COMPLEX ANALYSIS COURSE NOTES

1. JANUARY 6
Let us quickly recall some basic properties of the real numbers, which we denote by R.

Proposition 1.1. Let a,b, ¢ be real numbers.

(1) a+ b and ab are also real numbers (closure).

(2) Addition is associative: a+ (b+c¢) = (a+b) + c.

(3) Addition is commutative: a +b = b+ a.

(4) There exists a real number, named 0, such that a +0=a =0+ a.

(5) There ezists a real number —a such that a + (—a) = 0 = (—a) + a. For shorthand,
we write a + (—b) as a —b.

(6) Multiplication is associative: a(bc) = (ab)c.

(7) Multiplication is commutative: ab = ba.

(8) There exists a real number, named 1, such that a-1=a =1 a.

(9) If a # 0, then there exists a real number a™! (the reciprocal of a) such that a-a™t =
1 =a""a. We sometimes write a -b~" as a/b or %.

(10) The distributive property holds: a(b+ c¢) = ab + ac.

Remark. These properties imply that R is a field.

A complex number is an ordered pair z = (a, b) of real numbers (ordered: (a,b) does not
necessarily equal (b,a)). We call a the real part, written as Re(z), and b the imaginary
part of z, written as Im(z). Let z; = (a1,b1) and 2o = (a9, by) be complex numbers. We
write

r =1y <= a; = ay and by = bs.
We define addition and multiplication on complex numbers by

(11) 21 + 9 = (a1 + a9, bl + bQ), 2129 — (a1a2 — blbg, Clle + (Izbl).
We observe that if b = d = 0, then
21+ 20 = (a1 + as,0), 2129 = (a1as,0),

so we can think of z; and z; as being just like real numbers when their imaginary parts equal
zZero.

Observe that (a,b) = (a,0) + (0,b) and (0,1)(b,0) = (0,b). Thus we can write
2 = () = (a.0) + (0.1)(b,0)

It will be convenient to introduce the shorthand ¢ = (0, 1) and (a,0) = a. Therefore, we can
represent any complex number z = (a,b) as

z = a + ib.

With these conventions, we will show that the properties of R outlined in Proposition 1.1
also holds for the set of complex numbers, which we denote by C.

Proposition 1.2. Let zy, 29, z3 be complex numbers.
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(1) z1 + z9 and z1z9 are also complex numbers (closure).

(2) Addition is associative: z + (2o + 2z3) = (21 + 22) + 3.

(8) Addition is commutative: z; + 2o = 29 + 1.

(4) There exists a complex number, named 0 = (0,0), such that z; +0 =23 =0+ 2.

(5) There exists a complex number —z; such that zy + (—z1) = 0 = (—21) + 2. For
shorthand, we write zy + (—z2) as z; — 2.

(6) Multiplication is associative: zi(z923) = (2122)23.

(7) Multiplication is commutative: z1zy = 2921.

(8) There exists a complex number, named 1 = (1,0), such that z; -1 =2 =1- 2.

(9) If z; # 0, then there exists a complex number z;* (the reciprocal of z) such that
27 - 21_1 =1= zl_l - 21. We sometimes write z1 - 22_1 as z1/ze or j—;

(10) The distributive property holds: z1(zo + z3) = 2129 + 2123.

Proof. T'll prove (2) and (6). I leave the rest to you as an exercise. We will discuss (9) at

length next class.
—(2): Let 2y = (a1,b1) and 2z = (ag, be). Using (1.1), we find that

21+29 = (a1, b1)+(ag, by) = (a1+ag, by+bs), 2o+21 = (ag, be)+ (a1, by) = (ag+ay, ba+0y).

Since a; + ay = as + a; and by + by = by + by by Proposition 1.1 (3), we have the desired
equality.
— (6): Using (1.1), we first compute

21(2223) = (a1, b1)((az, ba) - (a3, bs))
= (a1, b1)(azas — bybs, asbs + asbs)
= (a1(agaz — babs) — by(asbs + asbsy), ai(asbs + asby) + by(asasz — babs))
A similar computation yields
(z122)23 = ((a1a2 — biba)as — (a1be + asby)bs, (a1as — byba)bs + az(aibe + asby)).
Use Proposition 1.1 to check that these complex numbers are equal. O]
Note that with these properties,
i = (0,12 =(0,1) = (—1,0) = —1, i* = (i%)i = —i, it == —ii=—(=1) = 1.
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Let us look at (9) from Proposition 1.2. First, given a complex number z = Re(z)+ilm(z),
we define the conjugate of z to be Z = Re(z) — ilm(z). We compute

2Z = Zz = Re(2)? + Im(2)%

This leads us to the notion of the modulus of z, denoted |z|, which is y/Re(2)? + Im(z)2.
We have the quick corollaries

Re(z) < [Re(z)] <z, Im(z) < [Im(z)] < |z].
Moreover, one can compute

2+Z = Re(z)+ilm(2)+(Re(z)—ilm(z)) = 2Re(z), 2—%z = Re(2)+ilm(z)—(Re(z)—ilm(z)) = 2iIm(z)

and
(%) = Re(z) — iIm(z) = Re(2) +ilm(z2) = 2
and
z1 + 22 = Re(z1) + ilm(z1) + Re(z2) + tIm(22)
= Re(z1) + Re(z2) —i(Im(21) + Im(22)) =21 + 22
and

Z| = VRe(2)? + (—Im(2))? = V/Re(2)? + Im(2)? = |2].
Lemma 2.1. If z is a complex number, then |z| > 0, with equality if and only if z = 0.

Proof. The first part is immediate from the definition of |z|. Now, suppose that z = a + ib
satisfies |z| = 0. This is equivalent to saying that \/Re(2)? + Im(2)? = 0, which is equivalent
to saying that Re(z)*+Im(z)? = 0. Since Re(z) and Im(z) are real, we have Re(z)? > 0 (resp.
Im(2)? > 0), with equality if and only if Re(z) = 0 (resp. Im(z) = 0). Thus Re(z)? + Im(z)?
is equivalent to saying that Re(z) = Im(z) = 0, so z = 0. O

Suppose that z # 0. Then |z| # 0, and we can consider the product of the real number
1/|z|? with the complex number Z:

1 1 Re(z) ~ —Im(z)

K E= Re(2)2? 4 Im(2)2 (Re(2) — Im(2)i) = Re(2)? 4 Im(z)? " "Re(2)? + Im(2)2°

But since z - (ﬁ Z) =25 = % = 1. Thus we have proved that if z = a + bi, then
1 Re(z) ; —Im(z2)
Re(2)?2 +1Im(z)?  Re(z)? + Im(z)?
(The book gives a slightly different presentation which is ultimately equivalent.) Now, using

our law for how to multiply complex numbers, we find that if z; = a1 +b1i and 29 = as+bsi #
0, then

Z1_ aag +biby | ashy —aiby

» G+ G
Example 2.2.
2—-3i (2-3i)(4—i) b-—14i 5 +,—14
= = = — 1—.
4+ (4+14)(4 —1) 17 17 17
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Example 2.3. There is an analogue of the binomial formula: For each integer n > 1,

) e n n!
(21+ZQ) :Z<k)2f22 k, <k‘> :m, 0! =1.

k=0
(The proof is an exercise.)

There is an important geometric interpretation of complex numbers. In particular, we can
associate z = (a,b) with the vector in R? starting at (0,0) and ending at (a,b). With this
interpretation, our rule of addition

21 + Z9 = (&1 -+ bl,CLQ + bg)

corresponds with the usual notion of vector addition. (Draw the parallelogram picture.)
Also, the modulus |z| corresponds with the length of the vector. Moreover, if z; = (aq, b)
and zy = (ag, by), then the distance between the points (a1, b;) and (asg, by) in R? is

\/(Cl1 —az)? + (by — b2)? = |21 — 22|
Negating a complex number —z = (—a, —b) can be seen geometrically as reflecting the vector
corresponding with z across the origin.
Recall the equation for a circle with center (g, yo) and radius r > 0: (z—x0)*+ (y—y0)* =
R?. But thinking of z = z + iy and 2y = x + iy, we observe that
R? = (z —20)* + (y —90)” = |z — 20[”.

Thus the equation for the circle becomes |z — zy| = R.

Example 2.4. The equation |z — 3 + 2i| = 1 represents the circle centered at zy = (3, —2)
with radius 1.

Lemma 2.5 (Triangle inequality). If 21, 2o are complex numbers, then |z + 29| < |21| + |22].
Proof. We compute
|21 + 2> = (21 + ) (Z + 2) = |21 + |2 + (2172 + 2271)
= |21 + |22|* + 2Re(217%2)
< il + [z + 2|z - 2|
= [z1* + |2 + 2z - 22| = (] + [22])*

Since the modulus of a complex number is nonnegative, we can take the square root of both
sides, and the conclusion follows. [l

Using induction, one can prove for any n > 1 that
214tz S+ |zl
Lemma 2.6. If 2,z are complex numbers, then |z; — z3| > ||z1] — |22]]-
Proof. Since |z1| — |z2| is a real number, we compute
la1] = |2ll* = (la1] = |22])” = |1 + |22 — 21| - |22
< |z1]* 4 |22]* — 2Re(217%2)
—nZitnn—an—nn=(a—2) G -2) =|a -2l

O
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Let (r,0) be the polar coordinates of the point (z,y) corresponding to a nonzero complex
number z = z 4 1y. Since z = rcosf and y = rsinf, we can write z in polar form

z =r(cosf +isinb).

Recall that if (z,y) corresponds with z = x + 4y, then |z| is the length of the vector from
(0,0) to (x,y). So in fact r = |z|. The real number 0 represents the angle (radians) that z
makes with the positive real axis when interpreting z as a vector. This is determined up to
an integer multiple of 27 by means of the equation

tanf = y/x,

where the quadrant containing z must be specified. Each value of 8 satisfying these equations
is called an argument of z, and the set of all such values is called arg(z). The principal
value of arg z, denoted Arg z, is the unique value © such that —m < © < 7. Thus

arg z = {Arg z + 2nm: n € Z}.

Example 3.1. The complex number z = —1 — 2; lies in the third quadrant. Thus Arg z =
—27/3 and arg z = {—27/3 + 27n: n € Z}.

Definition 3.2. We define the symbol e to equal cos + isin 6.

This definition requires some discussion, which will be made rigorous later on. Recall the
everywhere absolutely convergent Taylor series expansions

> 1\np2n+1 X 1\np2n
siHQ:Z% COS@ZZM.

— (2n+ 1) £~ (2n)!
Now, since 12 = —1, i> = —i, and i* = 1, we find that
92 (_1)n92n 93 (_1)n92n+1
sind = (1- 2 +... —> ( AR —>
cosf +isinf < 5 4+ 4 2n) +1(6 5 + -4 @n+ 1]
.02 .03 .en
:1+i9+ﬂ+ﬁ+...+u+...7
2 6 n!

which looks like the everywhere absolutely convergent Taylor expansion for e* evaluated at
x = 16. Of course, we have not developed Taylor series for complex variables yet.
This leads to a more compact expression of the polar form of z, the exponential form:
z=re?.
Example 3.3. Let 2 = —1 — 2. Then |z| = v/5 and Arg z = —27/3. Hence z = /5e~27/3,
Of course, for each n € Z, we also have z = /5e27mi/3+2min,

Using standard trigonometric identities, we find that
e1e1%2 = (cos 0 + isinf;)(cos By + isin )
= (cos by cos Oy — sin 0, sin 63) + i(sin O cos Oy + cos Oy sin b))
= cos(fy + 0) + isin(f; + 0) = e'O1162),

Hence if z; = r1€®" and zy = ro¢"2, then
b

61+62) (61 —062)
, .

2129 = TT9e 21/29 = 11 /19€ (
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In particular, if z = re®, then .
=1z =r"te.

Lemma 3.4. If z = re®, then for each integer n, we have 2™ = r"e™  with the convention

that 20 = 1.

Proof. First, we prove that if n > 1, then 2" = r"e™®. For n = 1, we recover the polar

form already mentioned above. So suppose that 2" = r"e™ for some integer n > 1. This
inductive hypothesis implies that

Zn—i—l — My — (Tneme)(TezG) _ Tn+1€m9€ze _ ,r,n—i-lez(n—l—l)@.

Hence, by mathematical induction, we have the claimed result for n > 1. A similar appli-
cation of mathematical induction will indicate that z=™ = r~"e~™ for all integers n > 1,
which completes the proof. [l

Example 3.5. Let 2 = —1—2i. Then z = /5~ 2™/3 and 2° = VB e(-2mif3)6 — 53e—tmi — 53,

n

Note that when r = 1, the above lemma indicates that ()" = €™ for each integer n.

Hence we arrive at de Moivre’s formula
(cos@ +isin )" = cos(nb) + isin(nd).
Example 3.6. de Moivre’s formula with n = 2 implies that (cos + isin)? = cos(26) +

isin(26). Hence cos? @ — sin® 0 + i(2sin 6 cos ) = cos(26) + isin(26). Equating the real and
imaginary parts, we arrive at the familiar identities

cos(260) = cos® § — sin? 6, sin(260) = 2sin 6§ cos 6.
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For z; = me' and zy = rye'®, the expression z;29 = r1r2e"?7%) leads to the important
identity for arguments:

arg(z122) = arg(z1) + arg(za), arg(z1/z22) = arg(z1) — arg(z»).

However, this identity does not hold for Arg; an easy counterexample can be seen with
Arg(—1) = 7 and Arg(i) = 7/2.
We observe [DRAW A PICTURE] that if z; = r1e? and 2z, = ¢, then z; = 2, if and

only if r; = 79 and 67 — 0y = 2kw for some integer k. In other words,
21 =29 <= |z1] = |29] and arg z; = arg 2.

