then f is continuous
at zg as well.

To prove this, we let z = zg + Az in (2.3) so that Az = 2 — zp. Then

But this immediately implies that f is continuous at 2.

Thus if D is an open subset of C and f : D — C is complex analytic, then f
is continuous. It is a little harder to show (via a theorem of Goursat) that a
complex analytic function f : D — C automatically has a continuous deriva-
tive f/ : D — C. Later we will see via the Cauchy integral theorem that in
fact a complex analytic function has continuous derivatives of arbitrarily high
order. Thus existence of complex derivatives is far stronger than the existence
of ordinary derivatives of real valued functions.

2.3 The Cauchy-Riemann equations

Suppose that the function f : D — C has a complex derivative at zg = xg+iyg €
D. In the definition of complex derivative, we can let Az approach zero along
the z-axis, that is, we can set Az = h € R. In that case, (2.3) becomes
. +h) = f(20)
! — 1 f(ZO
f (ZO) hli% h )

where h ranges only over R. We recognize that this is just the partial derivative
of the vector valued function f(x + iy) = u(x,y) + iv(z,y) with respect to z,
which we can write out in terms of real and imaginary parts:

0 0 0
f'(20) = 37;:0(1;0’%) = ai;(fﬂowo) + ia*Z(wo,yo)- (2.5)
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On the other hand, we can also let Az approach zero along the y-axis, that is,
we can set Az = ik, where k € R. In this case, we find that

o flatik)— f(z)  10f
f(z0) = Jim i =y

(xoayo)
ov Ou ov
= gafy(xo,yo) + Fy(xo,yo) = —Z@(xo,yo) + @(xo,yo)- (2.6)

Since the two expressions (2.5) and (2.6) must be equal, we must have

0 0 0 0
22 (w0,90) = = (w0, 90) and = (0, o) = — = (0, Yo).

Oox y dy ox
Thus the real and imaginary parts of a complex analytic function must satisfy
these equations, known as the Cauchy-Riemann equations in honor of Augustin
Cauchy (1789-1859) and Bernard Riemann (1826-1866), although these equa-
tions had actually appeared earlier in work of d’Alembert and Euler on fluid
motion (as explained in Chapter 26 of [5]).
Conversely, we have the following key theorem:

Cauchy-Riemann Theorem. Suppose that U is an open subset of C and
the complex-valued function f : U — C can be expressed in terms of real and
imaginary parts as

f(z) = f(z +iy) = u(z,y) +iv(z,y),

where u(z,y) and v(x,y) have continuous first order partial derivatives on U
which satisfy the Cauchy-Riemann equations

Ou Ov  Ou  Ov
or oy Oy = Ox
Then f is a complex analytic function on U and its derivative is given by the
formula
_Ou  Ou

f'(2) = o —Z@~ (2.8)

(2.7)

We sketch a proof of this following Ahlfors [1], page 26. It is proven in calculus
courses (or more rigorously in real analysis courses) that when u(z, y) and v(z, y)
have continuous partial derivatives,

ou ou
h k) — = — h+ — k
and 5 5
v v
U(l’+ h7y+k) - U(l’,y) - %((E,y)hﬂ‘ @(xvy)k+€27
where
o1 0 and 572%0 as h2 + k% — 0.

NiEa=a N
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Using (2.7), we can rewrite the above equations as

u(z +h,y+k)\  (u(z,y)\ _ (Ou/0x Ou/dy h €1
(v(x +h,y+ k)) (v(gc, y))  \ Ovdx Iv/dy (@.y) k)T ea)’ (2.9)
The key point now is that the Jacobian matrix

(8812}/88; gz; gz> (z,y) represents a complex matrix (Z —ab>

if and only if the Cauchy-Riemann equations are satisfied. Thus if the Cauchy-
Riemann equations are satisfied, we can rewrite (2.9) as

u(z+h,y+k)\  (u(z,y)\ _ ( Ou/0x Ou/dy (2,1) h e

v(x+h,y+k) v(z,y))  \—0u/0y Ou/dx Y\ k €]’
One can check that the two components of this last equation are the real and
imaginary parts of the complex equation

flz+ (h+ik)) — f(z) = ( —z'y) (h+ik) + 1 +ic.

But this implies that

i (f(z + (hh++iflz) - f(z)> _ (gz B ZZZ) (z.1).

so f is analytic and its derivative is given by (2.8).

Application 1. Suppose that f : C — C is the exponential function defined by
flz+iy) = e® = e®(cosy +isiny) = u(z,y) + iv(z,y),

where u(z,y) = e* cosy and v(z,y) = e*siny. We could try to prove directly
that this function is complex analytic, but this would require evaluating some
difficult limits. Instead, we can observe the real and imaginary parts of f are
continuously differentiable, and

ou N ov d ou o . ov

— =¢e"cosy=— and — = —€"siny = —,

Ox Y dy dy Y or
so the Cauchy-Riemann Theorem implies that f is a complex analytic function.
Moreover,

df Ou  .Ou

p i za—y:excosy—l—iexsiny, so —(e7) =¢.

dz

Exercise B. a. Use the chain rule to express the partial derivatives of u and v
with respect to z and y in terms of the partial derivatives with respect to the
polar coordinates (r,8), where

xr =rcosb, y=rsind.
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b. Use the expressions you obtained to rewrite the Cauchy-Riemann equations
in terms of polar coordinates:

ou 10v  Ov 10u
S 2.1
or rod’ or r 060 (2.10)
Application 2. Suppose that
f=Log:C—{xr €eR:2<0} - C, isdefinedby Log(z)= Log|z|+iArg(z),

In this case,

ulw,y) = Log (Va2 +42), v(a,y) = arg(a +iy).
In terms of polar coordinates,
U(T’,e) = Log(r), U(Tv 9) =0,
SO
ou_1ou_ o ov_ o
or r 00 N N
It therefore follows from the polar coordinate form of the Cauchy-Riemann

equations (2.10), together with the Theorem, that f = Log is a complex analytic
function of z, and using (2.8) we find its derivative:

7:) = oo (Vo7 +47) — i Log (Va5 )
=2 (V) -

V0 (Vaz )

i 9]
Va2 +y2 9y

The following Proposition follows from Proposition 2 in §1.5:

Proposition 1. Suppose that D is a connected open subset of C and that
f: D — C is a complex analytic function such that ' : D — C is continuous.
Then

f'(z)=0 forallze D = f(z)=c,

where c is a constant.

Indeed, if f'(z) = 0 for all z € D, then it follows from (2.8) and the Cauchy-
Riemann equations that

ou Ou ov Ov

or 9y  9r dy
Since D is connected, it follows from Proposition 2 in §1.5, or from Theorem 1,
page 40 in [10], that u and v are both constant.
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Many properties of complex analytic functions can be derived from the Cauchy-
Riemann equations. For example:

Proposition 2. Suppose that D is a connected open subset of |mathbbC and
that f : U — C is a complex analytic function such that f' : D — C is
continuous. If the real part of f is constant, then f itself is constant.

Proof: Suppose that f(z + iy) = u(z,y) + iv(x,y), so that u is the real part of

f. Then
u constant = @ = @ =
or Oy
It then follows from the Cauchy-Riemann equations that
v v 0 ov  Ou

aix = —aiy =0, aiy = aiy =
It therefore follows from Proposition 2 in §1.5 that v is constant. Thus f itself
is constant. QED

Can you use this proposition to show that if f: D — C and g : D — C are two
complex analytic functions with the same real part, then f = g + ¢, where c is
an imaginary constant?

2.4 Fluid motion in the plane

In his research on complex analysis, Riemann utilized physical models to but-
tress his intuition, as emphasized by Felix Klein in his classic treatise [4] on
Riemann’s theory of complex functions. One of the models Riemann used was
that of a fluid flow tangent to the field lines for an electric field in the (z,y)-
plane, a flow which turns out to be both incompressible and irrotational.

One can represent the velocity of a fluid in an open subset U of the (z,y)-
plane by a vector field

V(z,y) = M(z,y)i+ N(z,9)j: U — R,

where i and j are the perpendicular unit-length vectors pointing in the x and y
coordinate directions. We say that V has continuous first-order partial deriva-
tives if its component functions M and N have continuous first-order partial
derivatives. Such a vector field V (or the corresponding fluid) is said to be

incompressible if
oM  ON

—_—t—= 2.11

or 5y 0, (2.11)
and irrotational if ON oM

— — — =0. 2.12

or dy 0 ( )

An important fact is that we can rotate the vector field V counterclockwise
through 90 degrees, obtaining

*V = —N(z,y)i+ M(z,y)], (2.13)
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and one can check that
V is irrotational < %V is incompressible,

V is incompressible <« %V is irrotational.

We will see later that the velocity field for a steady-state fluid of constant
density is incompressible so long as no fluid is being created or destroyed. On
the other hand, if U is either C or an open ball in C then a vector field is
irrotational if and only if it is the gradient of a function:

Poincaré Lemma. Suppose that U = C or
U= N((anyO)ﬁR) = {x =+ Zy eC: d((l’,y), (anyO)) < R}7

for some (xg,1yo) € C and some R > 0, and that 'V is is a vector field on U with
continuous first-order partial derivatives. Then

N M
V=Mi+Nj=Vu, forsomeu:U—-R <& a——a—zo
ox oy
Here the condition V = Vu means that
Shn) = May), Ghew) = NG (214)

One direction of the proof is easy. If V. = Vu, then (2.14) and equality of mixed

partials yields

ON _OM _ 0 (bu\ 0 (0u) _,

ox Oy Oz \ dy oy \ox )
We will not prove the other direction of the Poincaré Lemma now except to
note that it follows from Green’s Theorem from vector calculus. Instead, we
note that one constructs the function v : U — R such that V = Vu by the
method of exact differentials. Indeed, with sufficient effort, one could make the
method of exact differentials into a proof of the Poincaré Lemma.

To express the Poincaré Lemma in the language of differentials, we let

dx = dzri+ dyj, sothat Vu-dx= @dx + %dy =du
ox dy

and V(z,y) -dx = (Mi+ Nj) - (dzi+ dyj) = Mdx + Ndy,
and hence
V=Vu & Mdr+ Ndy=du,
and the Poincaré Lemma becomes

ON oM _

Mdz + Ndy = — ==
dr+ Ndy =du < o a9
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Example 1. Suppose that

V(z,y) = (42 — 122y°)i + (—1227y + 49°);]
so that Mdx + Ndy = (42 — 12zy%)dx + (—122%y + 4y°)dy.
Then
ON oM

— = 122" +12y° = —
Ox Tl oy’

so V = Vu, for some function v by the Poincaré Lemma. To find u, first note
that

ou .
o 47 — 120y° = wu(w,y) = 2* — 627y + g(y),
where ¢(y) is a function of y alone, while
ou 9 3 2 / 2 3
a—y:—12x y+4y° = —12z°y+¢'(y) = —12z°y + 4y°,

SO
9(y) =y +c and u(z,y) =t - 6%y +y* + ¢,

where ¢ is a constant. Thus V determines u up to a constant. We call u a

potential for the fluid flow V.

