METRIC SPACES AND COMPLEX ANALYSIS.

KEVIN MCGERTY.

1. INTRODUCTION

In Prelims you studied Analysis, the rigorous theory of calculus for (real-
valued) functions of a single real variable. This term we will largely focus
on the study of functions of a complex variable, but we will begin by see-
ing how much of the theory developed last year can in fact can be made
to work, with relatively little extra effort, in a significantly more general
context.

Recall the trajectory of the Prelims Analysis course — initially it focused
on sequences and developed the notion of the limit of a sequence which
was crucial for essentially everything which followed'. Then it moved to
the study of continuity and differentiability, and finally it developed a the-
ory of integration. This term’s course will follow approximately the same
pattern, but the contexts we work in will vary a bit more. To begin with
we will focus on limits and continuity, and attempt to gain a better under-
standing of what is needed in order for make sense of these notions.

Example 1.1. Consider for example one of the key definitions of Prelims
analysis, that of the continuity of a function. Recall thatif f: R — Risa
function, we say that f is continuous at a € R if, for any € > 0, we can find
a 6 > 0 such that if [z — a| < § then |f(z) — f(a)| < e. Stated somewhat
more informally, this means that no matter how small an ¢ we are given,
we can ensure f(x) is within distance € of f(a) provided we demand x is
sufficiently close to — that is, within distance § of — the point a.

Now consider what it is about real numbers that we need in order for
this definition to make sense: Really we just need, for any pair of real num-
bers z7 and x5, a measure of the distance between them. (Note that we
needed this notion of distance in the above definition of continuity for both
the pairs (z, a) and (f(z), f(a)).) Thus we should be able to talk about con-
tinuous functions f: X — X on any set X provided it is equipped with
a notion of distance. Even more generally, provided we have prescribed a
notion of distance on two sets X and Y, we should be able to say what it
means for a function f: X — Y to be continuous. In order to make this
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!Although continuity is introduced via es and s, the notion can be expressed in terms
of convergent sequences. Similarly one can define the integral in terms of convergent
sequences.
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precise, we will therefore need to give a mathematically rigorous definition
of what a “notion of distance” on a set should be.

As a first step, consider as an example the case of R". The dot product
on vectors in R" gives us a notion of distance between vectors in R": Recall

thatif v = (v1,...,v,),w = (w1, ...,w,) are vectors in R" then we set
n
(v,w) = Zviwi,
i=1
and we define the length of a vector to be? |[v]| = (v,v)!/2. Recall that the

Cauchy-Schwarz inequality then says that (v, w)| < |[jv||[|w]|. It has the
following important consequence for the length function:

Lemma 1.2. Ifz,y € R" then ||z + y|| < ||=]| + ||y]|-
Proof. Since ||v|| > 0 for all v € R™ the desired inequality is equivalent to
-+ yl1* < [l=]1* + 2l llly ] + llll*.

But since ||z + y||? = (z + y,z + y) = ||=||* + 2(z,y) + ||ly||?, this inequality
is immediate from the Cauchy-Schwarz inequality. O

Once we have a notion of length for vectors, we also immediately have a
way of defining the distance between them — we simply take the length of
the vector v — w. Explicitly, this is:

n
o\ 1/2
o —wll = (3 (0 —w)) /2,
i=1
Now that we have defined the distance between any two vectors in R",
we can immediately make sense both of what it means for a function f: R" —
R to be continuous® as above and also what it means for a sequence to con-
verge.

Definition 1.3. If (v*),cn is a sequence of vectors in R™ (so v* = (v¥, ... vF))
we say (v¥)en converges to w € R™ if for any € > 0 there is an N > 0 such
that for all k > N we have ||v* — w]|| < e.

If f: R" — Rand a € R" then we say that f is continuous at a if for any
€ > 0 thereisa d > O such that |f(a) — f(x)| < e whenever ||z — a|| < 4. (As

usual, we say that f is continuous on R™ if it is continuous at every a € R™.)

Many of the results about convergence for sequences of real or complex
numbers which were established last year readily extend to sequences in
R™, with almost identical proofs. As an example, just as for sequences of
real or complex numbers, we have the following:

2Sometimes the notation ||v||2 is used for this length function — we will see later there are
other natural choices for the length of a vector in R".

3More ambitiously, using the notions of distance we have for R™ and R™ you can readily
make sense of the notion of continuity for a function g: R™ — R™.
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Lemma 1.4. Suppose that (v*);>1 is a sequence in R™ which converges tow € R™
and also to uw € R™. Then w = u, that is, limits are unique.

Proof. We prove this by contradiction: suppose w # u. Thend = ||w — u| >
0, so since (vk) converges to w we can find an N; € N such that for all
k > N we have |w — v¥|| < d/2. Similarly, since (v*) converges to u we can
find an Ny such that for all & > N, we have |[v* — u|| < d/2. But then if
k > max{Ni, N2} we have

d=|lw—ul = [(w=v")+ " —w)| < Jw—o"|+ " —ul| <d/2+d/2=d,

where in the first inequality we use Lemma 1.2. Thus we have a contradic-
tion as required. O

2. METRIC SPACES

We now come to the definition of a metric space. To motivate it, let’s
consider what a notion of distance on a set X should mean: Given any two
points in X, we should have a non-negative real number — the distance
between them. Thus a distance on a set X should be a function d: X x
X — R>g, but we must also decide what properties such a function should
have in order to capture our intuition of distance. A couple of properties
suggest themselves immediately — the distance between two points z,y €
X should be symmetric, that is, the distance from x to y should*be the same
as the distance from y to z, and the distance between two points should be
0 precisely when they are equal. Note that this latter property was one of
the crucial ingredients in the proof of the uniqueness of limits as we just
saw. The only other requirement we will make of a distance function is
known as the “triangle inequality”, a version of which we established in
Lemma 1.2 and which was also essential in the above uniqueness proof.
Thus altogether our requirements yield in the following definition:

Definition 2.1. Let X be a set and suppose that d: X x X — R. Then we
say that d is a distance function on X if it has the following properties: For
all z,y,z € X:

(1) (Positivity): d(xz,y) > 0 and d(x,y) = 0if and only if z = y.
(2) (Symmetry): d(z,y) = d(y, z).
(3) (Triangle inequality): If x,y, z € X then we have

d(z,z) < d(z,y) + d(y, 2).

Note that for the normal distance function in the plane R?, the third prop-
erty expresses the fact that the length of a side of a triangle is at most the
sum of the lengths of the other two sides (hence the name!). We will write a
metric space as a pair (X, d) of a set and a distance functiond: X xX — R>q

n fact it’s possible to think of contexts where this assumption doesn’t hold — consider
e.g. swimming in a river — going upstream is harder work than going downstream, so if
your notion of distance took this into account it would fail to be symmetric.
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satisfying the axioms above. If the distance function is clear from context,
we may, for convenience, simply write X rather than (X, d).

Example 2.2. The vector space R" equipped with the distance function
da(v,w) = |lv — w| = (v — w,v — w)'/? is a metric space: The first two
properties of the metric dy are immediate from the definition, while the
triangle inequality follows from Lemma 1.2.

Example 2.3. In Prelims Linear Algebra, you met the notion of an inner
product space (V, (—, —)) (over the real or complex numbers). For any two
vectors v,w € V setting d(v,w) = ||v — w]||, where ||v|] = (v,v)/?, gives
V' a notion of distance. Since the Cauchy-Schwarz inequality holds in any
inner product space, Lemma 1.2 holds in any inner product space (the proof
is word for word the same), it follows that d is also a metric in this more
general setting.

Definition 2.4. If (X, dx) is a metric space and A C X then we set
diam(A) = sup{d(ai,az2) : a1,a2 € X} € R>g U {00},

(where we take diam(A) = oo if the {d(a1,a2) : a1, a2 € A} is not bounded
above. If diam(A) is finite then we say that A is a bounded subset of X.

To make good our earlier assertion, we now define the notions of conti-
nuity and convergence in a metric space.

Definition 2.5. Let (X, dx ) and (Y, dy ) be metric spaces. A function f: X —
Y is said to be continuous at a € X if for any € > 0 thereis a 6 > 0 such
that for any z € X with dx(a,z) < § we have dy (f(z), f(a)) < e. We say f
is continuous if it is continuous at every a € X.

If (xn)n>1 is a sequence in X, and a € X, then we say (z,,)n>1 converges
to a if, for any € > 0 there is an N € N such that for all n > N we have
dx(xn,a) < €.

In fact it is clear that the notion of uniform continuity also extends to
functions between metric spaces: A function f: X — Y is said to be uni-
formly continuous if, for any € > 0, there exists a 6 > 0 such that for all
x1,x2 € X with dx (z1,22) < 6 we have dy (f(z1), f(z2)) < e.

For later use, we also note that a function f: X — Y is said to be bounded
if its image f(X) is a bounded subset of Y in the sense of Definition 2.4,
that is, if

{dy(f(z),f(y)) : 2,y € X} CR

is a bounded subset of R. Note that, unlike continuity or uniform conti-
nuity, the condition that a function is bounded only requires that ¥ has a
metric (X need not).

Example 2.6. Consider the case of R" again. The distance function dy com-
ing from the dot product makes R" into a metric space, as we have already
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seen. On the other hand it is not the only reasonable notion of distance one
can take. We can define for v, w € R™

n
di(v,w) = Z |v; — wil;
i=1

dg(v, w) = (Z(vl _ wi)2)1/2
i=1
doo(v,w) =  max |v; — w;l.
1€{1,2,...,n}
Each of these functions clearly satisfies the positivity and symmetry prop-
erties of a metric. We have already checked the triangle inequality for d»,
while for d; and d it follows readily from the triangle inequality for R.

Example 2.7. Suppose that (X, d) is a metric space and let Y be a subset of
X. Then the restriction of d to Y x Y gives Y a metric so that (Y, d}yy) is

a metric space. We call Y equipped with this metric a subspace® of X.

Example 2.8. The discrete metric on a set X is defined as follows:

1, ifx
dz,y) = {o, if x iZ

The axioms for a distance function are easy to check.

Example 2.9. A slightly more interesting example is the Hamming distance
on words: if A is a finite set which we think of as an “alphabet”, then a
word of length n in just an element of A", that is, a sequence of n ele-
ments in the alphabet. The Hamming distance between two such words
a = (al,...,an),b = (bl,...,bn) is
dH(avb) = ‘{Z € {1a25-- : ,’I’L} 2y 7é bl}

An important special case of this is the space of binary sequences of
length n, that is, where the alphabet A is just {0,1}. In this case one can
view set of words of length n in this alphabet as a subset of R", and more-

over you can check that the Hamming distance function is the same as the
subspace metric induced by the d; metric on R" given above.

Example 2.10. If (X, d) is a metric space, then we can consider the space X"
of all sequences in X. That is, the elements of X" are sequences (z,,),>1 in
X. While there is no obvious metric on the whole space of sequences, if we
take X} to be the space of bounded sequences, that is, sequences such that
the set {doo (2, Z) : n,m € N} C R is bounded, then the function®

doo((xn)nZI; (yn)nZI) = Sulj\)] d(xny yn)7
ne

SThis is completely standard terminology, though it’s a little unfortunate if X is a vector
space, where we use the word subspace to mean linear subspace also. Context (usually)
makes it clear which meaning is intended, and I'll try and be as clear about this as possible!

®The fact that the sequences are bounded ensure the right-hand side is finite.



6 KEVIN MCGERTY.

is a metric on X} '. It clearly satisfies positivity and symmetry, and the tri-
angle inequality follows from the inequality

d(xn, 2n) < d(@n, yn) + d(Yn; 2n) < doo((Tn), (Yn)) + doo((yn), (2n)),
by taking the supremum of the left-hand side over n € N.

Example 2.11. If (X,dx) and (Y, dy) are metric spaces, then it is natural
to try to make X x Y into a metric space. In fact this can be done in a
number of ways — we will return to this issue later. One method is to set
dxxy = max{dx,dy}, thatisif 1,29 € X and y;1,y2 € Y then we set

dxxy((®1,91), (x2,y2)) = max{dx (z1,2),dy (y1,y2)}.

It is straight-forward to check that this is indeed a metric on X x Y. Itis
also easy to see that if f: Z — X x Y is a function from a metric space
Z to X x Y, so that we may write f(z) = (fx(2), fr(z)) with fx(z) € X
and fy(z) € Y, then f is continuous if and only if fx and fy are both
continuous. Problem set 1 asks you to check this is also true when you use
the metric on X x Y given by

dx vy ((x1,91), (T2, 12)) = \/dX(331,332)2 + dy (y1,92)2.

Example 2.12. If (X,dx) and (Y, dy) are metric spaces, then we can also
consider the set B(X,Y) of bounded functions from X to Y. This set has a
natural metric given by

d(fa g) = sup dY(f(:E)v g(l’))
reX
Indeed one can check that d(f, g) is finite for any f,g € B(X,Y), so that
since dy is non-negatively valued, so is d. This space has a natural subspace
consisting of the continuous bounded function Cy(X, Y).

Example 2.13. Consider the set P(R") of lines in R"™ (that is, one-dimensional
subspace of R”, or lines through the origin). A natural way to define a dis-
tance on this set is to take, for lines L1, Lo, the distance between L1 and Lo
to be

[{v, w)|?
[vl*[lw]?”

where v and w are any non-zero vectors in L and Lo respectively. It is easy
to see this is independent of the choice of vectors v and w. The Cauchy-
Schwarz inequality ensures that d is well-defined, and moreover the crite-
rion for equality in that inequality ensures positivity. The symmetry prop-
erty is evident, while the triangle inequality is left as an exercise.

It is useful to think of the case when n = 2 here, that is, the case of lines
through the origin in the plane R?. The distance between two such lines
given by the above formula is then sin(f) where 6 is the angle between the
two lines.

d(Ly, L) = /1 —
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The next exercise is the natural generalization of the result you saw last
year which showed that continuity could be expressed in terms of conver-
gent sequences. It show it one uses exactly the same argument, just phrased
in the language of metric spaces.

Exercise 2.14. Let f: X — Y be a function. Show that f is continuous at
a € X if and only if for every sequence (z)r>0 converging to a we have
f(zr) — f(a)as k — oo.

Solution: Suppose that f is continuous at a. Then given € > 0 there is a
d > 0 such that for all z € X with d(z,a) < 6 we have d(f(x), f(a)) < e
Now if (z1)r>0 is a sequence tending to a then there is an N > 0 such
that d(a,z;) < 0 for all K > N. But then for all £ > N we see that
d(f(a), f(z)) < ¢, so that f(zx) — f(a) as k — oo as required.

For the converse, we use the contrapositive, hence we suppose that f is
not continuous at a. Then there is an € > 0 such that for all § > 0 there is
some z € X with d(z,a) < ¢ and d(f(z), f(a)) > e. Chose for each k € Z~¢
a point z;, € X with d(xy,a) < 1/kbut d(f(xk), f(a)) > €. Then d(z,a) <
1/k — 0as k — oo so that 2, — a as k — oo, but since d(f(zy), f(a))) > €
for all k clearly (f(zx))r>0 does not tend to f(a).

We now review some of the algebra of limits-type results from last year
in our more general context:

Definition 2.15. If X is a metric space we write C(X) = {f: X — R :
f is continuous} for the set of continuous real-valued functions on X. (Here
the real line is viewed as a metric space equipped with the metric coming
from the absolute value).

Lemma 2.16. The set C(X) is a vector space. Moreover if f,g € C(X) then so is
f9.

Proof. C(X) is a subset of the vector space of all real-valued functions on
X, so we just need to check it is closed under addition and multiplication
(since we can view scalars as constant functions, the latter clearly being
continuous).

To see that C(X) is closed under multiplication, suppose that f, g € C(X)
and a € X. To see that f.g is continuous at a, note that if ¢ > 0 is given,
then since both f and g are continuous at a, we may find a §; such that
|f(z) — f(a)] < min{1l,¢/2(|g(a)] + 1)} forall z € X with d(x,a) < 0; and a
do > Osuch that [g(z)—g(a)| < €/2(|f(a)|+1) forall z € X with d(z,a) < ds.
Setting § = min{d1, d2} it follows that for all z € X with d(z,a) < 6 we have

[f(@)g(x) — fla)g(a)| = |f(2)g(z) — f(x)g(a) + f(x)g(a) — f(a)g(a)]
< [f@)llg(x) — gla)| + |f(z) — f(a)llg(a)]

< ([f (@) + Dlg(x) — g(a)| + |f(z) — f(a)llg(a)]
<e€/2+¢/2=c¢



8 KEVIN MCGERTY.

where in the third line we use the fact that | f(z)| < |f(a)| + 1 forallz € X
such that d(z, a) < 0;. Since a was arbitrary, this shows that f.g lies in C(X).
Checking that C(X) is closed under addition is similar but easier, and we
leave it as an exercise for the reader to check the details. O

Exercise 2.17. One can also check that if f: X — R is continuous at a and
f(a) # 0 then 1/f is continuous at a. Again this is proved just as in the
single-variable case. Problem set 1 asks you to provide the details for this.

3. NORMED VECTOR SPACES.

If we start with a vector space V, for example the set of solutions to a
homogeneous linear differential equation, then it is natural to consider met-
rics which interact with the linear structures — addition and scalar multiplication—
of the space.

Two natural conditions to consider are the following: for any vectors
z,y,z € R™ and any scalar A we have

(1) d(z + 2,y + 2) = d(z,y),

(2) d(Az, Ay) = [Ald(z, y)-
The first of these is known as translation invariance and the second is a kind
of homogeneity.

A vector space V with a distance function compatible with the vector
space structure in the above sense is then clearly determined by the func-
tion from V' to the non-negative real numbers given by v — d(v,0). The
following definition and Lemma formalize this discussion.

Definition 3.1. Let V' be a (real or complex) vector space. A normonV is a
function ||.||: V' — R which satisfies the following properties:
(1) (Positivity): ||z|| > 0 for all z € V and ||z|| = 0 if and only if = 0.
(2) (Homogeneity): if z € V and A\ is a scalar then
Az ]l = IA[[l]].
(3) (Triangle inequality): If x,y € V then ||z + y|| < |lz| + ||y]-

Note that in the second property |A| denotes the absolute value of A if V' is
a real vector space, and the modulus of X if V is a complex vector space.

Remark 3.2. If there is the potential for ambiguity, we will write the norm on
a vector space V' as |||y, but usually this is clear from the context, and so
just as for metric spaces we will write ||.|| for the norm on all vector spaces
we consider.

Lemma 3.3. If V is a vector space with a norm ||.|| then the function d: V xV —
R>¢ given by d(x,y) = ||x — y|| is a metric which is compatible with the vector
space structure in that:

(1) Forall x,y € V we have
d(Az, Ay) = [Ad(z,y).
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(2) dlx + z,y + z) = d(z,y).
Conwversely, if d is a metric satisfying the above conditions then ||v|| = d(v,0) isa
normon V.

Proof. This follows immediately from the definitions. O

Example 3.4. As discussed above, if V = R" then the metrics d;, d2, d all
come from the norms. We denote these by ||z|y = > /%, |2;| and ||z =

(S 2)Y? and ||2]| 0o = maxi<i<m |-

Since the most natural maps between vector spaces are linear maps, it is

natural to ask when a linear map between normed vector spaces is contin-
uous. The following lemma gives an answer to this question:

Lemma 3.5. Let f: V — W be a linear map between normed vector spaces. Then
f is continuous if and only if {|| f(x)|| : ||z]| < 1} is bounded.

Proof. If f is continuous, then it is continuous at 0 € V and so there is
a d > 0 such that for all v € V with |v|| < § we have ||f(v) — f(0)|| =
||f(v)|]| < e. But then if ||v]] < 1 we have g||f(v)|| = ||f(gv))|| < ¢, and
hence || f(v)]] < %.

For the converse, if we have || f(v)|| < M for all v with [jv|| < 1, then if
€ > 0is given we may pick § > 0 so that .M < e and hence if ||[v — w|| < §
we have

1f (v) = f)ll = [l (v = w)| = 6]l f(5~ (v —w))[| < 6.M <,
so that f is in fact uniformly continuous on V. O

Remark 3.6. The boundedness condition above can be rephrased as saying
there is a constant K > 0 such that || f(v)|| < K.||v||, since any non-zero
vector v can be rescaled to a vector of unit length, v/||v]|.

An important source of (normed) vector spaces for us will be the space
of functions on a set X (usually a metric space). Indeed if X is any set,
the space of all real-valued functions on X is a vector space — addition and
scalar multiplication are defined “pointwise” just as for functions on the
real line. It is not obvious how to make this into a normed vector space, but
if we restrict to the subspace B(X) of bounded functions there is an reason-
ably natural choice of norm.

Definition 3.7. If X is any set we define
B(X)={f: X —-R: f(X)CRbounded},

to be the space of bounded functions on X, thatis f € B(X) if and only if
there is some K > 0 such that |f(z)| < K for all z € X. For f € B(X) we

set || flloo = supex | f(z)]-

Lemma 3.8. Let X be any set, then (B(X), ||.||o) is a normed vector space.
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Proof. To see that B(X) is a vector space, note that if f,g € B(X) then we
may find Ny, Ny € Ry such that f(X) - [—Nl, Nﬂ and g(X) - [—NQ, NQ}
But then clearly (f + ¢)(X) C [-N; — N2, Ny + N| and if A € R then
(A F)(X) C [=|A\|N1, [A\|N1], so that A\.f € B(X) and f + g € B(X).

Next we check that || f||~ is a norm: it is clear from the definition that
| flloo > 0 with equality if and only if f is identically zero. Compatibility
with scalar multiplication is also immediate, while for the triangle inequal-
ity note that if f, g € B(X), then for all z € X we have

[(F +9)(@)] = [f(2) + g(@)] <[f(@)| + |g(@)] < [[flloo + llglloo-

Taking the supremum over z € X then yields the result. O

We will write d, for the metric associated to the norm ||.|| -

If X is itself a metric space, we also have the space C(X) of continuous
real-valued functions on X. While C(X) does not automatically have a
norm, the subspace C,(X) = C(X) N B(X) of bounded continuous functions
clearly inherits a norm from B(X).

Example 3.9. One can check that if X = [a, b] then if (f,,)n>1 is a sequence
in” C([a,b]) = Cy([a, b]) then f,, — fin (Cy(X),dwo) (Where d, is the metric
given by the norm ||.|| ) if and only if f,, tends to f uniformly.

Example 3.10. For certain spaces X, we can define other natural metrics on
the space of continuous functions: Let X = [a,b] C R be a closed interval.
Then we know that in fact all continuous functions on X are bounded, so
that ||.|| defines a norm on C([a, b]). We can also define analogues of the
norms ||.|[; and ||.||2 on R™ using the integral in place of summation: Let

b
1l = / £ (t)dt,
b
2= ( [ feo2ar)”

Lemma 3.11. Suppose that a < b so that the interval [a, b] has positive length.
Then the functions ||.||; and ||.||2 are norms on C([a, b]).

Proof. The compatibility with scalars and the triangle inequality both fol-
low from standard properties of the integral. The interesting point to check
here is that both ||.||; and |.|| satisfy postitivity — continuity® is crucial for
this! Indeed if f = 0 clearly ||f||; = || f|]l2 = 0. On the other hand if f # 0
then there is some x( € [a, b] such that f(xg) # 0, and so | f(zo)| > 0. Since
f is continuous at z, there is a 6 > 0 such that | f(z) — f(z0)| < |f(z0)|/2

"The result from Prelims Analysis showing any continuous function on a closed
bounded interval is bounded implies the equality C([a, b]) = Cs([a, b]).

830 in particular, ||.||1 and ||.||2 are not norms on the space of Riemann integrable func-
tions on [a, b].
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for all x € [a,b] with |x — x¢| < J. But the it follows that for x € [a, b] with
|z —xo| < dwehave [f(x)] = [f(zo)| = [f(x) = f(zo)] > [f(z0)]/2. Now set

oy = {2 i€ 0,00 0 6.0+ )
o 0, otherwise
Since the interval [a, b]N (29 —J, 29+ J) has length at least d = min{J, (b—a)}
we see that f; s(x)dx > d.|f(zo)|/2 > 0. Since s(z) < |f(z)| for all z € [a, b]
it follows from the positivity of the integral that 0 < d|f(x0)|/2 < |/ f]}1-

Similarly we see that || f||2 > fv/d|f(20)|/2, so thatboth ||.|; and ||. |2 satisfy
the positivity property. O

There are very similar metrics on certain sequence spaces:

Example 3.12. Let
b ={(zp)nz1 Z |n| < oo}

n>1
62 = {(l'n)nzl : ZJZ‘% < OO}
n>1
loo = {(Tn)n>1 : sup |z,| < 0o}
neN

The sets /1, (2, {~ are all real vector spaces, and moreover the functions

1/2
[l = st 1zal, I(@a)llz = (X1 27) 2 (@)oo = supper ] de-
fine norms on ¢,/ and ¢, respectively. Note that /5 is in fact an inner
product space where

<(=’En)a (yn)> = Z InYn,
n>1

(the fact that the right-hand side converges if (z,,) and (y,,) are in ¢ follows
from the Cauchy-Schwarz inequality). The problem sets investigate the
example of /5 in some detail.

4. METRICS AND CONVERGENCE

Recall that if (X, d) is a metric space, then a sequence (z,,) in X converges
to a point a € X if for any € > 0 there is an V € N such that for alln > N
we have d(z,,a) < e. In the case of R™, although d;, d2, d are all different
distance functions, they in fact give the same notion of convergence. To see
this we need the following:

Lemma 4.1. Let z,y € R™. Then we have
dQ(xvy) < dl(xay) < mdQ(x7y)v doo(flf,y) < dQ(xay) < \/mdoo(xvy)

Proof. It is enough to check the corresponding inequalities for the norms
|z||; (where i € {1,2,00}) that is, we may assume y = 0. For the first
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inequality, note that
m m m
Izl = Q_lai? =) af+ D 2wzl 2 ) o =]l
i=1 i=1 1<i<j<m i=1
so that ||z]]2 < [|z||1. On the other hand, if z = (z1,...,2m), set a =
(|z1], |22, - - |zm|) and 1 = (1,1,...,1). Then by the Cauchy-Schwarz in-

equality we have

2l = (1, a) < VmJlalla = vm.[l]2

The second pair of inequalities is simpler. Note that clearly

m
| = 2\1/2 Z 211/2
@%’;’"51, lgliégn(mz) < (’ 1331) ;
1=

yielding one inequality. On the other hand, since for each i we have |z;| <
|||/~ by definition, clearly

m
lzl3 = lail® < mllz,
i=1
giving ||z||2/v/m < ||z|/~ as required. O

Lemma 4.2. If (") C R™ is a sequence then (z™) converges to a € R™ with
respect to the metric dy, if and only if it does with respect to the metric dy, if and
only if it does so with respect to the metric d,. Thus the three metrics all yield the
same notion of convergence.

Proof. Suppose (z") converges to a with respect to the metric dy. Then for
any € > 0 there is an N € N such that dz(z",a) < ¢/y/m foralln > N. It
follows from the previous Lemma that for n > N we have

di(2",a) < vVm.da(z"™,a) < /m.(e/\/m) = e,

and so (z") converges to a with respect to d; also. Similarly we see that
convergence with respect to d; implies convergence with respect to d; using
|zl < ||z]|i. In the same fashion, the inequalities doo(z,y) < da(z,y) <
vVmds(z,y) yield the equivalence of the notions of convergence for d; and
doo- O

Remark 4.3. (Non-examinable): If X is any set and d;, d are two metrics on X,
we say they are equivalent if there are positive constants K, L such that

dl(zay) < Kdg(flf,y), dQ(xay) < Ldl(x7y)

The proof of the previous Lemma extends to show that if two metrics are equivalent,
then a sequence converges with respect to one metric if and only if it does with
respect to the other.
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5. OPEN AND CLOSED SETS

In this section we will define two special classes of subsets of a metric
space — the open and closed subsets. To motivate their definition, recall that
we have two ways of characterizing continuity in a metric space: the “e-¢”
definition, and the description in terms of convergent sequences. Examin-
ing the former will lead us to the notion of an open set, while examining the
latter will lead us to the notion of a limit point and hence that of a closed
set.

The definitions of continuity and convergence can be made somewhat
more geometric if we introduce the notion of a ball in a metric space:

Definition 5.1. Let (X, d) is a metric space. If zp € X and ¢ > 0 then we
define the open ball of radius e to be the set

B(zg,€) = {x € X : d(x,x0) < €}.

Similarly we defined the closed ball of radius e about xg to be the set

B(wg,€) = {z € X : d(z,70) < €}.
The term “ball” comes from the case where X = R? equipped with the
usual Euclidean notion of distance. When X = R an open/closed ball is
just an open/closed interval.

Recall that if f: X — Y is a function between any two sets, then given
any subset Z C Y welet’ f~1(Z) = {z € X : f(z) € Z}. Theset f~1(Z) is
called the pre-image of Z under the function f.

Lemma 5.2. Let (X, d) and (Y, d) be metric spaces. Then f: X — Y is continu-
ous at a € X if and only if, for any open ball B(f(a), €) centred at f(a) there is an
open ball B(a, ) centred at a such that f(B(a,?d)) C B(f(a),€), or equivalently
B(a,0) € f~H(B(f(a),€)).

Proof. This follows directly from the definitions. (Check this!) O

We have seen in the last section that different metrics on a set X can
give the same notions of continuity. The next definition is motivated by
this — it turns out that we can attach to a metric a certain class of subsets
of X known as open sets and knowing these open sets suffices to determine
which functions on X are continuous. Informally, a subset U C X is open
if, for any point y € U, every point sufficiently close to y in X is also in U.
Thus, if y € U, it has some “wiggle room” — we may move slightly away
from y while still remaining in U. The rigorous definition is as follows:

Definition 5.3. If (X, d) is a metric space then we say a subset U C X is open
(or open in X) if for each y € U there is some ¢ > 0 such that B(y,d) C U.
More generally, if Z C X and z € Z then we say Z is a neighbourhood of = if

The notion is not meant to suggest that f is invertible, though when it is, the preimage
of any point in Y is a single point in X, so the notation is in this sense consistent. Note that
formally, f~" as defined here is a function from the power set of Y to the power set of X.
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there is a § > 0 such that B(z,0) C Z. Thus a subset U C X is open exactly
when it is a neighbourhood of all of its elements.

The collection 7 = {U C X : U open in X } of open sets in a metric space
(X, d) is called the topology of X.

We first note an easy lemma, which can be viewed as a consistency check
on our terminology.

Lemma 5.4. Let (X, d) be a metric space. If a € X and € > 0 then B(a,¢) is an
open set.

Proof. We need to show that B(a, ) is a neighbourhood of each of its points.
If x € B(a,¢€) then by definition r = € — d(a, z) > 0. We claim that B(z,r) C
B(a, €). Indeed by the triangle inequality we have for z € B(x,r)

d(z,a) <d(z,z) +d(z,a) <r+d(z,a) =¢,
as required. O

Remark 5.5. While reading the above proof, please draw a picture of the
case where X = R? with the standard metric ds.

Next let us observe some basic properties of open sets.

Lemma 5.6. Let (X, d) be metric space and let T be the associated topology on X.
Then we have

(1) The subsets X and () are open.

(2) For any indexing set I and {U;;i € I} a collection of open sets, the set
Uier Ui is an open set.

(3) If I is finite and {U; : i € I} are open sets then (\;c; U; is open in X.

Proof. The first claim is trivial. For the second claim, if z € (J;c U; then

there is some ¢ € I with = € U;. Since Uj is open, there is an € > 0 such that

B(JJ,G) cU; C UUi,
icl

so that | J;.; U; is a neighbourhood of each of its points as required. Apply-
ing this to the case I = () shows that ) C X is open (or simply note that the
empty set satisfies the condition to be an open set vacuously).

For the final claim, if I is finite and = € (,c; U;, then for each i there is
an ¢; > 0 such that B(z,¢;) C U;. But then since I is finite, ¢ = min({e; : i €
I} u{l})>0,and

B(z,¢e) C ﬂB(%Ei) - ﬂ Ui,
iel el
so that (,.; U; is an open subset as required. Applying this to the case

I = () shows that X is open (or simply note that if U = X and « € X then
B(x,€) C X for any positive € so that X is open). O
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Remark 5.7. Apart from being trivial, the first part of the above lemma is
also redundant in that it follows from the second and third: If I is an in-
dexing set, then a collection {U; : i € I} of subsets of X is just a function
u: I — P(X) where P(X) denotes the power set of X, where by conven-
tion' we write U; C X for u(i). Then union | J,.; U; of the collection of
subsets {U; : i € I} is then {z € X : 3i € I,z € U}, while the intersection
of the collection {U; : i € I} isjust {x € X : Vi € I,x € U;}. Using this, one
readily sees that if I = () then the intersection of the collection is X and the
union is the empty set ().

Exercise 5.8. Using Lemma 4.1, show that the topologies 7; on R" given by
the norms d; (i = 1, 2, 00) coincide.

Example 5.9. A subset U of R is open if for any = € U there is an open
interval centred at x contained in U. Thus we can readily see that the finite-
ness condition for intersections is necessary: if U; = (—1/i,1) for i € N then
each U; is open but (), U; = [0, 1) and [0, 1) is not open because it is not a
neighbourhood of 0.

One important consequence of the fact that arbitrary unions of open sets
are open is the following;:

Definition 5.10. Let (X, d) be a metric space and let S C X. The interior of
S is defined to be
int(S) = |J U.

Ucs

U open
Since the union of open subsets is always open, int(S) is an open subset
of X and it is the largest open subset of X which is contained in S in the
sense that any open subset of X which is contained in S is in fact contained
in int(S). If x € int(S) we say that = is an interior point of S. One can
also phrase this in terms of neighborhoods: the interior of S is the set of all
points in S for which S is a neighbourhood.

Example 5.11. If S = [a,}] is a closed interval in R then its interior is just
the open interval (a, b). If we take S = Q C R then int(Q) = 0.

We now show that the topology given by a metric is sufficient to charac-
terize continuity.

Proposition 5.12. Let X and Y be metric spaces and let f: X — Y be a function.
If a € X then f is continuous at a if and only if for every neighbourhood N C
Y of f(a), the preimage f~*(N) is a neighbourhood of a € X. Moreover, f is
continuous on all of X if and only if for each open subset U of Y, its preimage
f7HU) is open in X.

10This is similar to how a sequence in a space X is actually a function a: N — X, but we
usually write a,, rather than a(n).
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Proof. First suppose that f is continuous at a, and let IV be a neighhourhood
of f(a). Then we may find an ¢ > 0 such that B(f(a),e) € N. Since f
is continuous at a, there is a § > 0 such that B(z,8) C f~Y(B(f(a),¢)) C
f7HU). Tt follows f~1(N) is a neighbourhood of a as required. Conversely,
if e > 0 is given, then certainly B(f(a),¢) is a neighbourhood of f(a), so
that f~1(B(f(a),e€)) is a neighbourhood of a, hence there is a § > 0 such
that B(a,d) C f~Y(B(f(a),¢)), and thus f is continuous at a as required.
Now if f is continuous on all of X, since a set is open if and only if it is a
neighbourhood of each of its points, it follows from the above that f~1(U)
is an open subset of X for any open subset U of Y. For the converse, note
that if @ € X is any point of X and ¢ > 0 is given then the open ball
B(f(a),e€) is an open subset of Y, hence f~1(B(f(a),¢)) is open in X, and
in particular is a neighbourhood of @ € X. But then thereisa § > 0 such
that B(a,8) C f~Y(B(f(a),e)), hence f is continuous at a as required.
]

Example 5.13. Notice that this Proposition gives us a way of producing
many examples of open sets: if f: R® — R is any continuous function
and a,b € R are real numbers with a < bthen {v € R" : a < f(z) < b} =
f~Y((a,b))is open in R". Thus for example {(z,y) € R? : 1 < 22%+3zy < 2}
is an open subset of the plane.

Exercise 5.14. Use the characterization of continuity in terms of open sets

to show that the composition of continuous functions is continuous.

Remark 5.15. The previous Proposition 5.12 shows, perhaps surprisingly,
that we actually need somewhat less than a metric on a set X to understand
what continuity means: we only need the topology induced by the metric
on the set X. In particular any two metrics which give the same topology
give the same notion of continuity. This motivates the following, perhaps
rather abstract-seeming, definition.

Definition 5.16. If X is a set, a topology on X is a collection of subsets 7
of X, known as the open subsets which satisfy the conclusion of Lemma 5.6.
That is,
(1) If {U; : i € I} arein T then | J;.; U;isin 7. In particular () is an open
subset.
(2) If I is finite and {U; : i € I} are in T, then (),c;U; isin 7. In
particular X is an open subset of X.
A topological space is a pair (X, Tx) consisting of a set X and a choice of
topology Tx on X.

Motivated by Proposition 5.12, if f: X — Y is a function between two
topological spaces (X, 7x) and (Y,7y) we say that f is continuous if for
every open subset U € Ty we have f~1(U) € Tx, thatis, f~}(U) is an open
subset of X.

UThis is easy, the point is just to check you see how easy it is!
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Remark 5.17. There are a variety of ways of stating the axioms for a topol-
ogy. They are often phrased by stating separately that X and () are open.
For example the Topology course choses the axioms:

(1) The sets X and () are open.
(2) If U and V are open, then U NV is open.
(3) If I is any indexing set and {U; : i € I} are a collection of open sets
in X then | J,.; U; is open.
In this articulation of the axioms, the the condition that ) is open is redun-
dant'?, while the condition that Nicr Ui is open for finite indexing sets 1
follows from axioms 1) and 2) using induction.

The properties of a metric space which we can express in terms of open
sets can equally be expressed in terms of their complements, which are
known as closed sets. It is useful to have both formulations (as we will show,
the formulation of continuity in terms of closed sets is closer to that given
by convergence of sequences rather than the e-0 definition).

Definition 5.18. If (X, d) is a metric space, then a subset F' C X is said to
be a closed subset of X if its complement F*“ = X'\ F' is an open subset.