We use this to solve the equation 2" = 2y, where zj is a given complex number and n # 0 is

an integer. We write zp = roe’®  and we have 2" = r"e". Hence we must have ™ = rg, so
1 . . .

r= TO/ " and there must exist an integer k such that nf — 6y = 27k. Solving for 6, we must

have

0 2k
n n
Hence our solutions to the equation 2" = zy = roe'® are
n /0 2k
z:ré/ exp [z(—OJr—?T)], ke Z.
n n

All of these solutions lie on the circle |z| = ré/ ", and they are equally spaced every 27 /n
radians, starting at 6y/n. Thus all of the distinct roots are obtained by considering k =

0,1,...,n—1, and for other values of k, we obtain repeats of these distinct roots. Hence the
set of distinct solutions to the equation z" = z; are
0 2k
ck:ré/nexp[i(—o—i——)], k=0,1,...,n—1.
n n

Example 4.1. Let us find the three cube roots of —27i. We first write

_27i = 2T exp P( - g + 27rk)], kez
and conclude that the desired roots are
T 2kw
—sexpli( ~ 5+ =")], k=012
Ck exp |t 6 + 3
In rectangular form, these are ¢y = %3 — %i, cp =31, cg = _%g — %@

Example 4.2. Let n > 1 be an integer, and let us find the n-th roots of 1. These are often
called the n-th roots of unity. Thus we want to find the solutions to 2™ = 1, in which case
ro = 1 and we may take #y = 0. Then the solutions are given by

n—1
n Y

1w, w?, ... w w = exp(2mi/n).
Example 4.3. Using de Moivre’s formula, we know that

cos(50) + isin(50) = (cos @ + isin 0)°,
which, upon binomial expansion, equals

cos® ) — 10 cos® fsin? § + 5 cos @ sin® 6 + i(5 cos® fsin @ — 10 cos? A sin® § + sin® 6).



8

Using the identity cos? @ + sin?§ = 1, we equate the real and imaginary parts to find
cos(50) = 5cos @ — 20 cos® O + 16 cos” 0, sin(50) = 5sin @ — 20sin® § + 16sin° 6.
Choosing 6 = /5 for the sine identity and substituting z = sin(7/5) and y = 2%, we arrive
at the equation 0 = z(5 — 202% + 162*) = z(5 — 20y + 16y?). Therefore, we can solve for z,
hence sin(7/5), using the quadratic formula and the fact that sin(7/5) < sin(7/4) = 1/v/2.

We conclude that

5-V5
8 Y

and thus by sin®(7/5) + cos?(7/5) = 1 we conclude that

cos(m/b) = ! +4\/5.

Hence we can find the rectangular coordinates for the fifth roots of unity (I leave to you).

sin(m/5) =

We begin by covering some vocabulary on region in the plane that we will use regularly
throughout the course.

Definition 4.4. An s-neighborhood (centered at 2) is a set of the shape {z: |z — 2| <
e}. (One often drops the € and simply uses “neighborhood”. A deleted neighborhood is
a set of the shape {z: 0 < |z — 2| < e}.

In what follows, let S be a region in the complex plane; this can also be viewed as a set
of complex numbers.
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Definition 5.1. A point zy is an interior point of S if there exists a neighborhood centered
at zy which contains only points in S. The point zy s an exterior point of S if there ezists a
neighborhood centered at zg which consists only of points not in S. A point zy which is neither
an interior point nor an exterior point is called a boundary point; every neighborhood of
a boundary point contains at least one point in S and at least one point not in S. The union
of all boundary points is called the boundary of S.

Example 5.2. Let S = {z: |2| < 1}. The point z = 1/2 is an interior point of S because
S contains the neighborhood {z: |z — 1| < 1}. The point z = 3/2 is an exterior point of
S because the neighborhood {z: |z — %| < %} contains no point within S. The point z = 1
is a boundary point. To see this, fix ¢ > 0. Note that the set {z: |z — 1| < £} contains
1 — £ (which lies in §) and 1 4 § (which does not lie in S). Since € was arbitrary, each
neighborhood of z = 1 contains at least one point in S and at least one point not in S.
Definition 5.3. The set S is open if it does not contain any of its boundary points. The
set S is closed if it contains all of its boundary points. The closure of a set S is the closed
set containing all points in S and all of the boundary points of S.

Example 5.4. Let S = {z: |z| < 1}. Thisset isopen: If zy € S, then {z: |z—zo| < 1—|z0|} is
a neighborhood of zy containing only points in S. Note that if |z9| > 1, then the neighborhood
{z: ]|z — 20| < |20] — 1} contains only points outside of S. Hence each such z, is an exterior
point. We conclude that the boundary of S is {z: |z] = 1}.

Remark. Sets of points in the complex plane can be neither closed nor open, like the punc-
tured disk {z: 0 < |z] < 1}.

Definition 5.5. An open set S is (path)-connected if any two points can be connected by
a path without exiting S.

Example 5.6. The sets {z: |z| < 1} and {z: 1 < |z| < 2} are each both open and connected.

Definition 5.7. A set S is bounded if there exists a finite real number R > 0 such that
every point z in S satisfies |z| < R.

Example 5.8. The sets {z: |z] < 1} and {2: 1 < |z| < 2} are bounded, but the set
{z: Im(z) > 0} is not bounded.

Definition 5.9. An accumulation point, or limit point, of a set S is a point zy such
that each deleted neighborhood of zy contains at least one point in S.

I leave it as an exercise to prove that S is closed if and only if it contains all of its accu-
mulation points.

Quiz
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With this vocabulary in place, we can now start to develop the theory of functions of a
complex variable. Let S be a set of complex numbers. A function f defined on S is a rule
that assigns to each z in .S a complex number w. We will often use the shorthand f : S — C.
The set S is called the domain of f. When the rule f is specified but S is not, then we
agree that the largest possible set is to be taken. Also, it is not always convenient to use
notation that distinguishes a given function from its values.

Example 6.1. Let S = C—{0}. Consider the function f: S — C given by f(z) = 1/z. We
might simply refer to the function as 1/z with largest domain (which is C — {0}).

Suppose that f(x + iy) = u + iv, where x,y, u, v are real numbers. Then each of the real
numbers u and v depend on the real numbers x and y. We sometimes phrase this as
f(z) = ulz,y) +iv(z,y).
If the function v(x,y) always equals zero, then f(x + iy) is always real, in which case f

is a real-valued function of a complex variable. We can play the same game in polar
coordinates: Write z = re? instead of z = = + iy, in which case f(re?’) = u + iv and

f(z) = u(r,8) +iv(r,0).

Example 6.2. If f(z) = 2%, then in writing z = z + iy, we find that f(z + iy) = u(z,y) +
iv(z,y), where u(z,y) = 2% — y* and v(x,y) = 2zy. We can also think about this in polar
coordinates. Writing z as re?, we find

f(2) = 2% = (re')? = 2% = r*(cos(26) + isin(26)).
Thus u(r, 8) = r? cos(20) and v(r,0) = r?sin(20).
Example 6.3. The function f(z) = |2|? is an example of a real-valued function.
If n > 1 is a positive integer and ag, ay, . .., a, are complex numbers, then we call
f(z)=ap+arz+ -+ a,2"

a polynomial of degree n. The quotient P(z)/Q(z) of two polynomials P(z) and Q(z) is
called a rational function, and it is defined whenever Q(z) # 0.

We can generalize the concept of a function to incorporate a rule that assigns more than one
value to a point z in the domain of definition. These so-called multiple-valued functions
occur frequently in complex analysis.

Example 6.4. Let z = re® with principal argument ©. From our earlier work, we see that
2'/2 has two values, namely

22 = /2| expli(©/2 + 7k)],  k=0,1.
Since €™ = —1, we in fact have
M2 = 4+./]z] exp(i©/2).
Thus 2'/? is multiple-valued. But, if we only choose the positive value of j:\/m and write
(%) f(2) = V|z[ exp(i©/2),

then the (single-valued) function (x) is well-defined on the nonzero numbers in the complex
plane. Since zero is the only square root of zero, we also write f(0) = 0, so that the function

(x) is well-defined on all of C.
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For a function f whose domain is a subset U C C that sends numbers in U to numbers
in a subset V' C C, we have the shorthand f : U — V. We sometimes say that f is a map
or mapping from U to V. If the pair (u,v) € U x V satisfies v = f(u), then we say that v
is the image of u under the mapping f. Sometimes, if we know f explicitly, I might write
z +— f(z) to denote the function (like z — /2).

Definition 6.5. If f : U — V has the property that for any pair of numbers u; # uy in
U we have f(uy) # f(uz), then the mapping f is injective (or one-to-one). If for every
v €V there exists a u € U such that v = f(u), then the mapping f is surjective (or onto).
If a mapping is both injective and surjective, then the mapping is called bijective.

If f:U — V is not injective, then a given v € V could be the image of many u € U.
Hence we define the inverse image (or preimage) of v € V to be {u € U: f(u) = v}.
Assignment: Look at Section 14, study the mapping z +— 2.

Notation 6.6. Let U,V be sets. The notation ©u € U means that an element u lies in U.
The notation U C V or U C V means that U is a subset of V' (that is, if u € U, then u € V).

Definition 6.7. Let 2y € C, and let f be a function defined on some deleted NBHD of z.
The statement “f(z) has limit wq as z approaches zy”, written as

lim f(Z) = Wo,
Z—r20

if for all e > 0, we can find some 6 > 0 (maybe depending on &) such that
1f(z2) —wo| < € whenever 0 < |z — zp| < 4.

(Note that we can always make § smaller if necessary.)

DRAW A PICTURE, TALK ABOUT THIS FOR A LITTLE WHILE

Example 6.8. Let f(z) = z +z. I claim that
lim f(z) = 0.

zZ—1
Let € > 0. We first compute
1f(2) =0l =|z4+Z|=lz—i+Z+i|=|(z—1)+2z—1] <2z —1].
Let § =¢/2. If 0 < |z —i| < 6, then |f(2) — 0] < e.
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Theorem 8.1. When the limit of a function f(z) exists at a point z, the limit is unique.

Proof. Suppose that

lim f(z) = wy and lim f(z) = w;.
Z—r20 Z—rZ20

Thus for all € > 0, there exist numbers dg, d; > 0 such that
|f(2) —wo| <e/2  whenever 0 < |z— z| < dp.

and
|f(2) —wyi| <e/2 whenever 0 < |z — 2| < ;.
Now, if |z — 29| < min{do, d;}, then

wo —wi| = wo = f(2) + f(2) —wi| <fwo = f(2)| + |Jwr = f(2)] <e/2+e/2=e¢.

Since € > 0 can be made arbitrarily small, we have wg = wy. 0
Example 8.2. Let f(z) = z/Z. I claim that

lim f(2)

z—0

does not exist. Note that if # # 0 is real, then f(z) = 1, and if y # 0 is real, then f(iy) = —1.
Thus as we approach z = 0 from two different directions, the limits are different. Since the
limit as z — 0 is unique if it exists, we must conclude that lim,_,o f(2) does not exist.

Theorem 8.3. Let z = x + iy, 20 = x¢ + 1Yo, Wo = ug + vy, and f(z) = u(x,y) + iv(z,y).
We have that

lim f(z) = wy
Z— 20
if and only if
lim  w(z,y) = ug and lim  v(z,y) = vo.
(z,y)—=(z0,90) (z,y)—(zo,y0)
Proof. See Section 16. The result is useful, but the proof is tedious. O

Theorem 8.4. Suppose that
lim f(z) = wy, lim F(z) = W,.

Z—20 Z—20

Then
lim (f(z) + F(2)) = wo + W, lim f(2)F(z) = woWo,

Z—r20 Z—r20
and, if Wy # 0,
z w
lim /(z) =2
==z F(z) Wy
Proof. Use the previous theorem to reduce the proof to statements about limits of functions
in two real variables, then use properties of limits from multivariable calculus. 0

Example 8.5. By induction, one can prove that if n > 1 is an integer and zy € C, then
lim, ., 2" = z§. If p(z) = ap + a1z + --- + a,2" is a polynomial, then for any 2z, € C,
limz—>zo p(z) = p(ZO)

Quiz...



14

9. JANUARY 24

It is sometimes convenient to include the point at infinity, denoted co, with the complex
plane (and to use limits involving it).

STEREOGRAPHIC PROJECTION PICTURE, oo IS THE NORTH POLE N, UNIT CIR-
CLE CENTERED AT 2z =0, RIEMANN SPHERE

Definition 9.1. Let € > 0. We call {z € C: |z| > 1/} a neighborhood of oco.

CONVENTION: If we refer to a point z in the complex plane, then we refer to a point
that is not oco. If oo is considered, it will be explicitly mentioned.

Theorem 9.2. If zy, wqy € C, then:

(1) lim,_,,, f(z) = oo if lim,,,, 1/f(z) = 0.
(2) im, o f(2) = wp if lim,0 f(1/2) = wo.
(3) im, o f(2) = o0 if lim, 0 1/f(1/2) = 0.

Proof. T'll prove the first part; the others are similar. If lim,,, 1/f(z) = 0, then for all
e > 0, there exists § > 0 such that

1/f(z) — 0] <e  whenever 0 < |z— 2| <.
We rewrite this as

|f(2)] >1/e  whenever 0 < |z — 2| <.