Suppose now that V : U — R is both incompressible and irrotational. If U is
the entire plane or an open ball, it follows from the Poincaré Lemma that V has
a potential u and substituting (2.14) into (2.11) yields the Laplace equation:

0%y 0%u

2 = —_— _—
Vu_8x2+5'y2

0. (2.15)

Definition. A function v : U — R with continuous first and second order
partial derivatives is said to be harmonic if u satisfies (2.15).

Thus harmonic functions are exactly the potentials for irrotational incompress-
ible fluid flows in the plane. What is important for complex analysis is that
if
flz+iy) = u(z,y) +iv(z,y)
is a complex analytic function with continuous partial derivatives up to order
two on an open subset U of the complex plane C, then v and v are harmonic
functions. Not only that, but a harmonic function u : U — C is the real part
of a complex analytic function, at least if U is the entire complex plane or an
open ball in the complex plane. Indeed, if u is harmonic, then its gradient
Ou, Ou

is both irrotational and incompressible. But then

ou, Ou,
*V = —aiyl-i- %
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is also both irrotational and incompressible. If U is the entire complex plane
or an open ball in the complex plane, we can apply the Poincaré Lemma and
construct a potential v : U — R for xV, so that

But then u and v satisfy the Cauchy-Riemann equations, and (assuming the
Poincar’e Lemma) we have proven:

Theorem. Suppose that U = C or an open ball within U and that u : U — R is
a harmonic function on U. Then up to addition of a constant, there is a unique
harmonic function v(zx,y) such that

J@+iy) = ula,y) + iv(e,y), for (z,y) € U.

We call v the harmonic conjugate of u.
Example 2. Suppose that
u(a,y) =« — 62°y* + y,
a function which is easily verified to be harmonic. Then
V = Vu = (423 — 12292)i + (—122%y + 49%)j,

so that
*V = (122%y — 49°)i + (42® — 1229%)j,
and we can find the harmonic conjugate v as follows:

o _

o 1227y —4y° = o(z,y) =42’y — dzy® + g(y),

where g(y) is a function of y alone. Then

3}
8—” =4z’ — 122y = wu(w,y) =423y — 4wy + ¢,
Y

where ¢ is a constant. Thus if we set ¢ =0,
f(z) = f(@+iy) = u(z,y) +iv(z,y)
=2t — 622y +yt +i(dady — dxy®) = (z +iy)t = 2

We have seen that the study of irrotational incompressible fluid motion in the
plane inexorably leads to the Cauchy-Riemann equations of complex analysis.
Following Klein [4], we can imagine an electric field V(z,y) in the (x,y)-plane
produced by a finite number of charges located at the points {z1, ..., zx} (which
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will be singular points for V). Maxwell’s equations from electricity and mag-
netism imply that V is an incompressible irrotational flow on the open set

U=C—{z,...,2z}

However, even if we assume that V has a potential u, U is not an open ball
within C, so we cannot apply the Poincaré Lemma to construct a harmonic
conjugate v. This raises the question: Can we extend the Poincaré Lemma to
more general connected open sets U7

Exercise C. Using Exercise B, show that we can write Laplace’s equation in
polar coordinates as

0%u  10u 1 0%u

2, _duw 10w 107U
vu_8r2+r8r+r2(‘392

=0.

Example 3. It follows from Exercise C, that the only solutions to Laplace’s
equation which are radially symmetric are the solutions to the ordinary differ-
ential equation

d*>v  1du B

dr? = rdr
If we set w = du/dr, this yields

dﬂ + v 0 which has the solutions w = 4
dr r r

where a is a constant. This in turn implies that
u=a Log r + b =a Log|z| + b, (2.16)

where a and b are constants; if b = 0 and a > 0, this is interpreted as a source
at the origin z = 0 of strength a. In the electrostatic model, u is the potential
produced by an electric charge placed at the origin.
But now we can ask the question: Does u have a harmonic conjugate? If we
let
U=C—-{zeR:x<0},

then the harmonic conjugate to u must be the imaginary part of the function
Log we described before, which is given by

v(x,y) = Arg(z + y),

while if U = C—{0}, there is no continuous harmonic conjugate. (The harmonic
conjugate would have to be the “multivalued function” arg, but that of course
is not a genuine function.) We will return to the question of when the harmonic
conjugate to a given harmonic function exists after we have studied contour
integrals.
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Remark: The stereographic projection ® : C — S? — {N} C R? allows us
to extend this model of fluid flow to the surface of the sphere S2. Indeed, if
¢: 5% — {N} — C is the inverse to stereographic projection,

wop:S*—{N} —C

can be thought of as the potential for a fluid on S? — { N}, and the best behaved
potentials are those which extend to the north pole N and are well-behaved
near N.

For example, we could take the harmonic function v = a Log|z| of Example 3.
How does this fluid flow behave near the north pole N? To answer that question,
we write u in terms of the coordinate w = 1/z which is well behaved near N:

u = a Log|z| = a Log|1l/w| = —a Log|w].

Thus if a > 0 a source of strength a at the origin z = 0 is balanced by a sink of
strength a at z = oo.
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Chapter 3

Examples of analytic
functions

We now focus on various examples of complex analytic functions, starting with
the rational functions, then continuing on to the exponential and logarithm
functions, and finally the trigonometric functions and their inverses. Yet other
examples of complex analytic functions come from the theory of ordinary dif-
ferential equations.

The complex analytic functions we construct will provide important cases in
which we can solve for the steady-state distribution of temperature in a given
region of the plane.

3.1 Rational functions

The simplest complex analytic functions are the rational functions. These are
the functions

R(z) = (3.1)
where

P(2) = amz™ + apm_12™ 1 4+ a1z + ag
and Q(z) =b,z" + bp_12" " 4 bz + b
are polynomials with complex coefficients
am, Adm-1, ..., A1, Ao, b’n> bn717 ey b17 bOa

and we make the assumptions that a,, # 0 and b, # 0. We also assume that
P and @ do not have any common factors. The function R(z) is differentiable
at every point of C — S, where S is the finite set of points within C at which
the denominator @Q(z) vanishes. The maximum of the two degrees, the degree
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of the numerator and the degree of the denominator, is called the degree of the
rational function R(z).

The sum of two rational functions is also rational function, as is the product.
Indeed, one can check that with these operations of addition and multiplication,
the space of rational functions satisfies the field axioms, and we denote this field
by C(X). This is an important example of a field, which can be added to the
earlier ones Q, R and C.

The Fundamental Theorem of Algebra allows us to factor the polynomials
P(2) and Q(2),

P(z) = am(z — z21)P (2 — 22)P% -+ (2 — 2,)P"
and = Q(2) = bn(z = Q)" (2 = Q)% -+ (2 = ()™,

where the exponents denote the multiplicities of the roots, and this provides us
with the first of the two important canonical forms for a rational function:

am (2 — 21)P1 (2 — 29)P2 -+ (2 — 2,.)Pr

R(z) = — . 3.2

( ) by, (zfcl)th(;;f@)qg...(chs)qs ( )

The zeros z1, ..., z. of the numerator are called the zeros of the rational function,
while the zeros (i,...,(s; of the denominator are called its poles. The order

of a zero or pole is its multiplicity as a root of either the numerator or the
denominator. Poles of order one are said to be simple.
We say that a rational function R(z) is proper if

m = deg P(z) < n = degQ(2),

and strictly proper if m < n. If R(z) is not strictly proper, we can divide by the
denominator to obtain
R(z) = P1(2) + Ra(2),

where Pj(z) is a polynomial and the remainder R;(z) is a strictly proper rational
function.

Example 1. Suppose that

23 =222 —T7z+421
22 -9 ’

R(z) =

This rational function is not strictly proper so we can divide numerator by
denominator to obtain
2243

R(z) =2z—24 Ry(2), where the remainder R;(z)= o
22 _
is a strictly proper rational function.

Strictly proper rational functions have a second canonical form, called the par-
tial fraction decomposition. This is extremely useful in calculating integrals of
rational functions, as you may remember from calculus.
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Theorem. If the rational function R(z) = P(z)/Q(z) is strictly proper, that is
if deg P < deg Q, then R(z) has a partial fraction decomposition

Ay Ay g1
Re == T T eoa)
Az Az g1
SRR Py
As,O L As,qs—l 3.3
+7(z—<5)q8 + +(z—Cs)' (3.3)

A proof of this theorem can be found on page 107 of Saff and Snider [10]. What
you should focus on is how to calculate the partial fraction decomposition of a
given rational function. Note that if all the poles of r are simple, that is all the
roots of the denominator have multiplicity one, then (3.3) simplifies to

Ay A, A,
R(z) = + + -+ .
) z=C 22— z—Cn
In this simpler case, one can find the coefficients in the partial fraction expansion
by the formula

(3.4)

A; = lim (z — ¢;)R(2). (3.5)

2=

Example 2. We can write the rational function

_22’+3 o A1 AQ
=55 as R(Z)_z—3+z+3’

R(z)

where use of (3.5) gives

. . 2243 9 3
A1—ilirils(z—3)R(z)—;13‘13 23 6
. 2243 -3 1
A2_z1—1>n—13(z+3)R(Z) z—-3 z—3 - j6_§

2:4+3  3/2  1/2
T 22-9 -3 z+43

In the more general case, one first notes that the Taylor series expansion for
(z — ;)% R(z) starts out with

(2 = G)HR(2) = Ao + Ain(z = mi) + -+ Aij(z =) + -+,

so the coeflicient A; ; is given by the formula from calculus for the coefficient in
this Taylor expansion,

Ay = lim (;'j; (- Q)‘“R(z)]) . (3.6)
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Example 3. We can write the rational function

2
+2z+3 A A A
z z 1,0 + 1,1 + 1,2

R =55 » RO =gyt Y eoay

where it follows from (3.6) that

3)R(z )*hm(z + 22+ 3) =18,

z—3

(
: d 4 :
A11—11 2—3 R(z) ) = lim d—(z +22+43) :111%(22—&—2):8,
Z z—

Aps = lim (26[22( 3Rz )) — lim (;j;(zQ +22+3)) — lim(1) = 1.

z—3 z—3

We conclude therefore that

z2—|—2z+3_ 18 8 1

RO = ~Gosp TG T o9

It is quite convenient to regard the argument z of the rational functions R(z), as
well as the values of R(z). as ranging over the extended complex plane CU{oo}.
In considering the extension to CU{oo}, we make use of a new variable w = 1/z
which is well-behaved near co. Suppose that the numerator and denominator
in the rational function have the same degree,

2" + 12"V a1z +ag
bpz™ 4 bp_12" 1 4 - +b1z+b0'

R(z) =
Then replacing z by 1/w yields

w)" L4+ ag (1/w) + ag
w)? L+ 4+ by (1/w) + by
_aptapqwt-+ aw™ ! + aguw™
by + bp_ 1w+ -+ bjwn1 + bgwn

_ an(1/w)" +an—1(1/
R(z) = b (1/0)" +bn_1(1/

Setting z = oo is the same as setting w = 0, so we let R denote also the extension
of the rational function R to CU {oo},

More generally, the reader can easily check that if
P(z)
Q=)

then R has a zero of order n — m at oo if m < n and a pole of order m — n at
oo if m > n. In particular, strictly proper rational functions have zeros at oc.