Remark 5.19. It is important to note that the property of being closed is not
the property of not being open! In a metric space, it is possible for a subset
to be open, closed, both or neither: In R the set R is open and closed, the
set (0,1) is open and not closed, the set [0, 1] is closed and not open while
the set (0, 1] is neither.

The following lemma follows easily from Lemma 5.6 by using DeMor-
gan’s Laws.

Lemma 5.20. Let (X, d) be a metric space and let {F; : i € I} be a collection of
closed subsets.

(1) The intersection (\,c; F; is a closed subset. In particular X is a closed
subset of X.

(2) If Iis finite then | J,.; F; is closed. In particular the empty set () is a closed
subset of X.

Moreover, if f: X — Y is a function between two metric spaces X and Y then f
is continuous if and only if f~1(Q) is closed for every closed subset G C Y.

Proof. The properties of closed sets follow immediately from DeMorgan'’s
law, while the characteriszation of continuity follows from the fact that if
G C Yisany subsetof Y wehave f~1(G®) = (f~1(Q))¢, thatis, X\ f~}(G) =
FNG). =

12This is not necessarily a terrible thing, for example in giving the axioms for a group,
one can require the existence of a two-sided identity and of two-sided inverses, or just the
existence of a left-identity and left-inverses. Although the two-sided version is contains
redundant stipulations it is nevertheless the most commonly used one.
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Lemma 5.21. If (X, d) is a metric space then any closed ball B(a,r) for r > 0 is
a closed set. In particular, singleton sets are closed.

Proof. We must show that X\ B(a, ) isopen. Ify € X\B(a,) thend(a, y) >
r,so that e = d(a,y) — r > 0. But then if z € B(y, ¢) we have

d(a,z) > d(a,y) —d(z,y) > d(a,y) —e=r,

so that z ¢ B(a,r). It follows that B(y,¢) € X\B(a,r) and so X\B(a,r) is
open as required. O

The relation between closed sets and convergent sequences mentioned
at the beginning of this section arises through the notion of a limit point
which we now define.

Definition 5.22. If (X, d) is a metric space and Z C X is any subset, then we
say apoint a € X is a limit point if for any € > 0 we have (B(a,€)\{a})NZ #
(. If a € Z and a is not a limit point of Z we say that a is an isolated point
of Z. The set of limit points of Z is denoted Z’. Notice that if Z; C Z5 are
subsets of X then it follows immediately from the definition that Z; C Z,.

Example 5.23. If Z = (0,1] U {2} C R then 0 is a limit point of Z which
does not lie in Z, while 2 is an isolated point of Z because B(2,1/2)NZ =
(1.5,2.5)N Z = {2}.

If (z,,) is a sequence in (X, d) which converges to ¢ € X then {z,, : n € N}
is either empty or equal to {/}. (See the problem set.)

The term “limit point” is motivated by the following easy result:

Lemma 5.24. If S is a subset of a metric space (X, d) then x € S’ if and only if
there is a sequence in S\{xz} converging to x.

Proof. If z is a limit point then for each n € N we may pick z, € B(z,1/n)N
(S\{z}). Then clearly z,, — = as n — oo as required. Conversely if (z,) is
a sequence in S\{z} converging to x and § > 0 is given, thereisan N € N
such that z, € B(z,d) for all n > N. It follows that B(z,d) N (S\{z}) is
nonempty as required. ]

The fact that a subset of a metric space is closed can be characterized in
terms of limit points (and hence in terms of convergent seqeunces):

The fact that any intersection of closed subsets is closed has an important
consequence — given any subset S of a metric space (X, d) there is a unique
smallest closed set which contains S.

Definition 5.25. Let (X, d) be a metric space and let S C X. Then the set

S= () &,
GDS
G closed

is the closure of S. It is closed because it is the intersection of closed subsets
of X and is the smallest closed set containing S in the sense that if G is any
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closed set containing S then G contains S. If S C Y C X we say that S is
densein Y if Y C S. (Thus every point of Y lies in S or is a limit point of S.)

Example 5.26. The rationals Q are a dense subset of R, as is the set {5 :
a € Z,n € N}.

Definition 5.27. The notions of closure and interior also allow us to define
the boundary 0S of a subset S of a metric space to be S\int(.5).

Proposition 5.28. Let (X, d) be a metric space and let S C X. Then
Sus =8.

In particular, a subset S is closed if and only if S" C S, i.e. if and only if S contains
all of its limit points.

Proof. LetY = SUS’. Since S C S, certainly S’ C (5)/, and as S is closed, by
Lemma ??, (S)’ C S. Hence Y C S. To see the opposite inclusion, suppose
that a ¢ Y. Then there is a ¢ > 0 such that B(a,d) NS = . It follows that
S C B(a, )¢ and thus since B(a, §)¢ is closed, S C B(a, §)¢, and so certainly

a ¢ S. It follows S C Y and hence S =Y are required.
(]

Remark 5.29. If Z C X is an arbitrary subset you can check that (Z')" C 7,
that is, the limit points of Z’ are limit points of Z. It then follows from
Proposition 5.28 that Z’ is closed, since it contains its limit points.

Exercise 5.30. Show thatif S C X and a € X, thena € S if and only if there
is a sequence (z,) in S with z,, — a.

Solution: First suppose that (z,) is a sequence in S and z, — yasn —
o0o. Let M = {n € N : x, # y}. If M is infinite then the corresponding
subsequence (z,,)nen lies in S\ {y} and clearly converges to y, so thaty € 5’
by Lemma 5.24. If M is finite, then z,, = y for infinitely many n so certainly
y € S. Conversely, if y € S then by Proposition 5.28, either y € Sory € 5.
If y € S we may take the constant sequence z,, = y while if y,, € S’\ S then
we are again done by Lemma 5.24.

Example 5.31. In general, it need not be the case that B(a,r) is the closure
of B(a,r). Since we have seen that B(a,r) is closed, it is always true that
B(a,r) C B(a,r) but the containment can be proper. As a (perhaps silly-
seeming) example take any set X with at least two elements equipped with
the discrete metric. Then if x € X we have {z} = B(z,1) is an open set
consisting of the single point {z}. Since singletons are always closed we
see that B(z,1) = B(x,1) = {z}. On the other hand B(x,1) = X the entire
set, which is strictly larger than {z} by assumption.

Remark 5.32. Combining the above characterization of closed sets in terms
of limit points and the characterization of continuity in terms of closed sets
we can give yet another description of continuity for a function f: X — Y
between metric spaces: If Z C Y is a subset of ¥ which contains all its
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limit points then so does f~1(Z). Yet another characterization can be given
using the notion of the closure of a set, namely that a function f: X — Y
is continuous if and only if for any subset Z C X we have f(Z) C f(Z). It
is easy to relate this to the definition of continuity in terms of convergent

sequences.

6. SUBSPACES OF METRIC SPACES

If (X, d) is a metric space, then as we noted before, any subset Y C X is
automatically also a metric space since the distance function d: X x X —
R restricts to a distance function on Y. The set Y thus has a topology
given by this metric. In this section we show that this topology is easy to
describe in terms of the topology on X. The key to this description is the
simple observation that the open balls in Y are just the intersection of the
open balls in X with Y. For clarity, for y € Y C X we will write

By(y,r)={z€Y :d(z,y) <r}
for the open ball about y of radius r in ¥ and
Bx(y,r)={x € X : d(z,y) <r}
for the open ball of radius r about y in X. Thus By (y,r) =Y N Bx(y,r).

Lemma 6.1. If (X, d) is a metric space and Y C X then a subset U C Y is an
open subset of Y if and only if there is an open subset V of X such that U = V' NY.
Similarly a subset Z C Y is a closed subset of Y if and only if there is a closed
subset F' of X suchthat Z = FNY.

Proof. If U =Y NV where V isopenin X and y € U then thereisa é > 0
such that Bx(y,d) € V. But then By (y,0) = Bx(y,0)NY CVNY =U
and so U is a neighhourbood of each of its points as required. On the other
hand, if U is an open subset of Y then for each y € U we may pick an open
ball By (y,é,) C U. It follows that U = {J,c; By (v, dy). But then if we set
V' =U,ecv Bx(y,dy) it is immediate that V is openin X and V NY = U as
required.

The corresponding result for closed sets follows readily: F'is closed in Y’
if and only if Y\ F' is open in Y which by the above happens if and only if it
equals Y NV for some open set in X. But this is equivalent to F =Y N V¢,
the intersection of Y with the closed set V°. O

Remark 6.2. The lemma shows that the topology on X determines the topol-
ogy on the subspace Y C X directly. It is easy to see that if (X,7) is an
abstract topological space and Y C X then the collection 7y = {UNY :
U € T} is a topology on Y which is called the subspace topology.

Remark 6.3. It is important here to note that the property of being open or
closed is a relative one — it depends on which metric space you are working
in. Thus for example if (X, d) is a metric space and Y C X then Y is always
open viewed as a subset of itself (since the whole space is always an open
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subset) but it of course need not be an open subset of X! For example, [0, 1]
is not open in R but it is an open subset of itself.

Example 6.4. Let’s consider a more interesting example: Let X = R and let
Y =[0,1] U [2,3]. As a subset of Y the set [0, 1] is both open and closed. To
see that it is open, note that if = € [0, 1] then

By (2,1/2) = Ba(z,1/2)NY = (z — %,x—i— %) A (0,1]U[2,3])
(o é,“ %)m 0,1]  [0,1],

Similarly we see that By (x,1/2) C [2,3]if z € [2, 3] so that [2, 3] is also open
in Y. It follows [0, 1] is both open and closed in Y (as is [2, 3]).

7. HOMEOMORPHISMS AND ISOMETRIES

If (X,d) and (Y, d) are metric spaces it is natural to ask when we wish to
consider X and Y equivalent. There is more than one way to answer this
question — the first, perhaps most obvious one, is the following:

Definition 7.1. A function f: X — Y between metric spaces (X,dx) and
(Y, dy) is said to be an isometry if

dY(f(‘T)’f(y)) = dx(IE,y) Vz,y € X

An isometry is automatically injective. If there is a surjective (and hence
bijective) isometry between two metric spaces X and Y we say that X and
Y are isometric.

Example 7.2. Let X = R? (equipped with the Euclidean metric'® d). The
collection of all bijective isometries from X to itself forms a group, the isom-
etry group of the plane. Clearly the translations ¢, : R? — R? are isometries,
where v € R? and t,(z) = = + v. Similarly, if A € Maty(R) is an orthogonal
matrix, so that A’4A = I, then z — Az is an isometry: since ds(Az, Ay) =
|A(x) — A(y)|| = [|[A(z — y)|| it is enough to check that ||Az|| = ||z||, but this
is clear since ||Az||? = (Az).(Ar) = 2A'Ax = 212 = ||=|.

In fact these two kinds of isometries generate the full group of isometries.
If T: R? — R? is any isometry, let v = T(0). Then T} = t_, o T is an
isometry which fixes the origin. Thus it remains to show that any isometry
which fixes the origin is in fact linear. But you showed in Prelims Geometry
that any such isometry of R" must preserve the inner product (because
it preserves the norm and you can express the inner product in terms of
the norm). It follows such an isometry takes an orthonormal basis to an
orthonormal basis, from which linearity readily follows. (Note that this
argument works just as well in R".)

BUnless it is explicitly stated otherwise, we will always take R™ to be a metric space
equipped with the d2 metric.
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Example 7.3. Let S = {z € R""! : |z||2 = 1} be the n-sphere (so S is a
circle and S? is the usual sphere). Clearly O,,11(R) acts by isometries on S™.
In fact you can show that Isom(S™) = O,,41(R). To prove this one needs to
show that any isometry of S™ extends to an isometry of R"™! which fixes
the origin.

We have already seen that on R" the metrics d;, d2, d~, although differ-
ent, induce the same notion of convergence and continuity'* . The notion
of isometry is thus in some sense too rigid a notion of equivalence if these
are the notions we are primarily interested in. A weaker, but often more
useful, notion of equivalence is the following:

Definition 7.4. Let f: X — Y be a continuous function between metric
spaces X and Y. We say that f is a homeomorphism if there is a continuous
function g: Y — X such that f o g = idy and go f = idx. If there is
a homeomorphism between two metric spaces X and Y we say they are
homeomorphic.

Remark 7.5. Note that the definition implies that f is bijective as a map of
sets but it is 10t true in general'® that a continuous bijection is necessarily
a homeomorphism. To see this, consider the spaces X = [0,1) U [2, 3] and
Y = [0, 2]. Then the function f: X — Y given by
| ifz €10,1)
)= {x— 1, ifzel23]
is a bijection and is clearly continuous. Its inverse g: ¥ — X is however

not continuous at 1 — the one-sided limits of g as x tends to 1 from above
and below are 1 and 2 respectively.

Example 7.6. The closed disk B(0, 1) of radius 1 in R? is homoemorphic to
the square [—1, 1] x [—1, 1]. The easiest way to see this is inscribe the disk
in the square and stretch the disk radially out to the square. One can write
explicit formulas for this in the four quarters of the disk given by the lines
x £y = 0 to check this does indeed give a homeomorphism.

The open interval (—1, 1) is homeomorphic to R: an explicit homeomor-
phism is given by f(x) = z/(1 — |z|), which has inverse g(z) = /(1 + |z|).
It follows (using translation and scaling maps) that any open interval is
homeomorphic to R. Similarly, the function h(z) = 1/x shows that (0, 1)
and (1, co) are homeomorphic, and from this one can see that the spaces R,
(a,b), (—o0,a) and (a, 00) are all homeomorphic for any a,b € Rwitha < b.

U There is actually a slightly subtle point here — to know that (R",d;) and (R",d2) are
not isometric we would need to show that there is no bijective map a: R — R" such that
da(a(z), a(y)) = di(z,y) forall z,y € R™.

This is unlike the examples you have seen in algebra — the inverse of a bijective linear
map is automatically linear, and the inverse of a bijective group homomorphism is automat-
ically a homomorphism. Similarly, the inverse of a bijective isometry is also an isometry.
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8. COMPLETENESS

One of the important notions in Prelims analysis was that of a Cauchy
sequence. This is a notion, like convergence, which makes sense in any
metric space.

Definition 8.1. Let (X, d) be a metric space. A sequence (z,) in X is said
to be a Cauchy sequence if, for any e > 0, there is an N € N such that
d(xpn,zm) < eforalln,m > N.

The following lemma establishes basic properties of Cauchy sequences
in an arbitrary metric space which you saw before for real sequences.

Lemma 8.2. Let (X, d) be a metric space.

(1) If (xy,) is a convergent sequence then it is Cauchy.
(2) Any Cauchy sequence is bounded.

Proof. Suppose that x,, — £ as n — co and € > 0 is given. Then there is an
N € Nsuch that d(zp, ) < €¢/2 forall n > N. It follows that if n,m > N we
have
d(xp, Tm) < d(Tn,0) +d(l, xm) < €/2+€/2 =,

so that (z,,) is a Cauchy sequence as required.

If (x,,) is a Cauchy sequence, then taking ¢ = 1 in the definition, we see
that there is an N € N such that d(zy,, z,,) < 1 for all n,m > N. It follows
that if we set

M= max{l, d(xl,xN), d($2,$N), e ,d(acN_l, xN)}

then for all n € N we have z,, € B(xy, M) so that (z,) is bounded as
required. O

Part (1) of the lemma motivates the following definition:

Definition 8.3. A metric space (X, d) is said to be complete if every Cauchy
sequence in X converges.

Example 8.4. One of the main results in Analysis I was that R is complete,
and it is easy to deduce from this that R" is complete also (since a sequence
in R" converges if and only if each of its coordinates converge).

On the other hand, consider the metric space (0, 1]: The sequence (1/n)
converges in R (to 0) so the sequence is Cauchy in R and hence also in (0, 1],
however it does not converge in (0, 1].

The previous example suggests a connection between completeness and
closed sets. One precise statement of this form is the following;:

Lemma 8.5. Let (X,d) be a complete metric space and let Y C X. Then Y is
complete if and only if Y is a closed subset of X.

Proof. Note that if (x,) is a Cauchy sequence in Y then it is certainly a
Cauchy sequence in X. Since X is complete, (z,) converges in X, say
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xn — a asn — oo. Thus (z,) converges in Y precisely when a € Y. It fol-
lows that Y is complete if and only if it contains the limits of all sequences
() inY which converge in X. But Lemma 5.30 shows that the set of limits
of all sequences in Y is exactly Y, hence Y is complete if and only if Y C Y,
that is, if and only if Y is closed.

(]

Another useful consequence of completeness is that it guarantees certain
intersections of closed sets are non-empty:

Lemma 8.6. Let (X, d) be a complete metric space and suppose that Dy O Dy D
... form a nested sequence of non-empty closed sets in X with the property that
diam(Dy,) — 0as k — oo. Then there is a unique point w € X such that w € Dy,
forall k > 1.

Proof. For each k pick z; € Dj. Then since the Dy, are nested, 2z, € D for
all £ > [, and hence the assumption on the diameters ensures that (z;) is a
Cauchy sequence. Let w € X be its limit. Since Dy, is closed and contains
the subsequence (2,1 )n>0 it follows w € Dy, for each k > 1. To see that w is
unique, suppose that w’ € Dy, for all k. Then d(w, w") < diam(Dy,) and since
diam(Dy) — 0 as k — oo it follows d(w, w’) = 0 and hence w = w'. O

Remark 8.7. Notice that the property of a metric space being complete is not
preserved by homeomorphism — we have seen that (0, 1) is homeomorphic
to R but the former is not complete, while the latter is. This is because a
homeomorphism does not have to take Cauchy sequences to Cauchy se-
quences.

Example 8.8. Let Y = {z € C : |z| = 1}\{1}. Then Y is homeomorphic
to (0,1) via the map t — 2™, but their respective closures Y and [0, 1]
however are not homeomorphic. (We will seem a rigorous proof of this
later using the notion of connectedness.) The metric spaces Y and (0,1)
contain information about their closures in R? which is lost when we only
consider the topologies the metrics give: the space Y has Cauchy sequences
which don’t converge in Y, but these all converge to 1 € C, whereasin (0, 1)
there are two kinds of Cauchy sequences which do not converge in (0,1)
— the ones converging to 0 and the ones converging to 1. The point here
is that given two Cauchy sequences we can detect if they converge to the
same limit without knowing what that the limit actually is: (zy) and (y;)
converge to the same limit if for all ¢ > 0 there is an NV € N such that
d(zp,yn) < € forall n > N. Using this idea one can define what is called
the completion of a metric space (X, d): this is a complete metric space (Y, d)
such which X embeds isometrically into as a dense'® subset. For example,
the real numbers R are the completion of Q.

Many naturally arising metric spaces are complete. We now give a im-
portant family of such: recall that if X is any set, the space B(X') of bounded

16¢hat is, Y is the closure of X.
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real-valued functions on X is normed vector space where if f € B(X) we
define its norm to be || f||oc = sup,ex |f(x)].

Theorem 8.9. Let X be a set. The normed vector space (B(X), ||.||) is complete.

Proof. Let (fn)n>1 be a Cauchy sequence in B(X). Then we have for each
reX
() = fm(@)] < | fn = finlloo = 0,

as n,m — oo. It follows that the sequence (f,,(z)) is a Cauchy sequence of
real numbers and hence since R is complete it converges to a real number.
Thus we may define a function f: X — R by setting f(z) = lim, o fn ().

We claim f,, — f in B(X). Note that this requires us to show both that
f € B(X) and f,, — f with respect to the norm ||.||«. To check these both
hold, fix € > 0. Since (f,) is Cauchy, we may find an N € N such that
| fn— finlloo < € foralln,m > N. Thus we have forallz € X and n,m > N

(@) = fm(@)| < \fn = finll <e
But now letting n — oo we see that for any m > N we have | f(x)— f(2)] <
e for all € X. But then for any such m we certainly have f — f,, € B(X)
sothat' f = f, +(f — fm) € B(X),and since || f — fm|loo < € forallm > N
it follows f,,, = f as m — oo as required.
U

As we already observed, if X is also a metric space then we can also
consider the space of bounded continuous functions C,(X) on X. This is
a normed subspace of B(X), and the following theorem is a generalization
of the result you saw last year showing that a uniform limit of continuous
functions is continuous (the proof is essentially the same also).

Theorem 8.10. Let (X, d) be a metric space. The space Cy(X) is a complete
normed vector space.

Proof. Since we have shown in Theorem 8.9 that B(X) is complete, by Lemma
8.5 we must show that C,(X) is a closed subset of B(X). Let (f,) be a
Cauchy sequence of bounded continuous functions on X. By Theorem 8.9
this sequence converges to a bounded function f: X — R. We must show
that f is continuous. Suppose that a € X and let € > 0. Then since f, — f
there is an N € N such that ||f — fu|lec < €/3 for all n > N. Moreover,
if we fix n > N then since f, is continuous, there is a 6 > 0 such that

| fn(z) — fu(a)| < €/3 forall z € B(a,d). But then for x € B(a, ) we have

[f(z) = fla)] < [f(x) = fu(@)| + | fu(2) = fula)| + [fn(a) = f(a)]
<€/3+¢€/3+¢€/3=c¢

It follows that f is continuous at a, and since a was arbitrary, f is a contin-
uous function as required.
O

17Recall from Lemma 3.8 that B (X) is a vector space!
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Remark 8.11. If X and Y are metric spaces, as we saw in Example 2.12, one
can also consider the space B(X,Y) of bounded functions from X to Y,
that is, functions f: X — Y such that f(X) is a bounded subset of Y, along
with its subspace Cy(X,Y’) of bounded continuous functions. These are
no longer normed vector spaces, but they are both complete metric spaces
provided Y is, as you are asked to show in the second problem sheet.

Lemma 8.12. (“Weierstrass M-test”): Let X be a metric space. Suppose that ( f,,)
is a sequence in Cy(X) and (M,)n>0 is a sequence of non-negative real numbers
such that || folle < My for all n € Zxg and - My, exists. Then the series

> w0 fn converges in Cp(X).

Proof. Let S,, = Z/ivzo /1 be the sequence of partial sums. Since we know
Cy(X) is complete, it suffices to prove that the sequence (S),)m>0 is Cauchy.
But if n < m then we have

1Sm = Sall < D Il < > My,

k=n+1 k=n+1

and since ), -, M}, converges, thesum ) ;" ., M tends to zero as m,n —
00 as required. O

Finally, we conclude this section with a theorem which is extremely use-
ful, and is a natural generalization of a result you saw last year in construc-
tive mathematics. We first need some terminology:

Definition 8.13. Let (X,d) and (Y, d) be metric spaces and suppose that
f: X — Y. We say that f is a Lipschitz map (or is Lipschitz continuous) if
there is a constant K > 0 such that

d(f(x), f(y)) < Kd(z,y).

IfY = X and K € [0,1) then we say that f is a contraction mapping (or sim-
ply a contraction). Any Lipschitz map is continuous, and in fact uniformly
continuous, as is easy to check.

The reason for the restriction of the term contraction to maps from a
space to itself is the following theorem. The result is a broad generaliza-
tion of a result you saw before in the Constructive Mathematics course in
Prelims, which you will also see put to good use in the Differential Equa-
tions course this term.

Theorem 8.14. Let (X, d) be a nonempty complete metric space and suppose that
f:+ X — X isa contraction. Then f has a unique fixed point, that is, there is a
unique z € X such that f(z) = z.

Proof. If y1,y2 € X are such that f(y1) = y1 and f(y2) = y2 we have
d(y1,y2) = d(f(y1), f(y2)) < Kd(y1,y2) so that (1 — K)d(y1,y2) < 0. Since
K € [0,1) and the function d is nonnegative this is possible only if d(y, y2) =
0 and hence y; = y». It follows that f has at most one fixed point.
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To see that f has a fixed point, fix a € X and consider the sequence de-
fined by zp = a and z,, = f(z,—1) for n > 1. We claim that (z,,) converges
and that its limit z is the unique fixed point of f. Indeed if z,, — zasn — oo
then since f is continuous we have

f(z) = nh—>Holo flzn) = nh—{go Tpt+l = 2.

Thus z is indeed a fixed point. Thus it remains to show that (z,,) is conver-
gent. Since (X, d) is complete, we need only show that (z,) is Cauchy. To
see this this note first that for n > 1 we have d(zy,, 7,—1) < K" 1d(f(a),a)
(by induction). But then if n > m by the triangle inequality we have

AT, @) < Y ATy Tmgn—1) < dla, f(a)) K™ K
k=1 k=1
d(a, f(a))
< 1 K™
— 1 _ K Y
which clearly tends to 0 as n, m — oo. It follows (z,,) is a Cauchy sequence
as required. O

Remark 8.15. This theorem is important not just for the statement, but be-
cause the proof shows us how to find the fixed point! (Or rather, at least
how to approximate it). The sequence (z,) in the proof converges to the
fixed point, and in fact does so quickly — if we start with an initial guess a,
and z is the actual fixed point, then d(z,,, z) < K".d(a, 2).

Remark 8.16. It is worth checking to what extent the hypotheses of the the-
orem are necessary. One might think of a weaker notion of contraction, for
example: if f: X — X has the property that d(f(z), f(y)) < d(z,y) for all
z,y € X then it is easy to see that f has at most one fixed point, but the
example f: [1,00) — [1,00) where f(x) = x + 1/x shows that such a map
need not have any fixed points.

The requirement that X is complete is also clearly necessary: if f: (0,1) —
(0,1) is given by f(x) = x/2 clearly f is a contraction, but f has no fixed
points in (0, 1).

9. CONNECTED SETS

In this section we try to understand what makes a space “connected”.
There are in fact more than one approaches one can take to this question.
We will consider two, and show that for reasonably nice spaces the two
notions in fact coincide'®.

The first definition we make tries to capture the fact that the space should
not “fall apart” into separate pieces. Since we can always write a space with
more than one element as a disjoint union of two subsets, we must take

181 particular, for the open subsets of the complex plane which are the sets we will be
most interested in for second part of the course, the two notions will coincide, but both
characterizations of connectedness will be useful.
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into account the metric, or at least the topology, of our space in making a
definition.

Example 9.1. Let X = [0,1] and let A = [0,1/2) and B = [1/2,1]. Then
clearly X = A U B so that X can be divided into two disjoint subsets.
However, the point 1/2 € B has points in A arbitrarily close to it, which,
intuitively speaking, is why it is “glued” to A.

This suggests that we might say that a decomposition of metric space X
into two subsets A and B might legitimately show X to be disconnected if
no point of A was a limit point of B and vice versa. This is precisely the
content of our definition.

Definition 9.2. Suppose that (X,d) is a metric space. We say that X is
disconnected if we can write X = U UV where U and V are nonempty
open subsets of X and U NV = (). We say that X is connected if it is not
disconnected.

Note that if X = U UV and U and V are both open and disjoint, then
U = V¢is also closed, as is V. Thus U and V' also contain all of their limit
points, so that no limit point of A lies in B and vice versa.

Remark 9.3. Note that if (X, d) is a metric space and A C X, then the condi-
tion that A is connected can be rewritten as follows: if U,V are open in X
and UNV N A= 0then whenever ACU UV ,either ACUorACYV.

As the previous remark shows, there are a few ways of expressing the
above definition which are all readily seen to be equivalent. We record the
most common in the following lemma.

Lemma 9.4. Let (X, d) be a metric space. The following are equivalent.

(1) X is connected.
(2) If f: X — {0,1} is a continuous function then f is constant.
(3) The only subsets of X which are both open and closed are X and .

(Here the set {0, 1} is viewed as a metric space via its embedding in R, or equiva-
lently with the discrete metric.)

Proof. (1) <= (2): Let f: X — {0,1} be a continuous function. Then
since the singleton sets {0} and {1} are both open in {0, 1} each of f~1(0)
and f~1(1) are open subsets of X which are clearly disjoint. It follows if
X is connected then one must be the empty set, and hence f is constant as
required. Conversely, if X is not connected then we may write X = AU B
where A and B are nonempty disjoint open sets. But then the function
f: X — {0,1} which is 1 on A and 0 on B is non-constant and by the
characterization of continuity in terms of open sets, f is clearly continuous.

(1) < (3): If X is disconnected then we may write X = A U B where
A and B are disjoint nonempty open sets. But then A° = B so that A is
closed (asis B = A°) so that A and B proper sets of X which are both open
and closed. Conversely, if A is a proper subset of X which is closed and
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open then A€ is also a proper subset which is both closed and open so that
the decomposition X = A U A° shows that X is disconnected. O

Example 9.5. If X = [0,1] U [2,3] C R then we have seen that both [0, 1]
and [2,3] are open in X, hence since X is their disjoint union, X is not
connected.

Lemma 9.6. Let (X, d) be a metric space.

i) Let {A; : i € I} be a collection of connected subsets of X such that
Nicr Ai # 0. Then J,c; Aj is connected.
i1) If A C X is connected then if B is such that A C B C A, the set B is also
connected.
iii) If f: X — Y is continuous and A C X is connected then f(A) C Y is
connected.

Proof. For the first part, suppose that f: (J;c; A — {0,1} is continuous.
We must show that f is constant. Pick zg € [);c; 4i. Thenif 2z € (J;c; As
there is some i for which € A;. But then the restriction of f to A; is
constant since A; is connected, so that f(z) = f(xg) as x, z¢g € A4;. But since
x was arbitrary, it follows that f is constant as required.

For the second part, consider B such that A C B C A, and suppose that
B C UUV where U and V are openin X and UNV N B = (). Then certainly
ACUUVand ANUNV ={,sothat A C U or A C V. By symmetry we
may assume A C U. But then A C V°since ANU NV = () and since V° is
closed B C A C V¢, and hence B C U, hence B is connected.

For the final part, note that since f is continuous, if f(A) C U UV for
Uand V openinY with U NV N f(A) = 0, then A C f~YU) U f~L(V),
FFHO)YN Y V)N A =0and f~Y(U), f1(V) are open in X. Since A is
connected it must lie entirely in one of f~}(U) or f~*(V) and hence f(A)
must lie entirely in U or V" as required. O

Remark 9.7. Notice that iii) in the previous Lemma implies that if X and
Y are homeomorphic, they if X is connected so is Y, and vice versa. Note
also that ¢ii) allows us to generalize the characterization of connectedness
in terms of functions to the set {0,1}. We say that a metric (or topologi-
cal) space is discrete if every point is an open set. It is easy to see that the
connected subsets of a discrete metric space are precisely the singleton sets,
thus any continuous function from a connected set to a discrete set must be
constant. This applies for example to sets such as N and Z, which will be
very useful for us later in the course.

Definition 9.8. Part i) of Lemma 9.6 has an important consequence: if
(X, d) is a metric space and zy € X, then the set of connected subsets of
X which contain z is closed under unions, that is, if {C; : ¢ € I} is any col-
lection of connected subsets containing x then | J,.; C; is again a connected
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subset containing xo. This means that

Cyy = U o

C'CX connected,
zoeC

is the largest19 connected subset of X which contains xg, in the sense that

any connected subset of X which contains x( lies in C,,. It is called the
connected component of X containing xo. The space X is the disjoint union
of its connected components.

9.1. Connected sets in R.
Proposition 9.9. The real line R is connected.

Proof. Let U and V be open subsets of R such thatR = UUV and UNV = 0.
Suppose for the sake of a contradiction that both U and V' are non-empty
so that we may pick z € U and y € V. By symmetry we may assume that
x < y (since U NV = () we cannot have z = y). Since [z,y] is bounded
andz € U, if welet S = {z € [z,y] : 2 € U}, then ¢ = sup(9) exists, and
certainly ¢ € [z,y]. If ¢ € U then ¢ # y and as U is open there is some ¢; > 0
such that B(c,e1) C U. Thus if we set 6 = min{e1/2,(y — ¢)/2} > 0 we
have ¢+ ¢ € U N [z, y] contradicting the fact that c is an upper bound for S.
Similarly if ¢ € V then there is an e > 0 such that B(c, ez) C V. But then
) =(c—e2,cNU D (c—e2,c]NS,so that ¢ — € is an upper bound for S,
contradiction the fact that c is the least upper bound of S. It follows that
one of U or V is the empty set as required. O

Corollary 9.10. The real line R, every half-line (a, ), (—o0, a), [a, 00) or (—o0, a
and any interval are all connected subsets of R.

Proof. The previous proposition establishes that R is connected, and since
we say in Example 7.6 that every open interval (a,b) or open half-line
(a,0), (—00,a) is homeomorphic to R they are also connected. The re-
maining cases the follow from part i7) of Lemma 9.6. O

Exercise 9.11. Show that any interval or half-line is homeomorphic to one
of [0,1],]0,1) or (0,1).

Lemma 9.12. Suppose that A C R is a connected set. Then A is either R, an
interval, or a half-line. Thus these are precisely the connected subsets of R.

Proof. Suppose that z,y € A and z < y. We claim that [z,y] C A. Indeed if
this is not the case then there is some ¢ with < ¢ < y and ¢ ¢ A. But then
A= (AN (—o00,c)) U((AN(c,00)) so that A is not connected.

This is the analogous to the definition of the interior of a subset S of X, which is the
largest open subset of X contained in S.
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If we let sup(A) = +o0 if A is not bounded above and inf(A) = —co if A
is not bounded below, then by the approximation property it follows that

(inf(4),sup(4)) = | J [r:9] € 4
z,y€A
<y
so that A is an interval or half-line as required. (The inf(A) and sup(A) may
or may not lie in 4, leading to open, closed, or half-open intervals and open
or closed half-lines.) O

Proposition 9.13. (Intermediate Value Theorem.) Let f: [a,b] — R be a contin-
uous function. Then the image of f is an interval in R. In particular, f takes every
value between f(a) and f(b).

Proof. Since [a, b] is connected, its image must be connected, and hence by
the above it is an interval. The in particular claim follows. O

Remark 9.14. Note that for the Intermediate Value Theorem we only needed
to know that [a, b] was connected and that a connected subset A of R has
the property that if z < y lie in A then [z,y] C A.

9.2. Path connectedness. A quite different approach to connectedness might
start assuming that, whatever a connected set should be, the closed interval

should be one?’.

Definition 9.15. Let (X, d) be a metric space. A path in X is a continuous
function v: [a,b] — X where [a,b] is any non-empty closed interval. If
z,y € X then we say there is a path between z and y if there is a path
v: [a,b] — X such that y(a) = z and v(b) = y. We say that the metric
space X is path-connected if there is a path between any two points in X.
Note that since every closed interval [a, b] is homeomorphic to [0, 1] one can
equivalently require that paths are continuous functions v: [0,1] = X. In
the subsequent discussion we will, for convenience, impose this condition.

There are a number of useful operations on paths: Given two paths 71,72
in X such that (1) = ~2(0) we can form the concatenation 1 xy2 of the two
paths to be the path

Cf om@h, 0<t<1/2
71*72(t)_{y2(2t—1), 1/2<t<1

Finally, if v: [0,1] — X is a path, then the opposite path v~ is defined by
() = A(1—1).
Definition 9.16. There is a notion of path-component for a metric space: Let

us define a relation on points in X as follows: Say z ~ y if there is a path
from z to y in X. The constant path v(t) = z (for all t € [0, 1]) shows that

20since we’ve seen that the closed interval is connected according to our previous defi-
nition, it shouldn’t be too surprising that we will readily be able to see our second notion
of connectedness implies the first. The subtle point will be that it is actually in general a
strictly stronger condition.
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this relation is reflexive. If 7 is a path from x to y then v~ is a path from
y to x, so the relation is symmetric. Finally if ; is a path from = to y and
72 is a path from y to z then ~; % 75 is a path from x to z, so the relation is
transitive. It follows that ~ is an equivalence relation and its equivalence
classes, which partition X, are known as the path components of X.

We now relate the two notions of connectedness.

Proposition 9.17. Let (X, d) be a metric space. If X is path-connected then it is
connected. If X is an open subset of V where V' is a normed vector space, then X
is path-connected if it is connected.

Proof. Suppose that X is path-connected. To see X is connected we use the
characterization of connectedness in terms of functions to {0, 1}. Consider
such a function f: X — {0,1}. We wish to show that f is constant, that is,
we need to show thatif z,y € X then f(z) = f(y). But Z is path-connected,
so there is a path : [0,1] — X such that v(0) = = and 7(1) = y. But then
f oy is a continuous function from the connected set [0, 1] to {0, 1} so that
f o~y must be constant. But then f(x) = fo~(0) = fo~v(l) = f(y) as
required.

Now suppose that X is open in V where V is a normed vector space.
Let zg be a point in X and let P be its path component. Then if v € P,
since X is open, there is an open ball B(v,r) C Z. Given any point w in
B(v,r) we have the path 7,(t) = tw + (1 — t)v from v to w, and hence
concatenating a path from x( to v with v, we see that w lies in P. It follows
that B(v,r) C P so that P is open in V. But since X is the disjoint union of
its path components, it follows that if Z is connected it must have at most
one path-component and so is path-connected as required. g

Remark 9.18. Note that it is easy to see that if (X, d) is path-connected and
f+ X — Y is continuous, then the image of X under f is a path-connected
subset of Y: if y; = f(z1) and y2 = f(x2) are in the image of f, then if we
pick a path v: [0,1] — X from z; to x5 in X, clearly f o v is a path from y;
to y2 in f(X).

Example 9.19. In general it is not true that a connected set need be path-
connected. One reason the two notions differ is because, as well as being
connected, the closed interval is what is known as compact, a notion we will
examine shortly. One consequence of this is that if (X, d) is a metric space
and A C X is a path-connected subspace then A, the closure of A need not
be path-connected, despite the fact that we have already seen that it must
be connected.
Consider the subset A C R? given by

A= {(t,sin(1/t) : t € (0,1]}.

Since A is clearly the image of (0, 1] under a continuous map, it is a con-
nected subset of R?, and hence its closure A = A U ({0} x [~1,1]) is also
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connected. We claim however that A is not path-connected. To see infor-
mally why this is the case, suppose v: [0, 1] — R? has a path from (1, sin(1))
0 (0,1). Then the first and second coordinates z(¢) and y(¢) of v are con-
tinuous functions on a closed interval, so they are uniformly continuous.
By the intermediate value theorem x(¢) must take every value between 1
and 0, but then y(t) must oscillate between —1 and 1 infinitely often which
violates uniform continuity.