This a restatement of lim, ., f(z) = oc. O
Example 9.3. We have
2 1 2 142
lim s =1 since lim ﬂ =1l +ez = 1.
z—00 2 — =0 (1/2)—1 220 1—2

Definition 9.4. A function f is continuous at a point 2y if lim,_,., f(2) ezists, f(zo) ewxists,
and lim, ., f(2) = f(20). In the § — ¢ language, a function f is continuous at a point zy if
for all e > 0 there exists § > 0 such that |f(2) — f(20)| < € whenever |z — z5| < J.

From our limit arithmetic discussed last class, we have that the sum, difference, product,
and quotient of two functions which are continuous at zy is also continuous at zy. The
following is much more subtle, which I will not prove.

Theorem 9.5. If g is continuous at zy and f is continuous at g(2o), then fog is continuous
at zg.

As with limits, we can establish continuity by looking at the real and imaginary parts of
f.
Theorem 9.6. Write f(z) = f(z+iy) = u(z,y)+iv(z,y). The functionsu,v are continuous
at (xo,y0) if and only if [ is continuous at zg = xg + 1¥Yo.

Definition 9.7. If a function f : U — C is continuous at each point z € U, then [ 1is
continuous on U.

One of the key results for continuous functions of a real variable is that if f : [a,b] — R is
continuous, then f achieves its maximum and minimum. A related result for complex-valued
functions is:
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Theorem 9.8. Let U C C be closed and bounded, and let f be continuous on U. There
exists a constant M > 0 such that |f(z)| < M for all z € U, where equality holds for at least
one such z. We then say that f is bounded on U.

This follows from applying an analogous result for functions from R? to R to u(z,y) and
v(z,y).

Definition 9.9. Let f be a function whose domain contains a neighborhood {z € C: |z—zy| <
e} of a point zy. The derivative of f at zy is the limit
fI(ZO) — lim f(Z) — f(ZO) )

Z—20 Z— 20

The function f is differentiable at zq if f'(z0) exists. If f is differentiable at all points in
a region U C C, then f is differentiable on U.

Example 9.10. Let f(z) =1/z and 2y # 0. If 2z # z, then

-1 -1
[l R

Z— 20 Y4
By the properties of limits, the limit as 2 — 2 is —1/z2. Then f is differentiable on C — {0}.

Example 9.11. Let f(z) = |2|? and 2z, € C. If 2 # zy and 2o = 0, then

2 2 2
2" —J=l® _ J2F _
= =7z,
Z— 2 z
whose limit is zero as z — 0. On the other hand if zy # 0, then
2|2 — |20]*> 2Z— 2020 2Z — 2%Z0 + 2%Z0 — 20%0 Z—zy _
zZ— 20 Z— 20 zZ— 20 zZ— 20

If z traverses the complex numbers such that Im(z) = Im(z), then the limit is

zZ— 20

lim <z

Z—20

+20> = 2zo + EQ = 2Re<2’0)
zZ— 20

If z traverses the complex numbers such that Re(z) = Re(z), then

lim (zz — 0 +ZO> = —20 + Zo = 2Re(zp) = —2iIm(zp).

Z—r20 z — ZO

Since z # zy, it follows from the uniqueness of limits that lim,_,, |2|? does not exist.
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10. JANUARY 27
Theorem 10.1. If f'(zy) exists, then [ is continuous at 2.

Proof. We compute
lim (f(z) — f(z)) = lim JE =) (z—2) = f'(2)-0=0.

Z—r20 Z—r20 z — ZO Z—r20

O

All of the differentiation rules from calculus carry forward to functions of a complex
variable because the limit definition is the same in both settings:

(f9) =fg' + 19, (flg)=(f = 1fd))g*, (fog)=(fcg) -4
Let f(2) = f(x 4+ iy) = u(x,y) + iv(z,y), and suppose that f'(zo) exists. We will begin
the setup for a critical relationship between the derivative of f (with respect to z) and the
derivatives of u and v (with respect to « and y). To do this, we recast the derivative as

f(20) = lim f(z0+ Az) — f(20)

Az—0 Az

, Az eC
and introduce some notation:
Zo = xg + Yo, Az = Ax + iAy,
in which case
f(z0+ Az) = f(z0) = [u(zo + Az, yo + Ay) + iv(zo + Az, yo + Ay)] — [u(zo, o) + iv(z0, Yo)]

Now,

iy R0t A2) = flzo) o Aw
Az—0 Az Az—0 AZ
— (U(%#—Ax,y()‘i‘ﬁy) —u(wo,yo)  v(zo + Az, yo + Ay) —U(xo»yo)>
= lim - +1 -
R0 Az +iAy Az + 1Ay

Since f'(zp) exists, the above quotient will tend to the same value regardless of the manner
in which Az — 0 and Ay — 0. First, suppose that Ay = 0, in which case it remains for
Ax — 0. Upon substituting 0 for Ay, we arrive at

/ oy u(zo + Az, yo) — u(zo, yo) | . v(@o + Az, yo) — v(2o,40)\ _ .
f'(z0) = Algﬁo< Ar +1 Ar ) = Uy (o, Yo)+1vz(T0, Yo)-

Now, suppose that Az = 0, in which case it remains for Ay — 0. Upon substituting 0 for
Az, we arrive at
Ay) — Ay) —
f(z%) = lim <U($07y0 + . y) U(xoayo)_ir,i“(xo;yo + 'y) U(ﬁoayo))
1Ay 1Ay
Equating the real and imaginary parts yields the Cauchy—Riemann equations

= —z’uy(:co, yo)—i—vy(lb“o, Yo).

Ux(ﬂl?o,yo) = Uy(ona yo) and Uy(%, yo) = _U:E(:EO’yO)'

Theorem 10.2. If f(z) = u(x,y) + iv(z,y) and f' exists at zy = xo + iyo, then u and v
must satisfy the Cauchy—Riemann equations

Uy = Uy, Uy = —Uy.

Moreover, f'(zy) = uz(0, Yo) + 10z (20, Yo)-
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Example 10.3. Let f(z) = 2% = (v +1iy)? = (2% — y?) + i(22y) = u + iv. We already know
that f is differentiable on C. We compute v, = 2z, u, = —2y, v, = 2z, v, = 2y. Then
uy = vy and u, = —v,, checking that f satisfies the Cauchy-Riemann equations. Moreover,
2z =2(x +1iy) = 2z +i(2y) = uy +iv, = f'(2).

Example 10.4. Let f(z) = |z|*> = 2* + y*. Then u, = 2z, u, = 2y, v, = v, = 0. The
Cauchy—Riemann equations are only satisfied at the point xg = yo = 0, which, as we showed
yesterday, is the only point at which f is differentiable.

Right now, the Cauchy-Riemann equations are only suitable for showing where f is not
differentiable. We will see that they can actually show us where f is differentiable.

Theorem 10.5. Let f(z) = u(z,y) + iv(x,y) be defined in some ¢ NBHD of a point zy =
o + iyo. Suppose that

(1) ug, uy, vy, v, exist and are continuous everywhere in the NBHD, and
(2) these partial derivatives satisfy the Cauchy—Riemann equations at (zo,yo).

Then f'(zy) exists and equals uz(xo, Yo) + 1v.(T0, Yo)-
We begin with some notation that will help clean up the proof. Write
Axr = x — 19, Ay =1y — o, Az =z — zg = Az 4+ iAy.

If F:R? — R is a function differentiable at (zg,yo), then this is equivalent in a NBHD of
(20, Yo) to having the Taylor expansion

F(z,y) = F(zo,y0) + Fi(2o, Yo) Az + Fy (w0, yo) Ay + E1(Az)Az + E1(Ay)Ay,
where £y — 0 (resp. Es — 0) as Az — 0 (resp. Ay — 0).
Proof. Let € > 0. Assume conditions (1) and (2) for v and v. We then have
f(2) = f(z0) = [u(z,y) +iv(z,y)] = [u(zo, o) + 1w (w0, y0)]-
By assuming condition (2) for v and v, we have that
w(z, y) — ul@o, Yo) = a0, Yo) Az + uy (o, Yo) Ay + E1(Az) Az + Ez(Ay)Ay,
v(x,y) — (o, Yo) = va(To, Yo) Az + vy (0, Yo) Ay + Es(Ax)Ax + E4(Ay)Ay.
Thus
f(2) = f(z0) = wa(zo, Yo) Az + uy(zo, Yo) Ay + i[v2 (20, Yo) Az + vy (o, yo) Ay]
+ Es(Az)Ax + Eg(Azx)Azx.
for v and v (so u, = v, and u, = —v,), we can rewrite this as
f(2) = f(20) = wa(@o, yo) Az — vo (w0, Yo) Ay + i[va (20, Yo) Az + s (20, Yo) Ay]
+ E5(Ax)Az + Eg(Az)Ax
= Uy (20, Yo) (A + 1Ay) + vy (20, yo) (Az + iAy)
+ Es(Az)Azx + Eg(Azx)Ax
= [uz(o, yo) + ive (20, Y0)| Az + E5(Ax)Ax + Eg(Ax)Ax.
Dividing through by z — zg = Az, we have
f(z) = f(20)

zZ— 20

e (
(
By assuming condition (1)
(
(
(

= Uy (70, Yo) + 10z (20, Y0) + E5(Ax)Ax/Az + Es(Ay)Ay/Az.
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Now, observe that since Az = Az + iAy, we have |Az| < |Az| and |Ay| < |Az| by the
triangle inequality. Moreover, |E5(Azx) + Eg(Ay)| — 0 as Az — 0, i.e., as z — 2. This was
the desired conclusion. O
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11. JANUARY 29

Example 11.1. Let f(z) = f(z 4 iy) = e*cosy + ie“siny. Then u(z,y) = e cosy and
v(z,y) = e*siny, and we compute u, = e* cosy, u, = —e*siny, v, = e*siny, v, = e* cosy.
We see that u,v are continuously differentiable on all of R?, and u, = v, and u, = —v, on
all of R?. Thus f(z) is differentiable everywhere, and f’(z) = f(z). Notice that f(z) = e%e™.

Example 11.2. Let f(z) = f(z +1y) = 2* +i(1 — y)3. Then u, v are continuously differen-
tiable on all of R?, and u, = 322, u, = 0, v, = 0, v, = —3(1—y)?. We have u,, = —v, trivially,
and u, = v, if and only 22 + (1 —y)? = 0. This is only satisfied at the point (xo, yo) = (0,1),
corresponding with zy = 7. The derivative here is f/(0+i-1) =302+ 0= 0.

There is a polar version of the Cauchy-Riemann equations. Write 0 # z = x + iy = re'.

Since ¢ = cosf + isinf, we equate real and imaginary parts to obtain z = rcosf and
= rsinf. We also write
f(re®y = u(r,0) +iv(r,0).
Assuming that u, v are continuously differentiable at some point 2y = xy + gy = roe'®, we
compute via the multivariable chain rule that

Up = UgTp + UyYr = Uy COS O + u,, sin b, Up = Uz Ty + UyYp = —UyT SIN O + uyr cos
Uy = Upy + VyYp = Uy cos 6 + v, sin b, Vg = VTg + VylYg = — U7 sin 6 + vyr cos O
The Cauchy—Riemann equations then become

Uy = Uy, Uy = —Vy <= TU = Vg, Ug = —TU,.
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12. JANUARY 31
Theorem 12.1. Let f(2) = u(r,0)+iv(r,0) be defined in some neighborhood of zy = roe'® #
0. Suppose that

(1) uy, ug, vy, vy exist and are continuous everywhere in the NBHD, and
(2) these partial derivatives satisfy the Cauchy—Riemann equations at (rg,60p).

Then f'(z0) exists and equals e=% (u,(rq, o) + iv, (19, 0p).
Definition 12.2. A function f(z) is holomorphic in an open set S if f'(z) exists for

each z € S, and f(z) is holomorphic at a point z if it is holomorphic in some NBHD of
20. Finally, f(z) is entire if f is holomorphic at each point in C.

Sums, products, quotients, and compositions of analytic functions are holomorphic.
Theorem 12.3. If f : U — C is holom. on U and f' =0 for all z € U, then f = const.
Proof sketch. Cauchy—Riemann equations and multivariable mean value theorem 0

If f is not analytic at zy but analytic in a deleted NBHD of z, then zj is called a singular
point, or singularity, of f. Singularities of functions will play an important role later on.

Let U C R%2. A function H : U — R is harmonic on U if it has continuous partial
derivatives of the first and second order and satisfies Laplace’s equation

Hoo(z,y) + Hyy(2,y) = 0.

Example 12.4. Let H(x,y) = z/(z* + y*). Clearly, the first and second order partial
derivatives will be continuous when 2% + y? # 0. We have H,, + H,, = 2z(2* — 3y?)/(2* +
y*)? + (—2x(2? = 3y*) /(2 + ¥?)°) = 0

Theorem 12.5. If f(z) = u + iv is holom. on D C C, then u,v are harmonic on D.

We will assume a result to be proven later on (Sec. 57) that if f: D — C is holomorphic
on D, then the partial derivatives of first and second orders for u and v are continuous.

Proof. 1f f is analytic on D, then u and v satisfy the Cauchy—Riemann equations
Uy = Uy, Uy = —Vy.

Differentiating both equations with respect to  and y, we arrive at

Uge = VUyzy, Uyz = —Uza, Ugy = Vyy, Uyy = —Uzy-

Since the partial derivatives are assumed to be continuous, we have that u,, = u,, and
Vyg = Vgy. Hence Ugy + Uyy = Vpp + vy = 0 on D. O

We will later show that every harmonic function is the real part of a holomorphic function.

Definition 12.6. We define e*t% := e%e% = e*(cosy + isiny). (justified later)
In polar form, we have e* = pe’®, where p = e and ¢ = y. Thus it is clear that |e?| = eRe(2)
and arg(e®) = {y + 2nm: n € Z}. Since e # 0, we have

e 40, zeC.