R(z) = with degP=m and degQ =n,
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Similarly, we regard the value of R(z) at a pole (; as co. With this convention
we can regard R as a map

R:CU {oo} — CU {o0). (3.7)

It is often helpful to use stereographic projection to regard this as defining a
map from S? to itself. It turns out that if R has degree n there will be n
solutions to the equation R(z) = ¢ for most choices of ¢ € CU {oo}.

Example 4. Let us reconsider the rational function of Example 1,

23 —222 - 72421 22+ 3
R(z) = 22 -9 :Z_2+z2—9

As in Example 2, we can also write

3/2 1/2
R(z)=2—2+ ———
(Z) i +z—3+z+3’

so R has simple poles at 3 and —3. Replacing z by 1/w yields,

1 2+ 3w
R(z)=— —24+w-">"
(2) w +w1—9w2’

so R also has a simple pole at co. Thus there are exactly three elements of
C U {oo} which solve the equation R(z) = oo, namely 3, —3 and oc.

3.2 Linear fractional transformations

Of central importance among the rational functions are the linear fractional
transformations or Mdbius transformations, the rational functions of degree

one: b
az
= T =
w=T()=_"——,

where a, b, ¢ and d are complex numbers such that ad — bc # 0. By solving for
z as a function of w, we can show that any linear fractional transformation T'
has an inverse,

(3.8)

=T (w) = M’
—cw +a

as one verifies by a calculation. Thus linear fractional transformations are always
one-to-one and onto as maps from CU {oo} to itself. Indeed, with a little effort,
it can be shown that they are the only complex analytic functions with complex
analytic inverses from C U {oo} to itself.

Moreover, one easily checks that the composition of two linear fractional
transformations is another linear fractional transformation. Indeed, composition
makes the space of linear fractional transformations into what algebraists call a

group.
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When ¢ = 0 and d = 1, the linear fractional transformation reduces to a
complex linear transformation

z—w=T(z) =az+b.
The complex linear transformations include the

translations z—w="T(z)=z+0b,
rotations zsw=T(z) =e"2,

and expansions and contractions z +— w =T(z) = pz,

where # and p are real numbers, p being nonzero. When ¢ = d = 0 and
b = c =1, the linear fractional transformation reduces to an inversion

1
w=T(z)=-.
z
Here T is a reflection in the circle
1
2=, ref - —e,
T

followed by conjugation.

The following Proposition is quite useful in determining the properties of
a given linear fractional transformation. Linear fractional transformations will
become increasingly important as the course progresses, and will be studied in
more detail in 122B; see §7.3 of [10] or Chapter 7, § 5 of [7].

Proposition. a. Any linear fractional transformation is the composition of
complex linear maps and inversions. b. Any linear fractional transformation
takes circles and lines to circles and lines. c. Given any three distinct points z1,
z9 and z3 of CU {00}, there is a unique linear fractional transformation T such
that

T(z1) =0, T(z2)=1 and T(z3)= 0. (3.9)

Sketch of proof of a: Note that the transformation (3.8) is unchanged if we make
the replacements

a— Aa, b— b, cr— e, dr— M,

where A # 0. So we can assume without loss of generality that ad — bc = 1.
Moreover, we can assume without generality that ¢ # 0, because when ¢ = 0,
the transformation is clearly linear. We can then factor the map
, az+b
2 =T(z)=
(2) cz+d
into a composition of four transformations
9 1 , a
zn1=z+—, za=c2z, 23=——, 2z =23+ -—. (3.10)
c Z2 c
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To see this, note that

o
clez+d)’
,  alcz+4d) 1 acz+ad—1 az+b

zo =clcz+d), z3=

ez +d)  c(cz+d) clecz+d)  cz+d
Each of the transformations in (3.10) is either complex linear or an inversion,

so the Proposition is proven.

Sketch of proof of b: Complex linear transformations take circles and lines to
circles and lines, so we need only check that inversions take circles and lines to
circles and lines. But the equation of a circle can be written as

A(z® +y?) + Re[(C — iD)(x + iy)] + B =0,
for some choice of real constants A, B, C' and D. We can rewrite this as
AzzZ + Re[(C —iD)z] + B = 0.
If we replace z by 1/w, this becomes

A Re {(C_ZD)] +B=0
ww w

or

A+ Re[(C — iD)w] + Bww = 0,
which is once again the equation for a circle.
Sketch of proof of c: If none of the three points is infinity, the linear fractional
transformation satisfying (3.9) is
(z — 21)(22 — 23)
(2 —23)(22 — 21)

One needs to adjust this formula appropriately when one of the three points is
00.

T(z) = (3.11)

Example. Suppose that we want a linear fractional transformation 7" such that
T(—i)=0, T(1)=1, T()=o0.

Use of the formula (3.11) yields

(z+0)(1—i)  z+1

(z—9)(1+1i) dz+1

This transformation takes the unique circle through —i, 1 and ¢, which turns

out to be the unit circle, to the straight line through 0, 1 and oo, which is the

x-axis. Moreover, T(0) = 4. From this one can conclude that T takes the unit
disk

T(z) =

D={zeC:|z| <1]
to the upper half-plane
H={x+iyeC:y >0}
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3.3 Exponential and trigonometric functions

Earlier, we defined the complex exponential function in terms of real-valued
functions as
w =exp(z) = e* = e"(cosy + isiny), (3.12)

and used identities from trigonometry to show that

ef1tze — o2 622,

as well as to show that the exponential function is periodic of period 27i:
exp(z + 2wki) = exp(z), for k € Z. (3.13)
Moreover, writing
e = u(x,y) +iv(z,y), where wu(z,y)=e€"cosy and v(z,y)=e"siny

and using the Cauchy-Riemann equations, we find that

d _Ou . 0u

a(ez) = %—za—y =e” cosy + ie” siny = €”. (3.14)

Although the exponential function exp is certainly quite well-behaved on C,
it does not extend to a well-behaved function on the extended complex plane
CU {oo}. Neither

lim e/* nor lim ——

w—0 w—0 el/w
exists, and hence one says that exp(z) has an “essential singularity” at co. In-
deed, one can show that e'/* takes on every nonzero complex number infinitely
many times when w lies in any neighborhood N(0;e¢) of 0.

We would like to define a function which is inverse to exp on C— {0}, but the
periodicity makes it impossible to define an inverse which is a genuine function.
Indeed, if w = €7, it only follows from (3.12) that

w =re® = r(cosh +isinf) = e*(cosy + isiny),

so y is one of the many possible values of the angular coordinate 6, all of these
values differing by integer multiples of 27. Thus we write

@ = Log(r) = Log(|w|), y =0 = arg(w),

where arg is the multiple-valued function which gives the various possible an-
gular coordinates 6 of w, and

z = x + 1y = Log(Jwl|) + iarg(w).
In this way, we are led to define the multiple-valued function log by

log(w) = Log(|wl) + arg(w),
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where Log(|w|) is the usual natural logarithm of the nonzero real number |w].
It follows from (3.13) that the various values of the multiple-valued function log
differ by integer multiples of 2.

Dangerous curve: It is important to note that a multiple-valued function is
NOT a genuine function as studied in the rest of mathematics. A genuine func-
tion can only assume one value for a given choice of argument. Nevertheless,
the notion of multiple-valued function is commonly used within the theory of
complex variables, because it is quite useful. In more advanced treatments of
complex variables, one tries to eliminate multiple-valued functions on open sub-
sets of the complex plane by passing instead to genuine single-valued functions
defined on “Riemann surfaces” over the open subsets (see [3]).

As we saw earlier, we can eliminate the ambiguity in the logarithm by replacing
C — {0} by the smaller domain

D=C—-{zx+iyeC:z <0}, (3.15)

and choosing a branch of the muliple-valued function log that is single-valued
in D. We do this by first letting Arg(w) be the value of the angular coordinate
0 which lies in the interval (—m, 7] and then define

Log: D — C by Log(w) = Log(|lw|) = iArg(w).

Choosing a branch does give us a genuine single-valued complex analytic loga-
rithm function, and as we saw when discussing the Cauchy-Riemann equations,

1

d
%Log(w) =

However, this destroys some of the nice properties one might hope for the log-
arithm; for example, although

log(z122) = log(z1) + log(z2),

where equality means that the values taken by the multiple-valued functions on
the two sides are the same, it is not true that

Log(z122) = Log(z1) + Log(z2)

in general—the formula is sometimes off by an integer multiple of 2i.

One of the most useful applications of the multiple-valued logarithm function
is in defining arbitrary powers of a complex number. The definition is motivated
by the fact that

2" =exp (nlog(z)), when neN.

Definition. If z € C — {0} and a € C, we define 2 by

2% = exp (alog(z)) .
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Example 1. Let us consider the possible values of

i™% = exp(—2ilog(i)).

To do this, we first note that
log(i) = log 1 + darg(i) = 0 + zg + onki, forkeZ,

SO

i7% = exp(m + 4rk), for k € Z.

This example illustrates that just like logarithms, the complex power z® can
have infinitely many different values. Although square roots can have only two
different values, they provide important examples of multiple-valued functions.
Later, when we want to integrate square roots along contours, we will need to
choose a particular branch for the integrals to be well-defined. We provide a
few examples to illustrate how this is done:

Example 2. We can construct two branches f; and fo of the square root

function
w = +7,

by setting

A = (5los)) . fae) = —ewp (GLoe(s) )

for 2 € D, where D is the domain defined by (3.15), the complex plane minus
the negative z-axis. One can imagine two copies Dy and Dj of D (called sheets)
which are glued together along the negative z-axis. As one crosses the negative
x-axis one passes from sheet to the other. The union of the two sheets can be
regarded as a “Riemann surface” on which the square root function is a genuine
single-valued function.