10. COMPACTNESS

One of the most fundamental theorems in Prelims Analysis was the Bolzano-
Weierstrass theorem on bounded sequences of real numbers. It is the key
technical ingredient in a number of the main theorems in the whole se-
quence — the completeness of the reals, the fact that a continuous function
on a closed interval is bounded and attains its bounds, the equivalence of
continuity and uniform continuity for functions on a closed interval all rely
on it.

In this section we study metric spaces in which the conclusion of the
Bolzano-Weierstrass theorem holds, and show that not only do many of
the results from Prelims which relied on the Bolanzo-Weierstrass theorem
extend to these metric spaces (which is perhaps unsurprising) but also that
the class of such spaces is quite rich — it includes for example all closed
bounded subsets of R" for any n.

Definition 10.1. Let (X, d) be a metric space. We say that X is (sequen-
tially*') compact if any sequence (x,),>1 in X contains a subsequence (2, )x>1
for which there exists an ¢ € X with z,,, — £ as k — oo.

Example 10.2. You saw last year that any bounded sequence of real num-
bers contains a convergent subsequence. This readily implies that any
closed interval [a,b] C R is compact: Indeed if (x,) is a sequence in [a, b]
then clearly it is bounded, so it contains a convergent subsequence (zy, ),
say xp, — ¢ as k — oo. But since limits preserve weak inequalities (or in
the language we have now developed, [a, D] is a closed subset of R and so
contains its limit points) we must have ¢ € [a, b] and hence [a, b] is compact.
It is also easy to see that (a, b], [a, b) and (a, b) are not compact when b > a:
Take (a, b] for example: a tail of the sequence (a + 1/n),>1 will lie in (a, b]
and any subsequence of it will converge to a ¢ (a,b] since (a + 1/n),>1
does, thus (a 4+ 1/n),>1 has no subsequence which converges in (a, b].

We now establish some basic properties of compact metric spaces:
Lemma 10.3. Let (X, d) be a metric space and suppose Z C X is a subspace.
(1) If Z is compact then Z is closed and bounded.

2IThe word “compact” is in general used for a notion which is discussed in Section 11.
For metric spaces the two notions are equivalent. [Aside: the two notions make sense for
arbitrary topological spaces, where they turn out not to be equivalent.]
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(2) If X is compact and Z is closed in X then Z is compact.

Proof. Suppose that Z is compact in X. If a € X is a limit point of Z then
there is a sequence (z,) in Z which converges to a. Since Z is compact,
the sequence (z,) has a subsequence (z,, ) which converges in Z. But since
the limit of a subsequence of a convergent sequence is just the limit of the
original sequence we have
a= lim z, = lim z,, € Z.
n—00 k—ro0

Thus Z contains all its limit points and hence Z is closed. Next suppose
that Z is unbounded in X. Then picking 2o € Z we may find z, € Z with
d(20, zn) > n for each n € N. But then if (2,,) had a convergent subsequence
(zn,) say zn, — b € Z then we would have d(z,,,20) > nx > k and also
d(2n,,20) — d(b, z0), which is a contradiction, since a convergent sequence
of real numbers must be bounded.

Now suppose that X is compact and Z is closed in X. Then if (z,) is a
sequence in Z, since X is compact it has a convergent subsequence (z,, )
tending to ¢ € X say. But then c is a limit point of Z and since Z is closed
c € Z,so that (z,) has a convergent subsequence in Z as required.

O

The next Lemma essentially shows that compactness, like connected-
ness, is a topological property:

Lemma 10.4. Let (X, d) and (Y, d) be metric spaces and suppose that f: X —
Y is continuous. Then if X is compact, f(X) is a compact subspace of Y. In
particular, if X is compact and f: X — R is continuous, then f is bounded and
attains its bounds.

Proof. Suppose that (y,) is a sequence in f(X) C Y. Then for each n we
may pick an z,, € X such that f(z,) = y,. Since X is compact the sequence
(xn) contains a convergent subsequence (z, ) say, with z,,, — a as k — oo
for some a € X. But then since f is continuous we have y,, = f(zp,) —
fla) € f(X) CY, so that (y,) has a convergent subsequence whose limit
lies in f(X) as required.

For the final sentence, note that f(X) is a compact subset of R and hence
by Lemma 10.3 it is closed and bounded. But this precisely means that the
image of f is bounded and attains its bounds as required. O

Remark 10.5. The previous Lemma also shows that compactness is a prop-
erty which is preserved by homoeomorphisms: If f: X — Y is a contin-
uous bijection with g: ¥ — X its continuous inverse, then if X is com-
pact f(X) = Y must be compact, while conversely if Y is compact then
X = ¢(Y) must be compact.

Theorem 10.6. Let f: X — Y be a continuous function and suppose that X is a
compact metric space. Then f is uniformly continuous.
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Proof. Suppose for the sake of a contradiction that f is not uniformly con-
tinuous. Then there exists some ¢ > 0 such that for each n € N we may
find ay,b, € X such that d(a,,b,) < 1/n but d(f(a,), f(bn)) > €. Now
since X is compact, (a,) contains a convergent subsequence, (ay, ) say, and
since d(an, , bn, ) < 1/n; < 1/k it follows limy_, o ap, = limg_,o by, = csay.
But since f is continuous at ¢ there is a 6 > 0 such that for all z € X with
d(c,z) < 0, we have d(f(c), f(z)) < €/2. As both (ay, ) and (b,, ) tend to ¢,
for all sufficiently large k we will have d(c, ay, ), d(c, by, ) < § and hence

€ < d(f(an), f(bn,)) < d(f(an,), f(c)) +d(f(c), f(bn,)) < €/2+€/2 <,

which is a contradiction. Thus f must be uniformly continuous as required.
O

10.1. Compactness and products: a generalization of the Bolzano-Weierstrass
theorem. Recall from Example 2.11 that if (X, dx) and (Y, dy) are metric
spaces then their Cartesian product X x Y can be equipped with a metric

by setting

d((z1,y1), (22, y2)) = max{d(z1,z2),d(y1,y2)}.

Example 10.7. Writing R" = R™ 1 x R this gives us an inductive definition
of a metric on R™. Check that the metric one obtains is the metric d,. Since
we know this metric is equivalent to the metrics d; and d» if we can charac-
terize the compact subsets of R" equipped with the metric d = d then we
also characterize the compact subsets of R"” with respect to either d; and d».

Using the above definition of a metric on products of metric spaces makes
the following result easy to check:

Lemma 10.8. Let X and Y be metric spaces. A sequence ((Tn,Yn)),>1 in X XY
converges if and only if (xy,) converges in X and (y,,) converges in Y.

Proof. Itis clear from the definitions that the projection maps px: X xY —
X and py : X xY — Y are continuous (in fact they are Lipschitz continuous
with Lipschitz constant 1). It follows that if (z,,, y,) converges in X xY then
() and (y,) must converge.

Conversely, if v, -+ a € X and y,, =+ b € Y then

d((xn, yn), (a,b)) = max{d(zy,a),d(yn,b)} — 0
as n — oo so that (xy, yn) — (a,b) as n — oo as required. O
Proposition 10.9. Let X and Y be compact metric spaces. Then X xY is compact.

Proof. Let (xy,yn) be a sequence in X x Y. As X is compact, the sequence
() in X has a convergent subsequence (z,, ), say =,, — a € X as k — oo.
But then consider the sequence (y,, ) in Y. Since Y is compact this in turn
has a convergent subsequence (yn,, )r>1,5ay yn, — b € Y. Butsince (zy, )
is a subsequence of z,, is also converges to a and hence by the previous
Lemma (xp, ,Yn, ) — (a,b) and (7,,y,) has a convergent subsequence as
required. O
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It is now easy to give a generalisation of the Bolzano-Weierstrass theo-
rem to R".

Theorem 10.10. (Bolzano-Weierstrass in R"). A subset X C R™ is compact if
and only if it is closed and bounded.

Proof. We have already seen in Lemma 10.3 that if X is compact in R" then
it must be closed and bounded, thus it remains to show that any such set
is compact. But if X is bounded then there is an R > 0 such that”? X C
B(0,R) = [-R, R|". Now by the Bolzano-Weierstrass theorem for R, any
closed interval such as [— R, R] is compact. But then using Proposition 10.9
and induction it follows readily that [—R, R]" is compact, but then again
by Lemma 10.3 it follows that X, being a closed subset of a compact metric
space, is compact as required. O

Remark 10.11. Note that in a general metric space X, a closed bounded
subset of X need not be compact. An example of this is given by taking
Cy(R) the normed space of continuous bounded functions on the real line
equipped with ||.||« the supremum metric. If we let

(2w, 0<t<1/
f(t)_{ 21 —1), 1/2<t<1

and set f,,(t) = f(t + n) the each f, is bounded and in fact has || fu[|c = 1,
so that they all lie in B(0,1). However, if n # m it is easy to see that
[|fn = fmlloo = 1, so that (f,) has no convergent subsequence and thus

B(0,1) is not compact, despite clearly being closed and bounded in C;(R).

10.2. Boundedness, completeness and compactness. In a general metric
space the property of being bounded is much weaker than one’s instincts
initially imagine. One can show for example that any metric space is home-
omorphic to a metric space which is bounded. There is however a property
stronger than boundedness which is often more useful:

Definition 10.12. A metric space X is said to be totally bounded if, given any
¢ > 0 there is a finite set {z1, 22, ..., 2, } in X such that X = |J;, B(wi,€).

Lemma 10.13. Let X be a compact metric space. Then X is totally bounded.

Proof. Suppose that » > 0 is given and that, for the sake of a contradiction,
no such set S exists. We claim there exists a sequence (a;) in X such that
d(a;,aj) > rforeveryi # j. Indeed suppose we have {ay, ..., a,} such that
d(a;,aj) > r whenever 1 < i # j < n (one can begin with the empty set).
Our assumption that the union of any finite collection of open r-balls can-
not cover X, implies that there must exist an a,,4+1 such that d(a,+1,a;) > r
for all 4, (1 < i < n), and hence we may construct the sequence (a;) induc-
tively as required. But any such sequence clearly cannot contain a conver-
gent subsequence, and hence we have a contradiction.

O

22Recall that the “open balls” in the doc metric are hypercubes.



METRIC SPACES AND COMPLEX ANALYSIS. 37

Proposition 10.14. Let X be a compact metric space. Then X is complete.

Proof. Suppose that (z,) is a Cauchy sequence in X. Since X is compact,
(xy,) has a convergent subsequence (x,, ) say, so that z,, - a € X ask —
oo. We claim that x,, — a as n — oo. Indeed given € > 0 there is some
N € N such that for all n,mm > N we have d(z,,z,) < €/2. Now since
Ty, — aas k — oo we may find a K such that d(z,,,a) < e/2forall k > K
and ng > N. But then if n > N we have

d(zp,a) < d(Tn, Tng) +d(Tn,,a) < €/2+€/2 =¢,
as required. O

Remark 10.15. We have shown that if X is a compact metric space then it is
complete and totally bounded. In fact any complete and totally bounded
metric space is compact as we will now show.

Lemma 10.16. Let X be a totally bounded metric space and suppose that (zy,) is
a sequence in X. Then (x,,) has a subsequence which is a Cauchy sequence.

Proof. Since X is totally bounded, for every n € Z>( there is a finite collec-
tion of open balls { B} : i € M,} each with radius 27" whose union is all
of X (thus the indexing set M, is finite). Since M, is finite, there is some
io € Mo such that Sy = {n € N : z,, € B]) } is infinite. Now suppose induc-
tively that Sy © S1 D ... D Sk_; have been chosen, each an infinite subset
of N with the property that for each j = 0,1,...,k — 1 there is an i; € M;
with z,, € ng for all n € S;. Thus all the x,,s with n € S; lie in an open ball

of radius 277. Then since S;_; is infinite and M}, is finite there is an i, € Ny,
such that
S = {TL €8Sp_1:xp € szk}

is infinite. Proceeding in this way* we get an infinite nested collection
of sequences of integers S = {n}¥ < n§ < ...} such that for each k,
(x,k)i>1 is a subsequence of (z,) which lies in Bfk, and hence the terms

of this subsequence are at distance at most 27" ! from each other. But then
the subsequence (yi) where y;, = 2, must be a Cauchy subsequence of
(2): If m > k then by construction all the terms y,,, = x,m are such that
n™ € S, C Sk and hence they are at distance at most 27¥*! apart from each
other and hence since 2%+ — 0 as k — oo it follows that (y;) is Cauchy as
required. O

Remark 10.17. The same “divide and conquer” proof strategy can be used
to prove that [-R, R]" is sequentially compact in R”, as you can find in
many textbooks. The additional subtlety of this proof is that we need an

23This part of the proof is similar to the argument we used to prove that a product of
compact metric spaces X x Y is compact. We need a new trick here however - the di-
agonal argument — to deal with the fact that now we obtain an infinite number of nested
subsequences.
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infinite nested sequence of subsequences, and hence have to use a version
of Cantor’s diagonal argument to finish the proof.

Corollary 10.18. A complete and totally bounded metric space X is compact.

Proof. By Lemma 10.16, any sequence (x,,) in X has a Cauchy subsequence.
Since X is complete, this subsequence converges, and hence X is compact
as required. O

11. COMPACTNESS AND OPEN SETS

We have already noted that compactness is a “topological property” of
metric spaces, in the sense that two metric spaces which are homeomorphic
have to either both be compact or both be non-compact. This might lead
one to consider if the notion of compactness can be expressed in terms of
open sets. In fact this is possible, though we wont quite prove the equiv-
alence of the definition we give in terms of open sets to the one we began
with in terms of convergence of subsequences?. For clarity in this section
we will refer to the notion of compactness given by the existence of con-
vergent subsequences as sequential compactness. The key definition is the
following;:

Definition 11.1. Let X be a metric space and & = {U; : i € I} a collection
of open subsets of X. We say that U/ is an open cover of X if X = J,;c; U;. If
J C Iis asubset such that X = J;.; U; = X then we say that {U; : i € J}
is a subcover of U and if |.J| < oo then we say that it is a finite subcover. Recall
that if Z is a subspace of a metric space X, then the open sets of Z are of
the form Z N U where U is an open subset of X. In this situation it is often
convenient to think of an open cover of Z as a collection i = {U; : i € I}
of open subsets of X whose union contains (but need not be equal to) the
subspace Z.

We can now give the definition of compactness in terms of open covers:

Definition 11.2. A metric space (X, d) is compact if every open cover U =
{U; : i € I} has a finite subcover.

For example, any finite subset of a metric space is compact. To have some
more non-trivial examples, we prove the following:

Proposition 11.3. (Heine-Borel.) The interval [a, b] is compact.

Proof. LetU = {U; : i € I} be an open cover of [a, b] (where we view the U;
as open subsets of R). Thenset S = {z € [a,}] : [a, 2] lies in a finite union of U;s}.
Then S is a non-empty subset of [a,b] (because a € S). Let ¢ = sup(95).
We may find a U;, € U such that ¢ € U;, and hence a § > 0 with (¢ —
d,¢+0) C U;,. Now by the approximation property there is a d € S with

240ne should be a little careful here — the two notions are equivalent for metric spaces,
but for general topological spaces they are distinct.
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¢ — 6 < d < ¢, and so there is a finite subset of I, say i1, ..., %y, such that
la,d] C U;; U...UU;,. But then clearly [a,c+0) C (U;, U...UU;,) UU,
so that [a,b] N [a,c + 0) C S, which contradicts the definition of ¢ unless
c = b € S. But then U has a finite subcover as required.

U

It is easy to prove that a closed subset of a compact metric space is com-
pact, which combined with the previous proposition shows that any closed
bounded subset of R is compact (note we have already see this for sequen-
tially compact subsets of R). The next Proposition shows compactness im-
plies sequential compactness, hence all the results we have shown for such
metric spaces also apply to compact metric space. We first need a technical
lemma.

Lemma 11.4. Let () be a sequence in a metric space X, and let A, = {zy : k >
n}. Then (x,,) has a convergent subsequence if and only if (>, An # 0.

Proof. Suppose (z,,) has a convergent subsequence (z, ), so that z,, —
¢ € X as k — oo. Then since for any m € N all terms of the subsequence
(Tny,,,, )k>1 liein A, it follows that £ € A,, for all m, so that the intersection
N,>1 An is non-empty.

Conversely, suppose that ¢ € (,~; A,. Then we claim there is a subse-
quence of (z,,) tending to ¢: Certainly since ¢ € A;, we may find an z,,, such
that d(zy,,a) < 1. Now suppose that n; < ng < ... < n; have been found
such that d(zy,, () < 1/j for each j with 1 < j < k. Then since { € A, 1
we may find an nyy > ny with d(z,_,,¢) < 1/(k + 1). This subsequence
(2n, ) clearly converges to ¢ so we are done. O

Proposition 11.5. Let (X, d) be a compact metric spaces. Then every sequence in
X has a convergent subsequence, that is, X is sequentially compact.

Proof. Suppose that (z,) is a sequence in X. For each n € Nlet 4,, = {z, :
k > n}. Then A; O Ay D ... form a nested sequence of non-empty closed
subsets of X. Now by Lemma 11.4 we know that (x,) has a convergent
subsequence if and only if (,,~, 4, is non-empty. Thus if we suppose for
the sake of contradiction that the sequence (z,,) has no convergent subse-
quence it follows that (,,»; A, = 0. But then if we let U, = X\ A4, we
have X = J,;~, Uy, so that {Un, : n > 1} is an open cover of X. However
U CUy C...and eachis a proper subset of X, thus this cover clearly has
no finite subcover, contradicting the assumption that X is compact. O

We end this section with a simple Lemma on compact sets which are
contained in an open subset of a metric space, which will be useful later in
the course:

Lemma 11.6. Let (X, d) be a metric space and suppose K C U C X where K is
compact and U is open. Then there is an € > 0 such that for any z € K we have
B(z,e) CU.
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Proof. Suppose for the sake of contradiction that no such € exists. Then for
each n € N we may find sequences z,, € K and y, € U¢ with |z, — y,| <
1/n. But since K is sequentially compact we can find a convergent subse-
quence of (z,), say (x,,) which converges to p € K. But then it follows
(yn,,) also converges to p, which is impossible since p € K C U while
(Yn,,) is a sequence in the U and as U¢ is closed it must contain all its limit
points. 0

Exercise 11.7. Use the technique of the proof of the previous Lemma to
show that if {2 is an open subset of R" then it can be written as a countable
union of compact subsets, Q = [ J;7 ; K.

11.1. Compactness and function spaces.

Definition 11.8. If X is a metric spaces and F is collection of real-valued
function on X, we say that F is equicontinuous if, for any ¢ > 0 there is
a d (which only depends on €) such that whenever d(z,y) < § we have
|f(x) — f(y)| < € forevery f € F. A collection of continuous functions F
on X is uniformly bounded if it is bounded as a subset of the normed vector
space (Cp(X), |[-[loo)-

Theorem 11.9. (Arzela-Ascoli): Let X be a compact metric space and let F C
C(X) be a collection of continuous functions on X which are equicontinuous and
uniformly bounded. Then any sequence (f,) in F contains a subsequence ( fy, )
which converges uniformly on X.

Proof. To prove the theorem it suffices to check that F is totally bounded in
C(X), since then the completeness of C(X) implies that F is complete and
totally bounded® and hence compact.

Thus we must show that F is totally bounded. Suppose that ¢ > 0 is
given. Then since F is equicontinuous we know that there is a § > 0 such
that if z,y € X are such that d(z,y) < 0 then |f(z) — f(y)| < €/6. Now
X is compact and hence totally bounded, so that we may find a finite set
{z1,22,...,2,} € X such that X = |J_, B(z;,6). Now since F is uni-
formly bounded, there is some N > 0 such that f(X) C [-N, N] for each
f € F. Pick an integer M > 0 so that 2N/M < ¢/6 and divide [-N, N]
into M equal parts I;, 1 < j < M. Let A denote the set of nM functions
a:{1,...,n} = {1,..., M} and for each such «, pick a function f, € F (if
it exists) such that f(x;) € I,(;). We claim that the open balls B( f,, €) cover
F as a runs over those functions « for which f, exists.?

Indeed suppose that f € F. Then foreach i € {1,2,...,n} we must have
f(z;) € I;) forsome a: A. Consider d(f, fo) (Which exists by assumption).
For each z € X then there is some ¢ € {1,2,...,n} such that z € B(x;,0).

Dltisa straight-forward exercise to check that if A is a totally bounded subspace of a
metric space X then A is also totally bounded.
261 may be helpful to draw a picture in the case X = [a, b].
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Thus
d(f(z), fa(@)) < d(f(2), f(zi)) + d(f (i), fa(z:)) + d(fa(2i), fa(x)
<€/6+ Loyl +¢€/6 < €/2.

Since this holds for all € X it follows that || f — fa|lcc < €/2 < € and hence
f € B(fa,e€). Thus F is totally bounded as required.
(]

Remark 11.10. The previous theorem implies closed bounded equicontinu-
ous subsets of C(X) are compact. In fact the converse is also true. Since
a compact subspace F of any metric space is automatically closed and
bounded, one only needs to show that F is equicontinuous. To prove this
one uses the that if 7 is compact subset then it is totally bounded, com-
bined with the fact that since X is compact any f € C(X) is uniformly
continuous.

Remark 11.11. The are various ways to generalise the above theorem to
spaces X which are not compact. For example, if €2 is an open subset of
R", one can show that () can be written as a countable union €2 = UZO:1 K,
where each K, is a closed bounded subset of 2 and then deduce that if (f,,)
is a sequence in an equicontinuous uniformly bounded family of functions
F C Cn(Q), there is a subsequence ( f,,, ) which converges uniformly on any
compact subset of (2.
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12. THE COMPLEX PLANE: TOPOLOGY AND GEOMETRY.

For the rest of the course we will study functions on C the complex plane,
focusing on those which satisfy the complex analogue of differentiability.
We will thus need the notions of convergence and limits which C possesses
because it is a metric space (in fact normed vector space).

In this regard, the complex plane is just R? and we have seen that there
are a number of norms on R? which give us the same notion of convergence
(and open sets). The additional structure of multiplication which we equip
R? with when we view it as the complex plane however, makes it natural
to prefer the Euclidean one |z| = /(Re(2)% + Im(z)2. More explicitly, if
z = (a,b) and w = (c,d) are vectors in R?, then we define their product to
be

z.w = (ac — bd,ad + be).

It is straight-forward, though a bit tedious, to check that this defines an
associative, commutative multiplication on R2 such that every non-zero
element has a multiplicative inverse: if 2 = (a,b) # (0,0) has 271 =
(a,—b)/(a® + b*). The number (1,0) is the multiplicative identity (and so is
denoted 1) while (0, 1) is denoted i (or j if you're an engineer) and satisfies
i? = —1. Since (1,0) and (0, 1) form a basis for R* we may write any com-
plex number z uniquely in the form a +ib where a,b € R. We refer to a and
b as the real and imaginary parts of z, and denote them by R(z) and 3(z) or

Re(z) and Im(z) respectively.

Definition 12.1. If z = (a, b) we write zZ = (a, —b) for the complex conjugate of
z. Itis easy to check that Zw = z.w and z + w = Z + w. The Euclidean norm
on R? is related to the multiplication of complex numbers by the formula
|z] = v/2Z, which moreover makes it clear that |zw| = |z||w|. (We call such
a norm multiplicative). If z # 0 then we will also write arg(z) € R/27Z for
the angle ~z makes with the positive half of the real axis.

Because subsets of the complex plane can have a much richer structure
than subsets of the real line, the topological material we developped in the
first half of the course will be indespensible in understanding complex dif-
ferentiable functions. We will need the notions of completeness, compact-
ness, and connectedness, along with the basic notions of open and closed
sets.

Definition 12.2. A connected open subset D of the complex plane will be
called a domain. As we have already seen, an open set in C is connected if
and only if it is path-connected.

We will also use the notations of closure, interior and boundary of a sub-
set of the complex plane. The diameter diam(X) of a set X is sup{|z — w| :
z,w € X}. A setis bounded if and only if it has finite diameter. Recall that
the Heine-Borel theorem in the case of R? ensures that a subset X C C is
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compact (that is, every open covering has a finite subcover) if and only if it
is closed and bounded.

Definition 12.3. Because the complex numbers form a field, we can, for a
function f: U — C defined on some subset U C C which is a neighbour-
hood of a € U, define the (complex) derivative of f at a to be

i £ = (@)

z—a z—a
exactly as in the real variable case. We say that f is complex differentiable at
a, and if f is complex differentiable at every a € U then we say that f is

holomorphic on U.

It is straight-forward to check from this definition that the basic results
about real derivatives, such as the product rule and quotient rule, carry
over to the complex setting — the proofs are identical to the real case (except
|.| means the modulus of a complex number rather than the absolute value
of a real number).

Proposition 12.4. Let U be an open subset of C and let f, g be complex-valued
functions on U.
(1) If £, g are differentiable at zo € U then f + g and fg are differentiable at
20 with

(f+9)(20) = f'(20) + ¢'(20);  (f-9)'(20) = f'(20)-9(20) + f(20)-9'(20).

(2) If f, g are differentiable at zy and g(zy) # 0 and ¢'(z0) # O then f/g is
differentiable at zo with

f'(20)9(20) — f(20)9'(20)
g'(20)? '

(3) If U and V are open subsets of Cand f: V — U and g: U — C where
[ is complex differentiable at zo € V and g is complex differentiable at
f(20) € U then g o f is complex differentiable at zy with

(go f)/(zo) = g/(f(Zo))-f/(Zo)-

Proof. These are proved in exactly the same way as they are for a function
of a single real variable. O

(f/9)"(20) =

Remark 12.5. Just as for a single real variable, the basic rules of differentia-
tion stated above allow one to check that polynomial functions are differen-
tiable: Using the product rule and induction one sees that 2" has derivative
nz""! for all n > 0 (as a constant obviously has derivative 0). Then by
linearity it follows every polynomial is differentiable.



44 KEVIN MCGERTY.

13. THE EXTENDED COMPLEX PLANE

In this section we introduce the extended complex plane. As a set, the
extended complex plane C, is simply the complex plane union a single ad-
ditional point denoted co. Although we cannot extend the algebraic prop-
erties of the complex plane” to C.,, we will be able to extend its topological
and analytic properties. To understand the metric/topological structure of
Cs we will use a construction from real geometry, while to understand
what it should mean for a function on C, to be differentiable, we will use
complex geometry.

Example 13.1. We start with a simpler example which is the real analogue
of the above approaches to construct an “extended real line”: We wish to
build a natural space which added a point at infinity to the real line R. If we
embed the real line into the plane as the set R of points {(1,¢) : ¢ € R}, then
clearly every line through the origin (0, 0) intersects R in a unique point,
except for the y-axis, which is parallel to R. Thus the set of lines in the
plane R? naturally adds a “point at infinity” to the real line. Now any line
L through the origin is spanned by any of its nonzero elements, and we can
use this to give ourselves parametrizations of part of the space of all lines:
So long as L is not the y-axis, it has a unique element of the form (1,¢),
and so long as it is not the z-axis it has a unique point with coordinates
(s,1). This gives us two systems of parametrizations (both defined almost
everywhere) attaching L to ¢ or s, and the two parametrizations are related
(where they are both defined) by s = 1/t.

Alternatively, if one draws the circle tangent to the y-axis and the line
R, one sees that each line through the origin intersects that circle in two
points, the origin and one other, except for the y-axis. Thus we can natu-
rally identify the lines in the plane (and so our extended real line) with a
circle.

[Alternatively, another slightly more abstract way to see that the space of lines
through the origin is a circle, is to note that any line intersects the unit circle in
two opposite points, thus we can identify the space of lines in R? with the space
we obtain by identifying opposite points. This might sound abstract, but if you
consider the restriction to the unit circle of the map z — 22 on R? (identified as
C), it sends opposite points on the circle to the same point, so this shows the space
we get is just a circle again!]

Let us now examine how similar ideas will let us construct the extended
complex plane C.,. We begin with the analogue of the circle construction,
which is known as the Riemann sphere.

13.1. Stereographic projection. LetS? = {(z,y,2) € R? : 22 +¢y% +22 =1}
be the unit sphere of radius 1 centred at the origin in R?, and view the
complex plane as the copy of R? inside R? given by the plane {(z,y,0) €

27Though it is sometimes useful to have conventions such as z + co = oo



METRIC SPACES AND COMPLEX ANALYSIS. 45
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N

FIGURE 1. The extended real line.

R3 : 2,y € R}. Let N be the “north pole” N = (0,0, 1) of the sphere S?.
Given a point z € C, there is a unique line passing through N and z, which
intersects S\{/V} in a point S(z). This map gives a bijection between C
and S\{N}. Indeed, explicitly, if (X,Y,Z) € S\{N} then it corresponds
to?®® 2 € C where z = z + iy with 2z = X/(1 — Z) and y = Y/(1 — Z).
Correspondingly, given z = x + iy € C we have

S(2) = ( 2 2y :c2+y2—1)
Z) =
22+ 24+ 122+ 2+ 122 +y2 4+ 1
(13.1) .
— 2
= m(m(z)ﬂ%(z), 2" = 1).

Thus if we set S(co) = N, then we get a bijection between C,, and S?,
and we use this identification to make C, into a metric space (and thus we
obtain a notion of continuity for C,): As a subset of R? equipped with the
Euclidean metric S? is naturally a metric space.

28Any point on the line between N and (X,Y, Z) can be written as ¢(0,0,1) + (1 —
t)(X,Y, Z) for some ¢ € R. It is then easy to calculate where this line intersects the plane
given by the equation z = 0.
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Lemma 13.2. The metric induced on C, by S is given by

20z — 2
= |z — vl d(z,00) =
VI 2P+ w]?

d(z,w)

forany z,w € C.

Proof. First consider the case where z,w € C. Since S(z), S(w) € S? we see
that ||S(z) — S(w)||* = 2 — 25(2).S(w). But using (13.1) we see that

2(zw + zw) + (|2* = D(Jw|* - 1)
(14 (212 + |w]?)
2(zw + Zw) + 2Zww — 2Z —ww + 1
(141220 + [w]?)
2|z — w|?
(14213 (A + |w]?)

S(2).8(w) =

—1-

so that
4]z — w|?
(1 + 121+ |w?)

as required. The case where one or both of z, w is equal to oo is similar but
easier. O

d2(S(2), S(w))* =

Remark 13.3. Note that in particular, S(z) tends to N = (0,0, 1) if and only
if |z| = oo, thus our notation z — oo now takes on a literal meaning, con-
sistent with its previous definition. One way we can use this is as follows:
If we take f(2) = 1/z defined on C\{0} and extend it to a map f: C — Cu
by setting f(0) = oo, then £ is a continuous function on the entire complex
plane.

The geometry of the sphere nicely unites lines and circles in the plane as
the following Lemma shows:

Lemma 13.4. The map S: C — S induces a bijection between lines in C and
circles in S which contain N, and a bijection between circles in C and circles in S
not containing N.

Proof. A circle in S is given by the intersection of S with a plane H. Any
plane H in R? is given by an equation of the form aX + bY + ¢Z = d, and
H intersects S provided a? + b? + ¢ > d?. Indeed to see this note that H
intersects the sphere in a circle if and only if its distance to the origin is less
than 1. Since the closest vector to the origin on H is perpendicular to the
plane it is a scalar multiple of (a, b, ¢), so it must be m(a, b, c), hence
H is at distance d?/(a? + b* + ¢?) from the origin and the result follows.
Moreover, clearly H contains N if and only if ¢ = d.
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FIGURE 2. The stereographic projection map.

Now from the explicit formulas for S we see that if z = = + iy then S(z)
lies on this plane if and only if

2ax + 2by + c(x? +y* — 1) =d(z* +y* + 1)
—= (c—d)(@* +y*) + 2ax +2by — (c+d) =0

Clearly if ¢ = d this is the equation of a line, while conversely if ¢ # d it is
the equation of a circle in the plane. Indeed if ¢ # d, we can normalize and
insist that ¢ — d = 1, whence our equation becomes

(13.2) (z+a)?+y+b)2=(>+b*+c+d)

that is, the circle with centre (—a, —b) and radius va? + b> + ¢+ d. Note
that the condition the plane intersected S becomes the condition that a? +
b? 4+ ¢+ d > 0, that is, exactly the condition that Equation (13.2) has a non-
empty solution set.

To complete the proof, we need to show that all circles and lines in C are
given by the form of the above equation. When ¢ = d we get 2(az+by—c) =
0, and clearly the equation of every line can be put into this form. When

¢ # d as before assume ¢ — d = 1, then letting a, b, c + d vary freely we see
that we can obtain circle in the plane as required. O

13.2. The projective line. Our second approach to the extended complex
plane is via the projective line P!: this is, as a set, simply the collection

47



48 KEVIN MCGERTY.

of one-dimensional subspaces of C2. Although we cannot readily draw a
picture of these as we could in the real case, the same analysis we did in
that setting extends to the complex one: If e1, e5 denote the standard basis
of C? then we have two subsets of P!, each naturally in bijection with C. If
we set Uy = P!\C.e; and U; = P'\Cey, then we have maps ig, ioo: C — P*
given by ip(z) = C.(ze1 + e2) and i (2) = C.(e; + zez) whose images are
Up and U; respectively. Given a nonzero vector (z,w) € C? we will write
[z,w] € P! for the line it spans. (The numbers z,w are often called the
homogeneous coordinates of [z, w]. They are only defined up to simultaneous
rescaling.)

Thus P! is covered by two pieces Uy and U,, whose union is all of P!. We
can use this to make P! a topological space: we say that V is an open subset
of P! if and only if V' N Uy and V N Uy are identified with open subsets
of C via the bijections 7y and i1 respectively. It is a good exercise to check
that this does indeed define a topology on P! (in which both Uy and Us, are
open, since C and C\{0} are open in C. We however will take a more direct
approach: Note that we can identify P! with C, using the map ig: C — P*
extending it to C, by sending oo to Ce; and we can thus transport the
metric on C,, (Which of course we obtained in turn from our identification
on Co, with S?) to that on P!. Perhaps surprisingly, this metric has a natural
expression in terms of the Hermitian form (-,-) on C? as the next Lemma
shows:

Lemma 13.5. The metric induced on P! by its identification with Co, is given by

[{v, w)|?

d(Ly, Ly) =241 — S22/
[[0]][|w]?

where v € L1\{0} and w € Ly \{0}.

Proof. Suppose L1 = [z,1] and Ly = [w, 1]. Then the formula in the state-
ment of the Lemma gives

d(Ly, L) :2\/1 : |20 + 1|

L4 [2[2)(1 + [w?)

1 212 + w2 + 22l — |22ul? — 20— 2w —1
=2 2 2
(14 [2[*) (1 + [w]?)

_y |z — w|? B 2|z — w|
A+ 2P+ 0P JTE Py F P
The case when Ly = oo = Ce; is similar but easier. O

One advantage of thinking of C, as the projective line is that we can use
the charts Uy and U, to define what it means for a function f on C, to be
holomorphic:
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Definition 13.6. Suppose that f: W — P! is a continuous function on an
open subset W of P!, and let L € W. Suppose that L € U, and f(L) € U,
where p, g € {0,00}. Then f~1(U,)NU, is an open setin U,, C P!, which via
ip (or rather its inverse) we can identify with an open subset V' of C, and
its image under f lies in U, which we can identify with C via i, '. Thus f

yields a continuous function f: V — C, where f = iyt o foi,and we say
f is holomorphic at L if f is holomorphic at i,(z) = L.

_ !
/ 1(Uq) NUy—=Up

G
f
VCcco C
Since most points in P! lie in both Uy and U, the above definition seems
ambiguous. In fact, where there is a choice, it does not matter what which
of Up or Uy, you pick. This is because iy 0 ino(2) = ix) 0ig(z) = 1/2 for all
z € C\{0} and the function 1/z is complex differentiable with complex dif-
ferentiable inverse (itself!) on C\{0}. This fact and the chain rule combine
to show that the definition is independent of any choices. The essential
point is that if f(z) is complex differentiable, then so are f(1/z),1/f(z) and
1/f(1/z) wherever they are defined.

Example 13.7. Consider the example of f(z) = 1/(22+ 1) viewed as a func-
tion f: C = Uy — P!, where we extend it to a function on all of C by con-
tinuity, so that f(0) = co. We claim that f is in fact complex differentiable.
To check this near 0 we must write f(z) in the form [1 : fo(z)] and check if
foo is complex diffentiable. For z # 0, by definition f(z) = [1/(z* + 1) : 1],
thus since [1/(2? + 1) : 1] = [1 : 2% + 1] we see that function f(2) = 2% + 1
which is clearly complex differentiable at z = 0 as required.

You can check using this definition that a holomorphic function f: C —
P! are precisely the meromorphic functions, and with a bit more work show
that the holomorphic functions f which are defined on all of P! are exactly
the set of rational functions.

Recall that we have identified C, with the projective line P!. The general
linear group GL2(C) acts on C? in the natural way, and this induces an
action on the set of lines in C. We thus get an action of GL2(C) on P!, and
so on the extended complex plane. Explicitly, if v = (z1,22)" spans a line
L = C.v thenif g € GLy(C) is given by a matrix

= 3

az1 + bzo
cz1+dz )’

we see that

g(L) = C.g(v) = C (
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In particular, using our embedding iy: C — P! we see that
. z az+b aztb . az+b
g(ip(2)) =C.g <1> C. (cz n d) C. ( ] > Zo(cz n d).

Note that f(—d/c) = co and f(o0) = a/c, as is easily checked using the
fact that oo = [1: 0] € PL.