It is now clear, since e**¥ = e®e? and we already proved that e?e® = ¢/?+9) we have that

z1tz2 __ 71,22

(& = e e,
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Since e*17*2¢*2 = ¢! we find that
1T = e e 1/ =e7, e’ =1.
Hence if z; = 71 and 2z = rye® with r, = 75 and there exists an integer n such that
01 — 0 = 2mn, then e* = e*2.
We computed (earlier example) that d%ez = €*. Since this holds on all of C, e* is entire.
Note that if n € Z, then ‘ ‘
€z+2mn — 626271'@71 — ez7

so € is 2mi-periodic, unlike e® for x € R. Moreover, ¢™ = —1, whereas ¢* > 0 for all z € R.
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13. FEBRUARY 3
If 0 £ w = re??, where § = © +27n for some n € Z, then we can always solve the equation
e* =w, z=Inr+1i(0 + 2mn), n € 7.

Definition 13.1. If 0 # z = re?, then we define the multivalued function logz = Inr +
i(0 4 2mn), n € Z. We abbreviate this as logz = In |z| + i arg(z).

Hence if 0 # z = re® with § € arg(z), then

log z In rei(9+27m) 0

8 =¢
Note that if z; = 1€ and 2y = r9e?, then
log(z122) = log(rlrgeiwlw?)) = In(ryre) + i(61 + 05 + 27n), n €z,

which differs from log z; + log 2o by an integer multiple of 2.
On the other hand, if 2 = x + iy, then for any n € Z.

loge® = log(e**™¥) = Ine® + i(y + 2an) = z + 2min
If we let a € R, then for 6 € (o, a + 27), the function
log: {z€C:z=|ze” |2] >0, 0 € (a,a+271)} = C: logz = In|z| +if

is single-valued and continuous, even holomorphic (since it satisfies the Cauchy—Riemann
equations ru, = vg and ug = —rv,). It would be single-valued but not continuous if we
included the ray # = a. The polar form of the derivative is

; ; 1 1
gz = u, iv) = e (T 4 i0) = 5 =~

Taking o« = 0, we have
d 1
—Log z = —, |z| >0, - < Arg z < .
dz z

We obtain different functions for each choice of . We need to distinguish these functions.

Definition 13.2. A branch of a multivalued function f is a single-valued function F that
is holomorphic in some domain at each z, of which the value F(z) is one of the values of f.

For any given o € R, we obtain a different branch of the log function. But the one that
matters to us the most corresponds with our definition of Arg(z), which is the argument 6
lying in the interval —m < 8 < 7. So the principal branch of the log function is

Log z = In|z| + iArg(z), |z| > 0.

A branch cut is a portion of a line or curve that is introduced in order to define a branch
F' of a multivalued function. The principal branch cut for log consists of the origin and the
ray © = 7.

Example 13.3. The branch cut corresponding with @ = — gives the principal value of
log, namely
Log z = In|z| + iArg(z).

of the log function is the ray 6 = .
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Since arg(z1z2) = arg(z;) + arg(zz2), we have log 2129 = log 21 + log zo. (EMPHASIZE: If
you specify any two of the three arguments, then the third argument is uniquely determined!)

But since Arg(z122) does not generally equal Arg(z;)+Arg(zs), Log 2129 does not generally
equal Log z; + Log 2.

Example 13.4. log(—1) = im + 2min, n € Z. Log(—1) = mi.
Example 13.5. The two square roots of i are ™/ and €°™/*. We have
log(e™/*) = i(w /4 + 27n), n ez

and
log(e>™/*) = i(m /4 + (2n + 1)7), n € 7.
Hence
log(i'/?) = i(m/4 4 mn).
Also,

1 1
§logi = 5(@'%/2 +27mn) = (in/4+nn),n € Z.

Hence log(i'/?) = Llogi.

Example 13.6. Note that log(i*) = log(—1) = im+2min, n € Z. But 2logi = 2(5+42min) =
im + 4min, n € Z. So log(i?) # 2logi, unless one specifies a suitable branch. On the
other hand, if we write 2logi = i(w/2 + 2mm) + i(7/2 4 2wn), then we are consistent with
log 2125 = log 21 + log 23 (in the same sense that arg(z;22) = arg(z;) + arg(zq)).

Example 13.7. If Re(z1), Re(22) > 0, then z; = |21|exp(i©;) and zo = |22 exp(iOy) with
01,05 € (—71/2,7/2). Since —m < ©1 + Oy < 7, we have that

Arg(zlzg) = @1 + @2,
SO
Log(z122) = In |z1 20| +iArg(2122) = In |21| + In|22| + i(Arg(z1) + Arg(22)) = Log 21 + Log 2.

Let z # 0. Since €!°¢? = z, one can prove inductively that for any integer n, we have
e"o8# = »n_ Similarly, one can show (taking n-th roots as we described a while back) that
for each integer n > 1, we have

i(©+2mk
6%logz _ 6%10g|z|+71< tL" ) 1/n

ke Z,

= |2]

(O + 27Tk)>

exp (
n

which equals z'/™.
Definition 13.8. For c € C, we define z¢ = 8% for » # 0.

Note that since e™* = 1/e*, we have 1/2¢ = 1/el8* = ¢7clez = z7¢ Since €!°8* = 2
always, on a branch of log z, we can compute via the chain rule

d d c eclogz B 3
= _eclogz — eclogz_ —c 1 _ Ce(c logz _ c2¢ 1‘
dz dz z elogz
The principal value of 2¢ is given by the branch of log corresponding with Log:
SC — ecLog z

This corresponds to the principal branch of z¢ on the domain |z| > 0, —7 < Arg z < 7.
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14. FEBRUARY 5
We can also define, for ¢ # 0,

& = e logc7

and when a value of log ¢ is specified, then ¢* is an entire function of z with

d
_ezlogc _ ezlogclogc — chOgC.
dz
Example 14.1.
it — etlogi _ ili(r/2+2mn)) _ e—?r/2+27rn’ ne.

Principal value (n = 0): i’ = e~™/2,

Trig functions

Recall that e = cos@ + isiné, and

el 4 e e 4 o0

Re(e?) = = = cos 0
(e”) 5 5
and
| ( i9> 629 o ez‘ﬁ 67,9 o 6—19 ) 9
m(e”) = - = = sin
21 2
Definition 14.2.
eiz + efiz ) eiz - efiz SiHZ
COSZ:T, sz:T’ tan z =
7 CcoS z
1 1 CoS 2
sec z = , csC 2 = —, cotz = ——.
CoS 2 sin z sin z

It is straightforward to verify from our definitions that

cos(—z) = cos(z), sin(—z) = —sin(z), e’ = cosz +isinz,
From
d cz cz .
—e” = ce”, c = =1,
dz
we find that
—sinz = cos 2 —cosz = —sinz.
dz ’ dz

All of the usual trigonometric identities from real variables carry over:

sin® z 4+ cos® z = 1, sin2z = 2sin z cos z, cos 2z = cos® z —sin’ z, . . ...
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15. FEBRUARY 7

Definition 15.1.

) ef—e’”? e +e”? sinh(z
sinh(z) = — cosh(z) = — tanh(z) = COShEZ))
csch(z) = — ! : sech(z) = ! : coth(z) = ! :

sinh(z) cosh(z) tanh(z)
Since
sin(z122) = sin 21 cos 2o + sin 25 cos 21, cos(2122) = COS 21 COS 2o — Sin 21 Sin 29,
we have

sin(z 4 iy) = sin(z) cos(iy) + sin(iy) cos(z), cos(z +iy) = cos(x) cos(iy) — sin(z) sin(iy).
Now,

ei(iy) — efi(iy) ei(iy) + efi(iy)

5; = isinh(y), cos(iy) = 5 = cosh(y).

sin(iy) =
Thus
sin(x-+iy) = sin(x) cosh(y)+i cos(z) sinh(y), cos(z+iy) = cos(z) cosh(y)—isin(z) sinh(y).
Since cos?t + sin?t = 1, we find that
2

| sin(z + iy)|? = sin® z + sinh?y, | cos(x + iy)|? = cos® x + sinh? y.

Hence cos z and sin z are UNBOUNDED on C, unlike cos x and sinx on R.

Theorem 15.2. We have sinz = 0 if and only if z = nw, where n € Z. We have cosz =0
if and only if z = T + nw, where n € Z.

Proof. For sin(z), set the absolute values equal to zero and solve for z,y. You could do the
same for cos(z), or note that cos(z) = —sin(z — 7). O

This tells us the zeros and singularities of tan(z), cot(z), csc(z), sec(z). Also, using the
quotient rule and the above trig identities,

(tanz) =sec’z, (cotz) = —csc?z, (secz) =secztanz, (cscz) = —csczcot 2.
Hyperbolic trig functions will also come up. Since (e*)’ = e*, we have by the chain rule
(sinh 2)" = cosh z, (cosh z)" = sinh z.

From our definition, we have
—isinh(iz) =sinz, —isin(iz) =sinh(z), cosh(iz) =cosz, cos(iz) = cosh(z).

Since cos(z) and sin(z) are 2m-periodic, it follows that cosh(z) and sinh(z) are 2mi-perodic.
The book has a list of frequently used hyperbolic trig identities which look similar to (but
are different from!) the usual trig identities. For example:

z —zZ\ 2 Z __ 2\ 2 2z 2 —2z _ (22 9 —2z
cos?(z) — sin?(z) = (%) — (%) _ e tate 4(6 +e ™)

Theorem 15.3. We have sinh(z) = 0 precisely when z = nwi, n € Z. We have coshz = 0
if and only if z = (5 +nm)i, n € Z.

= 1.
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Theorem 15.4. I leave it as an exercise to verify that |sinh(z)|> = sinh®z + sin®y and

| cosh z|? = sinh® z + cos?y. Set the moduli equal to zero and solve for x,y.

I also leave it as an exercise to compute

(tanh z)’ = sech®z, (secz) = —sechztanhz, (cothz) = —csch®z, (cschz)’ = —cschzcothz.

Now, let us solve the equation

z = sinw, (w = arcsin z).
for w. Recall that
eiw - efiw 62iw -1 ) o
z = - = — — 2 _ 9jevy — 1 = 0.
21 2ien

This is solved via the quadratic formula:
e =iz 41— 22,
where we think of the square root function as multivalued. Taking logs, we conclude that
arcsin z = —ilog(iz + V1 — 22).
Similarly, we compute
1+ 2

arccos z = —ilog(z + 1vV1 — 22), arctan z = %log —.
i—z

These are all multivalued. On specific branches, these become single-valued holomorphic.
We can compute

1
tan z)’ = :
(arctan z) o
This is single-valued. But the derivatives
(arcsin z)’ = ! (arccos z)" = =
V1—22 V1—22
are multivalued.
We also can solve
z = coshw (w = arccoshz)
Then )
w —w w 1
2= te e * — & —2eYz+1=0.

2 2ev
Again, by the quadratic formula and taking logs,

arccoshz = log(z + V22 — 1).

Similarly,
1+2

1—2

1
arcsinhz = log(z + V22 + 1), arctanhz = 5 log
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16. FEBRUARY 10

We begin to set up integration for a function of a complex variable.

16.1. Complex functions on a real interval. If f(¢) = u(t)+iv(¢) is continuous on (a, b),

we define
/ab F(t)dt = /abu(t)dt n /abv(t)dt.

This very closely mimics the real integral. If ¢ = o + i € C, then

/ab cfdt = /ab(au — Bv +i(av + fu)dt = /ab(au — Bu)dt + i /ab(ozv + pu)d / fdt,

and, with 6 = arg fab f(t)dt, we find that

‘/abf(t)dt‘ = Re(e—ie /ab f(t)dt> _ /:Re(e_wf(t))dt < /ab|f(t)|dt.

16.2. Complex functions on an arc. Let v be a piecewise differentiable arc with equation
z(t), a <t <b. If fis defined and continuous on =, then f(z(¢)) is also continuous and we

can define )
(% %) /Vf(z)dz = /a f(2(t)2'(t)dt

This is our definition of the complex line integral of f(z) extended over the arc 7. On
the RHS of (x x %), if 2/(¢) is not continuous throughout, then the interval of integration is
subdivided into subintervals along which 2’ is continuous. We will tacitly assume that - is
piecewise differentiable.

The most important property of (x x %) is its invariance under a change of parameter: If
t = t(7) is increasing and maps o < 7 < S onto a <t < b and 7 is piecewise differentiable,
then

b B
IRCOECIE / PN = [ () 3 ar)dr

If —v is defined by z = z(—t), —b <t < —a, then

/ f(z dz—/ f(z z'(—t))dt:/baf(z(t))z'(t)dt:—/Wf(z)dz.

If y=v +---U~, is a subdivision of v into disjoint subarcs, then

]

Definition 16.1. An arc v (or C in the book) is a simple (Jordan) arc if it does not
cross itself (z(t1) # z(ta) for ty # ta). When C is simple except for z(a) = z(b), then C is
a simple closed (Jordan) curve. Such a curve is positively oriented when it is in the
counterclockwise direction.

The integral over a closed curve is also invariant under a shift of parameter: The old and
new initial points determine two subarcs v, 72, and the invariance follows from the fact that

leUw - f% + f’yz'
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One of the most commonly used arcs in the integrals we compute will be the closed arc
2(t) = *™, 0<t<1.
This is an example of a positively oriented Jordan curve. It is different from
2(t) = e 2™ 0<t<1
because this is not positively oriented. It is also different from
2(t) = e*™, 0<t<2

since this traverses the same path twice.
We can also consider the line integral with respect to z:

/f(z)d?—/mdz

Using this notation, we can introduce line integrals with respect to x = Re(z) or y = Im(z2):

/Wf(z)d:r;:§ Lf(z)dz+lf(z)dz>, /f )y = o /f dz—/f dz

Hence if f = u + iv, then

/ fdz = / (udz — vdy) + A (udy + vdz).
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18. FEBRUARY 14

An essentially different line integral is obtained by integration with respect to arclength:

/ fds = / fldz| = / P (1) .