Example 3. Suppose that we want to construct a branch of the multiple-valued
function
w=+\1-22 (3.16)

To do this, we note that the multiple-valued function can be defined by
1 2
w = exp §log(1 -29)),

and that log(1 — 22) fails to be defined when z = +1. We can then construct
two branches

w = f1(z) = exp (;Log (1- 22)>
and

ST
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which will be a single-valued functions defined so long as 1 — z? does not lie on
the negative part of the z-axis, that is, so long as z is not real with |z| > 1.
Thus we can regard f — z and fy as analytic functions defined on the open set
U=C—-{z=z+iyeC: y=0andz>lorz< -1}
= C — ((—00,=1J U1, 00)).
One can imagine that the two branches of the multiple-valued function /1 — 22

are interchanged when one crosses the subset (—oo, —1) U (1,00) of R.

Example 4. Similarly, we can construct branches of the multiple-valued func-

tion
w=+v22—-1==2i\/1-— 22,

which is not much different from the function considered in the previous exam-
ple, but this time we seek branches are defined and single-valued outside the
unit disk. For this, we note first that the multiple-valued function can also be

written as ) )
w =z exp (2log (1 — 22>> ,

and in this representation 1 — (1/2)? lies on the negative r-axis exactly when z
is real and |z| < 1. Thus the functions

w = fi(z) = z exp (;Log (1 a 212>)
w = fa(2) = —z exp (;Log <1 - 212>>

will be a single-valued functions defined on the set

and

U=C—{z=2+iyecC:y=0& —1<2<1}=C—-[-1,1].

In this case, one can imagine that the two branches of the multiple-valued
function £+/22 — 1 are interchanged when one crosses the interval (—1,1) C R.

Trigonometric functions. As mentioned before, we can use Euler’s identity
to express the trigonometric functions cosine and sine in terms of exponentials,
eiz + e—iz . eiz _ e—iz
CoOsz = ———, SNz = ———,
2 2
thereby achieving a simplifying unity between exponential and trigonometric
functions. We can use these expressions to determine all of the usual properties
of the trigonometric functions. For example, it follows from (3.14) that

d
a(sin z) = cos z, a(cos z) = —sin z.
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Thus, it follows from the definition of derivative that if f(z) = sin z,

[(A2) = f(0) _ |, sin(Az) . sinh

L= cos(0) = f(0) = Al,izrgo Az T Az—0 Az s h

)

a limit familiar in first year calculus when h is assumed to be real.
Using the logarithm, we can also solve to find the inverses of the trigono-
metric functions. Thus if

_eTiw
24 ’

) etw
Z =8s1mw =

we can multiply through by e*, obtaining
2™z = (™)’ =1 or (™) —2ize™ —1=0.
Thus it follows from the quadratic formula that
e =iz + /1 — 22,
and we find that
w = arcsin(z) = —i log (zz + m> , (3.17)

which is, of course, a multiple-valued function. Similarly, the inverse of the
cosine is a mutiple-valued function

w = arccos(z) = % — arcsin(z) = g — i log (@z +vV1- 22) .

To choose a specific branch of the inverse trigonometric functions, we must
choose a branch of the square root as well as of the logarithm. For any such
branch, it follows from (3.17) that

1
+/1 =22

Note that by Example 3, a single-valued branch of the derivative of the inverse
of the sine can be defined over

E(arcsin(z)) = (3.18)

U =C - ((—o00,~1] U[1,00)),

and we will later see that this enables us to construct a single-valued inverse of
the sine itself over the same region U.
Similarly, we can find the inverses of the hyperbolic cosine; thus if

ev +e v

z = coshw = 5 ,

we can multiply through by e", obtaining

2"z = (e“)?+1 or (e¥)? —2z¢" +1=0.
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This time the quadratic formula, yields

2
w_2EVIEA JATL

©c T 9

Thus we find that
w = arccosh(z) = log (z +422 - 1) (3.19)

Differentiation this time yields

d 1

—(arccosh(z)) = ———,

o\ &) ===
the derivative possessing a single-valued branch over the domain C — [—1,1] by
Example 4.

3.4 Steady-state temperature distributions

We now illustrate the use of the real and imaginary parts of the complex loga-
rithm in determining the steady-state temperature distribution in several regions
of the plane.

But first we must show that steady-state temperature is represented by a
solution to the Laplace equation. We suppose that a region U of the (x,y)-
plane contains a material that has homogeneous properties. We would like to
determine the steady-state temperature within the region when the temperature
is given on the boundary.

Let u(x,y) be the temperature at the point (z,y). Then the flow of heat at
(z,y) should be V(z,y), where

Vi) = ~(5Vu)(y) = —mt i hot i (320)

where k is a positive constant, called the thermal conductivity of the material.
We agree to set
V(z,y) = M(z,y)i+ N(z,y)j.

If D is a region within U with smooth boundary 0D, then it follows from
the divergence theorem that

M N
/ (Mi+ Nj) Nds-// (a—&-a)dxd%
oD

where N is the outward-pointing unit normal to 9D, and s is the arc-length
parameter along 0D. Recall that the line integral on the left is calculated by
means of a unit-speed parametrization v : [a,b] — 0D with v(a) = v(b).

47



This line integral can be interpreted as the rate at which heat is flowing
outward across dD. Thus if no heat is being created or destroyed within D, the
line integral must vanish, and

[ (225 ey o

If no heat is being created or destroyed anywhere within U, this double integral
must vanish for every choice of D C U, and this can only happen if

oM ON
V-V=—+4+—=0 U.
ox * dy on
In the special case where V is given by (3.20), we conclude that the temperature
u must satisfy Laplace’s equation.

0%u  O%u

a2 T o =

or equivalently, v must be a harmonic function. (See §2.6 of [10] for a more
leisurely discussion.)

Since harmonic functions are the real parts of complex analytic functions,
we have a nice application of complex analytic functions: Their real parts can
represent the steady-state temperature distribution in a homogeneous medium.

Example 1. Suppose we want to determine the steady state temperature
distribution in the annular region

D={z+iycC:1<a®+y?* <e?},

given that the temperature on the circle 22 + y? = 1 is 40 degrees and the
temperature on the circle 22 4 y? = €2 is 70 degrees.

To solve this problem, it is quite natural to use polar coordinates (r,6).
We need to find those harmonic functions which depend only on the radial
coordinate r. This problem was solved in the discussion following Exercise C in
§2.4, and we found that the only such harmonic functions are

u=a Log r + b =a Log|z| + b,

where a and b are real constants. The boundary conditions are that u = 40
when r = 1 and u = 70 when r = e. Thus

a Log(1) +b=1b =40,
a Log(e) +b=a+b=T70,

and we find that b = 40 and a = 30, so

u = 30 Log r + 40.
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Example 2. Suppose we want to determine the steady state temperature
distribution u(z) = u(z,y) in the wedge

D={z+iyeC:2>0, y<z, y>—x},

given that the temperature on the ray y = x, * > 0 is 90 degrees and the
temperature on the ray y = —x, = > 0 is 50 degrees. Once again it is natural to
use polar coordinates (r, 6), and we seek those harmonic functions which depend
only on the angular coordinate 6. This time the only such harmonic functions
are

u=af+b,

where a and b are real constants. The boundary conditions are that u = 90
when 6 = 7/4 and u = 50 when 6 = —n/4. Thus

a(m/4) +b =90,
—a(m/4) + b =50,

and we find that the solution to the linear equations is a = 80/7 and b = 70, so

80 0 80
u = T+7O or u= ?Arg(eriy)Jr?O.

Example 3. Suppose we want to determine the steady state temperature
distribution u(z) = u(x,y) in the upper half-plane, given that the temperature
along the real axis is given by

90, for z <1,
u(z,0) =<¢70, for —-1<z<1,
50, for x > 1.

In this case, it is natural to consider the temperature as given by a superposition
of argument functions

u(z) = a+biArg(z — 1) + boArg(z + 1).
The boundary conditions in this case give
a+7by + by =90, a4+ 7by =70, a=>50,

and we quickly find that the solution is

2 2
u(z) = 50 + ?OArg(z -1+ ?OArg(z +1).

Proposition. Suppose that U and V are open subsets of C. If f : U — V is
complex analytic, and u : V — R is harmonic, then wo f : U — R is harmonic.
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Sketch of proof: First reduce to the case where U and V' are open balls. Then
one can use the Poincaré Lemma to construct a harmonic conjugate v to v and

g=u+iv:V —-C

is complex analytic. Then it follows from the chain rule that go f : U — C is
also complex analytic, and hence

uof=Re(gof):U—R
is harmonic.

Example 4. We can now use the preceding example together with the linear
fractional transformation s
z+1
T(z)=——
(2) iz+1’
described at the end of §3.2 to determine the steady-state temperature in the
unit disk,
D={z+iyeC:2* +y* <1}

which satisfies the boundary conditions that the temperature be 50 degrees on
the part C; of the circle 22 4+ y? = 1 lying in the first quadrant, 70 degrees on
the part Cy of the circle 22 + y2 lying below the z-axis, and 90 degrees on the
remaining quarter circle Cs.

It follows from the Proposition that if u(z) is the harmonic function of Exam-
ple 3, then uoT is also harmonic. Moreover, T takes D to the upper half-plane,
takes the counterclockwise unit circle to the x-axis traversed in the positive
direction, and satisfies

T(-1)=-1, T(1)=1, T(i)=oc.

Hence it takes Cy, C5 and C3 to the segments x > 1, -1 <z <1 and z < —1
along the z-axis, and the desired function is

(uoT)(z) =50+ i—OArg(T(z) -1)+ %Arg(T(z) +1).
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Chapter 4

Contour integrals

We now turn to the question of integrating complex differentials along curves
in the complex plane C. We can think of this as an extension of real valued

integrals such as
b
[ s

to the case where f and = are allowed to take on complex values.
A complex differential is an expression of the form

f(z)dz, where f(z+iy)=u(z,y)+iv(z,y) and dz=dzx+ idy.

We can write a complex differential in terms of real and imaginary parts as

f(2)dz = (u(z,y) + iv(z,y))(dx + idy)
= [u(z,y)dz — v(z,y)dy] + i [v(z,y)dz + u(z, y)dy] ,

and it follows from the Cauchy-Riemann equations that the coefficient f(z)
is holomorphic if and only if the real and imaginary parts both represent in-
compressible and irrotational fluid flow. In this chapter, we will show how to
construct the contour integral of a complex differential, which is just the line
integral as studied in several variable calculus.