Definition 13.8. The induced maps z — ZZZIS from the extended com-

plex plane to itself are known as Mobius maps or Mobius transformations.
Since they come from the action of GL2(C) on P! they automatically form
a group. Note this means that every Mobius transformation is a bijection
of the extended complex plane to itself, and moreover its inverse is also a
Mobius transformation. In particular, since rational functions on C yield
holomorphic functions on C, every Mobius transformation gives an in-
vertible holomorphic function on C.

az+b
Mob = {f(z) = czj——d :ad — be # 0}.
Note that if we rescale a, b, ¢, d by the same (nonzero) scalar, then we get
the same transformation. In group theoretic terms, the map from GL3(C)
to Mob has a kernel, the scalar matrices, thus Mob is a quotient group of
GL3(C). As a quotient group it is usually denoted PGL(C) the projective
general linear group.

Any Mobius transformation can be understood as a composition of a
small collection of simpler transformations, as we will now show. This
can be useful because it allows us to prove certain results about all Mobius
transformations by checking them for the simple transformations.

Definition 13.9. A transformation of the form z — az where a # 0 is called
a dilation. A transformation of the form z — z + b is called a translation. The
transformation z — 1/z is called inversion. Note that these are all Mobius
transformations, and the inverse of a dilation is a dilation, the inverse of
a translation is a translation, while inversion is an involution and so is its
own inverse.

Lemma 13.10. Any Mobius transformation can be written as a composition of
dilations, translations and an inversion.

Proof. Let G denote the set of all Mobius transformations which can be ob-
tained as compositions of dilations, translations and inversions. The set
G is a subgroup of Mob. We wish to show it is the full group of Mobius
transformations.

First note that any transformation of the form z — az+bis a composition
of the dilation z — az and the translation z — z + b. Moreover, if f(z) =
az+b j5 3 Mobius transformation and ¢ = 0 then f(z) = (a/d)z + (b/d) (note

cz+d
if c = 0 then ad — bc # 0 implies d # 0) and so is a composition of a dilation
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and a translation. If ¢ # 0 then we have

az+b (a/c)(cz+d)+ (b—da/c) a 1
13. = =-+(b-d :
(133) cz+d cz+d c+( /a)cz+d
Now z — ﬁ is the composition of an inversion with the map z — cz +d,

and so lies in G. But then by equation (13.3) we have f(z) is a composition
of this map with a dilation and a translation, and so f lies in G. Since f was
an arbitrary transformation with ¢ # 0 it follows G = Mob as required. O

Remark 13.11. The subgroup of Mob generated by translations and dilations
is the group of C-linear affine transformations Aff(C) = {f(z) = az + b :
a # 0} of the complex plane. It is the stablizer of co in Mob.

Remark 13.12. One should compare the statement of the previous Lemma
with the theory or reduced row echelon form in Linear Algebra: any invert-
ible 2 x 2 matrix will have the identity matrix as its reduced row echelon
form, and the elementary row operations correspond essentially to the sim-
ple transformations which generate the Mobius group. This can be used to
give an alternative proof of the Lemma.

As an example of how we can use this result to study Mobius transfor-
mations, we prove the following:

Lemma 13.13. Let f: Cooc — Cu be a Mobius transformation. Then f takes
circles to circles. (Here we view Co, as S? so that by Lemma 13.4 a circle in C, is
a line or a circle in C).

Proof. Since a line in C is given by the equation 3(az) = s where s € R and
|a| = 1, while a circle is given by the equation |z —a| = r fora € C, r € Ry,
it is easy to check that any dilation or translation takes a line to a line and a
circle to a circle.

The case of z — 1/z is more interesting. One way to show it preserves
lines and circles is to use the fact that these are both just circles viewed on
the Riemann sphere. A direct calculation shows that the map z — 1/z =
z/|z|? corresponds to the map (z,y, z) — (x, —y, —z), which is just the rota-
tion by m about the z-axis, which is an isometry and so certainly preserves
circles on unit sphere.

U

Exercise 13.14. Let a,b € C be distinct complex numbers and let £ € (0, 1].
Then the locus of complex numbers satisfying |z — a| = k.|z — b| is a line if
k =1 and is a circle otherwise.

Solution: Let f(z) = (z — a)/(z — b). Since a # b this is a Mobius map. The
condition that |z —a| = k|z—b| isjust that | f(z)| = k, thus the locus of points
satisfying this condition is the image of the circle of radius k centred at the
origin under the Mobius map f~!(2) = (az—b)/(z—1). Since we have seen
Mobius maps take lines and circles to lines and circles, this image must be
a line or a circle. Since f~1(1) = oo, the image is a circle if k¥ < 1 and a line
ifk=1.
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14. COMPLEX DIFFERENTIABILITY AND THE CAUCHY-RIEMANN
EQUATIONS

We begin by recalling one way of defining the derivative of a real-valued
function:

Definition 14.1. Suppose that £ C Rand f: £ — Ris a function. If F is a
neighbourhood of zy € R then we say that f is differentiable at z if there
is a real number « such that for all x € E we have

f(l‘) = f(l"o) + Oé(l‘ — xo) + 6($)|x — 350’,
where €(z) — €(xp) = 0as ¢ — xg. If a exists it is unique and we write
a = f'().

Remark 14.2. Note that rearranging the above equation we have, for z #

a, e(z)] = |% — a/, thus the condition that e(x) — 0 as 2 — a is
equivalent to lim,_,, %{1(“) = «. This also shows the uniqueness of .

Note also that if £ is not a neighbourhood of a, then the above definition
still makes sense, but more precise terminology is often used. For example
if £ = [a,b] with a < b and we take zy = a then we say f has a right-hand
derivative at xq if limg_,(f(z) — f(a))/(x —a) exists as * — a with z € [a, b].

The above formulation of the definition of the derivative is a precise for-
mulation of the statement that a function is differentiable at a point a if
there is a “best linear approximation”, or tangent line, to f near z( — that is,
the function x — f(x) + f'(x0).(x — x0). (The condition that the error term
€(z)|x — zo| goes to zero faster than x tends to x( since ¢(z) also tends to
zero as x tends to x is the rigorous meaning given to the adjective “best”.)
This has the advantage that it generalizes immediately to many variables:

Definition 14.3. Suppose that E C R? is an open set, and f: E — R% Then
we say that f is differentiable at a € E if there is a linear map 7': R? — R?
such that

f(2) = f(a) + T(z —a) + e(z)|[z — a
where €(z) — €(a) = 0 as z — a. If such a map T exists it is unique, and we
denote it as D f(a) (or sometimes D f,. It is known as the total derivative® of
fata.

One can prove the uniqueness of D f, directly, but it is more illuminating
to understand the relation of « to the partial derivatives: If v € R? we define
the directional derivative of f at a in the direction v to be

avf(a) — hm f(a’ + t'U) B f(a’)7

t—0 t
(if this limit exists). When f is differentiable at a with derivative 7', then it
follows from the definitions that t~*(f(a+t.v) — f(a)) = T(v) L e(t.v)||v] —

PAs opposed to the partial derivatives.
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T'(v) ast — 0, so the directional derivative of f at a all exist. In particular if
z = (z,y) and we write f(z) = (u(x,y),v(z,y))) the directional derivatives
in the direction of the standard basis vectors e; and ey are just (0, u, 0,v)
and (0yu, dyv). Thus we see that if T" exists then its matrix with respect to
the standard basis is just given by

Oyu  Oyu

Ozv Oyv
that is the matrix of 7" is just the Jacobian matrix of the partial derivatives of f
(and hence the total derivative is uniquely determined, as asserted above).
We are now ready to define what it means for f: U — C a function on
an open subset U of C, to be complex differentiable: We simply require that

the linear map 7' is complex linear, or in other words, that 7" is given by
multiplication by a complex number f’(a):

Definition 14.4. A function f: U — C on an open subset U of C is complex
differentiable at a € U if there exists a complex number f/(a) such that

f(z) = f(a) + f'(a).(z — a) + €(2).|2 — al,

where as before ¢(z) — ¢(a) = 0as z — a.

Remark 14.5. If a function f: U — C onan open subset U of C is everywhere
complex differentiable on U we say it is holomorphic on U. We will use the
terms “complex differentiable” and “holomorphic” interchangeably. (The
term “analytic” is also commonly used, we will come back to that term
later.)

Since the standard basis corresponds to {1,i}, since (r + is)(z + iy) =
(re — sy) +i(sz + ry), the matrix of the linear map given by multiplication

by w = r + is is just
ros
-5 r

This gives us our first important result about complex differentiability:

Lemma 14.6. (Cauchy-Riemann equations): If U is an open subset of C and
f: U — C, then f is complex differentiable at a € U if and only if it is real-
differentiable and the partial derivatives satisfy the equations:

Op = Oyv, Oyv = —0yu.

Proof. This follows immediately from the definitions above. Note that it
also shows that the complex derivative satisfies f'(a) = 0, f = Oyu + i0zv
and f'(a) = 10, f = 1(dyu + i0yv). O
Remark 14.7. Since the operation of multiplication by a complex number w
is a composition of a rotation (by the argument of w) and a dilation (by the
modulus of w) the matrix of the corresponding linear map is, up to scalar,
a rotation matrix. The Cauchy-Riemann equations just capture this fact for
the matrix of the total (real) derivative of a complex differentiable function.
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A subtlety of real-differentiability in many variables is that it is possible
for the partial derivatives of a function to exist without the function being
differentiable in the sense of Definition 14.3. In most reasonable situations
however, the following theorem shows that this does not happen:

Theorem 14.8. Let U be an open subset of R?> and f: U — R% Let f have
components fi, fo so that f = (f1, f2)'. If, for i = 1,2, the partial derivatives
Oy fi, Oy fi exist and are continuous at zog € U then f is differentiable at z.

The proof of this (although it is not hard — one only needs the defini-
tions and the single-variable mean-value theorem) is not part of this course.
For completeness, a proof is given in the Appendix. Combining this the-
orem with the Cauchy-Riemann equations gives a criterion for complex-
differentiability:

Theorem 14.9. Suppose that U is an open subset of C and let f: U — C be a
function. If f is differentiable as a function of two real variables with continu-
ous partial derivatives satisfying the Cauchy-Riemann equations on U, then f is
complex differentiable on U.

Proof. Since the partial derivatives are continuous, Theorem 14.8 shows
that f is differentiable as a function of two real variables, with total de-
rivative given by the matrix of partial derivatives. If f also satisfies the
Cauchy-Riemann equations, then by Lemma 14.6 it follows it is complex
differentiable as required. O

Example 14.10. The previous theorem allows us to show that the complex
logarithm is a holomorphic function — up to the issue that we cannot define
it continuously on the whole complex plane! The function z — e* is not
injective, since e*™?"™ = ¢* for all n € Z thus it cannot have an inverse
defined on all of C. However, since e ™% = e%(cos(y) + isin(y)), it follows
that if we pick a ray through the origin, say B = {z € C: (2) = 0, R(2) <
0}, then we may define Log: C\B — C by setting Log(z) = log(|z|) + i0
where 6 € (—,7] is the argument of z. Clearly e"°%(*) = 2, while Log(e?)
differs from z by an integer multiple of 2.

We claim that Log is complex differentiable: To show this we use Theo-

rem 14.9. Indeed the function L(z,y) = (log(\/2? + y?),0) = (L1, L2) has

£ 4
Sy ST

Yy x
8xL2:_x2+y2’ 8yL2:$2+y2.

where in calculating the partial derivatives of Ly we used that it is equal to
arctan(y/x) in (—n/2,7/2) (and one can similarly use other inverse trigon-
metric functions in the rest of the complex plane). Examining the formulae
we see that the partial derivatives are all continuous, and obey the Cauchy-
Riemann equations, so that Log is indeed complex differentiable.



METRIC SPACES AND COMPLEX ANALYSIS. 55

14.1. Harmonic functions. Recall that the two-dimensional Laplace oper-
ator A is the differential operator 92 + 85 (defined on functions f: R? — R
which are twice differentiable in the sense that their partial derivatives are
again differentiable). A function which is in the kernel of the Laplace oper-
ator is said to be harmonic, that is, a function v: D — R defined on an open
subset D of R? is harmonic if A(u) = d2u + dju = 0.

If we work over the complex numbers, then the Laplacian can be factor-
ized® as

A = (0p +10y)(0y — i0y) = (0 — 10y)(0x + i0y).

The two first-order differential operators 9, +i9, and 0, —i0, are closely re-
lated to the Cauchy-Riemann equations, as we now show, which yields an
important connection between complex-differentiable functions and har-
monic functions.

Definition 14.11. The Wirtinger (partial) derivatives are defined to be 0, =
%(61 —i0y) and 0z = %(3:;: + i0y). By the equation above, we have A =
40.0; = 40:0. (as operators on twice continuously differentiable func-
tions).

Remark 14.12. Notice that, as you study in Differential Equations, to obtain
D’Alembert’s solution to the one-dimensional wave equation, one factors
02 — 92 = (8, — 0)(0x + 9), and then performs the change of coordinates
n=xz+y,§ =z —y. Over the complex numbers, the above factorization of
A shows that we can analyze the Laplacian in a similar way.

Exercise 14.13. Show that if 7': C — C is any real linear map (that is, view-
ing C as R? we have T: R? — R? is a linear map) then there are unique
a,b € C such that T'(z) = az + bz. (Hint: note that the map z — az + bz is
R-linear. What matrix does it correspond to as a map from R? to itself?)

Lemma 14.14. Let U be an open subset of C and let f: U — C. Then f satisfies
the Cauchy-Riemann equations if and only if Oz f = 0.

Proof. Let f(z) = u(z) +iv(z) where u and v are real-valued. Then we have
Ozf = (0p +10y)(u + 1v) = (Opu — Oyv) + i(0gv + Oyu),
thus the result follows by taking real and imaginary parts. O

Corollary 14.15. Suppose that U is an open subset of Cand f: U — Cis complex
differentiable and f(z) = u(z) + tv(z) are its real and imaginary parts. If v and
v are twice continuously®® differentiable then they are harmonic on U. Moreover
any function g: U — R is harmonic if it is twice continuously differentiable and
0.(g) is complex differentiable.

3OActing on functions which are twice continuously differentiable, the two first order
factors commute.

31That is, all of their second partial deriviatives exist and are continuous.
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Proof. The previous Lemma shows that if f is complex differentiable then
0z f = 0. Since the Laplacian A is equal to 40,05 it follows that

AMR(S)) = R(A(S)) = R(409:9:(f)) = 0,

so that R(f) is harmonic. Similarly we find ( f) is harmonic. The final part
is also immediate from the fact that A = 40;0,. O

Remark 14.16. We will shortly see that if f = u+iv is complex differentiable
then it is in fact infinitely complex differentiable. Since we have seen that
fl=0.f = %Oy f it follows that v and v are in fact infinitely differentiable
so the condition in the previous lemma on the existence and continuity of
their second derivatives holds automatically. For a proof of the fact that the
mixed partial derivatives of a twice continuously differentiable function are
equal, see the Appendix.

Corollary 14.15 motivates the following definition:

Definition 14.17. If u: R? — R is a harmonic function, we say that v: R? —
R is a harmonic conjugate of u if f(z) = u + iv is holomorphic.

Notice that if « is harmonic, it is twice differentiable so that its partial
derivatives are continuously differentiable. It follows that a function v is a
harmonic conjugate precisely if the pair (u, v) satisfy the Cauchy-Riemann
equations. Thus provided we can integrate these equations to find v, a
harmonic conjugate will exist. We will show later that, at least when the
second partial derivatives are continuous, this can always been done locally
in the plane.

14.2. Power series. Another important family of examples are the func-
tions which arise from power series. We review here the main results about
complex power series which were proved in Analysis II last year:

Definition 14.18. Let (a;,)n>0 be a sequence of complex numbers. Then we
have an associated sequence of polynomials s, (2) = Y. 7_,arz". Let S be
the set on which this sequence converges pointwise, that is

S={zeC: li_>m sn(z) exists}.

Note that since s, (0) = ap wehave 0 € S so in particular S is nonempty. On
the set S, we can define a function s(z) = lim, s,(2) = Y 5, axz® which
we call a power series. We define the radius of convergence R of the power
series > ;- axz® to be sup{|z| : z € S} (or oo if S is unbounded).

By convention, given any sequence of complex numbers (c,,),>0 we write
S5 ck2” for the corresponding power series (even though it may be that
it converges only for z = 0).

We can give an explicit formula for the radius of convergence using the
notion of lim sup which we now recall:
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Definition 14.19. If (a,,),>0 is a sequence of real numbers, set s, = sup{ay, :
k> n} € RU{oo} (where we take s,, = oo if {ay : k > n} is not bounded
above). Then the sequence (s,,) is either constant and equal to co or eventu-
ally becomes a decreasing sequence of real numbers. In the first case we set
lim sup,, a,, = oo, whereas in the second case we set limsup,, a,, = lim,, sy,
(which is finite if (s,,) is bounded below, and equal to —oco otherwise).

Lemma 14.20. Let ) ;- ay.z" be a power series, let S be the subset of C on which
it converges and let R be its radius of convergence. Then we have

B(0,R) C S C B(0,R).

The series converges absolutely on B(0, R) and if 0 < r < R then it converges
uniformly on B(0,r). Moreover, we have

1/R = limsup |a,|"/".

Proof. Let L = limsup,, |a,|"/™ € [0, 00]. If L = 0 then the statement should
be understood to say that the radius of convergence R is oo, while if L = co
we take R = 0. These two cases are in fact similar but easier than the case
where L € (0,00), so we will only give the details for the case where L is
finite and positive. Let s, = sup{\ak\l/k : k > n}sothat L = lim, o Sp-

If 0 < s < 1/L we can find an € > 0 such that (L + €).s = r < 1. Thus
by definition, for sufficiently large n we have |a,|'/" < s,, < L + € so that if
|z| < s we have

lan|l2]" < [(L+€)lz[]" <77,
and hence by the comparison test, > 7 ;a,z" converges absolutely and
uniformly on B(0, s). It follows the power series converges everywhere in
B(0,1/L).

On the other hand, if |z| > 1/L we can find an ¢; > 0 such that |z|(L —
€1) = r > 1. But then for all £ we have s; > L since (s,,) is decreasing,
and hence by the approximation property for each £ we can find an ny, > k
with |a,, |'/™ > s —e; > L — e and hence |a,, 2™| > r*. Thus |a,,2"| has a
subsequence which does not tend to zero, so the series cannot converge. It
follows the radius of convergence of > ° ; a,z" is 1/L as claimed.

O

The next lemma is a relatively straight-forward consequence of standard
algebra of limits style results:

Lemma 14.21. Let s(z) = Y o2 ax2” and t(z) = 332, biz" be power series
with radii of convergence Ry and Ry respectively and let T = min{R;, Ra}.
(1) Let cn = D441y arbi, then the power series Y " c,2" has radius of
convergence at least T and if |z| < T we have
oo

Z 2" = s(2)t(2).

n=0
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Thus the product of power series is a power series.

(2) If s(2) and t(z) are as above, then >3 (a+by ) z* is a power series which
converges to s(z) + t(z) in B(0,T), thus the sum of power series is again
a power series.

Proof. This was established in Prelims Analysis II. Note that 7" is only a
lower bound for the radius of convergence in each case - it is easy to find
examples where the actual radius of convergence of the sum or product is
strictly larger than 7. O

The behaviour of a power series at its radius of convergence is in general
a rather complicated phenomenon. The following result, which we shall
not prove, gives some information however. Some of the ideas involved in
its proof are investigated in Problem Set 4.

Theorem 14.22. (Abel’s theorem:) Suppose that (ay) is a sequence of complex
numbers and Y7 an, exists. Then the series Y~ anz" converges for |z| < 1

and
o0 o
. n\
Ay (o) = S
1l

Proof. Note that since the series ) ° ) a,2" converges at z = 1 by assump-
tion, its radius of convergence is at least 1, so that the first statement holds.
For some idea of what goes into the proof of the second part, see the Prob-
lem sets. O

Proposition 14.23. Let 5(z) = > ,+, axz* be a power series, let S be the domain
on which it converges, and let R be its radius of convergence. Then power series
t(z) = 3.2 kagz*~1 also has radius of convergence R and on B(0, R) the power
series s is complex differentiable with s'(z) = t(z). In particular, it follows that a
power series is infinitely complex differentiable within its radius of convergence.

Proof. This is proved in Prelims Analysis II. An alternative proof is given in
Appendix II. O

Example 14.24. The previous Proposition gives us a large supply of com-
plex differentiable functions. For example,

x _n et ZQn et z2n+1

exp(z) = Z %7 COS(Z) = Z(—l)”m7 Sin(Z) = Z(_l)”ma

n=0 n=0 n=0

are all complex differentiable on the whole complex plane (since R = oo in
each case). Note that one can use the above theorem to show that cos(z)? +
sin(z)? = 1 for all z € C, but since sin(z) and cos(z) are not in general real,
this does not imply that |sin(z)| or | cos(z)| at most 1. (In fact it is easy to
check that they are both unbounded on C). Using what we have already
established about power series it is also easy to check that the complex
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sin function encompases both the real trigonometric and real hyperbolic
functions, indeed:

sin(a + ib) = sin(a) cosh(b) + i cos(a) sinh(b).

n

Example 14.25. Let s(z) = )", %-. Then s(z) has radius of convergence 1,
and in B(0,1) we have s'(z) = >">7 ;2" = 1/(1 — z), thus this power series
is a complex differentiable function which extends the function — log(1 — z)
on the interval (—1, 1) to the open disc B(0,1) C C. We will see later that
we will not be able to extend the function log to a complex differentiable
function on C\{0} — we will only be able to construct a “multi-valued”
extension.

Note that, slightly more generally, we can work with power series cen-
tred at an arbitrary point zg € C. Such power series are functions given by
an expression of the form

f(z) = Z an(z — 20)".
n>0

All the results we have shown above immediately extend to these more
general power series, since if
g(z) = Z anz",

n>0

then the function f is obtained from g simply by composing with the trans-
lation z — z — 2¢. In particular, the chain rule shows that

f'(z) = Z nap(z — zo)"*l.

n>1

15. BRANCH CUTS

It is often the case that we study a holomorphic function on a domain
D C C which does not extend to a function on the whole complex plane.

Example 15.1. Consider the square root “function” f(z) = z1/2. Unlike
the case of real numbers, every complex number has a square root, but just
as for the real numbers, there are two possiblities unless z = 0. Indeed if
z =z + iy and w = u + iv has w? = 2 we see that

u2—’02:x; 2uv =y,

2ot z? +y? vz_y+\/$2+y2

and so

2 o 2
where the requirement that u?,v? are nonnegative determines the signs.
Hence taking square roots we obtain the two possible solutions for w sati-

fying w? = z. (Note it looks like there are four possible sign combinations in
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the above, however the requirement that 2uv = y means the sign of u deter-
mines that of v.) In polars it looks simpler: if z = re' then w = +11/2¢%/2,
Indeed this expression gives us a continuous choice of square root except
at the positive real axis: for any z € C we may write z uniquely as re'
where # € [0,2n), and then set f(z) = r!/2¢¥/2, But now for # small and
positive, f(z) = r/2¢" has small positive argument, but if z = 7?7~ we
find f(z) = r'/2e(m=</2)i thus f(z) in the first case is just above the positive
real axis, while in the second case f(z) is just below the negative real axis.
Thus the function f is only continuous on C\{z € C : ¥(z) = 0, R(z) > 0}.
Using Theorem 14.9 you can check f is also holomorphic on this domain.
The positive real axis is called a branch cut for the multi-valued function z'/2,
By chosing different intervals for the argument (such as (—, 7] say) we can
take different cuts in the plane and obtain different branches of the function
21/2 defined on their complements.

We formalize these concepts as follows:

Definition 15.2. A multi-valued function or multifunction on a subset U C
Cisamap f: U — P(C) assigning to each point in U a subset™ of the
complex numbers. A branch of f on asubset V' C U isa functiong: V — C
such that g(z) € f(z), forall z € V. If g is continuous (or holomorphic)
on V we refer to it as a continuous, (respectively holomorphic) branch of
f. We will primarily be interested in branches of multifunctions which are
holomorphic.

Remark 15.3. In order to distinguish between multifunctions and functions,
it is sometimes useful to introduce some notation: if we wish to consider
2 s z1/2 as a multifunction, then to emphasize that we mean a multifunc-
tion we will write [2'/2]. Thus [2'/?] = {w € C : w? = z}. Similarly we
write [Log(z)] = {w € C: ¥ = z}. This is not a uniform convention in the
subject, but is used, for example, in the text of Priestley.

Thus the square root z — [2!/2] is a multifunction, and we saw above
that we can obtain holomorphic branches of it on a cut plane C\R where
R = {te"? : t € R>o}. The point here is that both the origin and infinity as
“branch points” for the multifunction [2'/2].

Definition 15.4. Suppose that f: U — P(C) is a multi-valued function de-
fined on an open subset U of C. We say that zy € U is not a branch point
of f if there is an open disk®®> D C U containing z; such that there is a
holomorphic branch of f defined on D\{zy}. We say z¢ is a branch point
otherwise. When C\U is bounded, we say that f does not have a branch

32\We use the notation P(X) to denote the power set of X, that is, the set of all subsets of
X.

BIn fact any simply-connected domain — see our discussion of the homotopy form of
Cauchy’s theorem.
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point at oo if there is a branch of f defined on C\B(0,R) C U for some
R > 0. Otherwise we say that co is a branch point of f.

A branch cut for a multifunction f is a curve in the plane on whose com-
plement we can pick a holomorphic branch of f. Thus a branch cut must
contain all the branch points.

Example 15.5. Another important example of a multi-valued function which
we have already discussed is the complex logarithm: as a multifunction we
have Log(z) = {log(|z|) + i(6 + 2n7) : n € Z} where z = |z|e?’. To obtain
a branch of the multifunction we must make a choice of argument function
arg: C — R we may define

Log(2) = log(|2]) + i arg(2),
which is a continuous function away from the branch cut we chose. By
convention, the principal branch of Log is defined by taking arg(z) € (—m, 7).

Another important class of examples of multifunctions are the fractional
power multifunctions z — [2®] where a € C: These are given by

z +— exp(a.[Log(2)]) = {exp(a.w) : w € C,e" = z}

Note this is includes the square root multifunction we discussed above,
which can be defined without the use of exponential function. Indeed if
a = m/n is rational, m € Z,n € Zso, then [2%] = {w € C: w™ = 2"}. For
a € C\Q however we can only define [z*] using the exponential function.
Clearly from its definition, anytime we choose a branch L(z) of [Log(z)]
we obtain a corresponding branch exp(«.L(z)) of [2%]. If L(z) is the prin-
cipal branch of [Log(z)] then the corresponding branch of [2?] is called the
principal branch of [2°].

Example 15.6. Let F'(z) be the multi-function

(14 2)%] = {exp(a.w) : w € C,exp(w) =1 + z}.
Using L(z) the principal branch of [Log(z)] we obtain a branch f(z) of [(1+
z)%] givenby f(z) = exp(a.L(1+2)). Let ({) = Ha.(a—1)... (a—k+1). We

want to show that a version of the binomial theorem holds for this branch
of the multifunction [(1 + 2)?]. Let

k=0
By the ratio test, s(z) has radius of convergence equal to 1, so that s(z) de-
fines a holomorphic function in B(0, 1). Moreover, you can check using the
properties of power series established in the previous section that, within
B(0,1), s(z) satisfies (1 + 2)s'(z) = a.s(z).
Now f(z) is defined on C\(—o0, —1), and hence on all of B(0, 1). More-
over® We claim that within the open ball B(0, 1) the power series s(z) =

34Any continuous branch L(z) of [Log(z)] is holomorphic where it is defined and satis-
fies exp(L(z)) = z, hence by the chain rule one obtains L'(z) = 1/z.
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dome (z‘)zl’C coincides with f(z). Indeed we have

n=0
d

p B _d
5, (L(s(2))) = s(2)/s(2) = a/(1 + 2) = ——(aL(l + 2))

so that L(s(z)) = a.L(1+ z) 4 ¢ for some constant ¢ (as B(0, 1) is connected)
which by evaluating at z = 0 we find is zero. Finally, it follows that s(z) =
exp(aL(1l + z)) so that s(z) € [(1 4 2)®] as required.

Example 15.7. A more interesting example is the function f(z) = [(2% —

1)1/2]. Using the principal branch of the square root function, we obtain a
branch f; of f on the complementof E = {z € C: 22 —1 € (—o00, 0]}, which
one calculates is equal to (—1, 1) UiR. If we cross either the segment (—1,1)
or the imaginary axis, this branch of f is discontinuous.

To find another branch, note that we may write f(z) = vz —1Vz +1,
thus we can take the principal branch of the square root for each of these
factors. More explicity, if we write z = 1+ re?t = —1 + se?2 where 6,0, €
(-, 7] then we get a branch of f given by fa(2) = y/75.¢("1702)/2. Now the
factors are discontinuous on (—oo, 1] and (oo, —1] respectively, however let
us examine the behaviour of their product: If z crosses the negative real axis
at §(z) < —1 then 6, and 03 both jumps by 2, so that (61 + 62)/2 jumps by
27, and hence exp((#; + 02)/2) is in fact continuous. On the other hand, if
we cross the segment (—1,1) then only the factor v/z — 1 switches sign, so
our branch is discontinuous there. Thus our second branch of f is defined
away from the cut [-1,1].

Example 15.8. The branch points of the complex logarithm are 0 and infin-
ity: indeed if 29 # 0 then we can find a half-plane H = {z € C : S(az) > 0},
for some a € C, |a| = 1, such that zp € H. We can chose a continuous
choice of argument function on H, and this gives a holomorphic branch of
Log defined on H and hence on the disk B(z,r) for r sufficiently small.
The logarithm also has a branch point at infinity, since we cannot chose a
continous argument function on C\B(0, R) for any R > 0. (We will return
to this point when discussing the winding number later in the course.)
Note that if f(z) = [V22 — 1] then the second of our branches f, dis-
cussed above shows that f does not have a branch point at infinity, whereas
both 1 and —1 are branch points — as we move in a sufficiently small circle
around we cannot make a continuous choice of branch. One can given a
rigorous proof of this using the branch f>: given any branch g of [v/2? — 1]
defined on B(1,r) for r < 1 one proves that g = % f5 so that ¢ is not contin-
uous on B(0,7) N (—1,1). See Problem Sheet 4, question 5, for more details.

Example 15.9. A more sophisticated point of view on branch points and
cuts uses the theory of Riemann surfaces. As a first look at this theory,
consider the multifunction f(z) = [vz? — 1] again. Let ¥ = {(z,w) €
C? : w? = 22 — 1} (this is an example of a Riemann surface). Then we
have two maps from ¥ to C, projecting along the first and second factor:
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p1(z,w) = z and pa(z,w) = w. Now if g(z) is a branch of f, it gives us a
map G: C — X where G(z) = (z,9(2)). If we take fo(z) = vz —1vVz+1
(using the principal branch of the square root function in each case, then
let ¥, {(z, fo(2)) : z ¢ [-1,1]} and X_ = {(z,—f2(2)) : z ¢ [—1,1]}, then
Y1 UX_ covers all of ¥ apart from the pairs (z,w) where z € [—1,1]. For
such z we have w = +iv1 — 22, and ¥ is obtained by gluing together the
two copies ¥ and ¥_ of the cut plane C\[—1, 1] along the cut locus [—1, 1].
However, we must examine the discontinuity of ¢ in order to see how this
gluing works: the upper side of the cut in X is glued to the lower side of
the cut in ¥_ and similarly the lower side of the cut in X is glued to the
upper side of ¥ _.

Notice that on 3 we have the (single-valued) function ps(z, w) = w, and
any map ¢: U — ¥ from an open subset U of C to ¥ such that p; o ¢(2) = =
gives a branch of f(z) = v/2? — 1 given by ps 0 ¢. Such a function is called a
section of p1. Thus the multi-valued function on C becomes a single-valued
function on ¥, and a branch of the multifunction corresponds to a section
of the map p;: ¥ — C. In general, given a multi-valued function f one
can construct a Riemann surface ¥ by gluing together copies of the cut
complex plane to obtain a surface on which our multifunction becomes a
single-valued function.

16. PATHS AND INTEGRATION

Paths will play a crucial role in our development of the theory of complex
differentiable functions. In this section we review the notion of a path and
define the integral of a continuous function along a path.

16.1. Paths. Recall that a path in the complex plane is a continuous function
7v: [a,b] — C. A path is said to be closed if v(a) = ~(b). If v is a path, we will
write v* for its image, that is

v ={2z€C:z=~(t), somet € [a,b]}.

Although for some purposes it suffices to assume that + is continuous, in
order to make sense of the integral along a path we will require our paths
to be (at least piecewise) differentiable. We thus need to define what we
mean for a path to be differentiable:

Definition 16.1. We will say that a path v: [a,b] — C is differentiable if its
real and imaginary parts are differentiable as real-valued functions. Equiv-
alently, ~ is differentiable at ¢y € [a, b] if

Y(t) —(to)
t—to t—1o

exists, and then we denote this limit as v/ (¢). (If ¢ = a or b then we interpret
the above as a one-sided limit.) We say that a path is C" if it is differentiable
and its derivative +/(t) is continuous.
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We will say a path is piecewise C! if it is continuous on [a,b] and the
interval [a, b] can be divided into subintervals on each of which ~ is C*.
That is, there is a finite sequence a = ap < a1 < ... < a,, = b such that
Vjas,ais1] 1S C L. Thus in particular, the left-hand and right-hand derivatives
of yata; (1 <i <m — 1) may not be equal.

Remark 16.2. Note that a C' path may not have a well-defined tangent at

every point: if y: [a,b] — C is a path and ~/(t) # 0, then the line {v(¢) +

sv'(t) : s € R} is tangent to v*, however if 7/(t) = 0, the image of v may

have no tangent line there. Indeed consider the example of v: [-1,1] — C
given by

2 —1<t<0

7(’5):{ it? 0<t<l.

Since 7/(0) = 0 the path is C!, even though it is clear there is no tangent
line to the image of +y at 0.

If s: [a,b] — [c,d] is a differentiable map, then we have the following
version of the chain rule, which is proved in exactly the same way as the
real-valued case. It will be crucial in our definition of the integral of func-
tions f: C — C along paths.

Lemma 16.3. Let v: [¢,d] — C and s: [a,b] — [c,d] and suppose that s is
differentiable at to and ~y is differentiable at so = s(to). Then y o s is differentiable
at to with derivative

(v05) (to) = 5'(t0)-7'(s(t0))-
Proof. Lete: [c,d] — C be given by ¢(sp) = 0 and

Y(x) = 7(s0) +7'(s0) (= — s0) + (= — s0)e(x),

(so that this equation holds for all = € [c, d]), then e(z) — 0 as © — sg by the
definition of 7/(sp), i.e. € is continuous at ¢g. Substituting x = s(¢) into this
we see that for all ¢t # ty we have

v(s8(t)) —v(s0 s(t) — s(to

t—to t—to

Now s(t) is continuous at ¢ since it is differentiable there hence €(s(t)) — 0
as t — to, thus taking the limit as ¢ — to we see that

(70 8) (to) = 5'(t0) ('(s0) + 0) = 5'(t0)7'(s(t0)),
as required. O

Definition 16.4. If ¢: [a,b] — [c, d] is continuously differentiable with ¢(a) =
cand ¢(b) = d, and ~: [¢,d] — C is a C'-path, then setting ¥ = 7 o ¢, by

Lemma 16.3 we see that 7: [a,b] — C is again a C'-path with the same

image as v and we say that 7 is a reparametrization of .
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Definition 16.5. We will say two parametrized paths v;: [a,b] — C and
v2: [¢,d] — C are equivalent if there is a continuously differentiable bijective
function s: [a,b] — [c,d] such that s/(t) > 0 for all t € [a,b] and 71 = 2 0 s.
It is straight-forward to check that equivalence is indeed an equivalence
relation on parametrized paths, and we will call the equivalence classes
oriented curves in the complex plane. We denote the equivalence class of
by [7]. The condition that s'(¢) > 0 ensures that the path is traversed in the
same direction for each of the parametrizations ; and 2. Moreover 7 is
piecewise C' if and only if 7 is.
Recall that we saw before (in a general metric space) that any path ~: [a,b] —

C has an opposite path v~ and that two paths 1 : [a,b] = Cand v2: [c,d] —
C with 1 (b) = 72(c) can be concatenated to give a path v x 2. If 7,71, 72
are piecewise C'! then so are v~ and v; x 72. (Indeed a piecewise C! path is
precisely a finite concatenation of C! paths).

Remark 16.6. Note that if v: [a,b] — C is piecewise C'!, then by choosing a
reparametrization by a function ¢ : [a,b] — [a,b] which is strictly increas-
ing and has vanishing derivative at the points where 7 fails to be C*, we
can replace v by 4 = « o ¢ to obtain a C'! path with the same image. For
this reason, some texts insist that C! paths have everywhere non-vanishing
derivative. In this course we will not insist on this. Indeed sometimes it is
convenient to consider a constant path, that is a path v: [a,b] — C such that
v(t) = 2o for all ¢ € [a, b] (and hence 7/(t) = 0 for all ¢ € [a, b]).

Example 16.7. The most basic example of a closed curve is a circle: If zy € C
and 7 > 0 then the path z(t) = 2o + re?™ (for t € [0,1]) is the simple
closed path with positive orientation encircling zy with radius r. The path
Z(t) = z0 + re 2™ is the simple closed path encircling zo with radius r and
negative orientation.

Another useful path is a line segment: if a, b € C then the path v, : [0, 1] —
Cgivenbyt — a+t(b—a) = (1—t)a+tbtraverses the line segment from a
to b. We denote the corresponding oriented curve by [a, b] (which is consis-
tent with the notation for an interval in the real line). One of the simplest
classes of closed paths are triangles: given three points a, b, ¢, we define the
triangle, or triangular path, associated to them, to be the concatenation of
the associated line segments, that is 75, ;. = Va.b * Vb,c * Ve,a-

16.2. Integration along a path. To define the integral of a complex-valued
function along a path, we first need to be able to integrate functions F': [a, b] —
C on a closed interval [a, b] taking values in C. Last year in Analysis III the
Riemann integral was defined for a function on a closed interval [a, b] tak-
ing values in R, but it is easy to extend this to functions taking values in
C: Indeed we may write F'(t) = G(t) + iH(t) where G, H are functions on
la, b] taking real values. Then we say that F is Riemann integrable if both
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G and H are, and we define:

/abF(t)dt— /ab G(t)dt—i—i/abH(t)dt

It is easy to check that the integral is then complex linear, that is, if F, F»
are complex-valued Riemann integrable functions on [a,b], and «, 5 € C,
then aF + BF» is Riemann integrable and

b b b
/(a.F1+ﬁ.F2)dt:a./ Fldt—f—ﬁ./ det.