By proceeding as earlier, the integral is again independent of the choice of parameter. But,

unlike before,
| szl = [ sl

‘/(;bf(t)dt‘ g/ab|f(t)ydt — ‘/{f(z)dz‘ §/7|f(2)|.’d21.

If f=1, then
/f(z)\dz\ = / |dz| = length of v
ol gl

Example 18.1. Let z(t) = a + pe, 0 < t < 27. This traces the circle of radius p centered
at z = a. Then 2/(t) = ipe", and

2m 2w
/|dz| = / |2/ (t)|dt = / pdt = 27p.
0

Example 18.2. Let 2(t) = €™ 0 < ¢ < 1. Then

d 2miett !
/ z / ?i dt = 27m'/ dt = 271.
e YI¥3 0

Let n > 1 be an integer. We could also consider z(t) = et 0<t<n (corresponding to n
rotations around the circle). Then the above integral becomes 2min.

Also,

Example 18.3. Let v be a piecewise differentiable curve from z; to zy traced out by z(t),
a <t <b. Then

/fdz = /abZ(t>z’(t)dt _ %@2 ’

a

2(0)* — 2(a)? 22— 2%
2 2

Thus the integral depends only on the endpoints of ~.

Example 18.4. Let v be given by z = 3¢, 0 < t < 7. This traces a semicircular parth
from z = 3 to z = —3. Choose the branch

f(z):\/Z—ezlogz |z| > 0,0 < arg z < 27.
Then
™ ) ) L DT
/\/Edz = / V3elt? . 3ietdt = 33/21'/ 32 dt = 3%/% . —?e?’”m = —2v/3(1 +1).
y 0 0 7 0

Example 18.5. Let 7 be the curve traced by z(t) = €™,

branch

—m < t < m. Using the principal

f(2) = 2"t = exp[(i — 1)Logz], |z| >0, —7 < Argz <,



31

we compute

/zildz = / el Vitjeit gp — z/ e ldt = —ie™!| = —i(eT"—€") = 2.5 % 9 sinh(7).
o -7 -7

-7 2

Example 18.6. Let C' be parametrized by z(t) = 2¢”, 0 < ¢ < 7/2. Then for z on C, we
have |z — 2| < |2| + 2 =4 and [z* + 1| > |[2?| — 1| = 15 by the triangle inequality. Thus

) —92 4 4 (/2 4 [m/2 4
‘/ - dz) g/ ‘ : ’-|dz| g—/ |dz|:—/ )dt = — [ 2dt = -
CZ +1 C Z4+1 15 C 15 0 15 0 15

We could be more precise: |z — 2| = 2|e® — 1|, which is maximized as a function of ¢ when
t = /2, in which case |z — 2| < V2 < 4.
More generally, if ¢ is the arclength of C' and |f(2)| < M for all z € C, then

\/Cfdz\ §/0|f|-|dz| < ML
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19. FEBRUARY 17

In our example with f,y zdz, we saw that the integral only depended on the endpoints of
the arc v. When else might this be true?

Theorem 19.1. The line integral fv(pdx + qdy), defined on a region D, depends only on

the endpoints of v if and only if there exists a function F(z,y) on D with partial derivatives
Fo=p, Fy=q.

Proof. 1t F, = p, F,, = ¢q, then

Jwtrraty) = [ (Baer+Ry0)de = [ 5050 = Fa(b).y4)~F (x(a). y(a))

On the other hand, if the integral depends only on the endpoints zyg = (¢, yo) and z; = (z,y),
we can define

F(x,y) = / (pdzx’ + qdy').

then we can take v to be piecewise differentiable with the pieces running parallel to the
coordinate axes. Along the vertical component, dy’ = 0. Thus

F(m,y):/ p(2’,y")dz' + const.

o

Then by the fundamental theorem of calculus, F, = p. Along the vertical component,
dy’ = 0. Thus

Yy

F(x,y) = / q(z',y")dy' + const.
Yo

Then by the fundamental theorem of calculus, F, = g. OJ

If the expression pdx + qdy can be written in the form
dU = Uydx + Uydy,

then f(z) = U, + iU, is the derivative of a function U(z). Thus an integral depends only on
the endpoints if and only if the integral is an exact differential. Observe that p,q, U can be
either real or complex. The function U, if it exists, is unique up to an additive constant (if
two functions have the same partial derivatives, then their difference must be constant).

Let f be continuous. When is f(z)dz = f(z)dz+if(2)dy an exact differential? According
to the definition, there must be a function F(z) = wu(z,y) + iv(z,y) in D with partial
derivatives

Then
Uy + 10y = f, Uy + 10y = if = Uy +iv, = [ = v, — iu,.
Thus
Uy = Uy, Uy = —Vg,
which are the Cauchy—Riemann equations. This leads us to:

Theorem 19.2. Let f be continuous. The integral fc fdz depends on the endpoints of v if
and only if f is the deriwative of a holomorphic function on D.
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Example 19.3. Let k£ > 2 be an integer. The function f(z) = z7* is continuous everywhere
except z = 0, and outside of that point, f is the derivative of ﬁzl_k. Thus if C is
parametrized by z(t) = e, —7 <t <7, then

dz

c <

This fails when k = 1 because the antiderivative of any branch F(z) of log z (the antideriva-
tive of 1/2) is not defined along its branch cut. So C' does not lie in any domain throughout
which F'(z) = 1/z, and so one cannot make use of an antiderivative. Fortunately, we could
evaluate the k£ = 1 case directly by parametrization.
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20. FEBRUARY 19

Recall Green’s theorem from multivariable calculus: If D is a region bounded by a closed
curve C and L, M are functions defined on an open region containing D and having contin-
uous partial derivatives there, then

/(de+Mdy // » — Ly)dzdy,

where C'is positively oriented. Now, suppose that f(z) = u(x,y) + iv(z,y). Then

/Cf(z)dz = /C(udx —vdy) +1 / (vdx + udy).

c
By Green’s theorem, if the first order partial derivatives are continuous, then f being holo-
morphic implies, via the Cauchy—Riemann equations, that

/f dz—// o, dxdy—l—z/c(ux—vy)dxdy:().

We have thus concluded a preliminary version of Cauchy’s theorem.

Theorem 20.1. If f is analytic on a region R with piecewise differentiable boundary OR,
and f' is continuous there, then

fdz = 0.
OR

We are now on track to prove the Cauchy—Goursat Theorem:

Theorem 20.2. If f is analytic at all points interior to and on a simple closed curve C,
then [, f(z)dz = 0.

This removes the condition that f’ is continuous that we needed when we appealed only
to Green’s theorem. We begin with an auxiliary result of Goursat.

Theorem 20.3 (Goursat). Let T' be a triangular region, and let f be holomorphic on T
(means f is complex-differentiable on an open set containing T ), then

f(z)dz =
oT

Proof. Let
f(z)dz],

= ‘ { = perimeter of OT.
or
Our goal is to show that M = 0.
Step 1: Divide and conquer. Bisect the sides of 7', dividing 7" into 4 triangles 17, ..., T}.

Orient each sub-triangle the same way as T. After cancelling segments, we have

Z 2)dz = an(z)dz

Choose a rectangle Tj, say T 1, such that | [,,. fdz| is maximized. Then by the triangle
J
inequality for integrals,

<4 f(z)dz

orT!

M < 21’ - f(2)dz
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Then I
‘ f (z)dz‘ > —.
o7 4
Step 2: Get to the limit point z*. The argument above for 7' can be repeated for T,
which produces a rectangle T 2 T? such that

dz‘
‘ oT2 f - 42
Proceeding inductively, we obtain a sequence of trlangles (T™) such that
14
T'OT*2-..2T" D .-+, ’/ fdz >— perimeter(7") = —.
aTn 2r
Since each rectangle is contained in the former and thelr diameters are tending to zero as
n — oo (diam/2™), we can conclude that there exists a unique point z* contained in every
.
Step 3: Use differentiability and squeeze. Let ¢ > 0 be arbitrary. Since f is holomor-
phic at z* € T, there exists 6 > 0 such that if 0 < |z — 2*| < §, then

flz) = (& .
z—z
We have already proved that

<&, hence 1f(2) = f(z") = (") (z = 2")| <e|z — 27|

/ ldz = / zdz =0,
oTn oTn
so, upon expanding,

| 0@ =1 = FE) e =

_ /W fdz — (f(=) +f'(z*)>/w 1dz—f’(z*)/8Tn 2dz = /W fdz.

Now, if we choose n > log,(¢/d), then perimeter(7") < 6. Hence if z € T", then

l
|z — 2*| < perimeter(T") = o < J.

Hence
M * 1 % *
o< =] [ el =| [ ()1 e -
_LwKﬂ@—f@)—f@)@—zD\Wd
</6Tn5]z—z*]-]d2*]§/a e, ldz]
e e
o

Thus 0 < M < ef?. But since € > 0 was arbitrary, we can squeeze by letting ¢ — 0 and
conclude that M = 0. O
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21. FEBRUARY 21
We will apply Goursat’s theorem to prove the following.

Theorem 21.1. If f is a holomorphic function on an open disc D, then there exists a
holomorphic function F' on D such that F' = f on D.

Proof. Translate D so that it is centered at z = 0. For z € D, let £, be the straight line path
from 0 to z. Clearly, ¢, C D (this is why D is a disc!). Deﬁne

o

Goal: Show that F' is holomorphic on D with F' =

Let h € D be such that z + h € D. Note that

z+h z 0
/ flw)dw+ [ f(w)dw + / Flw)dw =
0 2+h 2

by Goursat’s theorem. Hence

/ Flw dw—/ Fw)dw — /f F(z+h) — F(2).

/:+h f(w)dw = /:HL f(2)dw + /:+h<f(w) — f(2))dw = f(z)h + /Zz+h(f(w) — f(2))dw.

By the triangle inequality and our “triangle inequality for integrals”,

> _ P z+h
FEENEEE ) <[5 [ ) - sl
1 z+h
< |f(w) = f(2)] - |dw]
h
< g lnax |f(w) = f(2)] = Jmax |f(w) = f(2)].

By the continuity of f (since f is holomorphic), for any € > 0, there exists a § > 0 such that
if |h| < 0, then for each w such that |z —w| < |A| ,

|f(w) = f(2)] <e.
Thus
h <6 — F(z+h) — F(z)

In other words, F'(z) = f(z). O

Recall that we proved:

Theorem 21.2. Let f be continuous on D, and let C' C D. The integral fC fdz depends on
the endpoints of C if and only if f is the derivative of a holomorphic function on D.

This allows us to conclude the Cauchy—Goursat theorem.
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Theorem 21.3 (Cauchy-Goursat). If f is holomorphic on a disc D containing a closed
curve vy, then f,y fdz=0.

In the Miscellany, I will describe how one moves from D a disc to any open set.
A simply-connected domain D is a domain such that every simple closed contour within
it contains only points of D.

Theorem 21.4. If f is holomorphic and throughout a simply connected D and C' is a closed

contour in D, then
/ f(2)dz =0.
c

Proof. If C intersects itself at most finitely many times, then the proof follows easily from
Cauchy—Goursat. See Ex. 5, Sec. 53 for one strategy when C' intersects itself infinitely many
times. ]

Corollary 21.5. If f is holomorphic throughout a simply connected domain D, then it must
have an antiderivative everywhere in D.

Proof. The antiderivative is constructed as in our proof of Cauchy—Goursat. U
Corollary 21.6. Entire functions always possess antiderivatives.

Proof. Since C is simply connected, this follows from the previous corollary. O
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22. FEBRUARY 24
A domain that is not simply connected is multiply connected.

Theorem 22.1. Suppose that

(1) C is a simple closed contour, positive orientation.
(2) Cy, 1 < k <mn, are simple closed contours interior to C', each with negative orien-
tation, that are disjoint and whose interiors have no points in common.
If f is holomorphic on all of these contours and throughout the multiply connected domain

of int(C') — Ugint(Cy), then

Proof. Draw the picture. 0

Corollary 22.2 (Principle of deformation of paths). Let Cy, Cy be positively oriented simple
closed contours with Cy interior to Cy. (Draw picture.) If f is holomorphic in the closed
region consisting of those contours and all points between them, then

fdz = fdz.
c Cy

Proof. Follows from previous theorem:
[+] o
c, J-o

Example 22.3. We proved earlier that

d
/ & _oni.
|z|=1 z

Now, we find that if v is any simple closed curve containing the origin, then
dz

— = 2m.
y Z

By a similar parametrization, we have

dz ,
/ = 21,
|z—a|]=1 % — @

and any simple closed curve v containing a satisfies

d
/ c o,
,YZ—(Z

We now come to the Cauchy Integral Formula, another landmark result in complex anal-
ysis.

Theorem 22.4. Let f be holomorphic inside and on a simple closed contour C, positively
oriented. If zy is in the interior of C', then

f(z0) = L/C /() dz.

211 zZ— 2
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This is pretty amazing: The values of f on the boundary of C' completely determine f
on the interior of C'! This is probably unlike anything you have seen for functions of a real
variable.

We will require a mild extension of Cauchy’s theorem first.