Our main goal will be to prove Cauchy’s theorem, which states that the in-
tegral of a holomorphic differential defined in the entire complex plane around
a closed contour is zero, and we will see that it is just a consequence of Green’s
Theorem from several variable calculus, at least when f(z) has a continuous
complex derivative. Goursat found a proof of Cauchy’s theorem that requires
only that f be continuous and that f has a complex derivative at every point; in
his proof no assumption was needed about the continuity of the complex deriva-
tive. We will see that Cauchy’s theorem then implies that complex analytic
functions have continuous derivatives of all orders, and gives explicit formulae
for these derivatives in terms of contour integrals. Moreover, Cauchy’s theorem
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has many remarkable applications, including a proof of the Fundamental Theo-
rem of Algebra, that a nonconstant polynomial with complex coefficients always
has at least one complex root.

4.1 Contours

We will start by reviewing the notion of line integral, or contour integral accord-
ing to the terminology most frequently used in complex analysis. To do this,
we first need to discuss the smooth parametrization of curves.

Definition 1. A smooth parametrized arc in C is a continuously differentiable
map z : [a,b] — C, for some choice of closed interval [a,b] C R with a < b, such
that 2/(t) is never zero, where

d d

2(t) = a(t) +iy(t) and 2(t) = o (t) +i"L(t).

dt dt
We will say that z(a) is the initial point, and z(b) the terminal point, of the
smooth parametrized arc.

Example 1. The simplest case of a smooth parametrized arc is the constant
speed straight line segment from a point zg € C to z; € C, where zg # z1, which
starts at zg at time ¢ = 0 and ends at z; at time ¢t = 1:

z:[0,1] = C where z(t)=(1—1t)zp +tz1.

For example, the straight line segment C' from 2 + 5i to 3 + 7i is parametrized
by
z:[0,1] = C where z(t) = (1—1t)(2+ 5i) + (3 + 7i),

with 2 4 5¢ being the initial point of C' and 3 4 7i the terminal point.

Given a smooth parametrized arc z : [a,b] — C, a reparametrization of z is a
map
zoT:[e,d] — C, where 7:]c,d] — [a,bd]

is an increasing continuously differentiable map with differentiable inverse. Two
parametrized arcs in C are equivalent if they are related by reparametriza-
tion. Finally, by a smooth arc C in C we mean an equivalence class of smooth
parametrized arcs.

Example 2. The catenary is the smooth arc C' in C formed by a chain hanging
between two endpoints, and defined by the equation

et +e "

y = coshx, where coshx = 5

The simplest parametrization is obtained by letting x = ¢, so y = cosh ¢:

z:[-1,1] = C such that z(t) =t + (cosht)i.
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If one thinks of the parameter ¢ as time, then the total distance traversed is just
the integral of the speed:

s = (arc length) = /t |2’ (1)| dr.
0
But since the derivative of cosht is sinht,
Z(t) =1+ (sinht)i = |2/(t)] = V1+sinh®t = cosht,
so the arc length is
t t
s=o(t) = /0 |2/ (1)| dT = /0 cosh 7dr = sinht.
But it follows from (3.19) that the hyperbolic sine has an inverse given by
t = 7(s) = arcsin(s) = Log (s +Vs2+ 1) .
One thereby obtains a reparametrization
z o7 : [sinh(—1),sinh(1)] — C
of the catenary by arc length with the explicit formula
zoT(s) :Log(s—I— 52+1) + ( 32+1) i.

One can check directly that z o 7 has unit speed, in other words that

d(zoT)
ds

=1,

Usually, one of the smooth parametrized arcs z defining a smooth arc C' will
be one-to-one and we can identify the equivalence class of parametrization with
the image of that parametrization z. This allows us to think identify C' with
the image of any of its parametrizations, a subset of C. In fact, Saff and Snider
require that z be one-to-one as part of the definition of smooth arc (see §4.1 of
[10]), but it is sometimes convenient to have smooth arcs which are not one-to-
one. We will often say that z is a parametrization of the smooth arc C. The
parametrization gives a direction to C, the direction of increasing time. By
—C, we will mean the arc with the same image, but traversed in the opposite
direction.

Example 3. If C is the directed line segment from 4 + i to 5 + 2¢ which is
parametrized by

z:[0,1] - C where =z(t)=(1—1)(4+1)+t(5+ 29),
then
z:10,1] = C where z(t) = (1—1¢)(5+2i) + (4 + 1)
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is a parametrization of —C', which has the initial and terminal points reversed.

Definition 2. A smooth closed parametrized curve in C is a smooth map
z : [a,b] — C with a < b such that z/(t) is never zero,

z(b) = z(a) and 2'(b) = 2/ (a).
We will say that z(a) = z(b) is both the initial point and the terminal point of
the smooth closed parametrized curve.

Given a smooth parametrized arc z : [a,b] — C, a reparametrization of z is a
map
zot:[e,d — C where 7:]c,d] — [a,b]

is an increasing differentiable map with differentiable inverse such that
(z07)(c) = (z07)(d).

As in the case of smooth arcs, we can define a smooth closed curve in C to be
an equivalence class of smooth closed parametrized curves, two being equivalent
if they differ by a parametrization. Any one of the parametrizations of C' gives
a direction to C, the direction of increasing time, and by —C, we will mean
the smooth closed curve with the same image, but traversed in the opposite
direction.

Example 4. The simplest case of a smooth closed curve is the circle of radius p
centered at a point zy € C. The counterclockwise parametrization of this circle
is given by

z:]0,21] — C where z(t) = 2o + pe’t, (4.1)

while the clockwise parametrization is
z:[0,27] = C where z(t) = 2o + pe~*.

Thus, for example, the counterclockwise circle C' of radius 7 centered at 2 + 5¢
is parametrized by

z:[0,21] — C where z(t) =2+ 5i + Te'.
By a smooth directed curve C' we mean either a smooth arc or a smooth closed
curve with a choice of direction.

Definition 3. A smooth contour T' in C will be a finite sequence (C,...,C)
of smooth directed curves such that the terminal point of C; is the initial point
of Ciy1, for 1 <i <n — 1. In this case, we will usually write

'=Ci+Ce+--+ 0y,

noting that the order in the sum is important. The initial point of T' is the
initial point of C7 and the terminal point of I' is the terminal point of C,.
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Contours are also sometimes called piecewise smooth curves. Indeed, if we
choose parametrizations

z;i ¢ [a;,b;] — C, for 1 <i<mn,

such that b; = a;41, for 1 <¢ < n — 1, these parametrization piece together to
give a piecewise smooth parametrization

z:[a1,by) = C of T.
Note that given a contour
r=ci+0;+---+¢C,, wecanset —-I'=-C,—---—C1,

and if
F1101++Cn and F2:C7H_1+"’+Cn+m

are smooth contours with the terminal point of I'; equalling the initial point of
I's, we can form the sum

T1+T2=Ci 4 +Cn+Cotr+ + Coim.

We say that a smooth contour I' = Cy + - - - 4+ C,, is polygonal if each of the C;’s
is a straight line segment.

Finally, we say that a smooth contour is closed if its initial and terminal
points coincide, and a smooth closed contour is simple if it has no multiple
points except for the terminal point of C; being the initial point of C;yq, for
1 <i<n-—1, and the terminal point of C,, being the inital point of C;.

Jordan Curve Theorem. A simple smooth closed contour I' divides the
complex plane into two open connected sets, an interior domain Dg which is
bounded, and an exterior domain Dy which is unbounded.

We call Dy and D; the connected components of C — I'. The Jordan Curve
Theorem is a relatively deep theorem from topology, and its proof is beyond the
scope of the course.

4.2 Integration along contours

Most of the deepest results in complex analysis are proven most easily by means
of integration. To obtain these results, we need to use some standard facts about
integration which are described in calculus courses, and proven in real analysis
courses such as Math 118. The standard text for 118 is Rudin [9], and Chapter 6
of this book gives proofs of the properties of the Riemann integral, the version
of integral used in calculus.

Suppose that U is a connected open subset of C and M (z,y)dx + N(x,y)dy
is a differential on U which has continuously differentiable coefficients M and
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N. If z : [a,b] — U is a parametrization of a smooth cirected curve C within

U, say
z(t) = x(t) +iy(t), fora <t <b,

then the contour integral of Mdx + Ndy along C' is

dx @

b
[ drde s Ny = [ ar(a,0) G + NGalo.0(0) 2| .

dt

the right-hand side being a Riemann integral.
Example 1. Let U = C — {0} and consider the differential

—y z
M(z,y)dx + N(z,y)dy = o y2dx + 1 dy

on U. Note that although M and N blow up at the origin, we have excised that
point from U, so M and N are well-behaved, that is, have continuous first-order
partial derivatives, on U. Suppose now that C'is the counterclockwise unit circle

22 +y? = 1. As parametrization of C' we take
z:10,21] — C defined by 2(t) = e = cost + isint,

so that

o(t) = S 0 <t <o
y(t) = sint,

Then 22 + y? = 1, so along C,

M(z,y)dz + N(z,y)dy = —ydz + zdy

= —(sint)d(cost) 4 costd(sint) = sin® tdt 4 cos? tdt = dt,

and (4.2) yields

2m

/Mda:—i—Ndy: dt = 2.
C 0

We claim that the contour integral (4.2) is invariant under reparametrization.
To prove this, suppose that 7 : [¢,d] — [a, b] is a continuously differentiable map

with differentiable inverse, and note that

t=7(s) = dt= %(s)ds = 7'(s)ds.
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Thus it follows from the chain rule and the change of variable formula that

d(wdo T) ds

d
/ M(z o (s),y 0 7(s))

= [ oro)yo o) & ir)r s

= ["Mor(s)yorn 2Ty %(s)ds
d:z:
/ M(e(t),y(0) 5 (e, (43)
A similar argument shows that
d 07_
/ N(zor(s),yor(s)) y dyor) o _ / Nz Zi’(t)dt. (4.4)

The sum of (4.3) and (4.4) is

/M:Eor yor(sydzen) /sz yor())d(deT)ds
/M C;x dt+/ N(z y(t))cégt/()dt,

which implies that when 7 is strictly increasing, so that ¢ < d, the integral
of Mdx + Ndy along the directed curve C does not depend on the choice of
parametrization.

On the other hand, when 7 is strictly decreasing, so that ¢ > d, we need to
interchange the upper and lower limits, and this changes the sign, showing that

/ Mdx + Ndy = —/ Mdz + Ndy.
-C C

More generally, suppose that
r=Ci+Cy+---+0C,

is a smooth contour in the complex plane C. Then the contour integral of the
differential Mdx + Ndy along I is

/de+Ndy: de+Ndy+~-+/ Mdx + Ndy.
T C
It follows that

/ Md:r—i—Ndyz—/Mdm—kNdy and
-T r

/ Mdx + Ndy = Mdx + Ndy + Mdz + Ndy.
IS Iy L2
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Our goal is actually to calculate contour integrals of complex differentials.
As we mentioned before, a complex differential on an open subset U C C is an
expression of the form

f(z)dz, where f:U—C

is a continuous function. If we write f and dz in terms of real and imaginary
parts,
flz+iy) =ulz,y) +w(z,y) and dz=dzx+idy,

the differential can be rewritten as
f(2)dz = (u(z,y) + iv(z, y))(dz + idy)

Note that the real and imaginary parts of a complex differential are just ordinary
differentials as described before. To integrate a complex differential along a
smooth directed curve C', we choose a parametrization z : [a,b] — C of C and
integrate real and imaginary parts.