Note that if F is continuous, then its real and imaginary parts are also con-
tinuous, and so in particular Riemann integrable®. The class of Riemann
integrable (real or complex valued) functions on a closed interval is how-
ever slightly larger than the class of continuous functions, and this will be
useful to us at certain points. In particular, we have the following;:

Lemma 16.8. Let [a,b] be a closed interval and S C [a,b] a finite set. If f is a
bounded continuous function (taking real or complex values) on [a,b]\'S then it is
Riemann integrable on [a, b].

Proof. The case of complex-valued functions follows from the real case by
taking real and imaginary parts. For the case of a function f: [a,b]\S — R,
leta =29 < 21 <22 < ... < x = bbeany partition of [a, b] which includes
the elements of S. Then on each open interval (z;,z;+1) the function f is
bounded and continuous, and hence integrable. We may therefore set

/ab f(t)dt = /;1 f(t)dt+/:2 fHdt+ ... + /3:: F(t)dt

The standard additivity properties of the integral then show that fab f(t)dt
is independent of any choices. O

Remark 16.9. Note that normally when one speaks of a function f being in-
tegrable on an interval [a, b] one assumes that f is defined on all of [a, b].
However, if we change the value of a Riemann integrable function f at a fi-
nite set of points, then the resulting function is still Riemann integrable and
its integral is the same. Thus if one prefers the function f in the previous
lemma to be defined on all of [a, b] one can define f to take any values at all
on the finite set S.

It is easy to check that the Riemann integral of complex-valued func-
tions is complex linear. We also note a version of the triangle inequality for
complex-valued functions:

Bt is clear this definition extends to give a notion of the integral of a function f: [a,b] —
R™ — we say f is integrable if each of its components is, and then define the integral to be
the vector given by the integrals of each component function.
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Lemma 16.10. Suppose that F': [a,b] — C is a complex-valued function. Then

we have
b b
]/ F(t)dt| g/ |F(t)|dt.

Proof. First note that if F'(t) = z(t) + iy(t) then |F(t)| = /2% + y? so that
if F is integrable |F(t)| is also®®. We may write fab F(t)dt = re®, where
r € [0,00) and 6 € [0, 27). Now taking the components of F' in the direction
of ¢ and ¢"977/2) = je'%, we may write F(t) = u(t)e? + iv(t)e?. Then by
our choice of § we have fab F(t)dt = e f; u(t)dt, and so

b b b b
|/ F(t)dt| = ]/ u(t)dt| g/ |u(t)ydt§/ |F(t)]dt,

where in the first inequality we used the triangle inequality for the Rie-
mann integral of real-valued functions. O

We are now ready to define the integral of a function f: C — C along a
piecewise-C! curve.

Definition 16.11. If : [a,b] — C is a piecewise-C! path and f: C — C,
then we define the integral of f along v to be

b
[ sz = [ sewp

In order for this integral to exist in the sense we have defined, we have seen
that it suffices for the functions f(y(¢)) and +/(t) to be bounded and contin-
uous at all but finitely many ¢. Our definition of a piecewise C!-path en-
sures that 7/(¢) is bounded and continuous away from finitely many points
(the boundedness follows from the existence of the left and right hand lim-
its at points of discontinuity of 7/(¢)). For most of our applications, the
function f will be continuous on the whole image v* of ~, but it will occa-
sionally be useful to weaken this to allow f(+(t)) finitely many (bounded)
discontinuities.

Lemma 16.12. If v: [a,b] — C be a piecewise C* path and 7: [c,d] — C is an
equivalent path, then for any continuous function f: C — C we have

L F(2)dz = L f(2)dz.

In particular, the integral only depends on the oriented curve [7].
Proof. Since 7 is equivalent to + there is a continuously differentiable func-
tion s: [¢,d] — [a,b] with s(c) = a, s(d) = band §'(t) > 0 for all ¢t € [e,d].

36The simplest way to see this is to use that fact that if ¢ is continuous and f is Riemann
integrable, then ¢ o f is Riemann integrable.
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Suppose first that 7 is C'!. Then by the chain rule we have

/f dz—/f Do s)(t)dt

Y

where in the second last equality we used the change of variables formula.
Ifa =29 <21 <...<x,=0bisadecomposition of [a, b] into subintervals
such that v is C! on [x;, z;,1] for 1 < i < n — 1 then since s is a continuous
increasing bijection, we have a corresponding decomposition of [c, d] given
by the points s~ !(x9) < ... < s7!(z,), and we have

d
[ f(2)dz = / FO ()Y (s(8))s' (1)t

J71-%1)

- Z / (s(0) (s(t))s' (1)t

1(1‘1

= Z /:ZH v (z)dx

_ / FO @) () = / HOLE

where the third equality follows from the case of C! paths established
above. O

Definition 16.13. If v: [a,b] — C is a C'! path then we define the length of

to be
b
7 = / I (8) .

Using the chain rule as we did to show that the integrals of a function
f: C — Calong equivalent paths are equal, one can check that the length of
a parametrized path is also constant on equivalence classes of paths, so in
fact the above defines a length function for oriented curves. The definition
extends in the obvious way to give a notion of length for piecewise C'-
paths. More generally, one can define the integral with respect to arc-length
of a function f: U — C such that y* C U to be

/ F(2)ldz) = / FOE) (1) dt.
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This integral is invariant with respect to C! reparametrizations s: [c,d] —
[a,b] if we require §'(t) # 0 for all ¢ € [c,d] (the condition s'(¢) > 0 is not
necessary because of this integral takes the modulus of 7/(¢)). In particular
ty) = £(v7)-

The integration of functions along piecewise smooth paths has many of
the properties that the integral of real-valued functions along an interval
possess. We record some of the most standard of these:

Proposition 16.14. Let f,g: U — C be continuous functions on an open subset
U C Cand ~,n: [a,b] — C be piecewise-C paths whose images lie in U. Then
we have the following:

(1) (Linearity): For o, B € C,

‘AMAa+ﬁ¢@Mz=a/

Y

fe)dz+ 5 [ g(a)d

v

(2) If v~ denotes the opposite path to ~ then

/7 F(2)dz = — /7 S

(3) (Additivity): If v x n is the concatenation of the paths ~,n in U, we have

f(z)dz:/f(z)dz+/f(z)dz.
v v n
(4) (Estimation Lemma.) We have

\AﬂWM<2$U@MW)

Proof. Since f, g are continous, and «,7 are piecewise C', all the integrals
in the statement are well-defined: the functions f(v(t))Y'(¢t), f(n(t))n'(t),
g(y(t))¥'(t) and g(n(t))n' (t) are all Riemann integrable. It is easy to see that
one can reduce these claims to the case where ~ is smooth. The first claim
is immediate from the linearity of the Riemann integral, while the second
claim follows from the definitions and the fact that (y7)'(t) = —/(a+b—1).
The third follows immediately for the corresponding additivity property of
Riemann integrable functions.

For the fourth part, first note that v([a, b]) is compact in C since it is the
image of the compact set [a, b] under a continuous map. It follows that the
function | f| is bounded on this set so that sup,c (4, |/ (2)| exists. Thus we
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have

b
‘/f(z)d2| = \/ Flr®)y (t)dt]
! b
< [ty ol

b
siyﬂmA+NMﬁ
= sup |£(2)].£).

zeEv*
where for the first inequality we use the triangle inequality for complex-

valued functions as in Lemma 16.10 and the positivity of the Riemann in-
tegral for the second inequality. O

Remark 16.15. We give part (4) of the above proposition a name (the “esti-
mation lemma”) because it will be very useful later in the course. We will
give one important application of it now:

Proposition 16.16. Let f,,: U — C be a sequence of continuous functions on an
open subset U of the complex plane. Suppose that ~v: [a,b] — C is a path whose
image is contained in U. If (f,,) converges uniformly to a function f on the image

of v then
fn(2)d f(2)dz=.
/7 (2) z—)[y (z)dz
Proof. We have

L F(z)dz — L Fa(2)dz

by the estimation lemma. Since we are assuming that f,, tends to f uni-
formly on v* we have sup{|f(z) — fn(2)| : 2 € v*} — 0as n — oo which
implies the result. O

Definition 16.17. Let U C C be an open set and let f: U — C be a con-
tinuous function. If there exists a differentiable function F': U — C with
F'(z) = f(z) then we say Fis a primitive for f on U.

/U@—h@ﬂz
Y
< sup{1f(2) — Fu(2)]}.40).

zey*

The fundamental theorem of calculus has the following important con-

sequence37:

Theorem 16.18. (Fundamental theorem of Calculus): Let U C C be a open and
let f: U — C be a continuous function. If F: U — C is a primitive for f and
v: [a,b] — U is a piecewise C* path in U then we have

/ﬂmuzmww—Fww»
:

37You should compare this to the existence of a potential in vector calculus.
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In particular the integral of such a function f around any closed path is zero.

Proof. First suppose that v is C'!. Then we have

/y f(2)d = / P = [ F ) (@)

bd
- [ G
— P(y(b) - F(x(a),

where in second line we used a version of the chain rule®® and in the last
line we used the Fundamental theorem of Calculus from Prelims analysis
on the real and imaginary parts of F' o 7.

If  is only® piecewise C, then take a partition a = ag < a3 < ... <
ay = b such that v is C*! on [a;, a;41] for each i € {0,1,...,k — 1}. Then we
obtain a telescoping sum:

A f2)

b
/ v ()t

-1

S

[ raon

T
LS

(F(y(ait1)) = F(v(a:))

7(0)) = F(y(a)),
Finally, since + is closed precisely when y(a) = v(b) it follows immedi-
ately that the integral of f along a closed path is zero. O

I
1nd

Il
=)

)

=F

—~

Remark 16.19. If f(z) has finitely many point of discontinuity S C U but is
bounded near them, and ~(t) € S for only finitely many ¢, then provided
F' is continuous and F’ = f on U\S, the same proof shows that the fun-
damental theorem still holds — one just needs to take a partition of [a, b] to
take account of those singularities along with the singularities of v/(t).

Theorem 16.18 already has an important consequence:

Corollary 16.20. Let U be a domain and let f: U — C be a function with f'(z) =
0 forall z € U. Then f is constant.

Proof. Pick zy € U. Since U is path-connected, if w € U, we may find*’ a
piecewise C''-path v: [0,1] — U such that v(a) = 29 and v(b) = w. Then by

38see the appendix for a discussion of this — we need a version of the chain rule for a
composition of real-differentiable functions f: R* — R? and g: R — R2.

39The reason we must be careful about this case is that the Fundamental Theorem of
Calculus only holds when the integrand is continuous.

40Check that you see that if U is an open subset of C which is path-connected then any
two points can be joined by a piecewise C"'-path.
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Theorem 16.18 we see that

f(w) - f(z0) = / f(2)dz =0,

gl
so that f is constant as required. O

The following theorem is a kind of converse to the fundamental theorem:

Theorem 16.21. If U is a domain (i.e. it is open and path connected) and f: U —
C is a continuous function such that for any closed path in U we have fﬂ{ f(z)dz =
0, then f has a primitive.

Proof. Fix zpin U, and for any z € U set

F(z) = [y £(2)dz.

where 7: [a,b] — U with y(a) = zp and y(b) = z.

We claim that F'(z) is independent of the choice of v. Indeed if 1,72
are two such paths, let v = v x 7, be the path obtained by concatenating
71 and the opposite v, of 2 (that is, v traverses the path v; and then goes
backward along v2). Then 7 is a closed path and so, using Proposition 16.14
we have

0= / f(z)dz= [ f(z)dz+ f(z)dz,
Y Y1 Y2
hence since f%_ f(z)dz=— [, f(z)dz weseethat [ f(z)dz= [ f(2)dz.

Next we claim that F is differentiable with F'(z) = f(z). To see this, fix
w € U and € > 0 such that B(w,e) C U and choose a path v: [a,b] = U
from zp to w. If 21 € B(w,e) C U, then the concatenation of v with the
straight-line path s: [0,1] — U given by s(t) = w+ (2 — w)from w to z is a
path v from zj to z. It follows that

Fz) — F(w) = f(z)dz—/f(z)dz

iy L F(2)dz + / F(2)dz) — L F(2)dz

= /Sf(z)dz

But then we have for z; # w

F(z1) - F(w) _
Tamw W)=

1
Z1 —Ww
1
/0 (f(w+t(z1 —w)) — f(w))dt'

< sup |f(w+1t(z1 —w)) — f(w)]
te(0,1]

—0asz > w

([ s e —w)en - wpar) - fw)
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as f is continuous at w. Thus F is differentiable at w with derivative
F'(w) = f(w) as claimed. O

Remark 16.22. Note that any two primitives for a function f differ by a
constant: This follows immediately from Corollary 16.20, since if F; and F>
are two primitives, their difference (F; — F») has zero derivative.

17. WINDING NUMBERS

The previous section on the fundamental theorem of calculus in the com-
plex plane shows that not every holomorphic function can have a primitive.
The most fundamental example of this is the function f(z) = 1/z on the do-
main C*.

Example 17.1. Let f: C* — C* be the function f(z) = 1/z. Then f does not
have a primitive on C*. Indeed if v: [0, 1] — C is the path v(t) = exp(2mit)
then

' ! = 1# 1exp(2me = 271
/y 1@z = [ 1Oy Wi = [ s (amiexp(arit))dt = 2mi

Since the path 7 is closed, this integral would have to be zero if f(z) has a
primitive in an open set containing v*, thus f(z) has no primitive on C* as
claimed.

Note that 1/z does have a primitive on any domain in C* where we
can chose a branch of the argument function (or equivalently a branch of
[Log(2)]): Indeed if [(2) is a branch of [Log(z)] on a domain D C C* then
since exp(l(z)) = z the chain rule shows that exp(i(z)).l'(z) = 1 and hence
I'(z) =1/

In the present section we investigate the change in argument as we move
along a path. It will turn out to be a basic ingredient in computing integrals
around closed paths. In more detail, suppose that v: [0,1] — C is a closed
path which does not pass through 0. We would like to give a rigorous
definition of the number of times v “goes around the origin”. Roughly
speaking, this will be the change in argument arg(v(¢)), and therein lies the
difficulty, since arg(z) cannot be defined continuously on all of C\{0}. The
next Proposition shows that we can however always define the argument
as a continuous function of the parameter t € [0, 1]:

Proposition 17.2. Let v: [0,1] — C\{0} be a path. Then there is continuous
function a: [0, 1] — R such that

y(t) = [y (E)]e* 0.
Moreover, if a and b are two such functions, then there exists n € Z such that
a(t) =b(t) + n forall t € [0,1].
Proof. By replacing y(t) with y(t)/|y(t)| we may assume that |y(t)| = 1 for
all t. Since 7 is continuous on a compact set, it is uniformly continuous, so
that there is a § > 0 such that |y(s) —v(¢)| < v/3 for any s, ¢ with |s — t| < 6.
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Choose an integer n > 0 such that n > 1/§ so that on each subinterval
[i/n, (i + 1)/n] we have |y(s) — v(t)] < v/3/2. Now on any half-plane in
C we may certainly define a holomorphic branch of [Log(z)] (simply pick
a branch cut along a ray in the opposite half-plane) and hence a continu-
ous argument function, and if |z1] = |22] = 1 and |21 — 22| < V3, then
the angle between z; and 23 is at most 7/3. It follows there exists a con-
tinuous functions a;: [j/n, (j + 1)/n] — R such that (t) = 7% ®) for
t € [j/n,(j+1)/n] (since y([j/n, (j + 1)/n]) must lie in an arc of length
at most 27/3). Now since 274 0/") = ¢2mia;-1G/m) g, 1 (j/n) and a;(j/n)
differ by an integer. Thus we can successively adjust the a; for j > 1 by an
integer (as if y(t) = ™% ®) then (t) = ¢>(@®)+") for any n € Z) to obtain
a continuous function a: [0,1] — C such that v(t) = ¢>™*) as required.
Finally, the uniqueness statement follows because ¢?7(@()=0(") — 1, hence
a(t) — b(t) € Z, and since [0, 1] is connected it follows a(t) — b(t) is constant
as required. O

Definition 17.3. If v: [0, 1] — C\{0} is a closed path and (t) = |y(t)|e?"*®)
as in the previous lemma, then since y(0) = (1) we must have a(1)—a(0) €
Z. This integer is called the winding number I(vy,0) of v around 0. It is
uniquely determined by the path ~ because the function a is unique up to
an integer. By translation, if v is any closed path and z is not in the image
of v, we may define the winding number I(v, 29) of v about zy in the same
fashion. Explicitly, if v is a closed path with zg ¢ 7* thenlett: C — C be
given by t(z) = z — zp and define I (v, 29) = I(t 07, 0).

Remark 17.4. Note that if v: [0,1] — U where 0 ¢ U and there exists a
holomorphic branch L: U — C of [Log(z)] on U, then I(~,0) = 0. Indeed in
this case we may define a(t) = J(L(v(t))), and since v(0) = (1) it follows
a(1) — a(0) = 0 as claimed. Note also that the definition of the winding
number only requires the closed path 7 to be continuous, not piecewise C'.
Of course as usual, we will mostly only be interested in piecewise C* paths,
as these are the ones along which we can integrate functions.

We now see that the winding number has a natural interpretation in term
of path integrals: Note that if + is piecewise C' then the function a(t) is also
piecewise C!, since any branch of the logarithm function is in fact differ-
entiable where it is defined, and a(t) is locally given as 3(log(v(t)) for a
suitable branch.

Lemma 17.5. Let v be a piecewise C! closed path and zy € C a point not in the
image of . Then the winding number I (v, z9) of v around z is given by

1 dz
I(,20) = /
.

2mi ), 2 — 2o

Proof. If v: [0,1] — C we may write y(t) = 2z + r(t)e>™®) (where r(t) =
|v(t) — 20| > 0 is continuous and the existence of a(t) is guaranteed by
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Proposition 17.2). Then we have

dz = 1 L (T/(t) + 2m’r(t)a/(t)) e2mialt) gy
v 2 0 7,,(75)627ria(t) ’

_ZO

1
= /0 ! (t)/r(t) 4 2mia (t)dt = [log(r(t)) + 2mia(t)]}
= 2mi(a(1) — a(0)),
since (1) = r(0) = |y(0) — zo]. O

The next Proposition will be useful not only for the study of winding
numbers. We first need a definition:

Definition 17.6. If f: U — Cis a function on an open subset U of C, then
we say that f is analytic on U if for every zy € C there is an » > 0 with
B(z0,7) C U such that there is a power series > 7o a(z — 20)* with radius
of convergence at least r and f(z) = > po ax(z — 20)*. An analytic function
is holomorphic, as any power series is (infinitely) complex differentiable.

Proposition 17.7. Let U be an open set in C and let ~v: [0,1] — U be a closed
path. If f(z) is a continuous function on ~* then the function

1
RE O

If(va)i s —w

21 y

is analytic. in w.

In particular, if f(z) = 1 this shows that the function w — I(~y,w) is a contin-
uous function on C\*, and hence, since it is integer-valued, it is constant on the
connected components of C\v*.

Proof. We wish to show that I, (f(w) is holomorphic at each zy € C\y*.
Translating if necessary we may assume 2o = 0.

Now since C\~* is open, there is some r > 0 such that B(0,2r) N ~* = (.
We claim that I¢(7y,w) is holomorphic in B(0.r). Indeed if w € B(0,r)
and z € ~* it follows that |w/z| < 1/2. Moreover, since v* is compact,
M = sup{|f(z)| : z € v*} is finite, and hence

n n — n M n *
|f(2) ™ /2" = [ f(2)|]2] " w/2| <5 (/2% veeqt
It follows from the Weierstrass M -test that the series

S I S Ty = T gy = T

zZ— W

n=0 n=0

viewed as a function of z, converges uniformly on v* to f(z)/(z — w). Thus
for allw € B(0,r) we have

1 f(z)dz > 1 f(2) n
If(%w)_Qm'[y —w _1;)<27ri Wznﬂdz)w ,
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hence I¢(y, w) is given by a power series in B(0, ) (and hence is also holo-
morphic there) as required.

Finally, if f = 1, then since I;(v, z) = I(7, 2) is integer-valued, it follows
it must be constant on any connected component of C\v* as required. [

Remark 17.8. Note that since the coefficients of a power series centred at a
point zy are given by its derivatives at that point, the proof above actually
also gives formulae for the derivatives of g(w) = I(v,w) at 2o:

)y, _ 1 f(z)d=
9" (z0) = 2mi A (z — zo) 1

Remark 17.9. If ~ is a closed path then v* is compact and hence bounded.
Thus there is an R > 0 such that the connected set C\B(0, R) Nv* = . It
follows that C\~v* has exactly one unbounded connected component. Since

J

as z — oo it follows that I(, z) = 0 on the unbounded component of C\~*.

£l < ). swp /G = 2) 0

Definition 17.10. Let v: [0,1] — C be a closed path. We say that a point z
is in the inside*! of ~ if z ¢ v* and I(7, z) # 0. The previous remark shows
that the inside of 7 is a union of bounded connected components of C\~y*.
(We don’t, however, know that the inside of v is necessarily non-empty.)

Example 17.11. Suppose that 7;: [-7,7] — Cis given by 7 = 1 + €%
and o: [0,27] — C is given by 72(t) = —1 + e . Then if v = v, % 72,
7 traverses a figure-of-eight and it is easy to check that the inside of v is
B(1,1) U B(—1,1) where I(v,z) = 1 for z € B(1,1) while I(~, z) = —1 for
z € B(—1,1).

Remark 17.12. It is a theorem, known as the Jordan Curve Theorem, that if
7v:[0,1] — Cis a simple closed curve, so that y(t) = y(s) ifand only if s = ¢
or s,t € {0,1}, then C\v* is the union of precisely one bounded and one
unbounded component, and on the bounded component (v, 2) is either 1
or —1. If I(v,2z) = 1 for z on the inside of v we say 7 is postively oriented
and we say it is negatively oriented if /(7y, z) = —1 for z on the inside.

18. CAUCHY’S THEOREM

The key insight into the study of holomorphic functions is Cauchy’s the-
orem, which (somewhat informally) states that if f: U — C is holomorphic
and + is a path in U whose interior lies entirely in U then f7 f(z)dz = 0.
It will follow from this and Theorem 16.21 that, at least locally, every holo-
morphic function has a primitive. The strategy to prove Cauchy’s theorem
goes as follows: first show it for the simplest closed contours — triangles.

4The term interior of ~ might be more natural, but we have already used this in the first
part of the course to mean something quite different.



METRIC SPACES AND COMPLEX ANALYSIS. 77

Then use this to deduce the existence of a primitive (at least for certain
kinds of sufficiently nice open sets U which are called “star-like”) and then
use Theorem 16.18 to deduce the result for arbitrary paths in such open
subsets. We will discuss more general versions of the theorem later, after
we have applied Cauchy’s theorem for star-like domains to obtain impor-
tant theorems on the nature of holomorphic functions. First we recall the
definition of a triangular path:

Definition 18.1. A triangle or triangular path T is a path of the form ~; xy2*v3
where v1(t) = a+t(b—a), y2(t) = b+t(c—0b) and v3(t) = ¢+ t(a — c) where
t € [0,1] and a,b,c € C. (Note that if {a,b,c} are collinear, then T is a
degenerate triangle.) That is, 7" traverses the boundary of the triangle with
vertices a, b, c € C. The solid triangle 7 bounded by 7' is the region

3
T ={tia+tob+tsc:t; €[0,1],Y t; =1},
i=1
with the points in the interior of 7 corresponding to the points with ¢; > 0
for each i € {1,2,3}. We will denote by [a, b] the line segment {a +t(b—a) :
t € [0,1]}, the side of T joining vertex a to vertex b. Whenever it is not
evident what the vertices of the triangle 7" are, we will write 75, 4 ..

Theorem 18.2. (Cauchy’s theorem for a triangle): Suppose that U C C is an open
subset and let T' C U be a triangle whose interior is entirely contained in U. Then
if f: U — Cis holomorphic we have

/Tf(z)dz _

Proof. The proof proceeds using a version of the “divide and conquer”
strategy one uses to prove the Bolzano Weierstrass theorem. Suppose for
the sake of contradiction that [, f(z)dz # 0, and let I = | [, f(z)dz| > 0.
We build a sequence of smaller and smaller triangles 7" around Wh1ch the
integral of f is not too small, as follows: Let 7° = T, and suppose that we
have constructed 7% for 0 < i < k. Then take the triangle 7*~! and join
the midpoints of the edges to form four smaller triangles, which we will
denote S; (1 < i < 4).

Then wehave [, 1 f(2)dz =37, [ f(2)dz, since the integrals around
the interior edges cancel (see Figure 3). In partlcular we must have

4
=l [, f@a <Y el
=1 @

so that for some i we must have |fsz f(2)dz| > I_1/4. Set T* to be this
triangle S;. Then by induction we see that /(T*) = 27%¢(T) while I}, >
47k,

Now let 7 be the solid triangle with boundary 7' and similarly let 7"
be the solid triangle with boundary T*. Then we see that diam(7%) =



78 KEVIN MCGERTY.

FIGURE 3. Subdivision of a triangle

27%diam(7) — 0, and the sets T* are clearly nested. It follows from Lemma
8.6 that there is a unique point zy which lies in every 7*. Now by assump-
tion f is holomorphic at 2y, so we have

f(2) = f(20) + f'(20)(2 — 20) + (2 — 20)(2),

where ¢(z) — 0 = 9 (29) as z — zp. Note that ¢ is continuous and hence
integrable on all of U. Now since the linear function z — f(z0)z + f(20)
clearly has a primitive it follows from Theorem 16.18

- f(z)dz = /Tk(z — 20)¢(2)dz

Now since z; lies in 7% and z is on the boundary Tk of T*, we see that
|z — 20| < diam(T*) = 27 diam(7T"). Thus if we set 7y = sup,cp [1(2)), it
follows by the estimation lemma that

I = }/Tk(z — 20)Y(2)dz| < ng.diam (T%)¢(T")
= 47 Fy diam(T).4(T).

But since ¥(z) — 0 as z — z, it follows 1, — 0 as k — oo, and hence
4%1, — 0 as k — oo. On the other hand, by construction we have 4k, >
I > 0, thus we have a contradiction as required. O

Definition 18.3. Let X be a subset in C. We say that X is convex if for each
z,w € U the line segment between 2 and w is contained in X. We say that
X is star-like if there is a point 2y € X such that for every w € X the line
segment [z, w] joining zp and w lies in X. We will say that X is star-like
with respect to 2y in this case. Thus a convex subset is thus starlike with
respect to every point it contains.

Example 18.4. A disk (open or closed) is convex, as is a solid triangle or
rectangle. On the other hand a cross, such as {0} x [-1,1]U[—1,1] x {0} is
star-like with respect to the origin, but is not convex.

Theorem 18.5. (Cauchy’s theorem for a star-like domain): Let U be a star-like
domain. Then if f: U — C is holomorphic and v: [a,b] — U is a closed path in
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U we have

Lf(z)dz 0.

Proof. The proof proceeds similarly to the proof of Theorem 16.21: by The-
orem 16.18 it suffices to show that f has a primitive in U. To show this, let
2o € U be a point for which the line segment from 2, to every z € U lies in
U. Let v, = zp + t(z — 20) be a parametrization of this curve, and define

F(z) = [ f(Q)dC.

V2
We claim that F' is a primitive for f on U. Indeed pick ¢ > 0 such that
B(z,e) € U. Then if w € B(z,¢) note that the triangle 7" with vertices
20, %, w lies entirely in U by the assumption that U is star-like with respect
to zg. It follows from Theorem 18.2 that [, f(¢)d¢ = 0, and hence if (t) =
w + t(z — w) is the straight-line path going from w to z (so that T is the
concatenation of v,,, 7 and ;) we have

}F(z)—i(w)f(z)’:’/j(fijdéf(z)’
n

1

= \/O Flw +t(z —w))dt — f(2)]
1

= ‘/o (f(w+t(z —w)) —f(z)dt|

< sup |f(w+1t(z —w)) = f(2)],
te[0,1]
which, since f is continuous at w, tends to zero as w — z so that F'(z) =
f(#) as required.
U

Note that our proof of Cauchy’s theorem for a star-like domain D pro-
ceeded by showing that any holomorphic function on D has a primitive,
and hence by the fundamental theorem of calculus its integral around a
closed path is zero. This motivates the following definition:

Definition 18.6. We say that a domain D C C is primitive*? if any holomor-
phic function f: D — C has a primitive in D.

Thus, for example, our proof of Theorem 18.5 shows that all star-like
domains are primitive. The following Lemma shows however that we can
build many primitive domains which are not star-like.

Lemma 18.7. Suppose that Dy and Dy are primitive domains and Dy N Dy is
connected. Then Dy U Dy is primitive.

“2This is not standard terminology. The reason for this will become clear later.
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FIGURE 4. Contours for the proof of Theorem 18.8.

Proof. Let f: D1 U Dy — C be a holomorphic function. Then f|p, is a holo-
morphic function on D, and thus it has a primitive F;: D — C. Similarly
J|p, has a primitive, I, say. But then Iy — F; has zero derivative on DN Dy,
and since by assumption D; N D; is connected (and thus path-connected) it
follows F — F; is constant, ¢ say, on Dy N Dy. But then if F': Dy U Dy — C
is a defined to be F; on D; and F + c on Dy it follows that F' is a primitive
for f on Dy U D, as required. O

18.1. Cauchy’s Integral Formula. We are now almost ready to prove one
of the most important consequences of Cauchy’s theorem — the integral
formula. This formula will have incredibly powerful consequences.

Theorem 18.8. (Cauchy’s Integral Formula.) Suppose that f: U — C is a holo-
morphic function on an open set U which contains the disc B(a,r). Then for all

w € B(a,r) we have
1 [ f(z)
w) = dz,
s =g |

21 Z—w

where v is the path t +— a + re?™™,

Proof. Fix w € B(a,r). We use the contours I'y and I'; as shown in Diagram
4 (where I'; follows the direction of the blue arrows, and I's the directions of
the red arrows). These paths join the circular contours vy(a, ) and y(w, €)™~
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where ¢ is small enough to lie in the interior of B(a,r). By the additivity
properties of path integrals, the contributions of the line segments cancel

so that
(2) f(z) f(2) f(z)
dz + ——dz = 2 dz — "7 dz.
’ ’ [r(aﬂ") : /7(w7€) ’

r, 2 —w Iy 2 — W z—w zZ—w

On the other hand, each of I';, I lies in a primitive domain in which f/(z—
w) is holomorphic —indeed by the quotient rule, f(z)/(z—w) is holomophic
on U\{w} — so each of the integrals on the left-hand side vanish, and hence

y/ f(2) dz:y/ HONS
2m0 Jyag) 2 — W 20 Sy (w,e) 2 — W

Thus we can replace the integral over the circle v(a, ) with an integral over
an arbtirary small circle centred at w itself. But for such a small circle,

Y S (VRS SR CE O PR (D) g5
20 Sy (wye) 2 — W 270 Sy (w,e) z—w 210 Sy, 2 — W

1/ Mdz—l— F(w)I(y(w,€),w)
¥(w;e)

- 21

zZ—Ww
1 f(z) — f(w)

But since f is complex differentiable at 2 = w, the term (f(z)— f(w))/(z—w)
is bounded as ¢ — 0, so that by the estimation lemma its integral over
v(w, €) tends to zero. Thus as ¢ — 0 the path integral around ~(w, €) tends
to f(w). But since it is also equal to (27i)~! fv(aﬂ“) f(2)/(z — w)dz, which
is independent of ¢, we conclude that it must in fact be equal to f(w). The
result follows.

]

Remark 18.9. The same result holds for any oriented curve vy once we weight

the left-hand side by the winding number® of a path around the point w ¢
7*, provided that f is holomorphic on the inside of ~.

18.2. Applications of the Integral Formula.

Remark 18.10. Note that Cauchy’s integral formula can be interpreted as
saying the value of f(w) for w inside the circle is obtained as the “convo-
lution” of f and the function 1/(z — w) on the boundary circle. Since the
function 1/(z —w) is infinitely differentiable one can use this to show that f
itself is infinitely differentiable as we will shortly show. If you take the In-
tegral Transforms, you will see convolution play a crucial role in the theory
of transforms. In particular, the convolution of two functions often inher-
its the “good” properties of either. We next show that in fact the formula
implies a strong version of Taylor’s Theorem.

43Which, as we used in the proof above, is 1 in the case of a point inside a positively
oriented circular path.
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Corollary 18.11. If f: U — C is holomorphic on an open set U, then for any
2o € U, the f(z) is equal to its Taylor series at zy and the Taylor series converges
on any open disk centred at zy lying in U. Moreover the derivatives of f at zo are
given by

(18.1) F™(z) = n'/ LG,

2mi ~v(a,r) (Z - zO)n—H
Forany a € C, r € Ry with zp € B(a,r).

Proof. This follows immediately from the proof of Proposition 17.7, and
Remark 17.8. The integral formulae of Equation 18.1 for the derivatives of
f are also referred to as Cauchy’s Integral Formulae. O

Definition 18.12. Recall that a function which is locally given by a power
series is said to be analytic. We have thus shown that any holomorphic
function is actually analytic, and from now on we may use the terms inter-
changeably (as you may notice is common practice in many textbooks).

One famous application of the Integral formula is known as Liouville’s
theorem, which will give an easy proof of the Fundamental Theorem of
Algebra**. We say that a function f: C — C is entire if it is complex differ-
entiable on the whole complex plane.

Theorem 18.13. Let f: C — C be an entire function. If f is bounded then it is
constant.

Proof. Suppose that |f(z)| < M for all z € C. Let yr(t) = Re?>™" be the cir-
cular path centred at the origin with radius R. The for R > |w| the integral
formula shows

) = 100 =gz [ (2 - D
= '_u{)dz\
amiv ‘ w. f(2) |
N T 2|z|=R Z(Z—’LU)
cp Ml Ml

R(R—|wl) R—uw|’

Thus letting R — oo we see that |f(w) — f(0)| = 0, so that f is constant an

required.
(]

Theorem 18.14. Suppose that p(z) = Y }_, ax2" is a non-constant polynomial
where ay, € Cand a,, # 0. Then there is a zg € C for which p(zy) = 0.

#Which, when it comes down to it, isn’t really a theorem in algebra. The most “alge-
braic” proof of that I know uses Galois theory, which you can learn about in Part B.
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Proof. By rescaling p we may assume that a,, = 1. If p(z) # O forall z € C
it follows that f(z) = 1/p(z) is an entire function (since p is clearly entire).
We claim that f is bounded. Indeed since it is continuous it is bounded on
any disc B(0, R), so it suffices to show that |f(z)| — 0 as z — oo, that is, to
show that [p(z)| — oo as z — co. But we have

2)| = |2" +Zakz’w = |z"\{\1+2

Since W — 0 as |z| = oo for any m > 1 it follows that for sufficiently large
2|, say |z| > R, we will have 1 — 72} | H‘f{“'k > 1/2. Thus for |z| > R we

have [p(z)| > 3|z|". Since |z|" clearly tends to infinity as |z| does it follows
Ip(2)| — oo as required. -

n—1
|ak|

> |2"[.(1

=1t

Remark 18.15. The crucial point of the above proof is that one term of the
polynomial — the leading term in this case— dominates the behaviour of the
polynomial for large values of z. All proofs of the fundamental theorem
hinge on essentially this point. Note that p(zp) = 0if and only if p(z) = (2 —
20)q(z) for a polynomial ¢(z), thus by induction on degree we see that the
theorem implies that a polynomial over C factors into a product of degree
one polynomials.

Corollary 18.16. (Riemann’s removable singularity theorem): Suppose that U is
an open subset of C and zg € U. If f: U\{z0} — C is holomorphic and bounded
near zo, then f extends to a holomorphic function on all of U.

Proof. Define h(z) by
h() ={ (=207, 270

0, zZ =2

The clearly h(z) is holomorphic on U\{z}, using the fact that f and stan-
dard rules for complex differentiablility. On the other hand, at z = 2z we
see directly that
h(z) = h(z0) _ (z—20)f(z) = 0
zZ— 20
as z — 2o since f is bounded near zy by assumption. It follows that h is
in fact holomorphic everywhere in U. But then if we chose r > 0 is such
that B(z9,r) C U, then by Corollary 18.11 h(z) is equal to its Taylor series

centred at zg, thus
D
z) = Zak(z - zo)k
k=0

But since we have h(zg) = h'(z9) = Oweseeap = a; = 0,andso Y - agt2(z—
20)* defines a holomorphic function in B(zp,7). Since this clearly agrees
with f(2) on B(zp,7)\{0}, we see that by redefining f(z9) = a2, we can
extend f to a holomorphic function on all of U as required. O
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We end this section with a kind of converse to Cauchy’s theorem:

Theorem 18.17. (Morera’s theorem) Suppose that f: U — C is a continuous
function on an open subset U C C. If for any closed path ~y: [a,b] — U we have
[, f(2)dz = 0, then f is holomorphic.

Proof. By Theorem 16.21 we know that f has a primitive /': U — C. But
then F is holomorphic on U and so infinitely differentiable on U, thus in
particular f = F” is also holomorphic. O

Remark 18.18. One can prove variants of the above theorem: If U is a star-
like domain for example, then our proof of Cauchy’s theorem for such do-
mains shows that f: U — C has a primitive (and hence will be differen-
tiable itself) provided [ f(z)dz = 0 for every triangle in U. In fact the
assumption that [ f(z)dz = 0 for all triangles whose interior lies in U suf-
fices to imply f is holomorphic for any open subset U: To show f is holo-
morphic on U, it suffices to show that f is holomorphic on B(a,r) for each
open disk B(a,r) C U. But this follows from the above as disks are star-like
(in fact convex). It follows that we can characterize the fact that f: U — C
is holomorphic on U by an integral condition: f: U — C is holomorphic if
and only if for all triangles 7" which bound a solid triangle 7 with 7 C U,
the integral [, f(z)dz = 0.