Lemma 22.5. Suppose that D is a simply connected region, and let zy € A. Suppose g is
holomorphic on A — {zo} and continuous on A. Then for all closed curves C C A, we have

/gdz:O.
C

Proof. We can deform C' to a circle of sufficiently small radius r centered at zy:

‘/gdz = ‘/ gdz
C |z—zo|=r

The theorem follows from taking » — 0. 0
Proof of Cauchy Integral Formula. Let A be the interior of C'. Define
@-fz0) i , £ 2
g(z) , zZ—Zz0 . 3 0
1 (20) if z = 2.

Since ¢ is continuous on A and differentiable on A — {2}, we have

O—/gdz—/ Jz Z_ZOZO dz = ; S ) f(z0) dz = /) dz — f(zo)2mi.

Z—ZO c R — R0 c R~ 20
O

<27r max |g(2)].

|z—zo|=r

Theorem 22.6 (Cauchy Integral Formula for derivatives). Let n > 0 be an integer. Under
the same hypotheses as before,

™ () = ”—!_/CLCJZ, 0=1 fO=r

210 Jo (2 — zo)"H
Proof. Note that

feoth) = gr [ e fan) = o

With a little algebraic manipulation, we have
flz+h) = f(2) f(2) |1 f(z)h
— | ———=dz| = |— dz
h o (2 — 20)? 210 Jo (2 — 20 — h) (2 — 20)

for some constant c¢c; > 0 independent of h. Now take |h| — 0 to handle n = 1. We can
proceed inductively for n > 2. O
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23. FEBRUARY 26

Example 23.1. The function
4—22)/2 if —2<2<0,
o) = ( 2)/ f—2<a<
A+2%)/2 f0<z<2

as a function of a real variable is differentiable at x = 0, but it is not twice differentiable
(the derivative is |z]).

Theorem 23.2. If f is holomorphic at zy € C, then its derivatives of all orders are holo-
morphic at zg.

Proof. Suppose that f is holomorphic at zy. Then there must exist some € > 0 such that f
is also holomorphic on the disc D = {z € C: |z — zy| < €}. We then have

oy 2 fw)
F(2) / R

T 2mi w— 2)

at all points in the disc {z: |z — 29| < ¢/2}. Thus f'(z) is holomorphic at z; (since f”
exists in a neighborhood of zj). Similarly, one can use the holomorphy of f’ to ensure the
holomorphy of f”, and then proceed inductively. O

Corollary 23.3. If f = u+ iv is holomorphic at zy = (z,y), then u and v have continuous
partial derivatives of all orders at (x,y).

Corollary 23.4 (Morera). Let f be continuous on D. If fv fdz =0 for every closed contour
v in D, then f is holomorphic on D. (partial converse to Cauchy—Goursat)

Proof. We showed earlier under these hypotheses that f has a holomorphic anti-derivative
F on D. Thus f = F’. Since F' is holomorphic, so is f by the previous theorem. O

Theorem 23.5. Suppose that f is holomorphic inside an on a positively oriented circle Cr
of radius R centered at zy. Let Mg be the mazimum value of |f(2)| on Cg. then

1F™ ()| < nIMp/R", n=1,2,3,...

Proof. Use the triangle inequality for integrals on the Cauchy integral formula. 0
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24. FEBRUARY 28
Recall that a function is entire if it is holomorphic on all of C.
Theorem 24.1 (Liouville). A bounded entire function must be constant.

Proof. It f is a bounded entire function, then there exists a constant M > 0 such that for
any zo € C and on any circle Cr centered at zy, we have |f(z)| < M for all z on Cg. Thus

|f'(20)| < M/R.
But R can be made arbitrarily large, and z, was arbitrary. Thus |f’(zo)| = 0 for all 2, € C.
Hence f'(z9) = 0 for all zg € C, and f is constant. O

Corollary 24.2 (The fundamental theorem of algebra). Letn > 1, and let ag, aq, .. .,a, € C
with a, # 0. There exists zg € C such that the polynomial

P(z) = Z a;z’
=0

satisfies P(zy) = 0.
Proof. We proceed by contradiction. Suppose to the contrary that P(z) # 0 for all z € C.
Then 1/P(z) is entire. Note that

1 1 1

P(z) 2" St tan

As |z| — oo, the sum in the denominator tends to a, # 0, and 1/2" — 0. Thus

L 1
im
Hence there exists R > 0 such that |1/P| < 1 outside of the circle |z|] = R. Inside the
circle |z| = R, 1/P is continuous, hence bounded. Thus 1/P is bounded everywhere. By
Liouville’s theorem, 1/ P is constant. Hence P is constant. But the only constant polynomial

has degree n = 0, and we assumed that n > 1, a contradiction. Thus P must have a zero
somewhere on C. O

Corollary 24.3. If P is a polynomial of degree n with coefficients in C (leading coefficient
nonzero), then P, has n complex zeros (not necessarily distinct).

Proof. We proceed inductively. For n = 1, this is clear. Suppose that degree n polynomials
have n complex roots. Then a degree n+1 polynomial has a least one root by the fundamental
theorem, say 2o and factors into (z — z9)Q(z), where @ has degree n. Thus the result follows
by mathematical induction. O

The Cauchy Integral Formula tells us that information about a holomorphic f on the
boundary of a region informs us about f on the entire region. We now present an important
consequence of this fact. We first require a lemma from calculus, whose proof is easy and
we omit.

Theorem 24.4 (Maximum modulus principle). If f is holomorphic and non-constant on a
region U, then |f(2)| achieves its maximum on OU .
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Proof. We will prove the result when U is a disc. The general result builds on this case, but
the general result is tedious. See the book for the whole proof.

Let zg € U — OU. Suppose that |f(z)| < [f(z)| in some NBHD {z: |z — 29| < £}. Pick a
circle v of radius 0 < r < ¢ centered at z;. By Cauchy’s integral formula,

L[ ) L[

_ _ i
f(z0) = omi ), = - zodz o . f(zo +1e”)do.
Note that
1 2m 0 1 2m
< = 0)1do < — -
FGol < 5 [ 18Go+relan < 5 [ 1fGallds = 1ol
SO
1 27 »
el =5 [ 1o+ re)ias.
Hence

/O "(F (o)l — | f(z0 + ) ) = 0.

Since the integrand is a continuous function of 6 and the integral is zero, the integrand must
be zero. Thus

|f(20)| = |f(z0 +7€7)|,  0€[0,27].
But this holds for all 0 < r < e. So everywhere in the e-NBHD, we have |f(z)| = |f(z0)|-
By Midterm Exam Problem 4, it follows that f(z) = f(z0) everywhere in the e-NBHD. [O

Corollary 24.5. If u is non-constant and harmonic on a region U, then |u| achieves its
mazimum on OU.

Proof. There exists a function f, holomorphic on U, such that Ref = u. Then e/ is holo-
morphic on U and non-constant on U. Thus |ef| = e* achieves its maximum on 9U. U
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25. MARCH 9-11
We will now switch gears and start discussing power series.

Definition 25.1. A sequence of complex numbers (z,)n>1 has a limit z if, for each ¢ > 0,
there exists an integer N > 0 such that |z, — z| < € whenever n > N. When the limit exists,
we say that (z,) converges to z, and we write

lim z, = z, Zn —> 2.
n—o0

Otherwise, (z,) diverges.
Theorem 25.2. We have z, — z if and only if Re(z,) — Re(z) and Im(z,) — Im(z).

Definition 25.3. Given a sequence (z,), we define the sequence of partial sums (S,) by

n

S, = Zan.

k=1
If (S,) converges to a limit S, then the infinite series > ;- z, converges to S. Otherwise,
the infinite series diverges.

Theorem 25.4. We have Y7 z, = L if and only if
> Re(z,) =Re(L), > Tm(z,) =Im(L).
n=1 n=1

Corollary 25.5. If > z, converges, then z, — 0.

Exercise: Convergent sequences are bounded (i.e. there exists a constant M > 0 such
that |z,| < M for all n).

Definition 25.6. A series Y z, converges absolutely if Y |z,| converges.

Corollary 25.7. Absolute convergence of an infinite series implies convergence of that infi-
nite series.

Given a sequence (z,) and the sequence of partial sums (S,), if S, — S, we define the
remainder
Pn =S —5,.
We have that S,, — S if and only if p, — 0. This will be important in our study of power

series
o

Z an(z — 29)",

n=0
where 2y and a,, are complex constants, and z lies in a given region containing z,. In such se-
ries, involving a variable z, we denote sums, partial sums, and remainders by S(z), S,(z), pn(2).

Definition 25.8. A function f on an open set D C C is analytic at zy € D if f is infinitely
differentiable at zy with Taylor series

2 £n) (5,
(@) =3 Ty

n

converging pointwise to f(z) for all z in a neighborhood of zy. Moreover, f is analytic on
D if it is analytic at each zy € D.



44

There is a version of this definition for real-valued functions too. For instance,

. o " > (_1)nx2n
e’ = — cosT = —_—
mE > o
— — (2n)!

are real-analytic on all of C.

Theorem 25.9. A function f is holomorphic on D if and only if it is analytic on D.

Example 25.10. Let
e~/ if x>0,
f@_{o it < 0.

All derivatives of f exist at = 0 (an exercise in ’'Hospital’s rule). In fact, f™(0) = 0 for
all n > 0. But f is not identically zero in a neighborhood of zero, so f is not analytic at
zero, even though all of its derivatives exist there (and everywhere else).

Proof. We will prove that holomorphy implies analyticity. The converse direction is immedi-
ate once we justify out ability to differentiate power series term by term when in the region
of absolute convergence, which we will discuss later.

Since holomorphy is defined in terms of discs, it suffices to check this on discs centered
at zop € D. By a change of variables, it suffices for us to consider f on and inside a circle
C centered at z = 0 of radius Ry > 0. Let 0 < r < ryp < Ry. Let C be the boundary of
{lz| < Ry}, and let |z| = r. If f is holomorphic on Cj, then

R R I (O

— w z
27 Jo, w — 2 21 Jow 1—2

= omi / fut :OO )n>dw'

Since 0 < r < rg < Ry, we have |z/w| < 1. Thus by properties of geometric series, the above
equals, for any N > 2,

L) Sk )’ <z/w>N) 2l [ fw) N / f(w)
— [ 2V B gy = —(— d ) SA
2m'/c w nzzow +1—z/w v nzzon! 2mi Cw”+1w T2 C(w—z)wNw
Since |z| = r < rp < Ry = |w|, we have by the triangle inequality for integrals that

[ gl < (&) T2

Thus by the Cauchy Integral Formula,

N—=1 4
0 < lim ‘f(z)—zf(;fo)z” = lim ZN/ﬂdw‘ S%—A/[RO lim (L)N:O
n=0 C

N—oo N—o0 (w— 2)wh 0 — T N—=oo \ Ry

O
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We are now in a position to justify our identity e = cosf + isinf. One of several
equivalent definitions of ¢” (as a function of a real variable) is the solution to the differential
equation

fll@)=f(z),  f(0)=1.
We now consider the same differential equation
f(z)=f(z), f0)=1

Any solution to this must be infinitely differentiable (f(z) = (z fl(z)=f"(z)="--+)
at z =0, so let us assume a Taylor series of the shape (note a(0) = 1 by hypothesis)

Caln) — a(n) a(l) a2 ,  a(3) ;
f(z>_nzz(]72 —1‘1‘; ol —1+T +T +TZ + -
We now observe that
e an) a2) a@) 5 a4) ,
—Z—<n_1)!z =a(l)+ 1!z+ 2!z+ 3!z—|—~~

n=1

By comparing coefficients, we have 1 = a(1) and a(n) = a(n + 1) for all n > 1. Thus

f& =3~

n=0

is the solution. Since this is precisely the Taylor series of e* with x replaced by z, we are
then justified in defining
z _ G z"
e = Z m
n=1

Thus e is now defined in terms of an absolutely convergent power series. Similarly, we
define

(o.9] o
(_1)nz2n ) (_1)n22n+1
CoS z = —_— sin z = —_
> >
and we recover the more general identity
e = cos z +isin z.

Section 64 contains several other examples of power series expansions for various functions,
and shows how to use construct power series for new functions building off of power series
known for old functions.

But what if f is not analytic at a point zo? Is it still possible to talk about a power series
expansion at z = zp?

Example 26.1. The function e*/z is not holomorphic (or even defined) at z = 0. However,
if |z| > 0, then we may freely write

¢ 12t 1 !
z oz ; nl  z Z n!

n=1
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This equals % plus the Taylor series centered at zero for

R s

(Check that g is holomorphic.) More generally, for an integer m > 1,

00 m—1 00 m—1 e’}
e® 1 2" 1 2" 1 2" 1 2™
i D S DO Rs D i i) B R Dl
(The infinite sum is the Taylor series of which function?)
Example 26.2. We have
B 0 (_1)712271
COS 2 = Z W, z € C.
n=0
Hence if z # 0, then
(D"
COS(]_/Z) == Z W
n=0
Example 26.3. Let
1+ 2
Note that |z| < 1 if and only if |2|*> < 1. Hence we can use
1 oo
= 2", |z <1
n=0
to deduce
1 N
m = 222 y ‘Z| < 1.
n=0
Moreover,
22 222" = Zz2n+2, 2| < 1.
n=0 n=0
Hence - - -
1+ 2 2n 2n+2 2n
1_22222 —I—Zz :1+222 : |z| < 1.
n=0 n=0 n=1

NOTE: We can only perform this sort of addition in the region of absolute convergence.
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If f is analytic at z = 2y, then f has a Taylor expansion in some disc centered at zy:
f(z) :Zan(z—z[))”, |z — 20| < R.
n=0

There is a more general notion of a power series, one that incorporates negative powers of
z — z9. The function f(z) has a Laurent series centered at zy if

f(2) :Zan(z—zo)", Ry < |z — 20| < Ra.
nez
Note that the region
{z: Ry < |z — 20| < Ra}
is an annulus (like a donut or a washer).