Indeed, if we write

. dz dr .dy
z(t) = z(t) +iy(t), dz= —dt= (dt + Zdt) dt,
the contour integral of f(z)dz along C is

[ 1= [ 1%

which is much more efficient to write than the expanded version,

b "~ b "
[ = [ e % ey @] s [ ote )% 4 uten @] a

Example 2. Let U = C — {20}, where zy is some point in C and let C be the
circle of radius p about zy directed counterclockwise, which we can parametrize
by (4.1). To calculate the contour integral

1
/ dz of the differential dz,
c R — 20

zZ— 20
we write

2z =20+ peit, dz=ipeldt, dz = idt,

zZ— 20

from which we can calculate

1 27
/ dz = / idt = 2mi.
C z — Z() 0
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Note that the integral in this case is independent of the choice of the radius p.
If U is an open subset of C and F' : U — C is a complex analytic function, say
F(z+iy) =U(z,y) +iV(z,y),

then the differential of F' is the complex differential

oUu ou ov ov
- —
dF-F(z)dz-(a d:v—i—a d) (8 dx+a d) (4.5)
Note that we can rewrite (4.5) as
, _(oU oU oy OU 0U
F'(z)dz = <633 8y (dz +idy), so F'(z)= D z—ay .

When the components of ' have continuous second order partial derivatives,
the fact that the real and imaginary parts of U are harmonic implies that f'(z)
satisfies the Cauchy-Riemann equations, so that the complex derivative of F' is
also complex analytic.

The fundamental theorem of calculus can be extended to say that the contour
integral of a complex differential along a directed curve C is just the difference
in the values of the function at the terminal and initial points of C'.

Fundamental Theorem of Calculus for Contour Integrals. If F': U — C
is a complex analytic function, then for any smooth arc C,

/CF’(z)dz = F(z(b)) — F(z2(a)), whenever z:[a,b]—C

is a parametrization of C'.

The idea behind the proof is to apply the chain rule and the usual fundamental
theorem of calculus for Riemann integrals to the real and imaginary parts of F.
Thus it follows from (4.5) that

oU dx 0U dy oVdx OV dx
/ _
/CF(Z)dZ’/a (630 @ oy dt)dt / (ax @y dt>dt

b
:/ T Uozdt—l—z/ (Voz)d

=U(2(0)) = U(z(a)) +iV(2(b)) = V(2(a)) = F(2(b)) = F(2(a)).

Example 3. Let U = C — {0} and that k € Z and k # —1. Then the function
Skl
F:U — C defined by F(z)= P

Hence if C' is any directed arc from zg to z1,

k41 k+1

z z
/zkdz— fad 0.
c

has derivative F(z) = z*.

k+1 k+1
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4.3 Independence of Path

The Fundamental Theorem of Calculus from the preceding section raises the
following question: Suppose that U is a connected open subset of C and that
f(2)dz is a complex differential defined on U. We can then ask: Is there a
complex analytic function F': U — C such that

dF = F'(2)dz = f(2)dz?

In this case, we say that the function f(z) has an antiderivative on U.

First, if f(z) has an antiderivative, we would expect it to be complex analytic,
because if f = F’ for some complex analytic function and the components
of F have continuous derivatives up to order two, then F’ is automatically
complex analytic. Second, it follows from the Fundamental Theorem that if f
has an antiderivative, then whenever C' is a directed smooth closed curve in U
parametrized by z : [a,b] — C, then

Y@) =) = LﬂdW=LF@M=FMW—ﬂ%w=Q

that is, the contour integral of the differential around any closed curve within
U is zero. The following Theorem shows that these two conditions are also
sufficient:

Path Independence Theorem. If U is a connected open subset of C and
f:U — C is a complex analytic function such that

/ f(z)dz=0 (4.6)
I

whenever T' is a closed contour within U, then f has an antiderivative; thus
there is a complex analytic function F : U — C such that F'(z) = f(z).

The idea behind the proof is extremely simple. We choose a base point zy =
xo + iyo within U. If z; = z1 + iy; € U, we then let

F(a) = [ Feie

r

when I' is any smooth contour within U with initial point zg and terminal point
z1. This definition makes sense because if I';y and I's are two smooth contours

within U with initial point zp and terminal point 21, then I's — I'; is a closed
contour and hence the hypothesis (4.6) implies that

/ f(z)dz=0.
ry—T,

But then

/ f(z)dz — f(z)dz=0 or / f(z)dz = f(z)dz.
T T Iy IS}
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To finish the proof of the Theorem, we need to show that F' has a complex
derivative at every point and that F’(z1) = f(z1), for z; € U. Since U is open,
we can choose € > 0 so that N(z1;¢) C U. If we choose Az € C — {0} so that
|Az| < e, then it follows from the definition of F' that

F(z1 +Az)— F(z) = /Ff(z)dz7

when I' is any smooth contour with initial point z; and terminal point z; + Az.
If we choose T" to be the usual constant speed straight line from z; to z; + Az,

2(t) =21 +tAz, for0<t <1,

then dz = Azdt, and hence
1
F(z1+Az) — F(z) = / f(z1 + tAz)Azdt.
0

But then
F(z1+Az)—F

Az

(21) _ /1 f(z1 + tA2)dt,
0

and since f is continuous

showing that the derivative F’(z1) exists and F/(z1) = f(z1), which finishes the
proof of the theorem.

Remark. The Path Independence Theorem is also true if we only assume (4.6)
for closed polygonal contours.

4.4 Cauchy’s Theorem

Definition. Suppose that U is a open subset of C. We say that U is simply
connected if it is connected and whenever simple I' is a smooth closed contour
within U, the bounded domain Dy determined by T' (via the Jordan Curve
Theorem) is contained within U.

Thus if U is an open ball within C then U is simply connected, while if
U={z€C:z#£0},

then U is not simply connected becaue the circle |z| = 1 lies within U while the
open disk
Dy={2€C:|z| <1}

it bounds is not contained in U.
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Cauchy’s Theorem. Suppose that U is a subset of C which is open, connected
and simply connected. If f : U — C is a complex analytic function which has a
continuous derivative ' : U — C, then

/ f(z)dz=0 (4.7
r

whenever I' is a smooth closed contour within U.

Example 1. Suppose that we consider the differential
1
—dz.
z

It is not well-behaved at 0 so we start by setting U = C — {0}. Then f :
U — C is complex analytic, but as we saw in Example 2 of §4.2, if C is the
counterclockwise unit circle |z| = 1,

1
/ —dz = 2mi.
c <

Thus the conclusion of Cauchy’s Theorem does not hold, a reflection of the fact
that U is not simply connected. But we can replace U by a smaller open set

Uy = C — { the negative z-axis },

which is simply connected. The unit circle is no longer contained in U, and the
conclusion of Cauchy’s Theorem holds. It now follows from the Path Indepen-
dence Theorem that f(z) has an antiderivative F': Uy — C. Of course,

F(z) = Log(z) + ¢,
the principal branch of the logarithm, up to addition of a complex constant c.

Example 2. Suppose next that we consider the differential

1
V1—22

which is certainly badly behaved when z = +1, but in addition is not well-
defined until we pick a branch of the square root. We let

dz,

U =C = ((—00,~1] U[1,00)),
and as in Example 2 of §3.3, we choose a branch by setting

1
V1—2z2

and Log is the principle value of the Logarithm. Then U is simply connected
and f : U — C is complex analytic, so the conclusion of Cauchy’s Theorem

dz = f(2)dz, where f(z)=exp <;Log (1 . 22)> 7
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holds and line integrals of f(z)dz along smooth contours depend only on the
endpoints. We can therefore define F': U — C by

Pl = [ )

where I' is any smooth contour with initial point 0 and terminal point z;. Then it
follows from (3.18) that F' can be thought of as the principal branch of multiple-
valued function arcsin defined by

Arcsin(z;) = /021 exp (—;Log (1- Zz)> dz, forz; €U.
It is easier to define a branch of the arcsine via this formula than via (3.17),
arcsin(z) = —i log (zz +1- 22) ,
which involves two multiple valued functions, the square root and the logarithm.

Proof of Cauchy’s Theorem: Cauchy’s Theorem actually follows directlly
from Green’s Theorem from vector calculus. Suppose that I" is a simple closed
contour within the simply connected open set U, let Dy denote the bounded
open connected subset of C determined by I', and let

Dy =DyUT.
We can think of I' as the boundary of D.

Green’s Theorem. Suppose that M (z,y)dx + N(x,y)dy is a differential with
coefficients M and N which have continuous partial derivatives on the region
Dy, and that T' is directed counterclockwise. Then

/de—i—Ndy—// (M—W>dxdy.

An intuitive treatment of this theorem is presented in Math 5B (see for example
89.4 in Kreyszig [6]), while a more rigorous treatment is given in Math 118; In
this course we will assume Green’s Theorem as known.

We wish to apply Green’s Theorem to a holomorphic differential f(z)dz such
that f has continuous derivative f’ over U. Writing f(z) and dz in terms of
real and imaginary parts,

flz+iy) = u(z,y) + iv(z,y) and dz = dz+idy,
gives us
f(2)dz = (u+iv)(dz + idy) = [udx — vdy] + i [vdz + udy] .

But it follows from Green’s Theorem with M = v and N = —v that

/ udr — vdy = // — uy)dzdy = 0. (4.8)
Do
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Similarly, it follows from Green’s Theorem with M = v and N = u and the
other Cauchy-Riemann equation that

/vdm +udy = // (ug — vy)dady = 0. (4.9)
r Do
Then (4.8) and (4.9) yield

finishing the proof of Cauchy’s Theorem.
Cauchy’s Theorem has the following important consequence:

Corollary. Suppose that U is a subset of C which is open, connected and
simply connected, and f : U — C is a complex analytic function which has a
continuous derivative f' : U — C, and that 'y and I'; are two contours within
U which have the same initial and terminal points. Then

f(z)dz = f(z)dz. (4.10)
Ty Iy

Indeed, we can set I' = Ty — I'y, and (4.10) is then an immediate consequence
of (4.7).

4.5 Deformations of contours

Let U be a connected (but not necessarily simply connected) open subset of C.
Suppose that I'g and I'y are two smooth closed contours within U with piecewise
smooth parametrization based on the same closed interval [a, b]:

20, 20 : |a,b] — U.