This characterization of the property of being holomorphic has some im-
portant consequences. We first need a definition:

Definition 18.19. Let U be an open subset of C. If (f,,) is a sequence of
functions defined on U, we say f,, — f uniformly on compacts if for every
compact subset K of U, the sequence (f, k) converges uniformly to f|x-
Note that in this case f is continuous if the f, are: Indeed to see that f is
continuous at a € U, note that since U is open, there is some r» > 0 with
B(a,7) C U. But then K = B(a,r/2) C U and f, — f uniformly on K,
whence f is continuous on K, and so certainly it is continuous at a.

Example 18.20. Convergence of power series f(z) = Y .- ,anz" is a basic
example of convergence on compacts: if R is the radius of convergences
of f(z) the partial sums s,(z) of the power series B(0, R) converge uni-
formly on compacts in B(0, R). The convergence is not necessarily uni-
form on B(0, R), as the example f(z) = > -2, 2" shows. Nevertheless,
since B(0, R) = |, B(0,r) is the union of its compact subsets, many of
the good properties of the polynomial functions s,,(z) are inherited by the
power series because the convergence is uniform on compact subsets.

Proposition 18.21. Suppose that U is a domain and the sequence of holomorphic
functions fy,: U — C converges to f: U — C uniformly on compacts in U. Then
f is holomorphic.

Proof. Note by the above that f is continuous on U. Since the property of
being holomorphic is local, it suffices to show for each w € U that there
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is a ball B(w,r) C U within which f is holomorphic. Since U is open, for
any such w we may certainly find » > 0 such that B(w,r) C U. Then as
B(w, r) is convex, Cauchy’s theorem for a star-like domain shows that for
every closed path v: [a,b] — B(w,r) whose image lies in B(w, ) we have
[, fa(z)dz =0 foralln € N.

But v* = 7([a, b]) is a compact subset of U, hence f,, — f uniformly on

~*. It follows that
0= [ fu@rz— [ f)az,
2l v

so that the integral of f around any closed path in B(w,r) is zero. But
then Theorem 16.21 shows that f has a primitive F' on B(w,r). But we
have seen that any holomorphic function is in fact infinitely differentiable,
so it follows that F', and hence f is infinitely differentiable on B(w, ) as
required.

]

Often functions on the complex plane are defined in terms of integrals. It
is thus useful to have a criterion by which one can check if such a function
is holomorphic. The following theorem gives such a criterion.

Theorem 18.22. Let U be an open subset of C and suppose that F': U x [a,b] is
a function satisfying

(1) The function z — F(z,s) is holomorphic in z for each s € [a, b].

(2) F is continuous on U X [a, b]
Then the function f: U — C defined by

b
f(z) = / F(z,s)ds
is holomorphic.

Proof. Changing variables we may assume that [a, b] = [0, 1] (explicitly, one
replaces s by (s — a)/(b — a)). By Theorem 18.21 it is enough to show that
we may find a sequence of holomorphic functions f,(z) which converge
of f(z) uniformly on compact subsets of U. To find such a sequence, recall
from Prelims Analysis that the Riemann integral of a continuous function is
equal to the limit of its Riemann sums as the mesh of the partition used for
the sum tends to zero. Using the partition z; = i/n for 0 < i < n evaluating
at the right-most end-point of each interval, we see that

Fulz) = % S F(zifn),
=1

is a Riemann sum for the integral fol F(z,s)ds, hence as n — oo we have
fn(2) = f(2) for each z € U, i.e. the sequence (f,) converges pointwise to
fonall of U. To complete the proof of the theorem it thus suffices to check
that f, — f asn — oo uniformly on compact subsets of U. But if K C U is
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compact, then since F is clearly continuous on the compact set K x [0, 1], it
is uniformly continuous there, hence, given any € > 0, thereis a § > 0 such
that |F(z,s) — F(z,t)| < eforall z € B(a, p) and s,t € [0, 1] with |s — | < 4.
But then if n > §~! we have for all z € K

1) = £ue)l = | [ Ples)iz =130 FGecifo)

F(z,8)— F(z,i/n))ds
S [ )~ Feim)

<[ PG - Faifmlds
= Ji-1)/n

< znje/n =e.
i=1

Thus f,,(z) tends to f(z) uniformly on K as required. O

Example 18.23. If f is any continuous function on [0, 1], then the previous
theorem shows that the function f(z) = fol e's? f(s)ds is holomorphic in
z, since clearly F(z,s) = e%*? f(z) is continuous as a function on C x [0, 1]
and, for fixed s € [0,1], F' is holomorphic as a function of z. Integrals of
this nature (though perhaps over the whole real line or the positive real
axis) arise frequently in many parts of mathematics, as you can learn more
about in the optional course on Integral Transforms.

Remark 18.24. Another way to prove the theorem is to use Morera’s theorem
directly: if v: [0, 1] — Cis a closed path in B(a, ), then we have

/7 f(z)dz = /7 ( /0 Pz, 5)ds)dz
:/01 ([yF(z,s)dz)d.s:O,

where in the first line we interchanged the order of integration, and in the
second we used the fact that F'(z, s) is holomorphic in z and Cauchy’s theo-
rem for a disk. To make this completely rigorous however, one has to justify
the interchange of the orders of integration. Next term’s course on Integra-
tion proves a very general result of this form known as Fubini’s theorem,
but for continous functions on compact subets of R” one can give more el-
ementary arguments by showing any such function is a uniform limit of
linear combinations of indicator functions of “boxes” — the higher dimen-
sional analogues of step functions — and the elementary fact that the inter-
change of the order of integration for indicator functions of boxes holds
trivially.
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19. THE IDENTITY THEOREM, ISOLATED ZEROS AND SINGULARITIES

The fact that any complex differentiable function is in fact analytic has
some very surprising consequences — the most striking of which is perhaps
captured by the “Identity theorem”. This says that if f, g are two holomor-
phic functions defined on a domain U and welet S = {z € U : f(z) = g(2)}
be the locus on which they are equal, then if S has a limit point in U it must
actually be all of U. Thus for example if there is a disk B(a,r) € U on
which f and g agree (not matter how small r is), then in fact they are equal
on all of U! The key to the proof of the Identity theorem is the following
result on the zeros of a holomorphic function:

Proposition 19.1. Let U be an open set and suppose that g: U — C is holomor-
phicon U. Let S = {z € U : g(z) = 0}. If 29 € S then either z is isolated
in S (so that g is non-zero in some disk about z, except at z itself) or g = 0 on
a neighbourhood of zy. In the former case there is a unique integer k > 0 and
holomorphic function gy such that g(z) = (z — 20)*g1(2) where g1(20) # 0.

Proof. Pick any zy € U with g(29) = 0. Since g is analytic at z, if we pick
r > 0 such that B(zg,r) C U, then we may write

9(2) =Y _ ez — 20),
k=0

for all z € B(zp,r) C U, where the coeficients c;, are given as in Theorem
18.11. Now if ¢ = 0 for all %, it follows that g(z) = 0 for all z € B(0,r).
Otherwise, we set £ = min{n € N : ¢, # 0} (where since g(zp) = 0 we
have ¢y = 0 so that k& > 1). Then if we let g1(z) = (2 — 20) "¥g(2), clearly
g1(2) is holomorphic on U\{z}, but since in B(zp,r) we have we have
91(2) = Y020 chn(z — 20)", it follows if we set g1(z9) = ¢ # 0 then ¢
becomes a holomorphic function on all of U. Since g; is continuous at z
and g1(z9) # 0, there is an € > 0 such that g;(z) # 0 for all z € B(zo, €). But
(2 — 29)¥ vanishes only at 2y, hence it follows that g(z) = (2 — 20)¥g1(2) is
non-zero on B(a, €)\{zo}, so that z; is isolated.

Finally, to see that k is unique, suppose that g(z) = (z — 20)*g1(2) =
(z—20)'g2(2) say with g1 (z0) and ga(20) both nonzero. If k < [ then g(2)/(z—
20)% = (2 — 20)""*ga(2) for all z # 2y, hence as z — zy we have g(z)/(z —
20)¥ — 0, which contradicts the assumption that g;(z) # 0. By symmetry
we also cannot have k > [ so k = [ as required. O

Remark 19.2. The integer k in the previous proposition is called the multi-
plicity of the zero of g at z = 2 (or sometimes the order of vanishing).

Theorem 19.3. (Identity theorem): Let U be a domain and suppose that f1, f1 are
holomorphic functions defined on U. Then if S = {z € U : fi(z) = f2(2)} hasa
limit point in U, we must have S = U, that is f1(z) = fa(z) forall z € U.

Proof. Let g = f1 — fa, so that S = g~1({0}). We must show that if S has a
limit point then S = U. Since g is clearly holomorphic in U, by Proposition
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19.1 we see that if zyp € S then either z is an isolated point of S or it lies
in an open ball contained in S. It follows that S = V U T where T' = {z €
S : zisisolated} and V' = int(S) is open. But since g is continuous, S =
g1 ({0}) is closed in U, thus V U T is closed, and so Cly(V), the closure®
of Vin U, lies in VU T. However, by definition, no limit point of V' can lie
in T so that Clyy (V) = V, and thus V is open and closed in U. Since U is
connected, it follows that V = @) or V = U. In the former case, all the zeros
of g are isolated so that S’ = 7" = () and S has no limit points. In the latter
case, V = § = U as required.

U

Remark 19.4. The requirement in the theorem that S have a limit point lying
in U is essential: If we take U = C\{0} and f; = exp(1/z) — 1l and f, =0,
then the set S is just the points where f; vanishes on U. Now the zeros of f;
have a limit point at 0 ¢ U since f(1/(2min)) = 0 for all n € N, but certainly
f1 is not identically zero on U!

We now wish to study singularities of holomorphic functions. The key
result here is Riemann’s removable singularity theorem, Corollary 18.16.

Definition 19.5. If U is an open set in C and 2y € U, we say that a func-
tion f: U\{z0} — C has an isolated singularity at z if it is holomorphic on
B(zp,7)\{#0} for some r > 0.

Suppose that zj is an isolated singularity of f. If f is bounded near 2
we say that f has a removable singularity at z, since by Corollary 18.16 it
can be extended to a holomorphic function at zy. If f is not bounded near
2o, but the function 1/ f(z) has a removable singularity at z, thatis, 1/f(z)
extends to a holomorphic function on all of B(zp, r), then we say that f has
a pole at zy. By Proposition 19.1 we may write (1/f)(z) = (¢ — 20)"¢g(2)
where g(zp) # 0 and m € Z~o. (Note that the extension of 1/f to zp must
vanish there, as otherwise f would be bounded near z,.) We say that m is
the order of the pole of f at zp. In this case we have f(z) = (z — z9)"™.(1/9)
near zp, where 1/g is holomorphic near z since g(zo) # 0. If m = 1 we say
that f has a simple pole at z.

Finally, if f has an isolated singularity at zo which is not removable nor
a pole, we say that zg is an essential singularity.

Lemma 19.6. Let f be a holomorphic function with a pole of order m at zy. Then
there is an r > 0 such that for all z € B(zo,7)\{20} we have

f(2) =Y eulz—20)"

n>—m

451 use the notation Cly/ (V), as opposed to V, to emphasize that I mean the closure of V/
in U, not in C, that is, Cly (V) is equal to the union of V with the limits points of V' which
lieinU.
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Proof. As we have already seen, we may write f(z) = (2 —20) ~"h(z) where
m is the order of the pole of f at zp and h(z) is holomorphic and non-
vanishing at zp. The claim follows since, near zy, h(z) is equal to its Taylor
series at zp, and multiplying this by (z —z) " gives a series of the required
form for f(z). O

Definition 19.7. The series ) | .. . cn(2—20)" is called the Laurent series for
f at zp. We will show later that if f has an isolated essential singularity it
still has a Laurent series expansion, but the series is then involves infinitely
many positive and negative powers of (z — zp).

A function on an open set U which has only isolated singularities all
of which are poles is called a meromorphic function on U. (Thus, strictly
speaking, it is a function only defined on the complement of the poles in
U.)

Lemma 19.8. Suppose that f has an isolated singularity at a point zy. Then z is
a pole if and only if | f(z)| — oo as z — zo.

Proof. If 2 is a pole of f then 1/f(2) = (z — 29)¥g(z) where g(z9) # 0 and
k > 0. But then for z # 29 we have f(z) = (2 — 20)7%(1/g(2)), and since
g(20) # 0, 1/g(z) is bounded away from 0 near zp, while |(z — z) %] — oo
as z — 2o, 80 |f(z)| — oo as z — zg as required.

On the other hand, if |f(z)| — coas z — 2o, then 1/f(z) — 0 as z — zo,
so that 1/ f(z) has a removable singularity and f has a pole at z. O

Remark 19.9. The previous Lemma can be rephrased to say that f has a pole
at zp precisely when f extends to a continuous function f: U — C with
f(20) = co. Moreover, you can check from Definition 13.6 that in this case,
the extension is actually holomorphic. Thus the Riemann sphere allows us
to put holomorphic and meromorphic functions on the same footing.

The case where f has an essential singularity is more complicated. We
prove that near an isolated singularity the values of a holomorphic function
are dense:

Theorem 19.10. (Casorati-Weierstrass): Let U be an open subset of C and let
a € U. Suppose that f: U\{a} — C is a holomorphic function with an iso-
lated essential singularity at a. Then for all p > 0 with B(a,p) C U, the set
f(B(a, p)\{a}) is dense in C, that is, the closure of f(B(a, p)\{a}) is all of C.

Proof. Suppose, for the sake of a contradiction, that there is some p > 0
such that zyp € C is not a limit point of f(B(a,p)\{a}). Then the function
g(z) = 1/(f(2) — 20) is bounded and non-vanishing on B(a, p)\{a}, and
hence by Riemann’s removable singularity theorem, it extends to a holo-
morphic function on all of B(a, p). But then f(z) = zp + 1/g(z) has at most
a pole at a which is a contradiction. g

Remark 19.11. In fact much more is true: Picard showed that if f has an iso-
lated essential singularity at zy then in any open disk about z, the function
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f takes every complex value infinitely often with at most one exception.
The example of the function f(z) = exp(1/z), which has an essential sin-
gularity at z = 0 shows that this result is best possible, since f(z) # 0 for
all z # 0.

19.1. Principal parts.

Definition 19.12. Recall that by Lemma 19.6 if a function f has a pole of
order k at 2y then near zy we may write

f(z) = Z en(z — 20)".

n>—k

The function 31, ¢, (2 — 20)" is called the principal part of f at zp, and we
will denote it by P,,(f). It is a rational function which is holomorphic on
C\{20}. Note that f — P, (f) is holomorphic at zy (and also holomorphic
wherever f is). The residue of f at zg is defined to be the coefficient c_; and
denoted Res., (f).

The reason for introducing these definitions is the following: Suppose
that f: U — C is a meromorphic function with poles at a finite set S C U.
Then for each zy € S we have the principal part P,,(f) of f at 2o, a rational
function which is holomorphic everywhere on C\{zy}. The difference

9(2) = F(2) = 3 Pulf),
20€S
is holomorphic on all of U (away from S the is clear because each term
is, at zp € S the terms P;(f) for s € S\{z} are all holomorphic, while
f(2) — P, (f) is holomorphic at zy by the definition of P,,(f)). Thus if U is
starlike and 7: [0,1] — U is any closed path in U with v* N S = ), we have

[yf(z)dzz Ag(z)dz—k Z /PZO(f)dz: Z Py (f)dz.

20ES v 20€ES v

The most important term in the principal part P, (f) is the term c_1/(z —
zp). This is because every other term has a primitive on C\{z}, hence by
the Fundamental Theorem of Calculus it is the only part which contributes
to the integral of P, (f) around the closed path 7. Combining these obser-
vations we see that

[ £z = 37 Resay (1) [ SZ = 2mi Y Rese ()10 20),
i

ZQGS v Z T2 ZoGS
where (v, z9) denotes the winding number of  about the pole zy. This
is the residue theorem for meromorphic functions on a starlike domain. We
will shortly generalize it.

Lemma 19.13. Suppose that f has a pole of order m at z, then

m—1
L () f()
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Proof. Since f has a pole of order m at zo wehave f(2) = >, ~_, cn(2—20)"
for z sufficiently close to zp. Thus -

(Z — Zo)mf(z) =cC_m +C,m+1(z — ZO) 4+ ...+ Cfl(z _ Zo)m—l +.

and the result follows from the formula for the derivatives of a power se-
ries. |

Remark 19.14. The last lemma is perhaps most useful in the case where the
pole is simple, since in that case no derivatives need to be computed. In fact
there is a special case which is worth emphasizing: Suppose that f = g/h
is a ratio of two holomorphic functions defined on a domain U C C, where
h is non-constant. Then f is meromorphic with poles at the zeros*® of h. In
particular, if » has a simple zero at zy and g is non-vanishing there, then f
correspondingly has a simple pole at zy. Since the zero of h is simple at 2,
we must have 2/(zp) # 0, and hence by the previous result

Res., () = lim X520t g(a). Jim 5= — g(ea) ()

where the last equality holds by standard Algebra of Limits results.

20. HOMOTOPIES, SIMPLY-CONNECTED DOMAINS AND CAUCHY’S
THEOREM

A crucial point in our proof of Cauchy’s theorem for a triangle was that
the interior of the triangle was entirely contained in the open set on which
our holomorphic function f was defined. In general however, given a
closed curve, it is not always easy to say what we mean by the “interior”
of the curve. In fact there is a famous theorem, known as the Jordan Curve
Theorem, which resolves this problem, but to prove it would take us too
far afield. Instead we will take a slightly different strategy: in fact we will
take two different approaches: the first using the notion of homotopy and
the second using the winding number. For the homotopy approach, rather
than focusing only on closed curves and their “interiors” we consider arbi-
trary curves and study what it means to deform one to another.

Definition 20.1. Suppose that U is an opensetin Cand a,b € U. If 5: [0,1] —
U and ~: [0,1] — U are paths in U such that y(0) = 1(0) = a and (1) =
n(1) = b, then we say that v and 7 are homotopic in U if there is a continuous
function h: [0, 1] x [0,1] — U such that

h(0,s) =a, h(l,s)=0b
h(ta 0) = 7(t>7 h(ta 1) = 77@

One should think of h as a family of paths in U indexed by the second
variable s which continuously deform + into 7.

46S’t1rict1y speaking, the poles of f form a subset of the zeros of h, since if g also vanishes
at a point zo, then f may have a removable singularity at zo.
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A special case of the above definition is when @ = b and v and 7 are
closed paths. In this case there is a constant path ¢,: [0,1] — U going from
a to b = a which is simply given by ¢,(t) = a for all t € [0,1]. We say a
closed path starting and ending at a point a € U is null homotopic if it is
homotopic to the constant path ¢,. One can show that the relation “v is
homotopic to 7” is an equivalence relation, so that any path v between a
and b belongs to a unique equivalence class, known as its homotopy class.

Definition 20.2. Suppose that U is a domain in C. We say that U is simply
connected if for every a,b € U, any two paths from a to b are homotopic in
U.

Lemma 20.3. Let U be a convex open set in C. Then U is simply connected.
Moreover if Uy and Uy are homeomorphic, then U, is simply connected if and only
lfUQ is.

Proof. Suppose that v: [0,1] — U and 7: [0,1] — U are paths starting and
ending at a and b respectively for some a,b € U. Then for (s,t) € [0,1] x
[0, 1] let

h(t,s) = (1= s)y(t) +sn(t)

It is clear that h is continuous and one readily checks that h gives the re-
quired homotopy. For the moreover part, if f: Uy — Uz is a homeomor-
phism then it is clear that f induces a bijection between continuous paths
in U; to those in U and also homotopies in U; to those in Us, so the claim
follows. O

Remark 20.4. (Non-examinable) In fact, with a bit more work, one can show
that any starlike domain D is also simply-connected. The key is to show
that a domain is simply-connected if all closed paths starting and ending
at a given point zg € D are null-homotopic. If D is star-like with respect
to 29 € D, then if v: [0,1] — D is a closed path with v(0) = (1) = zo,
it follows h(s,t) = zo + s(y(t) — 20) gives a homotopy between ~ and the
constant path c,.

Thus we see that we already know many examples of simply connected
domains in the plane, such as disks, ellipsoids, half-planes. The second
part of the above lemma also allows us to produce non-convex examples:

Example 20.5. Consider the domain
Dye={2€C:z=r :n<r<1,0<0<2r(1—¢)},

where 0 < 7,e < 1/10 say, then D, . is clearly not convex, but it is the
image of the convex set (0,1) x (0,1 — ¢) under the map (r,0) — re?m.
Since this map has a continuous (and even differentiable) inverse, it follows
D,  is simply-connected. When 7 and ¢ are small, the boundary of this set,
oriented anti-clockwise, is a version of what is called a key-hole contour.

We are now ready to state our extension of Cauchy’s theorem. The proof
is given in the Appendices.
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Theorem 20.6. Let U be a domain in C and a,b € U. Suppose that v and n
are paths from a to b which are homotopic in U and f: U — C is a holomorphic

function. Then
2)dz = 2)dz.

Remark 20.7. Notice that this theorem is really more general than the previ-
ous versions of Cauchy’s theorem we have seen — in the case where a holo-
morphic function f: U — C has a primitive the conclusion of the previous
theorem is of course obvious from the Fundamental theorem of Calculus®,
and our previous formulations of Cauchy’s theorem were proved by pro-
ducing a primitive for f on U. One significance of the homotopy form of
Cauchy’s theorem is that it applies to domains U even when there is no
primitive for f on U.

Theorem 20.8. Suppose that U is a simply-connected domain, let a,b € U, and
let f: U — C be a holomorphic function on U. Then if 1,2 are paths from a to
b we have

(2)dz = | f(z)d=.
Y1 Y2
In particular, if v is a closed oriented curve we have f7 f(z)dz = 0, and hence any
holomorphic function on U has a primitive.

Proof. Since U is simply-connected, any two paths from from a to b are
homotopic, so we can apply Theorem 20.6. For the last part, in a simply-
connected domain any closed path v: [0,1] — U, with y(0) = v(1) = a
say, is homotopic to the constant path ¢,(f) = a, and hence f7 f(z)dz =
I, f(z)dz = 0. The final assertion then follows from the Theorem 16.21. [

Example 20.9. If U C C\{0} is simply-connected, the previous theorem
shows that there is a holomorphic branch of [Log(z)] defined on all of U
(since any primitive for f(z) = 1/z will be such a branch).

Remark 20.10. Recall that in Definition 18.6 we called a domain D in the
complex plane primtive if every holomorphic function f: D — Conithad a
primitive. Theorem 20.8 shows that any simply-connected domain is prim-
itive. In fact the converse is also true — any primitive domain is necessarily
simply-connected. Thus the term “primitive domain” is in fact another
name for a simply-connected domain.

The definition of winding number allows us to give another version of
Cauchy’s integral formula (sometimes called the winding number or homol-
ogy form of Cauchy’s theorem).

47Indeed the hypothesis that the paths v and 7 are homotopic is irrelevant when f has a
primitive on U.
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Theorem 20.11. Let f: U — C be a holomorphic function and let v: [0,1] — U
be a closed path whose inside lies entirely in U, that is I(y,z) = 0 forall z ¢ U.
Then we have, for all z € U\~*,

[r@ac=oi [ Hac—2ririr, 502

Moreover, if U is simply-connected and ~y: [a,b] — U is any closed path, then
I(v,z) = 0 forany z ¢ U, so the above identities hold for all closed paths in such
U.

Remark 20.12. The “moreover” statement in fact just uses the fact that a
simply-connected domain is primitive: if D is a domain and w ¢ D, then
the function 1/(z —w) is holomorphic on all of D, and hence has a primitive
on D. It follows I(y, w) = 0 for any path v with v* C D.

Remark 20.13. This version of Cauchy’s theorem has a natural extension: in-
stead of integrating over a single closed path, one can integrate over formal
sums of closed paths, which are known as cycles: if « € Nand 7y, . ..,y are
closed paths and a1, . . ., aj are complex numbers (we will usually only con-
sider the case where they are integers) then we define the integral around

the formal sum I’ = Ele a;y; of a function f to be

k
/ f(z)dz = Zai f(2)dz.
r =1 Yi

Since the winding number can be expressed as an integral, this also gives
a natural defintion of the winding number for such I': explicitly I(I', z) =
S Laill (i, 2). If we write T* =45 U... U v then I(T, z) is defined for all
z ¢ I'*. The winding number version Cauchy’s theorem then holds (with
the same proof) for cycles in an open set U, where we define the inside of a
cycle to be the set of z € C for which I(T, z) # 0.

Note that if z is inside I" then it must be the case that z is inside some ~;,
but the converse is not necessarily the case: it may be that z lies inside some
of the ~; but does not lie inside I'. One natural way in which cycles arise
are as the boundaries of an open subsets of the plane: if {2 is an domain
in the plane, then 02, the boundary of 2 is often a union of curves rather
than a single curve®®. For example if » < R then Q = B(0, R)\B(0,7)
has a boundary which is a union of two concentric circles. If these circles
are oriented correctly, then the “inside” of the cycle I' which they form is
precisely €2 (see the discussion of Laurent series below for more details).
Thus the origin, although inside each of the circles v(0, ) and (0, R), is not
inside I'. The cycles version of Cauchy’s theorem is thus closest to Green’s
theorem in multivariable calculus.

480f course in general the boundary of an open set need not be so nice as to be a union
of curves at all.
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As a first application of this new form of Cauchy’s theorem, we establish
the Laurent expansion of a function which is holomorphic in an annulus.
This is a generalization of Taylor’s theorem, and we already saw it in the
special case of a function with a pole singularity.

Definition 20.14. Let 0 < r < R be real numbers and let zy € C. An open
annulus is a set

A= A(r,R, 20) = B(20, R)\B(20,7) ={z € C:7 < |z — 20| < R}

If we write (for s > 0) (20, s) for the closed path t — 2y + se?™* then notice
that the inside of the cycle I'; g ., = (20, R) — (20, 1) is precisely A, since
for any s, I(y(20, s), z) is 1 precisely if z € B(zp, s) and 0 otherwise.

Theorem 20.15. Suppose that 0 < r < Rand A = A(r, R, 20) is an annulus
centred at zy. If f: U — C is holomorphic on an open set U which contains A,
then there exist c,, € C such that

f(z) = Z cn(z —20)", Vz e A

n=—oo

Moreover, the c,, are unique and are given by the following formulae:

L e,

T omi e (2= 20)n

where s € [r, R] and for any s > 0 we set ys(t) = 2o + se>™,

Proof. By translation we may assume that zy = 0. Since A is the inside of the
cycle I';. g ., it follows from the winding number form of Cauchy’s integral
formula that for w € A we have

2mif(w) = /(z) dz —/ /(z) dz

'YRZ_w zZ—Ww

But now the result follows in the same way as we showed holomorphic

functions were analytic: if we fix w, then, for |w| < |z| we have - =
Yooe yw™ /2", converging uniformly in 2 in |z| > |w| + € for any € > 0. It

n=

follows that

fz) — [ (2) n
7Rz_wdz_/mngo poTES] dz-Z( WRZanz)w.

n>0

forallw € A. Similarly since for |z| < |w| we have® L= > onso 2wt =

o2 w"/2"FL, again converging uniformly on |z| when |z| < |w| — € for
e > 0, we see that

[ L[ F sowa= 3 ([ B

" n=-—1 n=-—1 T

“'Note the sign change.
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Thus taking (¢, )nez as in the statement of the theorem, we see that

flw) = 1 (2) dz — = (2) dz = Z 2",

271 g W 21 e Z W o

as required. To see that the ¢,, are unique, one checks using uniform con-
vergence thatif ) |, d,2" is any series expansion for f(z) on A, then the
d, must be given by the integral formulae above.

Finally, to see that the ¢,, can be computed using any circular contour ,,
note thatif r < s; < 53 < Rthen f/(z— 29)""! is holomorphic on the inside
of I' = 75, — 7s,, hence by the homology form of Cauchy’s theorem 0 =

Jo F) =z dz = [, f(2)/(z—z0)" e[, f(2)/(z—20)" 1dz. O

Remark 20.16. Note that the above proof shows that the integral fm %dz

defines a holomorphic function of w in B(zp, R), while f% f EZU)J dz defines a
holomorphic function of w on C\ B(zp, ). Thus we have actually expressed
f(w) on A as the difference of two functions which are holomorphic on

B(zp, R) and C\B(zo, ) respectively.

Corollary 20.17. If f: U — C is a holomorphic function on an open set U con-
taining an annulus A = A(r, R, zo) then f has a Laurent expansion on A. In
particular, if f has an isolated singularity at zo, then it has a Laurent expansion
on a punctured disc B(zo,r)\{z0} for sufficiently small r > 0.

Proof. This follows from the previous Theorem and the fact that for any
0 <r < Rwehave

A(T’, Ra ZO) = U A(TlaRlv'ZO)‘

r<ri<Ri<R

The final sentence follows from the fact that B(zo,r)\{z0} = A(0,7,20). O

Definition 20.18. Let f: U\S — C be a function which is holomorphic on
a domain U except at a discrete set S C U. Then for any a € S Corollary
20.17 shows that for > 0 sufficiently small, we have

f(z) =) en(z—a)", Vz€ Bla,r)\{a}.
nez

We define

— 00

Po(f) = Z en(z —a)",

n=—1

to be the principal part of f at a. This generalizes the previous definition we
gave for the principal part of a meromorphic function. Note that the proof
of Theorem 20.17 shows that the series P,(f) is uniformly convergent on
C\B(a,r) forallr > 0, and hence defines a holomorphic function on C\{a}.
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21. THE ARGUMENT PRINCIPLE

Lemma 21.1. Suppose that f: U — C is a meromorphic and has a zero of order
k or a pole of order k at zy € U. Then f'(z)/f(z) has a simple pole at z, with
residue k or —k respectively.

Proof. If f(z) has a zero of order k we have f(z) = (z — 20)*g(2) where g(2)
is holomorphic near z and g(zp) # 0. It follows that

fi(2)/f(z) = +9'(2)/9(2),
zZ — 20
and since g(z) # 0 near z it follows ¢’(z)/g(z) is holomorphic near zy, so
that the result follows. The case where f has a pole at 2 is similar. O

Remark 21.2. Note that if U is an open set on which one can define a holo-
morphic branch L of [Log(z)] then g(z) = L(f(z)) has ¢'(z) = f'(2)/f(z).
Thus integrating f/(z)/f(z) along a path v will measure the change in ar-
gument around the origin of the path f((t)). The residue theorem allows
us to relate this to the number of zeros and poles of f inside v, as the next
theorem shows:

Theorem 21.3. (Argument principle): Suppose that U is an open set and f: U —
C is a meromorphic function on U. If B(a,r) C U and N is the number of
zeros (counted with multiplicity) and P is the number of poles (again counted
with multiplicity) of f inside B(a,r) and f has neither on 0B(a,r) then

e,
2mi ), f(z)

where y(t) = a + re*™ is a path with image OB(a,r). Moreover this is the
winding number of the path I' = f o ~y about the origin.

N-—-P=

Proof. 1t is easy to check that I(v, z) is 1 if [z — a| < 1 and is 0 otherwise.
Since Lemma 21.1 shows that f/(z)/f(z) has simple poles at the zeros and
poles of f with residues the corresponding orders the result immediately
from Theorem 22.1.

For the last part, note that the winding number of I'(t) = f(v(¢)) about
zero is just

P e (1),
L@ﬂww‘ﬂfwwﬁ”@”@“‘ﬂf@d

Remark 21.4. The argument principle also holds, with the same proof, to
any closed path v on which f is continuous and non-vanishing, provided
it has winding number +1 around its inside. Thus for example it applies
to triangles, or paths built from an arc of a circle and the line segments
joining the end-points to the centre of the circle, provided they are correctly
oriented.

O
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The argument principle is very useful — we use it here to establish some
important results.

Theorem 21.5. (Rouché’s theorem): Suppose that f and g are holomorphic func-
tions on an open set U in C and B(a,r) C U. If |f(2)] > |g(2)| for all z €
O0B(a,r) then f and f + g have the same change in argument around ~y, and hence
the same number of zeros in B(a,r) (counted with multiplicities).

Proof. Let v(t) = a + re*™ be a parametrization of the boundary circle of
B(a,r). We need to show that (f + ¢)/f = 1 + g/ f has the same number
of zeros as poles (Note that f(z) # 0 on 9B(a,r) since |f(z)| > |g(z)|.) But
by the argument principle, this number is the winding number of I'(¢) =
h(v(t)) about zero, where h(z) = 1 + g(z)/f(z). Since, by assumption, for
z € v* we have |g(2)| < |f(2)| and so |g(z)/f(2)| < 1, the image of I lies
entirely in B(1, 1) and thus in the half-plane {z : ®(z) > 0}. Hence picking
a branch of Log defined on this half-plane, we see that the integral

L Log(h(v(1)) — Log(h(~(0)) = 0

as required.
O

Remark 21.6. Rouche’s theorem can be useful in counting the number of
zeros of a function f — one tries to find an approximation to f whose zeros
are easier to count and then by Rouche’s theorem obtain information about
the zeros of f. Just as for the argument principle above, it also holds for
closed paths which having winding number about their inside.

Example 21.7. Suppose that P(z) = 2% + 5z + 2. Then on the circle |z| = 2,
we have |z|* = 16 > 5.2 + 2 > |52 + 2|, so that if g(2) = 52 + 2 we see that
P — g = z* and P have the same number of roots in B(0,2). It follows by
Rouche’s theorem that the four roots of P(z) all have modulus less than 2.
On the other hand, if we take |2| = 1, then |52+ 2| >5-2=3> |24 =1,
hence P(z) and 5z + 2 have the same number of roots in B(0, 1). It follows
P(z) has one root of modulus less than 1, and 3 of modulus between 1 and
2.

Theorem 21.8. (Open mapping theorem): Suppose that f: U — C is holomor-
phic and non-constant on a domain U. Then for any open set V. C U the set f(V')
is also open.

Proof. Suppose that wg € f(V), say f(z0) = wo. Then g(z) = f(z) — wo
has a zero at zy which, since f is nonconstant, is isolated. Thus we may
find an 7 > 0 such that g(z) # 0 on B(zp,7)\{20} C U and in particular
since 0B(zp,r) is compact, we have |g(z)| > 6 > 0 on 0B(zg,r). But then
if |w — wop| < § it follows |w — wy| < |g(2)| on OB(zp, ), hence by Rouche’s
theorem, since g(z) has a zero in B(zp,r) it follows h(z) = g(z) + (wo —
w) = f(z) — w does also, that is, f(z) takes the value w in B(zg,r). Thus
B(wo, ) C f(B(z0,r)) and hence f(U) is open as required. O
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Remark 21.9. Note that the proof actually establishes a bit more than the
statement of the theorem: if wy = f(2o) then the multiplicity d of the zero
of the function f(z) —wy at 2 is called the degree of f at zy. The proof shows
that locally the function f is d-to-1, counting multiplicities, that is, there are
r,e € Rsq such that for every w € B(wp, €) the equation f(z) = w has d
solutions counted with multiplicity in the disk B(zo, 7).

Theorem 21.10. (Inverse function theorem): Suppose that f: U — C is injective
and holomorphic and that f'(z) # 0 forall z € U. If g: f(U) — U is the inverse
of f, then g is holomorphic with ¢'(w) = 1/ f'(g(w)).

Proof. By the open mapping theorem, the function g is continuous, indeed
if V is open in f(U) then g~ }(V) = f(V) is open by that theorem. To see
that ¢ is holomorphic, fix wy € f(U) and let zp = g(wp). Note that since
g and f are continuous, if w — wg then f(w) — zo. Writing z = f(w) we
have
_ g(w) — g(wo) . =20 /
wlg{luo w — W P f(z) = f(20) = 1/f(=0)

as required. O

Remark 21.11. Note that the non-trivial part of the proof of the above theo-
rem is the fact that g is continuous! In fact the condition that f’(2) # 0 fol-
lows from the fact that f is bijective — this can be seen using the degree of f:
if f'(z0) = 0and f is nonconstant, we must have f(z)— f(z0) = (2—20)*g(2)
where g(z9) # 0 and k£ > 1. Since we can chose a holomorphic branch of
g'/* near z it follows that f(z) is locally k-to-1 near 2o, which contradicts
the injectivity of f. For details see the Appendices. Notice that this is in
contrast with the case of a single real variable, as the example f(z) = 23
shows. Once again, complex analysis is “nicer” than real analysis!

22. THE RESIDUE THEOREM

We can now prove one of the most useful theorems of the course — it is
extremely powerful as a method for computing integrals, as you will see
this course and many others.

Theorem 22.1. (Residue theorem): Suppose that U is an open set in C and ~y is
a path whose inside is contained in U, so that for all z ¢ U we have I(v, z) = 0.
Then if S C U is a finite set such that S N~* = 0 and f is a holomorphic function
on U\S we have
1
[ fG1dz = Y 10 Resa(£)
.

211
a€S

Proof. For each a € Slet P,(f)(z) = >., 27, en(a)(z — a)" be the principal
part of f at a, a holomorphic function on C\{a}. Then by definition of
P,(f), the difference f — P,(f) is holomorphic at a € S, and thus g(z) =
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J(2) = > ses Pa(f) is holomorphic on all of U. But then by Theorem 20.11
we see that [. g(z)dz = 0, so that

L e =3 / Pu(f)(2)dz

But by the proof of Theorem 20.17, the series P,( f) converges uniformly
on ~v* so that

APa(f)dz :A il%(a)(z —a)" = 2/7 M
_ / U (o a)Resa(f).
il

since for n > 1 the function (z — a)~" has a primitive on C\{a}. The result
follows. O

Remark 22.2. In practice, in applications of the residue theorem, the wind-
ing numbers (v, a) will be simple to compute in terms of the argument of
(z — a) —in fact most often they will be 0 or &1 as we will usually apply the
theorem to integrals around simple closed curves.