We need R; to give us a healthy separation from z; because we could be summing infinitely
many negative powers of z — zp, depending on the coefficients.

Theorem 27.1 (Laurent’s theorem). Suppose that f is analytic throughout an annular do-
main Ry < |z — zo| < R, centered at zy, and let C' be a positively oriented simple closed
curve around zo lying in the annulus. Then at each point in the domain,

o0

f(z)= Zan(z — 29)", Ry < |z — 2] < Ry,

nez
where for each n € Z, we have

BRI

" omi o (z—2z)tt

Note that if f is actually analytic in the disc |z — 29| < Ry, then for n > 1,

1
A_p = = f(Z> dz = L
210 Jo (2 — zp) 7t 27 Jo

and for n > 0 by Cauchy—Goursat. Thus
{f(”)(zo)/n! if n >0,
a, =

f(2)(z—2)"tdz=0

0 it n <O0.
Thus we recover Taylor’s theorem.

Proof. This proof is a bit different from the book’s proof. It relies on the fact that we have
already proved Taylor’s theorem.

It suffices to show that f can be written as f; + fo, where f; is analytic for |z — a|] < Ry
and fy is analytic for |z — a| > R;, where lim, ., f(z) is removable (more on this later).
Under these circumstances, f; can be written as a power series in z — 2y, and fy a power
series in (z — z9) !

To find the representation f = f; + fo, we define

1
fi(z) = —/ f(w) dw, |z — 20| <71 < Ro,
|lw—z0|=r1

271 w— z
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and

folz) = o f(w)

271

dw, Ry <1y < |z — 2.
lw—zo|=ry W — %

By the principle of deformation, the values of rq, 7y are irrelevant as long as
Ri<rys< ‘Z—Zo‘ <7 < Rs.

For this reason, f; and f5 are uniquely defined and represent analytic functions in |z—zg| < Ry
and |z — a| > Ry, respectively. Moreover, by the Cauchy Integral Formula, f = f; + f.
The Taylor series for f; is

o0

Zan(z—zo)”, a, = ! &dw

n ; _ n+1 ’
n—0 2m |w—z0|=r1 (’U} ZO)

To find the series for f,, we perform the change of variables
w=a+1/uw, z=2+1/72.

This transforms the circle |w — 29| = ry (with positive orientation) to |w’| = 1/ry (with
negative orientation), and we find that

1 1 'z + &
fz(zo + _> — _/ Z_de/'
z 210 S = W' ow' =2
T2

We now proceed as in our proof of Taylor’s theorem and deduce that

f2 <ZO + ;) == nz:lbn(zl)na
where

1 f(z0 + L,) 1 .
= w r_ oyl
5 2 /|’LU'|:1 (w/)nJrl o 271 /w—a|=r2 f(w) <w ZO) v

The desired result now follows from unraveling our changes of variables. O

Example 27.2. Let
1 1 1

S e g Rl prape |
This has singularities at z = 0 and z = 4. We will find the Laurent expansion of f in the
region 0 < |z| < 1. In this region, we have

[ee] e}

1 1 2\n _ n_2n
1+22  1—(—22) =D (=)= (F0 <L

n=0 n=0

Thus

o0

1 - 1| <
_ Z(_l)nZQn—l _ Z (_1)n+122n+1 =~ 4 Z(_l)n—FlzZn-I—l’ 0< |z <1.
z
n=0

2
Z(Z + 1) n=0 n=-—1
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We want to be able to perform limit operations (integrals, derivatives, usual limits, etc.)
to power series by performing the limit operations (integrals, derivatives, usual limits, etc.)
on the individual terms. We now build up toward justifying when we can do this.

Recall that a series ) a,, converges absolutely if > |a,| converges.

Theorem 28.1. If a power series

o0
Z an(z — 29)"
n=0

converges when z = z1 # 2o, then it converges absolutely for each z in the open disc |z — zy| <
Rl = |Zl — Zo|.

Proof. If z; # zy and

o

Z an(z1 — 20)"

n=0
converges, then the sequence a,(z; — zo)™ is bounded; that is, there exists a constant M > 0
such that

lan(z1 — 20)"| < M, n > 0.

If |z — 20| < Ry = |21 — 20| and we write

y— |z — 2]
|21 — Zo|7
then
z — 2ol \ ™
|an(z - 20>n| = |an(21 - ZOYﬂ(ﬁ) S Mpna n 2 07
and

Sy

is a convergent geometric sum. Thus the power series converges absolutely by the comparison
test. U

The greatest circle centered at zy such that the power series converges at each point inside
is called the circle of convergence. The power series cannot converge outside of the circle,
but it might converge (perhaps conditionally) on the boundary of the circle.

Our next definition involves some new terminology. Suppose our power series has circle of
convergence |z — zp| = R, and let

00 N-1
S(z) :Zan(z—zg)”, Sy(z) = Zan(z—zo)" |z — 20| < R.
n=0 n=0
Define
pn(z) = S(z) — Sn(2), |z — 20| < R.

Inside of the circle of convergence, we know that limy_,o pn(2) = 0. In other words, for all
€ > 0, there exists N > 0 such that

lpn(2)] < e whenever n > N.
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Definition 28.2. When the choice of N depends only on ¢ and is independent of the point

z taken in the specified region within the circle of convergence, the convergence of Sy(z) to
S(z) is said to be uniform.

Theorem 28.3. If z; is a point in the interior the circle of convergence |z — z| = R

of a power series Y a,(z — z)", then the series converges uniformly in the closed disc
|z — 20| < Ry := |21 — 20].
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Theorem 29.1. If z; is a point in the interior the circle of convergence |z — z| = R
of a power series Y " a,(z — z0)", then the series converges uniformly in the closed disc
|z — 20| < Ry = |21 — 20].

A similar proof holds for Laurent series Y>> a,(z — z)" in a suitable annular domain

Ry < |z — 20| < Ry, but it is very similar to what we just did for Taylor series. So I will just
work the proof for Taylor series.

Proof. At our point z;, we are in the circle of absolute convergence. Thus

[e.9]

> lan(z1 — 20)"|

n=0

converges. We then have

pv(2) = 5(2) = Sn(2) = lim »  an(2 — 20)"

Define

OoN = WIL]—{I})O Z]V ‘an<2’1 — ZO) |
If |z — 29| < Ry = |21 — 20/, then it follows from Ex.3, Sec.61 and the triangle inequality that

lpn| < on, |z — 20| < Ry.

Since limy_,o oy = 0 (we are in the region of absolute convergence), it follows that for all
€ > 0, there exists an integer N, > 0 such that o < e when N > N.. Since this holds for all
points |z — zg| < Ry, the value of NV, is independent of z. So the convergence is uniform. [J

Theorem 29.2. A power series S(z) =Y -~ a,(z — 20)" represents a continuous function
at each point in its circle of convergence |z — zp| = R.

A similar proof holds for Laurent series Y - a,(z — 29)" in a suitable annular domain

Ry < |z — 20| < Ry, but it is very similar to what we just did for Taylor series. So I will just
work the proof for Taylor series.

Proof. Let z, z; be in the circle of convergence. Our goal is to prove that for all € > 0, there
exists 0 > 0 such that

|S(z) — S(z1)] < e, |z — 21| < 4.
So, we let € > 0. For |z — 29| < R, we have S(z) = Sy(z) + pn(2). Now, if z; lies in the
circle of convergence, then

15(2) = S(21)] = [Sn(2) + p(2) — Sn(21) — pv(21)] < [Sn(2) = Sn(z0)[ + [ (2)] + [on (20)]-
By uniform convergence, we know that there exists N. > 0 such that
€
on ()l lon ()l <5, N> Ne.

Since Sn(z) is continuous (it’s a polynomial), we have that if N = N, + 1, then there exists
a sufficiently small § > 0 such that

wma—&@m<g 2 — 2| < 6.
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Thus |S(z) — S(z1)] < €, as desired. O

Theorem 29.3. Let 7y be a contour interior to the circle of convergence of S(z), and let g(z)
be continuous on y. We have

/ dZ—ZCLn/ (z — 20)"dz.
.

Proof. One uses uniform continuity much like the proof of continuity of power series, along
with Morera’s theorem. See the book. 0

For z in a suitable annulus (away from points of discontinuity), the proof also works for
Laurent series: The idea works for negative integers as well.

Corollary 29.4. S(z) is holomorphic at each point z interior to its circle of convergence.
If S(2) is a Laurent series, then the same holds in the interior of the annulus of definition.

Proof. Take g(z) = 1 everywhere, in which case the theorem yields fﬁ{ S(z)dz = 0. The result
now follows by Morera’s theorem. 0

Corollary 29.5. In its circle of convergence, S(z) satisfies S'(z) = Yoo o ani(z — z)". If
S(z) is a Laurent series, then the same holds in the interior of the annulus of definition.

Proof. Take Theorem 29.3 with

(2) 1 1

)= — —

g 2mi (s — 2)?

and apply the Cauchy Integral Formula for derivatives. O

Theorem 29.6. If > 7 a,(z — 2)" converges to f(z) at all points interior to some circle
|z — 20| = R, then it is Taylor series expansion for f in powers of z — zp.

If > ez 0n(z — 20)" converges to f(z) at all points in some annular domain about zy, then
it is the Laurent series expansion for f in powers of z — zy in that domain.

Proof. We describe this for Laurent series. We have

= ch(z —2z)"

neEL
Then by the theorem,
/ dZ—ZCm/ )(z — 29)"dz.
v meZ
We choose 1 1
. S 7Z
9(2) 21 (z — zo)"tY "e

and conclude that

Cn :[{g(z)f(z)dz: L,/(Ldz,

2mi )., (2 — zo)" !
which is precisely the coefficient at n for the Laurent series of f about z. 0
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Cauchy-Goursat: If f is analytic at all points interior to and on a simple closed contour

v, then
/f(z)dz =0.

But what if f is not analytic inside ~ at, say, finitely many points?

Sec. 25: If f is analytic at zp, then f is analytic in a NBHD of z,. If f is not analytic
at zg, but it is analytic at some point in every NBHD of zj, then z; is a singular point of f.

We will begin studying isolated singular points, that is, singular points z; such that a
function f is analytic at 0 < |z — 2g| < € but not at z.

Example 30.1. The isolated singularities of z/cos z are at z = 7 + 7n for each n € Z. If
p, q are polynomials, then the isolated singularities of p(z)/q(z) are the zeros of ¢(z).

Example 30.2. The principal branch Log(z) has a singular point at z = 0, but it is not
isolated since every NBHD of z = 0 intersects the branch cut (negative real axis).

Example 30.3. The isolated singularities of 1/sin(w/z) are z = 1/n, n =1,2,3,.... There
is a singularity at z = 0, but it is not isolated.

When zj is an isolated singular point of f, there is a radius Ry > 0 such that f is analytic
on 0 < |z — z9| < Ry. Thus f has a Laurent series expansion

f(z) = Zan(z — 20)", 0 < |z— 2| < Rs.
nez

Let C' be a positively oriented simple closed contour around zy that lies in the punctured
disc 0 < |z — zo| < Ry. We have the equality

1
210 Jo (2 — zo)"H!

Note that for n = —1, we have

1
= dz.
R Cf(z)z

This number, the coefficient of (z — z9) !, is called the residue of f at zy. We write this as

a_1 = Res f( ):%/Cf(z)dz.

Z=Z20

-1
/ ‘ —dz.
lz|l=1  #

This is analytic on C apart from z = 0. The Laurent series for the integrand about z = 0 is

1§:z”_1+1+1+1+z+
Zt e n! 2 222 6z 24 120

Example 30.4. Consider

Since the residue at z = 0 is 1/6, the integral equals 27i - 1/6 = 7i/3.
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Example 30.5.

& 2n
z
COSh z = E W
n=0

The residue at z = 0 is zero, so

/z|:1 cosh(1/z)dz =

Only singularity inside the contour is at z = 2. So we develop the Laurent series about
z=2:

z(zi2)5:(z—12)51_1@ z—25z< 2_2>

At n = 4, the coefficient of (z —2)7!, is 1/32, which is the residue of our integrand at z = 2.
Hence

Example 30.6.

M8
—~
MR
H
H\—g
—
N
|
[\
~
7
o

0< 22| <2
n=0

e

1
/z—2|1 —z(z ) dz =2mi(1/32) = T

Theorem 30.7 (Cauchy’s residue theorem). Let v be a (positive) simple closed contour. If
f is analytic inside and on v except for a finite number of singular points zy, ..., z, interior

to v, then
f(z)dz = 2mi E Res f(z
/ ! z 22

Proof. Choose circles Cy centered at 2z, (1 < k < n) with radius small enough so that each is
contained in v and no two intersect. (The exact value of the radius won’t matter because of
the principle of deformation of curves.) Taking the circles Cy in the positive direction, we find
that the interior of 7 intersected with the exterior of the circles C} is a multiply connected
region on which f is analytic. Therefore, by Cauchy—-Goursat for multiply connected domains

(Theorem 22.1),
JECE Y| RECE

Since — f—Ck = ka’ it follows that

[ 1= [ e

Since

2=z

f(z)dz = 2mi Res f(2),
Ck
the proof is finished. O
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4 _
/ A5
|z|=2 Z(Z - 1)

The contour contains the two isolated singularities of f at z =0 and z = 1. Thus

4z -5 4z —5 4z —5
R N, W SETY S
/|z_2 z2(z—1) - m(fzizeg, z2(z—1) —i—E{:els z(z—1)>

For the singularity at z = 0, we note that

4z — 5 4z -5 1 5 - 5= -
__ = (-4 =23y <1
z2(z—1) z 1-—z (z : ijoz jzoz 12

Example 31.1.

n=0
Thus 1 .
Res : =95
=0 z(z — 1)
For the singularity at z = 1, we note that
4z—5  4(z—-1)—1 1 1\ — .
— — (4- ) 1)), 0<|z—1]<1.
22— 1) c—1 1+(z-1) ( 21 kz:; (z=1) 2= 1]
A similar calculation shows that
4z—-5 1

lj=els z(z—1)
Thus the full integral is
2mi(5 + (—1)) = 8mi.
For both residues, one could alternatively use the partial fraction decomposition
4z — 5 5 1

2(z—1) z z-1
but such a nice decomposition is never guaranteed.