We say that I'g and I'y are homotopic within U, or that I'; is obtained from I’y
by deformation within U, if there is a continuous map

z:10,1] x [a,b] — U

such that
2(0,t) = 20(t), =z(1,t) =z (t), fort € [a,b],

and
z(s,a) = z(s,b), for s €[0,1].

The principle of deformation of contours states that if f : U — C is holomor-
phic, then

f(z)dz= | f(2)dz,
To I
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whenever I'g and I'; are closed contours within U which can be obtained from
each other via deformation within U. It is justified by the following theorem:

Homotopy Theorem. Suppose that U is a connected (but not necessarily
simply connected) open subset of C, and f : U — C is a complex analytic
function which has a continuous derivative f' : U — C. If Tg and T'; are two
closed contours within U which are homotopic within U, then

f(z)dz = f(z)dz. (4.11)
To ry

Here is a sketch of proof for the Homotopy Theorem in the case where zg, 21
and z have continuous partial derivatives up to order two. (Some readers may
wish to skip the argument.) Note that a homotopy defines a one parameter
family of contours I'y which are parametrized by

zs 1 la,b] = C,  z4(t) = z(s,t), for se€[0,1]

% [/F f(z)dz] —0.

But our hypotheses imply that we can differentiate under the integral sign. Thus
just in the argument presented for Theorem 8, page 186, in Saff and Snider [10],
we can calculate this derivative, obtaining

dzg

S re] = | e <t>dt]

= [uroaZ: 2 vuonpzlena= [ & (ro9%) 6o

=(fo z)(s,b)%(s,b) —(fo z)(s,a)%(s,a) =0.

[ /F S f(z)dz]

is constant as a function of s, which implies (4.11).

It suffices to show that

We conclude that

Remarks. Some authors derive versions of the Homotopy Theorem from
Cauchy’s Theorem (this is done in §49 of Brown and Churchill [2]), but it
is also possible do derive Cauchy’s Theorem from the Homotopy Theorem, as
described in pages 180-191 of Saff and Snider [10]. To do this, one starts with
an alternate definition of simply connected (which is shown to be equivalent to
the other definition in topology courses).

Alternate Definition. An open subset U of C is said to be simply connected
if it is connected and every closed contour I' contained within U is homotopic
to a trivial constant contour, parametrized by a smooth map to a point.
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This implies that if U is simply connected and I'y is any closed contour within
U, then since I'y is homotopic to a constant contour I'; and the integral of any
differential over a constant contour is zero,

Homotopy Theorem = f(z)dz = f(z)dz =0,
Fo Fl

whenever f(z)dz is a holomorphic differential. The Homotopy Theorem is quite
useful for calculating contour integrals, as the following examples illustrate.

Example 1. Suppose that we want to calculate the contour integral of the
rational function

3 7
Fe) =5+

around a counterclockwise circle I'y of radius ten around the origin. To do this,
we first note that f has poles at 2 and 100, but is holomorphic on the open set
U = C —{2,100}. Thus if T'; is any closed contour which is homotopic to Ty,
the principle of deformation of contours states that

f(z)dz = f(z)dz.
To ry

We can choose I'; to be a small circle of radius € > 0, and let V' = N(2;2¢).
Then V is a simply connected open set containing I'y and the function

7
z — 100

is holomorphic on V, so it follows from Cauchy’s theorem that

7
dz = 0.
/Fl Z—100""
Thus

3 7
Fof(z)dz_/rl (z—2+z—100)dz

3 2T . .
= / dz = / 3e" et dt = 6mi,
r, 2 —2 0

where we have used the parametrization z1; [0, 27] — C given by 21 (t) = 2+ €.

Example 2. Suppose that we want to calculate the contour integral of the
rational function

2 5 12
f(z) = z+1+z—1 +z—100'
along the counterclockwise circle I'g of radius five centered at the origin, a
contour which is homotopic to

I'i=Ci+Cs+C5+Cly,
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where C1 is a counterclockwise circle of radius ¢ centered at —1 and beginning
and ending at —1 + &, C5 is the line segment from —1 + ¢ to 1 — ¢, C3 is the
couterclockwise circle of radius € centered at 1 starting and ending at 1 —¢, and
04 = 702. Thus

foyiz= [ feaz= [ feas+ [ e
Ty ry C Cs

since the contour integrals over Cy and Cy cancel. Using the same procedure as
in Example 1, we find that

2
z)dz = dz = 4mi
and 5
dz = dz = 1071
. f(z)dz e Ori,
SO

2 12
/ < + > + )dzl4m'.
L \z+1 =z—-1 2-100

4.6 Improper integrals of rational functions

The examples at the end of the previous section illustrate how Cauchy’s The-
orem and the Principle of Deformation of Contours can be used to calculate
contour integrals of any rational function (as studied in §3.1) which has been
expanded in a partial fractions decomposition. Suppose, for example that

Ay Ay A,
R(z) = + + -+ ,
(2) z—=C  z2—( z=Cn
where (g, ..., (, are the poles of R(z). In this case we call A; the residue at ;.

If T is a counterclockwise simple closed contour which misses all of the poles,
we find that the contour integral of R(z) around I' is 27 times the sum of all
of the poles that are enclosed by I'. Thus

/FR(z)dzZQm' > A,

¢i€Do

where Dy is the bounded open connected component of C—T'; thus (; is enclosed
by I' when (; € Dy.

Example 1. Suppose that

3 6 2 95 67

R(z) = 2
=gttt o0t s o0

and I is the counterclockwise circle of radius 5 centered at the origin. Then the
poles

1,0,—2€ Dy ={z € C: |z| < 5},
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SO
/ R(2)dz = 2mi(3 + 6 + 2) = 22ri.
T

This technique has important applications. Thus suppose that

where

P(z) = apz™ + 12"V a1z +a

and Q(2) = bp2" +bp_12" -+ b1z + by
are polynomials with real coefficients
Amy Qm—1y «--, G1, Gg, bpn, bn—1, ..., b1, bo,
and we make the assumptions that
1. Q(z) has no real roots, and
2. deg@ > deg P + 2.

It is then possible to use the method of contour integrals to evaluate the improper
integral

o0 a
/ R(z)dx = lim R(z)dz,

a—oo | _

— 00 a

an integral which may be difficult or impossible to evaluate by the techniques
of standard calculus. We illustrate how this is done with an example:

Example 2. Suppose that we want to calculate the integral

& 1 @ 1
——dx = 1li —dx.
| =t [

To solve this problem, we first extend the integrand to be a complex differential

1

—d
(22 +1)2 %

and then instead of just integrating over real intervals, we can instead take
contour integrals over any contour in the complex plane.

In order to take contour integrals, we need a partial fraction decomposition
of the rational function

1 1
RE) = e ~ rre e
So we write
R(z) = Ao n Aip I Az n Aoy

(z—=9)2 (z—1) (2492 (2+19)
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where, according to (3.6),

1 1 1
A = 1 —1 2R = 1 [
1,0 leg(z i)°R(z) lim Gri? @) 1

*1'mi 1 = lim —2 _ 2 *fz
Tz \(zri2) i\ (zr3) T @) @

and by conjugation, we obtain

1 i
AQ,O—_ia Ap 1 = vk
Thus
1 14 —i/a /4 /4
R(z) = L/ VL (4.12)

(22412 (z—9)2 z—1i (2+1)2 z+i
Note that R(z) is well-behaved except at the two poles z = i and z = —i, and if
U=C-{i,—i}, then R:U—C

is holomorphic.
Suppose now that I' is a counterclockwise circle of small radius € > 0 centered

at the pole i. Then
1/4 i/4
——|dz=0
fleEm 25w

by Cauchy’s Theorem, because the expression within brackets is holomorphic
on a small simply connected ball centered at ¢ which contains I'. Moreover,

/F (Zl_/zt,)de =0.

—1i 1 —1i 0
R(2)dz = — dz=|— ) (2mi) = —.
A (2) 1 )z—i (4>(”) 2
By the principle of deformation of contours if I" is any contour in U homotopic
within U to the counterclockwise circle of radius € about ¢, then

/;d _T
r(z2+1)2 Ty

SO

Thus
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We now take I' = C; + C5, where (1 is the directed line segment from —a to
a along the x-axis, and Cs is the counterclockwise semicircle parametrized by

2(t) = ae’, for0<t <.

Then ) )
i
7dz+/ ——dz = =,
/cl (2 +1)? o (12T 2
or @ 1 x 1
. T
7d.’13 + / %iae”dt = —.
/_a (@2 +1)2 o ((ae®)? 1) 2
But - -
. jacttdt </ @ _gp=_T¢
/o (@2 + 12 Y= fy @—12% " @ -1
SO
li i 1 jae’tdt =0
1m - =
amoo Jo ((ae®)Z +1)2"%
and u ) ~ )
v T
li 7d = — 7d = —.
ot ) @y T2 7 /_oo<z2+1>2 T

4.7 The Cauchy integral formulae

One of the central results of complex analysis is the Cauchy Integral Theorem,
which implies that the values of a complex analytic function defined on a closed
disk are completely determined by the values on the boundary of the disk:

Cauchy Integral Formula I. Suppose that U is a simply connected open
subset of C, and that I' is a counterclockwise simple closed contour within U
such that the point zg lies inside I'. Then if f : U — C is a holomorphic function,

f(z0) = € 1(z) dz. (4.13)

21 Jp 2 — 20

To prove this, we note first that the integrand
f(z)

Z— 20

is a holomorphic function of z on U — {2¢}. Thus by the Homotopy Theorem,

(2) dz = (2) dz,

T2 — 20 CgZ*ZO

where C. is the circle of radius € centered at zg. Of course, we have a standard
parametrization _
z:[0,27] = U, 2(t) = 2o +¢ee™,
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and using this parametrization yields

G, [ I+ e

27
———ice'dt = / f(z0 +ee')idt,
Cs zZ— 20 0 ge 0

SO

27
Mdz = lim Malz = lim f(zo + eetyidt = 2mif(20),
r?2— 20 e—0 C. %20 e—=0 Jq

which implies (4.13).

Note that we can rewrite (4.13) as

@dz = 2mif(zp). (4.14)
r? Z0

Example 1. Suppose that we want to calculate the contour integral

eZ
-dz,
r<—1

where T is a small counterclockwise circle which encloses the singularity at z = i.
To carry this out, we can apply (4.14) with f(z) = e* to obtain

z .
/ © dz = 2mif(i) = 2mie’ = (2mi)(cos 1 + isin1)
T

zZ—1

by Euler’s formula. Here angles are measured in radians, one radian is 180/7
degrees, and use of a calculator shows that

cos1 =.540302, sinl = .841471.