22.1. Residue Calculus. The Residue theorem gives us a very powerful
technique for computing many kinds of integrals. In this section we give a
number of examples of its application.

Example 22.3. Consider the integral fozﬂ H%Zfsg(t). If we let v be the path
t+ e and let z = €' then cos(t) = R(z) = 5(2 + 2) = 3(z + 1/2). Thus we
have

1 1 1 472

1+3cos2(t) 1+3/4(z+1/2)2 1+32243 4322 3+ 1022 + 324

Finally, since dz = izdt it follows

/2“ dt / —diz
— = [ ———————dz.
o 1+ 3cos?(t) 4 3+1022 4 324

Thus we have turned our real integral into a contour integral, and to eval-
uate the contour integral we just need to calculate the residues of the mero-
morphic function ¢(z) = ?)erf% at the poles it has inside the unit circle.
Now the poles of g(z) are the zeros of the polynomial p(z) = 3+ 1022 + 324,
which are at 22 € {—3,—1/3}. Thus the poles inside the unit circle are at
+i/+/3. In particular, since p has degree 4 and has four roots, they must all
be simple zeros, and so g has simple poles at these points. The residue at
a simple pole z; can be calculated as the limit lim,_,,(z — 20)g(z), thus we
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see (compare with Remark 19.14) that

) —diz(z — +i/V/3 1
Res,_i)v3(9(2)) = ng}\/g 3 +(10z2 +<’>z4 - (i4/\/§)'m
1 .
- (ﬂ/\/g)'zo(ﬂ/\@) +12(£/V3) v

It now follows from the Residue theorem that

27
/O H?,dt(t) — 2ri(Res, _,, 5((9(2)) +Res__, 5(9(2))) = .

Remark 22.4. Often we are interested in integrating along a path which is
not closed or even finite, for example, we might wish to understand the
integral of a function on the positive real axis. The residue theorem can still
be a power tool in calculating these integrals, provided we complete the
path to a closed one in such a way that we can control the extra contribution
to the integral along the part of the path we add.

Example 22.5. If we have a function f which we wish to integrate over the
whole real line (so we have to treat it as an improper Riemann integral)
then we may consider the contours I'r given as the concatenation of the
paths v1: [-R, R] — Cand 72: [0, 1] — C where

n(t)=—R+1t; 7(t) = Re'™.
(so that I'gr = 2 % 71 traces out the boundary of a half-disk). In many cases

one can show that fw f(z)dz tends to 0 as R — oo, and by calculating the

residues inside the contours I'r deduce the integral of f on (—o0,0). To
see this strategy in action, consider the integral

/oo dx
o 1+a?+at

It is easy to check that this integral exists as an improper Riemann integral,
and since the integrand is even, it is equal to

— lim / * dixdx.

2 Rosoo J_p 1422+ a2
If f(z) = 1/(1 + 2% + 2%), then fFR f(2)dz is equal to 27i times the sum of
the residues inside the path T's. The function f(z) = 1/(1 + 22 + 2*) has
poles at 22 = +¢2™/% and hence at {e™/3, ¢2™/3 ¢47i/3 ¢57i/3) They are all
simple poles and of these only {w,w?} are in the upper-half plane, where
w = ¢'™/3. Thus by the residue theorem, for all R > 1 we have

A f(2)dz = 2mi(Res,(f(2)) + Res,2(f(2))),

and we may calculate the residues using the limit formula as above (and the
fact that it evaluates to the reciprocal of the derivative of 1+ 2%+ z%): Indeed



102 KEVIN MCGERTY.

since w? = —1 we have Res,,(f(z)) = while Res, 2 (f(z)) =

Thus we obtain:

1 _ 1
2w+4w3 T 2w—47

1 _ 1
2w24+4w8 T 442w2
1 1
dz = 271
/FRf(Z) : m(2w—4+2w2—|—4)
1 n 1 )
w—2 w242

w2+w
m) = —V3n/(-3) = 7/V3,

= m'(
= 7Ti(
(where we used the fact that w? + w = iv/3 and w — w? = 1). Now clearly

= [tk [ s
z)dz = _ z)dz,
' _pl+t24+tt [,

and by the estimation lemma we have

TR

f(2)dz| < sup [f(2)[l(2) < 5755 — 0,
‘ o ‘ e R4 _ RQ -1
as R — oo, it follows that
. o dt
wvB= i [ s@e= [

22.2. Jordan’s Lemma and applications. The following lemma is a real-
variable fact which is fundamental to something known as convexity. Note
that if x, y are vectors in any vector space then the set {tz + (1 —t)y : t €
[0,1]} describes the line segment between z and y.

Lemma 22.6. Let g: R — R be a twice differentiable function. Then if [a,b] is
an interval on which ¢"(x) < 0, the function g is convex on [a,b], that is, for
x <y € |a,b] we have

g(tr + (1 —t)y) > tg(x) + (1 —t)g(y), te€0,1].

Thus informally speaking, chords between points on the graph of g lie below the
graph itself.

Proof. Given z,y € [a,bl and t € [0,1] let £ = tz + (1 — t)y, a point in the
interval between x and y. Now the slope of the chord between (z, g(z))
and (&, g(€)) is, by the Mean Value Theorem, equal to ¢’(s;) where s; lies
between x and &, while the slope of the chord between (&, g(£)) and (y, g(y))
is equal to ¢/(s2) for sp between § and y. If g(§) < tg(z) + (1 — t)g(y) it
follows that ¢’(s1) < 0 and ¢'(s2) > 0. Thus by the mean value theorem for
¢'(z) applied to the points s; and s, it follows there is an s € (s1, s2) with
g"(s) = (¢'(s2) — ¢'(s1))/(s2 — s1) > 0, contradicting the assumption that
¢"(x) is negative on (a, b). O

The following lemma is an easy application of this convexity result.
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Lemma 22.7. (Jordan’s Lemma): Let f: H — C be a meromorphic function on
the upper-half plane H = {z € C : 3(z) > 0}. Suppose that f(z) — 0as z — oo
in H. Then if yg(t) = Re® for t € [0, 7] we have

(2)e"**dz — 0
R
as R — oo for all o € Rxo.

Proof. Suppose that € > 0 is given. Then by assumption we may find an S
such that for |z| > S we have |f(z)| < e. Thusif R > S and z = vp(?), it
follows that

|f(Z)€iaz| =< Ee—aRsin(t)'
But now applying Lemma 22.6 to the function g(¢) = sin(¢) with z = 0
and y = m/2 we see that sin(t) > 2¢ for t € [0,7/2]. Similarly we have
sin(m —t) > 2(m —t)/w for t € [r/2, 7]. Thus we have

' c.o—20Rt/m te [0 7'r/2]
oz < ’ ’
|f(2)e"*| < {6‘6_204R(7r—t)/7r t € [r/2,7

But then it follows that

) w/2 ) 1— e R
| f(2)e"%dz| < 2/ eRe 2Bt — er—— < en/a,
YR 0 o

Thus since 7/« > 0 is independent of R, it follows that fm f(z)e'*dz — 0
as R — oo as required. O

Remark 22.8. If ng is an arc of a semicircle in the upper half plane, say
nr(t) = Re' for 0 < t < 2m/3, then the same proof shows that [, f(z)e’**dz
tends to zero as R tends to infinity. This is sometimes useful when inte-
grating around the boudary of a sector of disk (that is a set of the form
{re? :0<r <R,0€[h,6))).

It is also useful to note that if @ < 0 then the integral of f(z)e'®* around a
semicircle in the lower half plane tends to zero as the radius of the semicircle
tends to infinity provided |f(z)| — 0 as |z| — oo in the lower half plane.
This follows immediately from the above applied to f(—z).

[1e %1

Example 22.9. Consider the integral [~ w

dx. This is an improper inte-

gral of an even function, thus it exists if and only if the limit of [ fR Smxﬂd:v
exists as R — oo. To compute this consider the integral along the closed
curve 7nr given by the concatenation nr = vr x yg, where vg: [-R, R] - R
given by vp(t) = t and yg(t) = Re (where t € [0,7]). Now if we let

f(z) = £=1, then f has a removable singularity at = = 0 (as is easily seen

by considering the power series expansion of ¢%%) and so is an entire func-
tion. Thus we have fnR f(2)dz =0 forall R > 0. Thus we have

R eiz dz
0= dz = dt + —dz — —.
. f(2)dz /R f(t)dt z /WR

’YRZ z
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Now Jordan’s lemma ensures that the second term on the right tends to
zero as R — oo, while the third term integrates to [ % ’Re ~dt = im. It follows

that f f(t)dt tends to im as R — oc. and hence takmg imaginary parts we

0 sm( )

conclude the improper integral [~ dx is equal to 7.

Remark 22.10. The function f(z) = 6”7_1 might not have been the first
meromorphic function one could have thought of when presented with the
previous improper integral. A more natural candidate might have been

g(z) = <. There is an obvious problem with this choice however, which is
that it has a pole on the contour we wish to integrate around. In the case
where the pole is simple (as it is for €% /z) there is standard procedure for
modifying the contour: one indents it by a small circular arc around the
pole. Explicitly, we replace the vz with v, x 7. x v}, where v () = ¢ and
t € [-R,—¢] for vy, and t € [¢, R] for v}; (and as above 7 (t) = ee’™) for
t € [0,7]). Since 22 ( ) is bounded at z = 0 the sum

_ R - R .
/ sin(z) da;—i—/ sm(x)dx _>/ sin(z) i,
R . x R T

as € — 0, while the integral along ~. can be computed explicitly: by the Tay-
lor expansion of e* we see that ResZ:()% =1, so that e** — 1/z is bounded
near 0. It follows that as ¢ — 0 we have f%(eiz/z —1/z)dz — 0. On the

other hand [ dz/z = f_ (—eiet™=1) /(™= dt = —i, so that we see

eiz
—dz — —im
. 2
ase — 0.

Combining all of this we conclude that if I'c = vy x v x v, x v then

—€ ix iz R iz iz
0_/ f(z dz—/ e—da:—i— edz+/ edﬂc+/ .
—R X YR z
o [femin) [
€ TR

R iz
—>2z/ sm( )d:c—z7r+/ e—dz.
0 X YR #

as € — 0. Then letting R — oo, it follows from Jordans Lemma that the
third term tends to zero so we see that

/ sm(a:)dx _ 2/ sm(a:)dx .
—c0 xT 0 X

We record a general version of the calculation we made for the contribu-
tion of the indentation to a contour in the following Lemma.

as required.



METRIC SPACES AND COMPLEX ANALYSIS. 105

Lemma 22.11. Let f: U — C be a meromorphic function with a simple pole at
a € U and let yc: [, B] — C be the path v.(t) = a + ee®, then

lim LE f(2)dz = Resq(f).(B — a)i.

e—0
Proof. Since f has a simple pole at a, we may write
c
f(z) = 4 +9(2)

where ¢(z) is holomorphic near z and ¢ = Res,(f) (indeed ¢/(z — a) is
just the principal part of f at a). But now as g is holomorphic at a, it is
continuous at a, and so bounded. Let M, r > 0 be such that |g(z)| < M for
all z € B(a,r). Thenif 0 < € < r we have

[ 92z < €M = (8= a)e,
Ye
which clearly tends to zero as € — 0. On the other hand, we have

/ € dr= /5 E jeeitdt = /ﬁ(ic)dt =ic(f — )
v X0 Ja ceit ¢ Ja - '
Since [\ f(z)dz = [, ¢/(z —a)dz+ [, g(z)dz the result follows. O

22.3. On the computation of residues and principal parts. The previous
examples will hopefully have convinced you of the power of the residue
theorem. Of course for it to be useful one needs to be able to calculate the
residues of functions with isolated singularities. In practice the integral
formulas we have obtained for the residue are often not the best way to do
this. In this section we discuss a more direct approach which is often useful
when one wishes to calculate the residue of a function which is given as the
ratio of two holomorphic functions.

More precisely, suppose that we have a function F': U — C given to us as
aratio f/g of two holomorphic functions f, g on U where g is non-constant.
The singularities of the function F' are therefore poles which are located
precisely at the (isolated) zeros of the function g, so that F' is meromorphic.
For convenience, we assume that we have translated the plane so as to
ensure the pole of F' we are interested inisata = 0. Let g(2) = ), < cn2"
be the power series for g, which will converge to g(z) on any B(0,r) such
that B(0,r) C U. Since g(0) = 0, and this zero is isolated, there is a k > 0
minimal with ¢; # 0, and hence

9(2) = e (1 + Z anz"),
n>1
where a,, = ¢,11/ck. Now if we let h(z) = >.°° | a,,2"! then h(z) is holo-

n=1
morphic in B(0,7) - since h(z) = (g(2) — cx2*)/(cxz**!) — and moreover

o cklzk(l +2h(2)) 7,
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Now as h is continuous, it is bounded on B(0,r), say |h(z)| < M for all
z € B(0,r). But then we have, for |z| < ¢ = min{r,1/(2M)},

1 R —

— = (D _(=D""h(=)"),

k
92 ok

where by the Weierstrass M-test, the above series converges uniformly on
B(0,6). Moreover, for any n, the series _, -, (—1)"2"h(z)™ is a holo-
morphic function which vanishes to order at least n at = = 0, so that
Ck% > nsk(=1)"2"h(2)" is holmorphic. It follows that the principal part
of the Laurent series of 1/g(z) is equal to the principal part of the function

zk: klkh

Since we know the power series for (z), this allows us to compute the prin-
cipal part of ﬁ as claimed. Finally, the principal part Py(F) of F' = f/g at
z = 0 1is just the Py(f.FPo(g)), the principal part of the function f(z).FPo(g),
which again is straight-forward to compute if we know the power series
expansion of f(z) at 0 (indeed we only need the first k terms of it). The best
way to digest this analysis is by means of examples. We consider one next,
and will examine another in the next section on summation of series.

Example 22.12. Consider f(z) = 1/(z%sinh(2)?). Now sinh(z) = (e* —
e”%)/2 vanishes on 7iZ, and these zeros are all simple since d%(sinh(z)) =
cosh(z) has cosh(nmi) = (—1)" # 0. Thus f(z) has a pole or order 5 at zero,
and poles of order 3 at win for each n € Z\{0}. Let us calculate the principal
part of f at z = 0 using the above technique. We will write O(z*) for the
vector space of holomorphic functions which vanish to order & at 0.

O L2 A
2?sinh(2)? = (z+§+§+0( )3 = (1_1_5_1_54_0( 6))3
322 324 324
_ .5 6
=21+ 3l + BIE + =] + 0(z"))
22 1324
1 s 6
2 —|— + 120 + 0(z"))

_ 5 (1 +Z(g N 1323 +O(25))>

120
Thus, in the notation of the above discussion, h(z) = 5 + 1132Z0 + 0O(z%), and
so, as h vanishes to first order at z = 0, in order to obtain the principal
part we just need to consider the first two terms in the geometric series
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(14 2h(2) 7! = 30Lo(=1)"2"h(2)"™

3
1/2%sinh(z)® = 2P (14 z(g + 113220 + 0(25)))71
51 (% 1323 5 22 5
=z"(1 z(2+ 120)+Z (2!)2+O(z )
2
st 13 5
=z2""(1 5 +(4 120)2 + 0(z"))
1 1 17
== —-5+—-—+0(2).

25 223 1202
Thus the principal part of f(z) at0is Py(f) = Z% - ﬁ + égz, and Resy(f) =
17/120.
There are other variants on the above method which we could have used:
For example, by the binomial theorem for an arbitrary exponent we know
thatif 2| < 1then (1+2)% =3, (7%)2" =1 - 32+ 622 +.... Arguing

as above, it follows that for small enough =z we have

22 24

Sinh(z)73 = ng'(]- + ? + y + O(ZG))*:S

yielding the same result for the principal part of 1/22 sinh(z)3.

22.4. Summation of infinite series. Residue calculus can also be a use-
ful tool in calculating infinite sums, as we now show. For this we use the
function f(z) = cot(mz). Note that since sin(7z) vanishes precisely at the
integers, f(z) is meromorphic with poles at each integer n € Z. Moreover,
since f is periodic with period 1, in order to understand the poles of f it
suffices to calculate the principal part of f at z = 0. We can use the method
of the previous section to do this:

We have sin(z) = z — ‘g—? + Z; + O(z"), so that sin(z) vanishes with
multiplicity 1 at z = 0 and we may write sin(z) = z(1 — zh(z)) where
h(z) = 2/3! — 23 /5! + O(2°) is holomorphic at z = 0. Then

Sml(z) = 21— 2h() 7 = (14 TR = -+ hz) + O()
n>1

Multiplying by cos(z) we see that the principal part of cot(z) is the same
as that of 1 cos(z) which, using the Taylor expansion of cos(z), is clearly 1

again. By periodicity, it follows that cot(7z) has a simple pole with residue
1/m at each integer n € Z.
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We can also use this strategyto find further terms of the Laurent series of
cot(z): Since our h(z) actually vanishes at z = 0, the terms h(z)"2" vanish
to order 2n. It follows that we obtain all the terms of the Laurent series of
cot(z) at 0 up to order 3, say, just by considering the first two terms of the
series 1+ > o, z"h(z)", thatis, 1 + zh(2). Since cos(z) = 1 — 22/2! + z1/41,
it follows that cot(z) has a Laurent series

22 z 23
cot(z) = (1 — T 0(24)).(2 + <§ —a T 0(z%)))
= % - g +0(2*)

The fact that f(z) has simple poles at each integer will allow us to sum
infinite series with the help of the following:

Lemma 22.13. Let f(z) = cot(nz) and let I'y denotes the square path with
vertices (N + 1/2)(£1 £ i). There is a constant C' independent of N such that
|f(2)| < Cforall z € T,.

Proof. We need to consider the horizontal and vertical sides of the square
separately. Note that cot(mz) = (¢™ + ¢~¥"%) /('™ — e~™*). Thus on the
horizontal sides of I'y where z = v + (N + 1/2)iand —(N +1/2) < z <
(N +1/2) we have

et (@£ (N+1/2)i) +e—i7r(x:t(N+1/2)i)
eim(@E(N+1/2)i _ o—im(z+(N+1/2)i)

| cot(mz)| =

T (N+1/2) +e—7r(N+1/2)
= on(N+1/2) _ o—n(N+1/2)
= coth(m(N + 1/2)).

Now since coth(x) is a decreasing function for = > 0 it follows that on the
horizontal sides of I'y we have | cot(7z)| < coth(37/2).

On the vertical sides we have z = £(NN + 1/2) + iy, where —N — 1/2 <
y < N 4 1/2. Observing that cot(z + N7) = cot(z) for any integer N and
that cot(z + 7/2) = —tan(z), we find that if 2 = =(N + 1/2) + iy for any
y € R then

|cot(mz)| = | — tan(iy)| = | — tanh(y)| < 1.
Thus we may set C' = max{1, coth(37/2)}. O

We now show how this can be used to sum an infinite series:

Example 22.14. Let g(z) = cot(mz)/2%. By our discussion of the poles of
cot(mz) above it follows that g(z) has simple poles with residues 77112 at
each non-zero integer n and residue —7/3 at z = 0.

Consider now the integral of ¢g(z) around the paths I'y: By Lemma 22.13
we know |g(z)] < C/|z|? for 2 € T%, and for all N > 1. Thus by the
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estimation lemma we see that
</ g(z)dz> < C.(4N +2)/(N +1/2)* =0,
I'n

as N — oo. But by the residue theorem we know that

/Fg(z)dz:—ﬂ'/3+ Z #

n#0,
—N<n<N
It therefore follows that
=1
— 2
Z 2" /6
n=1

Remark 22.15. Notice that the contours I' y and the function cot(7z) clearly
allows us to sum other infinite series in a similar way — for example if we
wished to calculate the sum of the infinite series -, n%ﬂ then we would
consider the integrals of g(z) = cot(m2)/(1 + z?) over the contours I'y.

Remark 22.16. (Non-examinable — for interest only!): Note that taking g(z) =
(1/22k) cot(rz) for any positive integer k, the above strategy gives a method
for computing >°° | 1/n% (check that you see why we need to take even
powers of n). The analysis for the case k£ = 1 goes through in general, we
just need to compute more and more of the Laurent series of cot(nz) the
larger we take k to be.

One can show that ((s) = >_-7, 1/n® converges to a holomorphic func-
tion of s for any s € C with (s) > 1 (as usual, we define n® = exp(s.log(n))
where log is the ordinary real logarithm). As s — 1 it can be checked that
¢(s) — oo, however it can be shown that ((s) extends to a meromorphic
function on all of C\{1}. The identity theorem shows that this extension is
unique if it exists®’. (This uniqueness is known as the principle of “analytic
continuation”.) The location of the zeros of the {-function is the famous Rie-
mann hypothesis: apart from the “trivial zeros” at negative even integers,
they are conjectured to all lie on the line R(z) = 1/2. Its values at special
points however are also of interest: Euler was the first to calculate ((2k)
for positive integers k, but the values ((2k + 1) (for k£ a positive integer)
remain mysterious — it was only shown in 1978 by Roger Apéry that ((3) is
irrational for example. Our analysis above is sufficient to determine ((2k)
once one succeeds in computing explicitly the Laurent series for cot(rz) or
equivalently the Taylor series of z cot(mz) = iz + 2iz/(e?”* — 1). See Appen-
dix IV for more details.

501t is this uniqueness and the fact that one can readily compute that ((—1) = —1/12
that results in the rather outrageous formula } >, n = —1/12.
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FIGURE 5. A keyhole contour.

22.5. Keyhole contours. There are many ingenious paths which can be
used to calculate integrals via residue theory. One common contour is
known (for obvious reasons) as a keyhole contour. 1t is constructed from
two circular paths of radius € and R, where we let R become arbitrarily
large, and e arbitrarily small, and we join the two circles by line segments
with a narrow neck in between. Explicitly, if 0 < € < R are given, pick a
d > 0small, and set 4 (t) =t +1id, n_(t) = (R — t) — i), where in each case
t runs over the closed intervals with endpoints such that the endpoints of
n+ lie on the circles of radius € and R about the origin. Let v be the pos-
itively oriented path on the circle of radius R joining the endpoints of 7
and 7_ on that circle (thus traversing the “long” arc of the circle between
the two points) and similarly let v, the path on the circle of radius e which
is negatively oriented and joins the endpoints of v+ on the circle of radius e.
Then we set I'r . = 14 *yr *1— x 7. (see Figure 5). The keyhole contour can
sometimes be useful to evaluate real integrals where the integrand is multi-
valued as a function on the complex plane, as the next example shows:
Example 22.17. Consider the integral [;* %d:ﬂ. Let f(2) = 2'/2/(1 + 2?),
where we use the branch of the square root function which is continuous
on C\Rs, that is, if z = re’ with t € [0, 27) then z'/2 = ¢1/2¢/2,

We use the keyhole contour I'g .. On the circle of radius R, we have
|£(2)] < RY?/(R? — 1), so by the estimation lemma, this contribution to
the integral of f over I'p . tends to zero as R — oo. Similarly, |f(2)] is
bounded by €!/2/(1 — ¢2) on the circle of radius e, thus again by the estima-
tion lemma this contribution to the integral of f over I'g . tends to zero as
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¢ — 0. Finally, the discontinuity of our branch of z'/2 on R+ ensures that

the contributions of the two line segments of the contour do not cancel but

rather both tend to [ %dw as 0 and e tend to zero.
To compute [ 1‘11;22 dx we evaluate the integral fFR f(2)dz using the

residue theorem: The function f(z) clearly has simple poles at z = +i, and
their residues are 2e ™/ and 1¢5™/4 respectively. It follows that

f(z)dz = 2mi <;e_m/4 + ;65”/4) = V2.

FR,e

Taking the limit as R — oo and € — 0 we see that 2 [;° 22 de = 7v/2, s0

0 1422
that
/OO 21 2dx T
o l+az 2

23. CONFORMAL TRANSFORMATIONS

Another important feature of the stereographic projection map is that
it is conformal, meaning that it preserves angles. The following definition
helps us to formalize what this means:

Definition 23.1. If v: [-1,1] — C is a C! path which has 7/(t) # 0 for all
t, then we say that the line {7(t) + s7/(t) : s € R} is the tangent line to ~ at
v(t), and the vector 4/(t) is a tangent vector at y(t) € C.

Remark 23.2. Note that this definition gives us a notion of tangent vectors
at points on subsets of R, since the notion of a C'! path extends readily
to paths in R™ (we just require all n component functions are continuously
differentiable). In particular, if S is the unit sphere in R? as above, a C'! path
on Sis simply a path v: [a,b] — R3 whose image lies in S. It is easy to check
that the tangent vectors at a point p € S all lie in the plane perpendicular
to p — simply differentiate the identity f(v(t)) = 1 where f(z,y,2) = 22 +
y? + 22 using the chain rule.

We can now state what we mean by a conformal map:

Definition 23.3. Let U be an open subset of C and suppose that T: U —
C (or S) is continuously differentiable in the real sense (so all its partial
derivatives exist and are continuous). If v1,7v2: [—1,1] — U are two paths
with zgp = 71(0) = 12(0) then 4/ (0) and ~5(0) are two tangent vectors at z,
and we may consider the angle between them (formally speaking this is the
difference of their arguments). By our assumption on 7', the compositions
Tov; and Tovy, are C*-paths through T'(z9), thus we obtain a pair of tangent
vectors at T'(zp). We say that T is conformal at 2 if for every pair of C* paths
71,72 through 2y, the angle between their tangent vectors at zj is equal to
the angle between the tangent vectors at T'(zo) given by the C! paths T oy
and T oyy. We say that T"is conformal on U if it is conformal at every z € U.
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One of the main reasons we focus on conformal maps here is because
holomorphic functions give us a way of producing many examples of them,
as the following result shows.

Proposition 23.4. Let f: U — C be a holomorphic map and let zo € U be such
that f'(z0) # 0. Then f is conformal at zy. In particular, if f: U — C is has
nonvanishing derivative on all of U, it is conformal on all of U (and locally a
biholomorphism).

Proof. We need to show that f preserves angles at zy. Let v, and 2 be C!-
paths with v1(0) = 12(0) = 2. Then we obtain paths 71, 72 through f(zo)
where 71 (t) = f(7(t)) and n2(t) = f(12(t)). By the Chain Rule (see Lemma
26.7) we see that 7 (t) = Df,,(v1(t)) and n5(t) = D f.,(v4(t)), and moreover
if f'(20) = p.€'?, then

B cos()  sin(0)
Dfeo = p- (sin(@) —cos(f) )’

(since the linear map given by multiplication by f’(z) is precisely scaling
by p and rotating by ). It follows that if ¢; and ¢2 are the arguments
of 74(0) and ~%(0), then the arguments of 7} (0) and 7,(0) are ¢; + 0 and
@2 + 0 respectively. It follows that the difference between the two pairs of
arguments, that is, the angles between the curves at zy, and f(zg), are the
same.

For the final part, note that if f/(zy) # 0 then by the definition of the de-
gree of vanishing, the function f(z) is locally biholomorphic (see the proof
of the inverse function theorem). O

Example 23.5. The function f(z) = 22 has f’(z) nonzero everywhere except
the origin. It follows f is a conformal map from C* to itself. Note that the
condition that f/(z) is non-zero is necessary — if we consider the function
f(z) = 2% atz = 0, f'(z) = 22 which vanishes precisely at z = 0, and it is
easy to check that at the origin f in fact doubles the angles between tangent
vectors.

Lemma 23.6. The sterographic projection map S: C — S is conformal.

Proof. Let zy be a point in C, and suppose that v;(t) = z¢ + tv; and y2(t) =
zg + tvy are two pa’chs51 having tangents v; and vo at 2o = 71(0) = 72(0).
Then the lines L; and Ls they describe, together with the point NV, deter-
mine planes H; and H> in R3, and moreover the image of the lines under
stereographic projection is the intersection of these planes with S. Since
the intersection of S with any plane is either empty or a circle, it follows
that the paths v, and v, get sent to two circles C and C5 passing through
P = 5(zp) and N. Now by symmetry, these circles meet at the same angle
at N as they do at P. Now the tangent lines of C; and C; at N are just the
intersections of H and H» with the plane tangent to S at V. But this means

Slyith domain [—1, 1] say — or even the whole real line, except that it is non-compact.
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the angle between them will be the same as that between the intersection of
H, and H; with the complex plane, since it is parallel to the tangent plane
of S at N. Thus the angles between C; and C5 at P and L; and L at zp
coincide as required. O

Although it follows easily from what we have already done, it is worth
high-lighting the following:
Lemma 23.7. Mobius transformations are conformal.
Proof. Aswe have already shown, any holomorphic map is conformal wher-
ever its derivative is nonzero. Since a Mobius transformation f is invertible

everywhere with holomorphic inverse, its derivative must be nonzero ev-
erywhere and we are done.

One can also give a more explicit proof: If f(z) = gjifl then it is easy to
check that i
, ad — bc
=—57#0

for all z # —d/c, thus f is conformal at each z € C\{—d/c}. Checking at
z = o0, —d/c is similar: indeed at co = [1 : 0] we use the map in,: C — P!
given by w ~— [1 : w] to obtain f(w) = Ziflg and f._ (w) = %, which
is certainly nonzero at w = 0 (and i, (0) = 00). O

Since a Mobius map is given by the four entries of a 2 x 2 matrix, up to
simultaneus rescaling, the following result is perhaps not too surprising.

Proposition 23.8. If 21, 29, 23 and w1, wa, w3 are triples of pairwise distinct com-
plex numbers, then there is a unique Mobius transformation f such that f(z;) =
w; foreachi=1,2,3.

Proof. It is enough to show that, given any triple (21, 22, z3) of complex
numbers, we can find a Mobius transformations which takes z1, 29, 23 to
0,1, 00 respectively. Indeed if f; is such a transformation, and f, takes
0,1,00 to w1, wa, w3 respectively, then clearly f» o f; ' is a Mobius trans-
formation which takes z; to w; for each s.
Now consider

_ (2= 21)(22 — 23)
f(z) =

(z — 23)(22 — 21)
It is easy to check that f(z1) = 0, f(22) = 1, f(23) = o0, and clearly f is a
Mobius transformation as required. If any of 21, 23 or z3 is oo, then one can
find a similar transformation (for example by letting z; — oo in the above

formula). Indeed if 21 = oo then we set f(z) = 222 if 25 = oo, we take
f(z) = £=Z; and finally if z3 = co take f(z) = Z=2-.

To see the f is unique, suppose fi and fo both took z1, 22, 23 to w1, w2, ws.
Then taking Mobius transformations g, h sending 21, 22, 23 and w1, wa, w3 to
0, 1, oo the transformations h f1 g~ and h fog~! both take (0, 1, o0) to (0, 1, 00).

But suppose T'(z) = gjig is any Mobius transformation with 7'(0) = 0,
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T(1) = 1and T'(c0) = oo. Since T fixes oo it follows ¢ = 0. Since 7'(0) = 0 it
follows that b/d = 0 hence b = 0, thus T'(z) = a/d.z, and since T'(1) = 1 it
follows a/d = 1 and hence T'(z) = z. Thus we see that hfig~! = hfag™! =
id are all the identity, and so f; = f> as required. O

Example 23.9. The above lemma shows that we can use Mobius transfor-
mations as a source of conformal maps. For example, suppose we wish to
find a conformal transformation which takes the upper half plane H = {z €
C : §(z) > 0} to the unit disk B(0,1). The boundary of H is the real line,
and we know Mobius transformations take lines to lines or circles, and in
the latter case this means the point co € C is sent to a finite complex num-
ber. Now any circle is uniquely determined by three points lying on it, and
we know Mobius transformations allow us to take any three points to any
other three points. Thus if we take f the Mobius map which sends 0 — —i,
and 1 — 1, co — 1 the real axis will be sent to the unit circle. Now we have

1z+1
z4+1

f(z) =

(one can find f in a similar fashion to the proof of Proposition 23.8).

So far, we have found a Mobius transformation which takes the real line
to the unit circle. Since C\R has two connected components, the upper
and lower half planes, H and ¢H, and similarly C\S! has two connected
components, B(0,1) and C\B(0, 1). Since a Mobius transformation is con-
tinuous, it maps connected sets to connected sets, thus to check whether
f(H) = B(0,1) it is enough to know which component of C\S! a single
point in H is sent to. But f(i) = 0 € B(0, 1), so we must have f(H) = B(0, 1)
as required.

Note that if we had taken g(z) = (2 + ¢)/(iz + 1) for example, then ¢
also maps R to the unit circle S!, but g(—i) =0, 50”2 g maps the lower
half plane to B(0,1). If we had used this transformation, then it would
be easy to “correct” it to get what we wanted: In fact there are (at least)
two simple things one could do: First, one could note that the map R(z) =
—z (a rotation by 7) sends the upper half plane to the lower half place, so
that the composition g o R is a Mobius transformation taking H to B(0, 1).
Alternatively, the inversion j(z) = 1/z sends C\B(0,1) to B(0,1), so that
j o galsosends H to B(0, 1). Explicitly, we have

9o RE) = 2= = S =) deal) = T = £(0)

524 Mobius map is a continuous function on C, and if we remove a circle from C
the complement is a disjoint union of two connected components, just the same as when
we remove a line or a circle from the plane, thus the connectedness argument works just as
well when we include the point at infinity.



METRIC SPACES AND COMPLEX ANALYSIS. 115

Note in particular that f is far from unique — indeed if f is any Mobius
transformation which takes H to B(0, 1) then composing it with any Mo-
bius transformation which preserves B(0, 1) will give another such map.
Thus for example ¢?. f will be another such transformation.

Exercise 23.10. Every Mobius transformation gives a biholomorphic map
from C to itself, but they may not preserve the distance function ds on P*.
What is the subgroup of Mob which are isometries of P! with respect to the
distance function dg?

Given two domains D1, D2 in the complex plane, one can ask if there
is a conformal transformation f: D; — D,. Since a conformal transfor-
mation is in particular a homeomorphism, this is clearly not possible for
completely arbitrary domains. However if we restrict to simply-connected
domains (that is, domains in which any path can be continuously deformed
to any other path with the same end-points), the following remarkable the-
orem shows that the answer to this question is yes! Since it will play a
distinguished role later, we will write D for the unit disc B(0, 1).

Theorem 23.11. (Riemann’s mapping theorem): Let U be an open connected and
simply-connected proper subset of C. Then for any zy € U there is a unique
bijective conformal transformation f: U — D such that f(z9) =0, f'(z0) > 0.

Remark 23.12. The proof of this theorem is beyond the scope of this course,
but it is a beautiful and fundamental result. The proof in fact only uses the
fact that on a simply-connected domain any holomorphic function has a
primitive, and hence it in fact shows that such domains are simply-connected
in the topological sense (since a conformal transformation is in particular a
homeomorphism, and the disc in simply-connected). It relies crucially on
Montel’s theorem on families of holomorphic functions, see for example the
text of Shakarchi and Stein™ for an exposition of the argument.

Note that it follows immediately from Liouville’s theorem that there can
be no bijective conformal transformation taking C to B(0, 1), so the whole
complex plane is indeed an exception. The uniqueness statement of the
theorem reduces to the question of understanding the conformal transfor-
mations of the disk D to itself.

Of course knowing that a conformal transformation between two do-
mains D; and D; exists still leaves the challenge of constructing one. As we
will see in the next section on harmonic maps, this is an important question.
In simple cases one can often do so by hand, as we now show.

In addition to Mobius transformations, it is often useful to use the ex-
ponential function and branches of the multifunction [2“]| (away from the
origin) when constructing conformal maps. We give an example of the kind
of constructions one can do:

53Complex Analysis, Princeton Lecture in Analysis II, E. M. Stein & R. Shakarchi. P.U.P.
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Example 23.13. Let D; = B(0,1) and Dy = {z € C : |z] < 1,3(2) >
0}. Since these domains are both convex, they are simply-connected, so
Riemann’s mapping theorem ensure that there is a conformal map sending
D5 to Dy. To construct such a map, note that the domain is defined by the
two curves (0,1) and the real axis. It can be convenient to map the two
points of intersection of these curves, =1 to 0 and co. We can readily do this
with a Mobius transformation:

z—1

f(z):m)

Now since f is a Mobius transformation, it follows that fi(R) and f1(v(0, 1))
are lines (since they contain co) passing through the origin. Indeed f(R)
R, and since f had inverse f~! = 1 it follows that the image of (0, 1)
is {w € C: |w — 1| = |w + 1]}, that is, the imaginary axis. Since f(i/2) =
(—3 + 44)/5 it follows by connectedness that f(D;) is the second quadrant
Q={weC:R(z) <0,3(z) > 0}.

Now the squaring map s: C — C given by z — 2% maps Q bijectively to
the half-plane H = {w € C : ¥(w) < 0}, and is conformal except at z = 0
(which is on the boundary, not in the interior, of (J). We may then use a
Mobius map to take this half-plane to the unit disc: indeed in Example 23.9
we have already seen that the Mobius transformation g(z) = fzfl takes the
lower-half plane to the upper-half plane.

Putting everything together, we see that /' = g o s o f is a conformal
transformation taking Dy to D, as required. Calculating explicitly we find
that

2242241
22 —2iz+1

F(2) :i<

Remark 23.14. Note that there are couple of general principles one should
keep in mind when constructing conformal transformations between two
domains D; and D,. Often if the boundary of D, has distinguished points
(such as £1 in the above example) it is convenient to move these to “stan-
dard” points such as 0 and oo, which one can do with a Mobius transfor-
mation. The fact that Mobius transformations are three-transitive and takes
lines and circles to lines and circles and moreover act transitively on such
means that we can always use Mobius transformations to match up those
parts of the boundary of D and D, given by line segments or arcs of circles.
However these will not be sufficient in general: indeed in the above exam-
ple, the fact that the boundary of D; is a union of a semicircle and a line
segment, while that of D, is just a circle implies there is no Mobius transfor-
mation taking D to Do, as it would have to take 9D; to D3, which would
mean that its inverse would not take the unit circle to either a line or a cir-
cle. Branches of fractional power maps [2“] are often useful as they allow
us to change the angle at the points of intersection of arcs of the boundary
(being conformal on the interior of the domain but not on its boundary).
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23.1. Conformal transformations and the Laplace equation. In this sec-
tion we will use the term conformal map or conformal transformation some-
what abusively to mean a holomorphic function whose derivative is nowhere
vanishing on its domain of definition. (We have seen already that this im-
plies the function is conformal in the sense of the previous section.) If there
is a bijective conformal transformation between two domains U and V' we
say they are conformally equivalent.