Suppose f is analytic on C except for finitely many singular points. There exists some
circle C' with sufficiently large radius that encompasses all of the the singular points. The
residue theorem tells us how to evaluate

/C f(2)dz,

where C' is positively oriented. But if C' is being negatively oriented (denoted —C'), then
the isolated singularities do not lie interior to C' any longer. However, the point at infinity
does. (You can think of this as on the Riemann sphere.) In this situation, it is appropriate
to think of infinity as an isolated singularity of f (though it does not lie in C). Now, by our
principle of deformation,

—/ f(z)dz = / f(2)dz = 2mi Res f(z).
c -C #=00
To find the residue, we consider the Laurent expansion

1
i)=Y e cn:_c_{;fj}, Ry < |2] < co.
0

21
nez
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We evaluate f at 1/z and multiply the ensuing sum by 1/2% obtaining

1 c 1
S =3 % 0<ld <R’
neZ
Thus Res.—o f(2) = Res.—o % f(1/z). Sometimes, but not always, this is easier to compute.
It depends on the function f, the particular singularities, what contour C' is, etc.
Let f have an isolated singularity at z = z;. Consider the Laurent series

f(z) =T(z2) + P(2), 0 < |z — 20| < Rs.

where .
T(z)= Z an(z — 20)"
n=0

is a Taylor series and

o0 bn
PO=

n=1
is the principal part.

The principal part might have zero terms, in which case we call 2, a removable singu-
larity of f. The principal part might have m terms (with 1 < m < o0), in which case we
call zy a pole of order m of f. The principal part might have infinitely many terms, in
which case we call z5 an essential singularity of f.

Example 31.2. Let

e —1
f(z) = — 2o = 0.
Then in the annular region 0 < |z| < oo, we have
1 z 22 23 1 z 22
@ =gy gt ) = qt gt

Thus f has a removable singularity with residue 0 at z = 0. Moreover, lim, o f(z) = 1, and
J can be extended to a function which is holomorphic at z = 0. In particular, the function
f(z) given by 0 when z = 0 and (e* — 1)/z when z # 0 is entire.

Example 31.3. For 0 < |z| < oo, we have

[e.e]

1 1 1
f(z):el/zzz :1—|——+_+..

Thus the principal part is infinite, and f has an essential singularity with residue 1 at z = 0.

Theorem 31.4 (Picard). In each NBHD of an essential singularity, a function assumes
every finite value, with one possible exception, an infinite number of times.

Example 31.5. For f(z) = e'/?, we have ¢!/ = —1 an infinite number of times (2 =
1/((2n+ 1)mi), n € Z). Also, f is not defined at z = 0, but it is holomorphic elsewhere.

Example 31.6. For 0 < |z| < oo, we have
Zn—l

¢ 1=zt 1 = R 2"
U D D R D i By ey

n=1

Thus f has a pole of order 1 with residue 1 at z = 0.
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We now introduce an analytic expression for the residue of f at a pole z = z; of finite order
m > 1. For 0 < |z — 29| < Ra, we have

pr— S _— n a_l CL_2 o e —a_m
f(z) = ;an(z W)+t ot
Multiply both sides by (z — zp)™:
(z—20)"f(2) = Z an(z — 20)" " 4+ a_1(z — 20)" " Fao(z—2)"E - Fap,.
n=0
Take the (m — 1)-th derivative of both sides:
Jdm—1 OO
iz )" f(2) = Y (ntm)n+m=1)--(n+2)an(z - 2)"" + (m - 1la_y.
n=0
Take the limit of both sides as z — zg:
m—1
lim ——(z — 20)" f(2) = a_1(m — 1)L

220 dz™m 1
Now, divide both sides by (m — 1)! to obtain
1 ) dmfl -
lim ——(z — 29)" f(2) = a—; = Res f(2).
z=20

(m — 1)l 2=z dzm=1

This can be extended to m = 0 if we define the d/dz"" to be identity function.
This calculation also shows:

Theorem 32.1. Let zy be an isolated singularity of f. Then zy is a pole of order m > 1
of [ if and only if there exists a function ¢(z), holomorphic and nonzero in a NBHD of 2,

such that ( )( )
—-m 0 ™= (2o
fz2) = d(2)(z —20)™,  Resf(z) = ISR

We now prove a convenient result in the special case:

Lemma 32.2. Suppose that f has an isolated singularity at zo, and in a neighborhood of 2y,
there exist holomorphic functions g and h such that

_92)
6 =10

where h(zp) = 0 and h'(z0) # 0. Then

Res )= oy

Proof. By I’'Hopital’s rule,

(s o) ) = iy 29— 209(2) . 9(2) +29'(2) — 209'(2) _ 9(20)
Res f(z) = lim (2 — 20) f(2) = lim e Jim e i)
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Example 32.3. We have already proved that Res,—oe*/z = 1. More generally, if m > 1,
then

R e” 1 i d 1
es — = im e* = .
=0 zm  (m — 1) 2=0dzm"1 (m—1)!
Example 32.4. Let _
sin z
f(Z) - Z(Z— 1)

The isolated singularity at z = 0 is removable (we calculated this a while ago), and the
isolated singularity at z = 1 is a pole of order 1 (a simple pole). Thus by our calculation
above,

sin z sin z .
= =sinl.

=12z —1)  A(z(z- 1))

z=1
As we have seen, zeros and poles are closely related. Much like the order of a pole, the
order of a zero z = z; is the positive integer m such that

fD(2)=0,0<j<m—1,  f™(z)#£0.

Theorem 32.5. Let f be analytic at zy. Then [ has a zero of order m at zy if and only if
f(2) = (2 — 20)™g(2), where g is analytic and nonzero in a NBHD of z.

Proof. Suppose f has a zero of order m at zy. The Taylor expansion of f about zg is then

S (n)
f(Z) - CLn(Z - Zo)n7 Am 7é 0, a, = f ('ZO) )
n!
Thus ~
f(z) = Z_Zomzam+n2—z mtn
n=0

Since a,, # 0, we may take

9(z) = Zaern(Z — o)™
Conversely, if f(z) = (z — 20)"g(2) WiZIzlog(z) holomorphic and nonzero in a NBHD of 2.
Then N
Now, i =
F9)(2) g" m+n)<m—|—n—1)...(m_’_n_j_’_l)(z_zo)m—i—n—j.

fo<j;j<m-— 1, thls expression equals zero at z = z. Since g(zp) # 0, this expression is
nonzero at z = zo when j = m. 0

Example 32.6. f(z) = 2* — 1= (z — 1)(2 + 1)(z — )(z + %) has four zeros of order 1, at
each 4th root of unity.

Much like isolated singularities, a function f, analytic at 2y, has an isolated zero at z;
if there is a deleted NBHD 0 < |z — 2| < € in which f is nonzero.
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Theorem 32.7. If f is analytic at zy, and f(z9) = 0 but f is not identically zero in any
NBHD of zy, then f # 0 in some deleted NBHD of zy.

Proof. See Section 82, theorem 2. 0

Theorem 32.8. If f in analytic in a NBHD Ny of zy, and f(z) =0 at each z of a domain
D or a line segment L containing zo, then f =0 on Ny.

Proof. O
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33. MARcH 30
Let us recall a lemma from last time that will be useful for many upcoming examples.

Lemma 33.1. Suppose that f has an isolated singularity at zy, and in a deleted neighborhood
of zo, there exist holomorphic functions g and h such that

- 9)
where h(zp) = 0 and h'(z0) # 0. Then

Res /() = 52

Proof. By I’'Hopital’s rule,
Res f(2) = lim (z — 29) f(2) = lim 29(2) — #09(2) — lim 9(2) + 29'(2) — 209'(2) _ g(%0) .

Z=20 Z—20 Z—r20 h(z) Z—r20 h,

Lemma 33.2. Suppose that f has an isolated singularity at zg, and zy is a pole of order 1.

33.1. Rational functions of trig functions. Let
p(z,y)
q(z,y)

be a ratio of polynomials in two variables without a pole on the circle 22 + 42 = 1. Then by
the change of variables z = ¢ (note that Z = z~! now), we have

z+ 271 . z—z7t
, Yy =snt = -
2 29

R(x,y) =

z =z + 1y, T =cost =

and
o -1 -1 .k -1 -1
z2—2 24z dz 2w 1 z—2z " z+ 2z
R(sint, cos t)dt — R( iy ),—:—, R —R( g )
/0 (sint, cos ) /|Z|:1 21 2 12 ) ; z=ez§ z 21 2

where zj ranges over the poles of the integrand inside the circle |z| = 1.

Example 33.3. Let a > 1, and consider the integral

2w dt
o a-+sint

/2“ dt / 1 dx 1 / 2 p
_— _— = - —_— A2
0 a-+sint sl=1 @ + Z*;Z,_l iz 0 Jym 2%+ 200z — 1

The integrand has one pole in the circle, namely
20 = —ai +1vVa? — 1.

The pole is of order 1, so we apply Lemma 33.1 to compute the residue:

Then

1 1

21 21
Res ! ! =
Zo +ar a? —1

im20 22+ 2aiz — 1 22 + 2ia

)l

z=z0
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so the integral equals

1 1 2T
“omi R )
) mzezg,22+2azz—1 a2 — 1

33.2. Rational functions with no real poles. Let r(z) = p(z)/q(x) be a rational function
with no real poles. Suppose that

lim zr(z) = 0.
|z] =00

Consider the contour 7 = [~ R, R] U yg, where v is parametrized by Re, 0 < ¢t < 7. Then

/R'r(x)dx—l—/m (2)dz = 2mi Z Resr(z),

_ 2=2k
R Im(z,)>0

where zj ranges over the poles of r(z) lying inside 7. We now take R — 0o. Note that

‘/ 2)dz| < R -max|f(2)|,

ZEVYR

which tends to 0 as R — oo by hypothesis. Thus

/_00 r(z)dz = 2mi Z Besr z),

=2k
o0 Im(zk)>0

where z;, runs over all poles of r(z) with Im(z;) > 0. By identical methods, we could also

> Im(z)<0

X odr 1 [ dx
/0 26 +1 _Q/Ooxﬁ—i—l'
lim :
|z| =00 26 +1
The integrand has six poles: z, = e™/6+m/3 | = 0,1,2,3,4,5. When k = 0,1,2, the
imaginary part is positive. Thus

—9 Res
/0 :136-1—1 mzz zkz6+1

The poles of 2% + 1 are simple, we apply Lemma 33.1 to compute the residues:
Yy

2
/0 x6+1 ZZ625

Example 33.4. Consider

Clearly

= 0.

2=z kzO k
Since 2§ = —1 (these are roots of the equation 2 = —1), we have that
* dr 2 ) i T
o k wi/6 i /2 5mi/6Y\ __ -
— = —— =——("""+e"" +te =——2i = —.
/0 2641 6 6 ( ) 6 3

k=0
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34. APRIL 1, APRIL 3

Definition 34.1. Let f(z) be holomorphic in the region Im(s) > 0 apart from finitely many
1solated singularities. The Cauchy principal value of the integral

/ Z f(a)eda

R
lim / f(z)e™dz.
-R

R—o0

18

The Cauchy principal value equals the full integral precisely when the integral converges
absolutely, that is,

/_oo F(2)]dz < oo.

[e.9]

34.1. No real singularities. Suppose that
lim f(z) =0.

|z| =00
For R > 0 large, let v = yp U [ R, R], where v is parametrized by z(t) = Re™, 0 < t < 7.
Then

Zl:d + ’LZd — 'de :2 N R .
| e /mf<z>e : / fe)edz =2mi Y Res f(2)

|zk|<R
Im(zx)>0

Let
M(R) = max |f(Re")|.

0<f<n
Since sin 6 is symmetric about 7/2 on [0, 7], we have

; 4 . w/2 .
) / f(z)elzdz’ S M(R)/ e—RSIIleRdH — 2/ e_RSIHGRdQ
YR 0 0

Note that
sin 6
<1

9 —_ 9

as can be proved in a number of ways (geometry, Taylor series, etc.). Thus

/2 . /2
2 / e B pdg < 2R / e 2R g — .
0 0

SHES
IA

s
0<0< —
= _2a

Thus
] / f@)é%]gM(R)-ﬁ.

Since lim|,|_, f(2) = 0, we have

0 < lim ‘/ f(2)e”dz
R—o0
R

<7 lim M(R)=0.
R—o0
Thus
R .
li Tdr = 2mi R
im /Rf(x)e x = 2mi Z Res f(2)

R—o0
Im(Zk)>0
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Example 34.2.

* cosx 1 o el 1 e? 1 2mie”?
dr = =R —dx = -R (2 ' R —):—R <—
/0 2+17 72 e/_oox2+1 PN ES ) T e

>_7r
=i/ 2