Example 2. Suppose that we want to calculate the contour integral

2e*
/ 1%
g ?

where I'g is the counterclockwise circle of radius five about the origin. As a first
step, we need to construct a partial fraction expansion

2 _ A B
22—-1 z41 z-1"

This is relatively easy and the result is

2 _ 1,1
22—-1 241 z-1'

2¢? _ .z z
/ %dz:/ € dz+/ ¢ dz.
FOZ -1 FOZ+1 FOZ—l
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Next we use the Homotopy Theorem as in Example 2 of §4.5 to replace the
contour integral over I'y by a sum of contour integrals over counterclockwise

circles C7 and Cj5 of radius € centered at —1 and 1 respectively. Thus

2¢% _ Lz z
/ %dz:/ ¢ dz+/ ¢ dz.
FoZ*l Clz+1 032’71

Finally, we apply (4.14) with f(z) = e¢* to obtain

dz = =2mif(—1) = —2mie * = —(2mi)e !,
| f(-1) (2ri)

/ C _dz = 2mif(1) = 2mie! = (2mi)e,
o 21

3 %2

which leads to the final answer

2 z
/ © _dz = 2ni(e — e~ 1) = 4misinh(1).
Iy

2 _
0 2 1

We can differentiate the Cauchy integral formula (4.13) with respect to zg to

obtain a formula for higher derivatives of a holomorphic function f:

Cauchy Integral Formula II. Suppose that U is a simply connected open
subset of C, and that I' is a counterclockwise simple closed contour within U
such that the point zg lies inside I'. Then if f : U — C is a holomorphic function,

af e
(z0) /F &

dzF T omi Jp (z— 2Rt

We can of course rewrite this formula as

/ f(z) ds — 2mi d* f
r (

pmpn == L TR G

Example 3. Suppose that we want to calculate the contour integral

eZ
—d
/r CED

(4.15)

(4.16)

where I' is a small counterclockwise circle around the pole at z = —1. In this

case, we can apply (4.16) in the case where f(z) = e* and since

dk P
e=e

we obtain

e* d 2m 4 T
——dz = ——e = —.
r(z+1)5 4l 12e
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Theoretical implications of the Cauchy integral formulae: The Cauchy
Integral Theorem II implies that a complex function f : U — C which has a
continuous complex derivative at every point of U has continuous derivatives of
all orders. Indeed, one can go further. In 1900, Edouard Goursat was able to
prove Cauchy’s Theorem without the redundant assumption that f’ be continu-
ous. He merely assumed that f : U — C has a complex derivative at each point
of U. (Goursat’s proof for rectangular regions is presented at the beginning of
Chapter 4 of Ahlfors [1].) Since one can prove Cauchy’s Integral Theorem I
using Cauchy’s Theorem, it follows that merely assuming that f : U — C has a
complex derivative at each point of U implies that f has a continuous complex
derivative f’ : U — C, and then via the Cauchy Integral Theorem II that f has
continuous complex derivatives of all orders. Needless to say, these remarkable
facts do not hold for ordinary derivatives of real-valued functions of one real
variable.

4.8 Applications of Cauchy’s integral formulae

We now have enough machinery to use complex analysis to prove some striking
results from other branches of mathematics, that any nonconstant polynomial
with complex coefficients must have at least one complex root and that solutions
to Laplace’s equations cannot have maxima (ore minima) except at boundary
points.

Cauchy Estimate Theorem. Suppose that f is complex analytic on

Dpr(z0) ={z € C: |z — z| < R}.
If|f(2)] < M for all
2 € ODgr(z0) = {2 € C: |z — 20| = R},

then
dr f

kM
w(zo)

< (4.17)

This follows from the Cauchy Integral Theorem II. If we use the standard
parametrization '
z:[0,27] — C, z(t) = 2o + Re"

of the counterclockwise circle of radius R about zp, then (4.15) implies

2w
M kM
—— Rdt = ——.

dk f
<_ k+1 k
. R R

w(zo)

Liouville’s Theorem. Any bounded entire function is constant.
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Indeed, if f : C — C is a bounded complex analytic function, say |f(z)] < M
for all z € C, and 2y € C, then (4.17) implies that

drf k\M
Tk (20)| < R for all R > 0,
which implies that
d* f
Q(Zo) = 0, for all £ > 07

and hence f must be constant.

Fundamental Theorem of Algebra. Any nonconstant polynomial with com-
plex coefficients has at least one complex root.

Proof: Suppose that
P(2) = ap2" + ap_12" 1+ + a1z + ag

is a polynomial with complex coefficients with a,, # 0 which has no roots, where
n > 1. Then there exists R > 0 such that

P(z) > @M" > %R”, for |z| > R,

where we can assume that R > 1, so that

On the other hand, the modulus of P,
|P|: Dr — R where Dg={z€C:|z| <R},

is continuous and positive, so it must assume its greatest lower bound 9 > 0 at
some point of Dy, by one of the standard theorems of real analysis. Thus

1 < 2/lay|, when |z| > R,
|P(2)] = |1/eg, when |z| < R.

Hence 1/P(z) is a bounded entire function, and it must therefore be constant
by Liouville’s Theorem. QED

Another implication of the Cauchy Integral Theorem is the fact that if f: D —
C is a complex analytic function on a bounded open connected subset D C C,
its modulus |f| must achieve its maximum value on the boundary of D

Maximum Modulus Principle. Suppose that D is a simply connected open
set, that f : D — C is complex analytic and |f| achieves its maximum value at
some point zy € D, then f is constant within D.
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Idea of proof: By the Cauchy Integral Theorem (4.13), if I' is the circle of radius
R about 2o parametrized by z(t) = 2o + Re®, for t € [0,27], then

floo) = — [ L3 g,

2w Jr 2z — 2
1 [ f(z0+ Re') e :
- —— JiRetdt = — Re')dt. (4.18
2ri Jo Rett e 2 Jo f(zo + Re™) (4.18)
This equation says that f(zo) is the average of f around any circle I'g(zg) of
radius R centered at zy which is contained within D. It implies an inequality
on the modulus

- 27

If z lies on T'g(20) then |f|(2) < |f](20), but if | f|(2) < |f|(20), then the average
value of | f| on the circle would be strictly less that |f|(zo), contradicting (4.19).
We conclude that |f| must be constant on D.

Thus Re(ef) = elfl is constant on D. Tt then follows from the Cauchy-
Riemann equations (Proposition 2 from §2.3) that e/ is constant. But then

d df df
_ Gy Y a _
0 dz(e) € dz = dz

21
l(z0) < / (20 + Reit)t. (4.19)

0,

by the chain rule, so f itself is constant on D.

Maximum Principle for Harmonic Functions. Suppose that D is a simply
connected open subset of C and that v : D — R is a harmonic function. If u
achieves its maximum value at some point zg € D, then u is constant on D.

Sketch of proof: The fact that D is simply connected allows us to construct
an harmonic conjugate v to u. Indeed, using the fact that u is harmonic, one

verifies that if

ou Ju
M—% and N—87y

then M — ¢N is holomorphic, and hence
(M —iN)(dx +idy) = f(z)dz

is a holomorphic differential on D such that Re(f(z)dz) = du. Since D is simply
connected, it follows from Cauchy’s Theorem that whenever I is a closed contour

within D,
/ f(z)dz =0.
r

Then it follows from the Independence of Path Theorem from §4.3 that f(z)
has an antiderivative F' on D. In other words, there is a holomorphic function
F : D — C such that dF = f(z)dz, and hence

Re(dF) = Re(f(2)dz) = du.
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Finally, we set v = Im(F'), and F = u + 4v, so v is an harmonic conjugate to u.
Then e is also a complex analytic function with
’eF‘ _ ’eu-i-iv‘ = e,
If u assumes its maximum at some point zg € D, then ef" achieves its maximum
modulus at zp € D and hence e is constant on D by the maximum modulus
principle. But then e* and hence u itself must be constant on D.

The Maximum Principle can be applied in turn to the so-called Dirichlet Prob-
lem for Laplace’s equation

?u  9%u

=+t 575 =0,

0x2 = 0Oy?
solutions to which are called harmonic functions. Recall that if D is an open
connected subset of the complex plane C filled with a homogeneous material,
then a harmonic function v : D — R might represent the steady-state temper-
ature within D, as we saw in §3.4.

Dirichlet Problem. Suppose that D is the closure of a bounded open con-
nected set in C with boundary 0D. Given the temperature along the boundary
0D of D, determine the temperature within D; that is, given u|0D, determine
the function u : D — R which satisfies Laplace’s equation

0%y O%u

922 T o2 0

within D and extends continuously to D U dD.

The physical interpretation in which harmonic functions represent steady-state
temperature suggests that there should exist a unique solution to Dirichlet’s
problem, at least if D is reasonably well-behaved. The maximum principle
shows that this is indeed true:

Uniqueness of solutions to the Dirichlet Problem. Suppose that D is the
closure of a bounded open connected set in C with boundary 0D. If u and v
are two solutions to the Dirichlet problem for D with the same values on 0D,
then u = v.

Indeed, u — v is a solution to the Dirichlet Problem with zero boundary condi-
tions. By the Maximum Principle applied to u — v, u —v < 0 on D. By the
Maximum Principle applied to v —u, v —u < 0 on D. Hence u —v =0 on D.

Poisson’s formula: Yet another application of the Cauchy integral formula is
Poisson’s explicit formula for the solution to the Dirichlet problem in the unit
disk

D={zeC:|z| <1}

We derive this formula following Ahlfors [1], pages 165-166, noting first that it
follows from (4.18) that if f is a holomorphic function on the disk and I is the
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boundary of the disk,

10) = 5= [ 1015 (420)

= — z)—. .
2r Jp 1z
For a fixed choice of a € D, we now make a change of variables, using a linear
fractional transformation, as described in §3.2:
w=T(z)= %, so T(a)=0.

This linear fractional transformation takes the unit disk D to itself. It follows
immediately that

d7w dz zZdz

w z—a 1—az

We now replace f by the holomorphic function fo7~! in (4.20), thereby ob-
taining

fla) = 1T 0) = 3= [ AT )
1

z az dz
o Ff(z)<z—a+1—az>iz

1 f(z)< : @ >dz_1 f(z)1—|a|2dz

27 Jr z—a z-—a)iz 27 Jp |z —al? iz’

where we have used the fact that |z| = 1. If we use the parametrization z(t) =
e, for 0 <t < 27, we can write this as

fla) = = /O " ey Lolel g (4.21)

= o o ]

If u is a harmonic function on the disk, it is the real part of a holomorphic
function of f, and hence it follows from (4.21) that

1 2 1_|a|2

u(a) u(e™) dt,

B T

an explicit formula for the value of the harmonic function v at @ € D in terms
of the values of u along TI'.
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