Recall that a function v: R? — R is said to be harmonic if it is twice differ-
entiable and 97v 4 ;v = 0. Often one seeks to find solutions to this equa-
tion on a domain U C R? where we specify the values of v on the boundary
OU of U. This problem is known as the Dirichlet problem, and makes sense in
any dimension (using the appropriate Laplacian). In dimension 2, complex
analysis and in particular conformal maps are a powerful tool by which
one can study this problem, as the following lemma show.

Lemma 23.15. Suppose that U C C is a simply-connected open subset of C and
v: U — R is twice continuously differentiable and harmonic. Then there is a
holomorphic function f: U — C such that R(f) = v. In particular, any such
function v is analytic.

Proof. (Sketch): Consider the function ¢g(z) = J,v — i0yv. Then since v is
twice continuously differentiable, the partial derivatives of g are continu-
ous and
020 = —0pv; 0y, = Dy 0yv,

so that g satisfies the Cauchy-Riemann equations. It follows from Theorem
14.9 that g is holomorphic. Now since U is simply-connected, it follows that
g has a primitive G: U — C. But then it follows that if G = a(z) + ib(z) we
have 0,G = 0,a — i0ya = g(z) = 0,v — i0,v, hence the partial derivatives
of a and v agree on all of U. But then if 2z, 2 € U and 7 is a path between
then, the chain rule® shows that

1
[ @+ vz - /0 (0 (0(1(1)) + iByo(3(£))) (Dt

L q
- /0 ()t = v(z) ~ v(z0),

Similarly, we see that the same path integral is also equal to a(z) — a(2o).
It follows that a(z) = v(z) + (a(z0) — v(20)), thus if we set f(z) = G(z) —
(G(z0) — v(z0)) we obtain a holomorphic function on U whose real part is
equal to v as required.

Since we know that any holomorphic function is analytic, it follows that
v is analytic (and in particular, infinitely differentiable). O

54This uses the chain rule for a composition g o f of real-differentiable functions f: R —
R? and g: R? — R, applied to the real and imaginary parts of the integrand. This follows
in exactly the same way as the proof of Lemma 26.7. See the remark after the proof of that
lemma.
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The previous Lemma shows that, at least locally (in a disk say) harmonic
functions and holomorphic functions are in correspondence — given a holo-
morphic function f we obtain a harmonic function by taking its real part,
while if u is harmonic the previous lemma shows we can associate to it a
holomorphic function f whose real part equals « (and in fact examining the
proof, we see that f is actually unique up to a purely imaginary constant).
Thus if we are seeking a harmonic function on an open set U whose values
are a given function g on 9U, then it suffices to find a holomorphic function
fon U such that £(f) = g on the boundary oU.

Now if H: U — V was a bijective conformal transformation which ex-
tends to a homeomorphism H: U — V which thus takes U homeomor-
phically to 0V, then if f: V' — C is holomorphic, so is f o H. Thus in
particular R(f o H) is a harmonic function on U. It follows that we can
use conformal transformations to transport solutions of Laplace’s equation
from one domain to another: if we can use a conformal transformation H
to take a domain U to a domain V where we already have a supply of holo-
morphic functions satisfying various boundary conditions, the conformal
transformation H gives us a corresponding set of holomorphic (and hence
harmonic) functions on U. We state this a bit more formally as follow:

Lemma 23.16. If U and V are domains and G: U — V is a conformal transfor-
mation, then if u: V' — R is a harmonic function on V, the composition u o G is
harmonic on U.

Proof. To see that u o G is harmonic we need only check this in a disk
B(zp,7) C U about any point zyp € U. If wg = G(zp), the continuity of
G ensures we can find J,¢ > 0 such that G(B(z0,9)) C B(wp,€) C V. But
now since B(wy, €) is simply-connected we know by Lemma 23.15 we can
find a holomorphic function f(z) with v = R(f). But then on B(zp,d) we
have u o G = R(f o G), and by the chain rule f o G is holomorphic, so that
its real part is harmonic as required. O

Remark 23.17. You can also give a more direct computational proof of the
above Lemma. Note also that we only need G to be holomorphic — the fact
that it is a conformal equivalence is not necessary. On the other hand if we
are trying to produce harmonic functions with prescribed boundary values,
then we will need to use carefully chosen conformal transformations.

This strategy for studying harmonic functions might appear over-optimistic,
in that the domains one can obtain from a simple open set like B(0, 1) or
the upper-half plane H might consist of only a small subset of the open sets
one might be interested in. However, the Riemann mapping theorem (The-
orem 23.11) show that every domain which is simply connected, other than
the whole complex plane itself, is in fact conformally equivalent to 5(0, 1).
Thus a solution to the Dirichlet problem for the disk at least in principal
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comes close® to solving the same problem for any simply-connected do-
main! For convenience, we will write D for the open disk B(0, 1) of radius
1 centred at 0.

In the course so far, the main examples of conformal transformations we
have are the following;:

(1) The exponential function is conformal everywhere, since it is its
own derivative and it is everywhere nonzero.

(2) Mobius transformations understood as maps on the extended com-
plex plane are everywhere conformal.

(3) Fractional exponents: In cut planes the functions z — 2 for o € C
are conformal (the cut removes the origin, where the derivative may
vanish).

Let us see how to use these transformations to obtain solutions of the
Laplace equation. First notice that Cauchy’s integral formula suggests a
way to produce solutions to Laplace’s equation in the disk: Suppose that u
is a harmonic function defined on B(0, r) for some > 1. Then by Lemma
23.15 we know there is a holomorphic function f: B(0,r) — C such that
u = R(f). By Cauchy’s integral formula, if v is a parametrization of the
positively oriented unit circle, then for all w € B(0,1) we have f(w) =
— |, f — w)dz, and so

21 zZ—w

Since the integrand uses only the values of f on the boundary circle, we
have almost recovered the function u from its values on the boundary. (Al-
most, because we appear to need the values of it harmonic conjugate). The
next lemma resolves this:

Lemma 23.18. If u is harmonic on B(0,r) for r > 1 then for all w € B(0, 1) we
have
12 1= |wf? L[ g€l Fw

2 €

Proof. (Sketch.) Take, as before, f(z) holomorphic with R(f) = w on B(0, ).
Then letting -y be a parametrization of the positively oriented unit circle we

have
f(z)dz 1 [ f(z)dz
vy Z2—w 27 ),z —w!
) by the integral formula and the second term is
1

) is holomorphic inside all of B(0, 1). Gathering

flw) = 5=
where the first term is f(w
zero because f(z)/(z —w™
the terms, this becomes

1 — |w|? dz 1 e 1= |w)|?
= — ————df.
27T/f lz—w2iz 27 ), Je )|e“’ — wl?

%The issue is whether the conformal equivalence behaves well enough at the
boundaries.
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The advantage of this last form is that the real and imaginary parts are now
easy to extract, and we see that

2m ) 1— 2
u(z) = / u(ele)%‘w’d&
0
Finally for the second integral expression note that if |z| = 1 then
z+w  (z+w)(z—w) 1-—|wf+ (zw— 20)

z—w |z — w|? |z — w|?

from which one readily sees the real part agrees with the corresponding
factor in our first expression. O

Now the idea to solve the Dirichlet problem for the disk B(0, 1) is to turn
this previous result on its head: Notice that it tells us the values of v inside
the disk B(0, 1) in terms of the values of u on the boundary. Thus if we
are given the boundary values, say a (periodic) function G(e?) we might
reasonably hope that the integral

L N e (il
g(w) = o /0 G(e )mde,
would define a harmonic function with the required boundary values. In-
deed it follows from the proof of the lemma that the integral is the real part

of the integral
i_ / G(Z) 1 dZ,
271 ~ Z—w

which we know from Proposition 17.7 is holomorphic in w, thus g(w) is
certainly harmonic. It turns out that if w — wy € 0B(0,1) then provided
G is continuous at wg then g(w) — G(wp), hence g is in fact a harmonic
function with the required boundary value.
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24. APPENDIX I: SET THEORY

In this appendix we review some elementary set theory.

If X isasetand {4; : i € I} is a collection of subsets of X indexed by a
set I, then we define

UAi ={x € X :3Ji € I such thatz € A;};

iel

(NAi={zeX:VielxecA}

iel
Note that in particular this implies that if I is the empty set, then the empty
intersection is X, while the empty union is the empty set.

If A C X then we write A for the complement of A in X, thatis, A° =

{z € X;x ¢ A}. De Morgan’s Laws state that

(Ua) =45 (N4 =4
i€l i€l i€l i€l
If : X — Y is any function, then there is an induced map f~!: P(Y) —
P(X), where P(X) denotes the power set of X, that is, the set of all subsets
of X. If A C Y then f~1(A) = {z € X : f(z) € A}. We call f~1(A) the
preimage of A in X. The preimage map f~! is compatible with unions and
intersections: If {C; : ¢ € I} is a collection of subsets of Y then

! (U OZ) =UJr@y (ﬂ a») = /1(C).

el el il el
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25. APPENDIX II: ON THE CONNECTED SUBSETS OF R

In this appendix we give an alternative approach to the classification of
connected subsets of R:

Definition 25.1. Let £ C R be a subset of the real line. We say that E has
property I if, whenever x < y both lie in E, we have [z,y] C I.

Proposition 25.2. A subset E C R of the real line is connected if and only if it
has property 1.

Proof. First suppose that £ is connected and that z,y € E. By symmetry we
may assume that z < y. If [z, y] is not entirely contained in £, we may find
¢ € (z,y)suchthatc ¢ E. Butthen E C (—o0, ¢)U(¢,0) and x € EN(—o0, ¢)
and y € EN (¢, 00) so that E is not contained entirely in one or other of the
disjoint open sets (—o0, ¢), (¢, 00). Thus E is disconnected.

Next suppose that E has property I, and suppose £ C U UV where U
and V are ope subsets of R with ENU NV = (), and, for the sake of a
contradiction, that ENU and ENV are both non-empty. Then we may pick
r € ENU andy € ENV, and by symmetry assume that < y. Since E has
property I, the interval [z, y] is entirely contained in E.

Now as [z,y] isbounded and z € U, if welet S = {z € [z,y] : z € U},
then S is non-empty and bounded and so ¢ = sup(S) exists, and clearly
c € [z,y]. If ¢ € U then ¢ # y and. as U is open, there is some ¢; > 0
such that B(c,e;) C U. Thus if we set § = min{e1 /2, (y — ¢)/2} > 0 we
have ¢+ § € U N [z, y| contradicting the fact that ¢ is an upper bound for S.
Similarly if ¢ € V then there is an €2 > 0 such that B(c,e2) C V. But then
0 =(c—e2,cNU D (c—e2,c]NS,so that ¢ — € is an upper bound for S,
contradiction the fact that c is the least upper bound of S. It follows that
we must have £ C U or E' C V, and hence FE is connected as required. [

Corollary 25.3. (The Intermediate Value Theorem): If f: [a,b] — R is continu-
ous and c lies in the closed interval with endpoints f(a), f(b), then there is some
x € [a,b] with f(x) = c.

Proof. Clearly [a,b] has property I, hence it is connected. Since f is con-
tinuous, f([a,b]) is connected and hence also has property I, thus since
f(a), f(b) € f([a,b]) the entire interval between f(a) and f(b) is in the im-
age of f as required. O

Lemma 25.4. If E C R has property I, then E is either R, a half-line, or an
interval.

Proof. Let us write [ = inf(E) € {—oc} UR and u = sup(F) € RU {+oo}.
We claim that

(l,u) CEC[l,ul,
(where if v or [ is infinite, then the bracket being open or closed should be
taken to mean the same thing). To establish the claim not first the right-
hand inclusion is immediate from the definitions. For the left-hand inclu-
sion, suppose that z € (I,u). The since [ < z the approximation property
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shows that there is some y € E with [ < y < 2z, and similarly since z < u
there is some y € E with z < y < u. It follows z € [z,y] C I by property I,
and so we are done. It is easy to see that the claim immediately implies the
statement of the Lemma. O

Combining the above results we obtain a classification of the connected
subsets of R.

Theorem 25.5. The connected subsets of R are precisely R itself, all half-lines
[a, 00|, (a, 00),(—00, a),(—o0, a] and all bounded intervals (a, b), (a.b], [a,b), (a,b)
fora,b € Rwitha <b.
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26. APPENDIX III: SOME RESULTS FROM REAL ANALYSIS.

In this appendix we review some notions from multivariable calculus.
While we give careful proofs, only the statements are examinable.

26.1. Properties of the Limit Superior. We collect here some basic facts
about the lim sup of a sequence of real numbers. Recall the definition:

Definition 26.1. Let (a,) be a sequence which is bounded above (if it is
not, by convention we set limsup,,(a,) = +00). Then for each n we may
set s, = sup{ay : k > n}. Clearly the sequence (s,) is decreasing, and
so if it is bounded below it has a limit, which we denote by limsup,, (a,).
If the sequence s, is not bounded below, it tends to —oo, and we write
lim sup,,(a,) = —oo. Note that limsup,, (a,) = —oc if and only if a,, - —oc0
asn — —oo.

The following Lemma is helpful in understanding what the properties
of the lim sup are.

Lemma 26.2. Let (a,,) be a sequence of real numbers which is bounded above and
let s = limsup,,(ay). If (an, ) is any convergent subsequence of (ay,) with limit ¢
then ¢ < s. Moreover, there exists a subsequence of (a,,) which converges to s, so
that lim sup,, (ay,) is the maximum value of the limit of a subsequence of (a,).

Proof. For the first part, note that by definition clearly a,, < s,,, and since
(sn) tends to s it follows the subsequence (s, ) does also, hence since limits
preserve weak inequalities, limy(a,,, ) = | < s as required.

Let A, = {am : m > n € N} be the set of values of the n-th tail of the
sequence (a,). Then it is clear that s,, is in A,, for each m > n, and so
s € A, for all n. If s is a limit point of any A, then it is easy to see that s is
a limit of a subsequence of the associated tail (ay)x>n. If, for all n, we have
s ¢ Al, then we must have s € A4,\4], C A, for all n, hence s = a,, for
infinitely many m. It follows that there is a subsequence of (a,) which is

constant and equal to s, so certainly it converges to s.
O

We have the following basic property of lim sup, which we used in the
discussion of differentiation of power series:

Lemma 26.3. Suppose that (a,) is a bounded sequence of real numbers. Then if
(cn) is a sequence which converges to ¢ > 0 then lim sup,, (cpay,) = c. limsup,, a,.

Proof. If (ay, ) is any subsequence of (a,) which converges to ¢ € R, then
clearly ¢y, a,, — c.f asn — oo. Since ¢ > 0 it follows the result follows
from the previous lemma which shows that lim sup,, (¢, a,,) is the maximum
value of the limit of a subsequence of (c,ay,). O

Remark 26.4. For sequences which are bounded below one may consider
l, = inf{ay, : kK > n}. Clearly (,,) forms an increasing sequence and one sets
liminf, (a,) = limy, {,,. It is easy to see that lim sup,,(a,) = — liminf,(—a,).
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26.2. Partial derivatives and the total derivative.

Theorem 26.5. Suppose that F: U — R? is a function defined on an open subset
of R?, whose partial derivatives exist and are continuous on U. Then for all z € U
the function F is real-differentiable, with derivative D f. given by the matrix of
partial derivative.

Proof. Working component by component, you can check that it is in fact
enough to show that a function f: U — R with continuous partial deriva-
tives 0, f and 0, f has total derivative given by (0, f,d,f) at each z € U.
That is, if z = (z,y) then

f@+hy+k) = f@,y) + 0uf(x, )+ Oy f (x, )k + || (h, k)[|.€ (R, k),

where ¢(h, k) — 0 as (h, k) — 0. But now since the function z — f(z,y) is
differentiable at x with derivative 0, f(z,y) we have

f(SU + hvy) = f(xvy) + axf(x7y)h + hfl(h)

where €;(h) — 0 as h — 0. Now by the mean value theorem applied the
function to y — f(x + h,y) we have

flx+hy+k)=flx+h,y) +0yf(x+h,y+0:2k)k,
for some 6, € (0,1). Thus using the definition of 9, f (x, y) it follows that
f@+hy+k)=f(2,y) + 0 f(z,y)h + her(h) + Oy f(x + h,y + O2k)k.
Thus we have
flx+hy+k)=f(z,y) + 0uf(x,y)h + 0y f(x,9)k + ||(h, k) |e(h, k),

where

h k
e(h, k) = Wﬂ(h) + W@yﬂf + h,y 4 02k) — 0, f(z,y)).

Thus since 0 < h/vVh? + k%, k/vVh?2 + k? < 1, the fact that ¢;(h) — 0 as
h — 0 and the continuity of 9, f at (x,y) imply that e(h, k) — O as (h, k) — 0
as required. O

Remark 26.6. Note that in fact the proof didn’t use the full strength of the
hypothesis of the theorem — we only actually needed the existence of the
partial derivatives and the continuity of one of them at (z,y) to conclude
that f is real-differentiable at (z,y).

26.3. The Chain Rule. We establish a version of the chain rule which is
needed for the proof that the existence of a primitive for a function f: U —
C implies that fv f(z)dz = 0 for every closed curve v in U. The proof
requires one to use the fact that if dF'/dt = f on U then f(~(t))7/(¢) is the
derivative of F'(y(t)). This is of course formally exactly what one would
expect using the formula for the normal version of the chain rule, but one
should be slightly careful: F': C — C is a function of a complex variable,
while v: [a,b] — C is a function of real variable, so we are mixing real and
complex differentiability.
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That said, we have seen that a complex differentiable function is also dif-
ferentiable in the real sense, with its derivative being the linear map given
by multiplication by the complex number which is its complex derivative.
Thus the result we need follows from a version of the chain rule for real-
differentiable functions:

Lemma 26.7. Let U be an open subset of R? and let F': U — R? be a differentiable
function. If v: [a,b] — R is a (piecewise) C*-path with image in U, then F(~(t))
is a differentiable function with

d

S(F (1) = DEy o (7(1)
Proof. Let ty € [a,b] and let zyg = 7(t9) € U. Then by definition, there is a
function €(z) such that

F(z) = F(z0) + DF,,(z — 20) + |z — 20le(2),
where €(z) — 0 = €(29) as z — 2p. But then

F(~v(t)) — F(~(t t) — (& t) — (¢
() = Fato) _ pp, 10 =200)) () b= 100l
—to —to —to
But now consider the two terms on the right-hand side of this expression:
for the first term, note that a linear map is continuous, so since ((t) —
v(to))/(t—to) — 7'(to) ast — to we see that DF,, (X0=2)y s DE. (+/(ty))

t—to
as t — tg. On the other hand, for the second term, since %Zo(to) tends

to 7/(to) as t tends to to, we see that |y(t) — y(to)|/(t — to) is bounded as
t — top, while since v(t) is continuous at ¢ since it is differentiable there
e(y(t)) — e(v(to)) = €(z0) = 0. It follows that the second term tends to
zero, so that the left-hand side tends to D f. (,)(7'(t0)) as required. O

Remark 26.8. Notice that the proof above works in precisely the same way if
F is a function from R? to R. Indeed a slight modification of the argument
proves that if ': R — R™ and G: R™ — RP? then if ' and G are differen-
tiable, their composite GG o F' is differentiable with derivative DG g,y o DF.

An easy application of the chain rule is the following constancy theorem.
For the proof it is convenient to introduce some terminology:

Definition 26.9. We say a function f: X — Y between metric spaces is
locally constant if for any z € X there is an r > 0 such that f is constant on
B(z,r).

Remark 26.10. Clearly a locally constant function is continuous, and more-
over for such a function, the pre-image of any point in its image is an open
set. Since for any continuous function the pre-image of a point is a closed
set, it follows the pre-image of a point in the range of a locally-constant
function is both open and closed. Thus if X is connected and f is locally
constant, then f is in fact constant.
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Proposition 26.11. Suppose that f: U — R? is a function defined on a connected
open subset of R%. Then if Df, = 0 for all z € U the function f is constant.

Proof. By the preceding remarks it suffices to show that f is locally constant.
To see this, let 29 € U and fix r > 0 such that B(z,r) C U. Then for any
z € B(zp,7) we may consider the function F(t) = f(z0 + t(z — 20)), where
t € [0,1]. Note that F' = f o~ where (t) = zp + t(z — 20) is the straight
line-segment from z( to z which lies entirely in B(zo,r) as z does. Hence
applying the chain rule we have F'(t) = Df. i4(-—2)(2 — 20) = 0 by our
assumption on Df.. It follows from the Fundamental Theorem of Calculus
that

1
£(2) - f(z0) = F(1) — F(0) = /0 F(t)dt =0,

hence f is constant on B(zg,r) as required. (The integral of the function
F'(t) = (W/(t),0'(t)) is taken component-wise.)
U

26.4. Symmetry of mixed partial derivatives. We used in the proof that
the real and imaginary parts of a holomorphic function are harmonic the
fact that partial derivatives commute on twice continuously differentiable
functions. We give a proof of this for completeness. The key to the proof
will be to use difference operators:

Definition 26.12. Let f: U — R be a function defined on an open set U C
R2. Then if s,t € R\{0} let Aj(f), AL(f) be the function given by

AL ()(w,y) = - - ANy = t

Note that if f is differentiable at (x,y) then 0, f(x,y) = lims—0 A (f)(z,y)
and 6yf(l', y) = hmt%O Aé(f)(:E? y)

It is straight-forward to check that

AT(AL () (@, y) = AY(AT(f))(@,y)
_fetsytt) - fletsy - fley+i)+ fe,y)
st

That is, the two difference operators f — A$(f) and f — AL(f) commute
with each other. We wish to use this fact to deduce that the correspond-
ing partial differential operators also commute, but because of the limits
involved, this will not be automatic, and we will need to impose the ad-
ditional hypotheses that the second partial derivatives of f are continuous
functions.

Since the difference operator Aj and Al are linear, they commute with
partial differentiation so that d,Aj(f)(z,y) = Af(9yf)(x,y), and similarly
for 9, and also for A} and 9, 9.

We are now ready to prove that mixed partial derivatives are equal:
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Lemma 26.13. Suppose that f: U — R is twice continuously differentiable, so
that all its second partial derivatives exist and are continuous on U. Then

0.0y f = 0yOr f
onU.

Proof. Fix (x,y) € U. Since U is open, there are €,§ > 0 such that A{(f)
and AL(f) are defined on B((z,y),€) for all s,¢ with |s|,[t| < 6. Now by
definition we have

0,0, (,) = D, (limn AY(/))(z,y) = limn lim ASAL(f) (2, )

But now using the mean value theorem for AL(f) in the first variable, we

see that
ASAY(F)(,y) = D5z + 51,),

where s; lies between 0 and s. But 9, AL(f)(z + s1,y) = ALd. f(z + s1,y),
and using the mean value theorem for 0, f (z + s1,y) in the second variable
we see that ALD, f(z + s1,y) = 0,0, f(z + s1,y + t1) where ¢; lies between
0 and ¢ (and note that ¢; depends both on ¢ and s;).

But now

a:payf(x,y) = llg%}g% ayaxf(x + 51,y + tl) = ayamf(l'ay)a

by the continuity of the second partial derivatives, so we are done.
O

Example 26.14. Let A = 92 + 85 be the (two-dimensional) Laplacian. Pro-
vided we are only interested in acting on twice-continuously differentiable
functions u = u(z, y) so that 0,0, (u) = 9,0, (u), we can factorize A as

A = (0p —i0y) (0 + i0y).

This is the key to the relationship between holomorphic and harmonic
functions.
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27. APPENDIX IV: POWER SERIES

In this appendix we give a proof of the following Theorem, which was
established in Prelims Analysis L.

Proposition 27.1. Let s(z) = >, arz" be a power series, let S be the domain
on which it converges, and let R be its radius of convergence. Then power series
t(z) = .22 kagz*~1 also has radius of convergence R and on B(0, R) the power
series s is complex differentiable with s'(z) = t(z). In particular, it follows that a
power series is infinitely complex differentiable within its radius of convergence.

Proof. First note that the power series Y 7 | ka,2*~! clearly has the same
radius of convergence as > ;o ; ka2", and by Lemma 14.20 this has radius
of convergence®

lim sup | kay| /% = lillcrn(kzl/k) lim sup |ag|"* = limsup |ax|'/* = R,
k k

since limy,_,oo k'/% = 1. Thus s(z) = S garzt and t(z) = 52 kagzt Tt
have the same radius of convergence. To see that s(z) is complex differen-
tiable with derivative ¢(z), consider the sequence of polynomials f,, in two
complex variables:

n—1
fn(z,w) = an(z Zw™ ) (n > 1),
i=0

Fix p < R, then for (z,w) with |z|, jw| < p we have

n—1 n—1
oz w)| = Jan Y 2w < an] Y |2 Jw|" ™" < |an|np™ !

=0 i=0
It therefore follows from the Weierstrass M-test with™ M,, = |a,|np" ! that
the series ) _, - fn(2, w) converges uniformly (and absolutely) on {(z,w) :
|z|, |lw| < p} to a function F(z,w). In particular, it follows that F'(z, w)
is continuous. But since Y 7_; fi(z,2) = Y p i kapzF1, 'it followsk thgt
F(z,z) = t(z). On the other hand, for z # w we have Zf:_ol Zlk—i = 220
so that

o0 k k
28 —w s(z) — s(w)
F(Z,’LU)ZE ag Y —w = —w
k=0

hence it follows by the continuity of F' that if we fix z with |z| < p then

lim 5(2) = s(w) = F(z,2) = t(2).

z—w Z— W

56This uses a standard property of lim sup which is proved for completeness in Lemma
26.3 in Appendix I.

57We know 50 Mn = |an|np™ " converges since p < R and ¢(z) has radius of con-
vergence R. -
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Since p < R was arbitrary, we see that s(z) is differentiable on B(0, R) with
derivative t(z).

Finally, since we have shown that any power series is differentiable within
its radius of convergence and its derivative is again a power series with the
same radius of convergence, it follows by induction that any power series
is in fact infinitely differentiable within its radius of convergence. O
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FIGURE 6. Dissecting the homotopy

28. APPENDIX V: ON THE HOMOTOPY AND HOMOLOGY VERSIONS OF
CAUCHY’S THEOREM

In this appendix we give proofs of the homotopy and homology versions
of Cauchy’s theorem which are stated in the body of the notes. These proofs
are non-examinable, but are included for the sake of completeness.

Theorem 28.1. Let U be a domain in C and a,b € U. Suppose that v and n
are paths from a to b which are homotopic in U and f: U — C is a holomorphic

function. Then
dz= [ f(2)d=.
Lf(z) z /77 (2)dz

Proof. The key to the proof of this theorem is to show that the integrals of f
along two paths from a to b which “stay close to each other” are equal. We
show this by covering both paths by finitely many open disks and using
the existence of a primitive for f in each of the disks.

More precisely, suppose that /: [0, 1] x [0, 1] is a homotopy between v and
n. Let us write K = h([0,1] x [0, 1]) be the image of the map &, a compact
subset of U. By Lemma 11.6 there is an € > 0 such that B(z,¢) C U for all
ze K.

Next we use the fact that, since [0, 1] x [0, 1] is compact, & is uniformly
continuous. Thus we may find a 6 > 0 such that |h(t1, s1) — h(t2, w2)| < €
whenever ||(t1, s1) — (t2,s2)]| < d. Now pick N € N such that 1/N < ¢ and
dissect the square [0,1] x [0, 1] into N? small squares of side length 1/N.
For convenience, we will write t; = i/N fori € {0,1,...,N}
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For each k € {1,2,..., N — 1}, let v}, be the piecewise linear path which
connects the point h(t;, k/N) to h(tj+1,k/N) foreach j € {0,1,...,N). Ex-
plicitly, for ¢t € [t;,t;41], we set

vi(t) = h(t;, k/N)(1 = Nt — j) + h(tj1, k/N)(Nt = j)

We claim that

[Yf(z)dz:/ylf(z)dz:/l/2f(z)dz:...:/VN1f(z)dz:/nf(z)dz

which will prove the theorem. In fact, we will only show that f7 f(z)dz =
fyl f(2)dz, since the other cases are almost identical.

We may assume the numbering of our squares S; is such that Sy, ..., Sy
list the bottom row of our N? squares from left to right. Let m; be the
centre of the square S; and let p; = h(m;). Then h(S;) C B(p;,€) so that
Y([tis ti+1]) € B(pi,€) and vy ([ti, tiv1]) € B(pi,€) (since B(p;,€) is convex
and by assumption contains v (¢;) and v (t;+1)). Since B(p;, €) is convex, f
has primitive F; on each B(p;, €). Moreover, as primitives of f on a domain
are unique up to a constant, it follows that F; and F;; differ by a constant
on B(pi,€) N B(pi+1,€), where they are both defined. In particular, since
v(t;),v1(t;) € B(pi,e) N B(piy1,€), (1 <i < N —1), we have

(28.1) Fi(v(t:)) = Firr(v(8:)) = Fi(ni(ti)) — Fisa(n1(ti)).

Now by the Fundamental Theorem we have

f(2)dz = Fi(y(ti1)) — Fi(n(t)),

Y(ts5ti41]

/ f(2)dz = Fi(mi(ti41)) — Fi(m(t)
1|

titiy1]
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Combining we find that:

[ Z/m,t

(Fi1(v(tig1)) = Fipa(v(ti)))

2+1]

Il
Z

Il
o

7

N— 1
= Fy(y(ty)) — )+ . — Fin(v(t)))
N 1 -
= Fy(b) (tiv1)) — Fipr(n1(tis1))
N-1 170

(Fip1(ni(tivr)) — Fira(n(t:))

/Vl[ z)dz:/ylf(z)dz

where in the fourth equality we used Equation (28.1).

[l
LM

i tistitil

O

Remark 28.2. The use of the piecewise linear paths v, might seem unnatural
— it might seem simpler to use the paths given by the homotopy, that is
the paths 74 (t) = h(t,k/N). The reason we did not do this is because we
only assume that h is continuous, so we do not know that the path ~; is
piecewise C'' which we need in order to be able to integrate along it.

The proof of the homology form of Cauchy’s theorem uses Liouville’s
theorem, which we proved using Cauchy’s theorem for a disc.

Theorem 28.3. Let f: U — C be a holomorphic function and let v: [0,1] — U
be a closed path whose inside lies entirely in U, that is I(~y,z) = 0 forall z ¢ U.
Then we have, for all z € U\~*,

[r@ac=0 [Lacomite.z6), vsevy
v v (=%

Moreover, if U is simply-connected and ~y: [a,b] — U is any closed path, then
I(v,2) = 0 forany z ¢ U, so the above identities hold for all closed paths in such
U.

Proof. We first prove the general form of the integral formula. Note that
using the integral formula for the winding number and rearranging, we

wish to show that
F(z) = / Md( -0
v

—Z
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forall z € U\v*. Now if g((, z) = (f({) — f(2))/(C — z), then since f is com-
plex differentiable, g extends to a continuous function on U x U if we set
g(z,z) = f'(z). Thus the function F is in fact defined for all z € U. More-
over, if we fix { then, by standard properties of differentiable functions,
9(¢, z) is clearly complex differentiable as a function of z everywhere except
at z = (. But since it extends to a continuous function at (, it is bounded
near ¢, hence by Riemann’s removable singularity theorem, z — ¢(, z) is
in fact holomorphic on all of U. It follows by Theorem 18.22 that

F(z) = /0 g(1(1), 2)7 (D)t

is a holomorphic function of z.

Now letins(y) = {z € C: I(v, z) # 0} be the inside of ~, so by assump-
tion we have ins(y) C U, and let V' = C\ (y* Uins(7)) be the complement of
~* and its inside. If z € U NV, that is, z € U but not inside v or on v*, then

- [ «
/—f 1(3,7)
:/vfc_z —G(2)

since I(v,z) = 0. Now G(z) is an integral which only involves the values
of f on v* hence it is defined for all z ¢ ~*, and by Theorem 18.22, G(z) is
holomorphic. In particular G defines a holomorphic function on V, which
agrees with F on all of U NV, and thus gives an extension of F' to a holo-
morphic function on all of C. (Note that by the above, F' and G will in
general not agree on the inside of +.) Indeed if we set H(z) = F(z) for all
z € Uand H(z) = G(z) forall z € V then H is a well-defined holomorphic
function on all of C. We claim that |[H| — 0 as |z| — oo, so that by Liou-
ville’s theorem, H(z) = 0, and so F'(z) = 0 as required. But since ins(v) is
bounded, there is an R > 0 such that V' O C\B(0, R), and so H(z) = G(z)
for |z| > R. But then setting M = f(Q)| we see

(v).M
_|z R’

which clearly tends to zero as ]z\ — o0, hence |H(z)| — 0 as |z] = oo as
required.

For the second formula, simply apply the integral formula to g(z) = (z —
w) f(z) for any w ¢ ~*. Finally, to see that if U is simply-connected the
inside of y always lies in U, note that ifw ¢ U then 1/(z—w) is holomorphic
onallof U, and so I(v,w) = [ ;% = 0by the homotopy form of Cauchy’s
theorem. O
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Remark 28.4. 1t is often easier to check a domain is simply-connected than
it is to compute the interior of a path. Note that the above proof uses Li-
ouville’s theorem, whose proof depends on Cauchy’s Integral Formula for
a circular path, which was a consequence of Cauchy’s theorem for a trian-
gle, but apart from the final part of the proof on simply-connectd regions,
we did not use the more sophisticated homotopy form of Cauchy’s theo-
rem. We have thus established the winding number and homotopy forms
of Cauchy’s theorem essentially independently of each other.
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29. APPENDIX VI: REMARK ON THE INVERSE FUNCTION THEOREM

In this appendix we supply®® the details for the claim made in the remark after
the proof of the holomorphic version of the inverse function theorem.

There is an enhancement of the Inverse Function Theorem in the holo-
morphic setting, which shows that the condition f’(z) # 0 is automatic (in
contrast to the case of real differentiable functions, where it is essential as
one sees by considering the example of the function f(z) = z3 on the real
line). Indeed suppose that f: U — C is a holomorphic function on an open
subset U C C, and that we have z, € U such that f'(z9) = 0.

Claim: In this case, f is at least 2 to 1 near zp, and hence is not injective.

Proof of Claim: 1f we let wg = f(20) and g(z) = f(z) — wy, it follows g has a
zero at zg, and thus it is either identically zero on the connected component
of U containing 2y (in which case it is very far from being injective!) or
we may write g(z) = (2 — 20)¥h(z) where h(z) is holomorphic on U and
h(zp) # 0. Our assumption that f/(zy) = 0 implies that &, the multiplicity
of the zero of g at z is at least 2.

Now since h(zp) # 0, we have € = |h(z9)| > 0 and hence by the conti-
nuity of h at zp we may find a 6 > 0 such that h(B(z,6)) C B(h(20),€).
But then by taking a cut along the ray {—t.h(29) : t € R5o} we can de-
fine a holomorphic branch of z ~ z!/* on the whole of B(h(z),¢). Now
let ¢: B(zp,0) — C be the holomorphic function given by ¢(z) = (z —
20).h(2)"/* (where by our choice of § this is well-defined) so that ¢/(zp) =
h(z0)'/*¥ # 0. Then clearly f(z) = wo + ¢(2)* on B(zp, §). Since ¢(z) is holo-
morphic,the open mapping theorem ensures that ¢(B(zg, ¢)) is an open set,
which since it contains 0 = ¢(zy), contains B(0, r) for some r > 0. But then
since z + 2 is k-to-1 as a map from B(0,7)\{0} — B(0,7*)\{0} it follows
that f takes every value in B(wo, %)\ {wo} at least k times.

58For interest, not examination!
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30. APPENDIX VII: BERNOULLI NUMBERS AND THE (-FUNCTION

For interest only: non-examinable.
We define the Bernoulli numbers via the power series expansion of B(z) =
z/(e* — 1) at the origin:

(30.1) =y B n,

where since B(z) is defined in B(0,2n), by Taylor’s theorem the power
series has radius of convergence 2. Since (¢* —1)/z = > > 2" /(n+ 1)},
we can rewrite the definition as:

00 o 00 Bm .

n=0 =0
It follows that By = 1 and for n > 1 we have

"~ 1
- _Bp=0,
kzo El(n—k+1)!

or, in terms of binomial coefficients,

n
3 (" Z 1) By, = 0.
k=0
Thus we can recursively compute the By;: for example By = 1, By = —1/2, By =
1/6, B3 = 0, B, = —1/30, B5 =0. (In fact Bgn+1 =0foralln > 1)

The reason we are interested in the Bernoulli numbers is that they arise
when one computes the value of the (-function ((s) = > 2, n~* at s = 2k
a positive even integer. Using suitable square contours I' y, we showed that
the value of ((2) is —§ Ry where R, is the residue of cot(nz)/z* at the origin
(since the residues of cot(wz)/2? at the non-zero integers are —L;). Exactly
the same strategy, using the function cot(nz)/2%, shows that (2k) is equal
to —5 Ry where Ry, is the coefficient of 2281 in the Laurent expansion of
cot(mz). But we have

COS(WZ) 'eiﬂz + e*iﬂ'z .e2i7rz + 1

COt(ﬂ-Z) = sin(ﬂz) = Zeiwz _ e—z‘wz = Zeinz —1

2 1
—i(14+ -t ) =i+ —B(2ni
z( +62mz_1> H_m'z (2miz)

DBy, _
:Z+ZE(2Z)k(7TZ)k L
k=0

thus it follows that
. 92k—1,2k R

Clak) = S PP P = ()

2 k!
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