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Chapter 1

The Complex Plane and Riemann
Sphere

1.1 Complex numbers

A complex number z is a quantity of the form z = x + iy, where x,y are real numbers
and ¢ is the imaginary unit. We denote by C the set of all complex numbers.

Algebra

We can add, subtract and multiply complex numbers: If z; = 1 +iy; and 29 = 3+ iys
then
21 £ 29 = (5131 + l’g) + i(yl + yg),

2129 = (122 — Y1y2) + i(x1y2 + T241).

Notice that addition simply corresponds to adding the individual components. In gen-
eral we denote by Re(z) = x the real part of z, and by Im(z) = y the imaginary part
of z. By the definition of multiplication we have 7> = —1, and using this we see that
multiplication corresponds to ‘multiplying out the brackets’: (x1 + iy1)(z2 + iy2) =
(m122 + P2y192) + i(21Y2 + T201).

We can also divide complex numbers. For zo # 0 (here we use the shorthand

0 =0+ 0i) we have

21 mtiy (v Fayn) (2 —dye)  mim2 T yiye | T2yl — L1y

22 w2 tiye (w2 +iy2) (w2 —iyo) 3 + Y3 3+ 3

e C.

The quantity we used to make the denominator real is important. In general, for
z=ux+ 1y we call Z:= x — iy the complex conjugate of z.
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We immediately have a multiplicative inverse

71._1_ T Ly
z == —1 .
z 2+ 12 2+ 12

WARNING: While most of the nice properties of R hold in C, we do not have notions
of < <, > or >; the set C is not ‘ordered’ and expressions like z; < 22 have no meaning.

How do we visualise the complex numbers?

There are various ‘models’ for the complex numbers. The most commonly used/most
intuitive is to think of C as a copy of R? equipped with a map

R? x R? = R?: ((z1,11), (22, 42)) — (2122 — Y12, T1Y2 + T2y ).

So, a copy of R? with a way of multiplyingﬂ (and dividing) vectors! Indeed there is an
obvious bijection f : R? — C given by f((z,y)) = = +iy. As a result, we often draw
complex numbers on the usual (x,y)-plane: such a picture is called an Argand diagram

(see Figure [L1)).

iy [ xFry

:
]
i

s,
x R

Figure 1.1: Argand diagram.

On R? there is a natural notion of size, and we use it in C: we call the quantity
|z| := /22 + y? the modulus or absolute value of z (= x + iy).

Lemma 1.1 (Important Properties of Complex numbers).
1. 2129 =0 < 21 =00rz2 =0,
2. |z| = V=7,

3. Re(z) = 2%

and Im(z) = 237,

'The multiplication of complex numbers is commutative and associative. The fact that such a
multiplication exists in 2 dimensions is truly remarkable: there is no such multiplication on R?, not
even if we relax the condition that it is commutative! The search for an associative multiplication on
R? lead Hamilton to discover (a non-commutative) one on R* instead which was his famous discovery
of the quaternions.
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Remark 1.2. Property 1. is very important, and makes C an integral domain (see Algebra
I).

Polar form/coordinates of a complex number

Now we have a notion of distance, as in R? we can implement a change of variables
z(x,y) — z(r,0). Let r = |z| and let 6 denote the anticlockwise angle measured from
the real axis. (Angles measured clockwise will be considered negative.) We call 6 the
argument of z (for z # 0) and write arg(z) = 6. We then have the following polar
coordinates for z:

z =r(cosf +isinbh),

which we write in shorthand as z = re? (see Figure [1.2)).

Im
sz

WQ

%20

Figure 1.2: Polar coordinates.
For example, i = ¢/™/2 and 1 + i = v/2¢™/%. We have | —1/vV2 —iv3/v/2| = V2, so
—1/V2 —iV3/V2 = V2(~1/2 — iV/3/2) = V2 /3.

Note that arg(z) is only defined up to multiples of 27; for example i = e
e~"7/2_ Strictly speaking arg(i) = 7/2+2nk, for any k € Z (and so arg is a one-to-many
function!). As a result, we need to be careful; we choose a fixed interval in which to
express the argument: the principal value of arg(z) is the value in the interval (—m, 7]
and will be denoted Arg(z). So Arg(i) = 7/2 and Arg(—1) = 7 for example.

/2 ei57r/2 —

Lemma 1.3 (Properties of argument). We have the following properties of the arqu-
ment:

1. arg(z129) = arg(z1) + arg(z2) mod 27
2. arg(1/z) = —arg(z) mod 27

3. arg(z) = —arg(z) mod 27 .
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When we say two real numbers are equal mod2w we mean they differ by an integer
multiple of 2.

It is nice to have a geometric picture of what the algebraic operations on complex
numbers mean.

Lemma 1.4. Geometrically, multiplication in C is given by a dilated rotation; i.e., if
21 = e and z9 = r9e'?2 then

2129 = 1179 (cos(01 + O2) + isin(fy + 02)) = rroet@1+02)

In particular, multiplying by zo constitutes an (anticlockwise) rotation of z1 by 02 de-
grees, followed by o dilation with factor ro. Furthermore, addition represents a transla-
tion and conjugation represents a reflection in the real axis. Taking the real or imaginary
part of a complex number z represents a projection of z onto the real or imaginary aris
respectively.

Proof. By the standard double angle formula we have

2122 = 1172 (cos 01 + isinfy) (cos Oy + i sin ba)
= rirg ((cos 0 cos B — sin 0 sin 03) + i(sin 0 cos O3 + sin O cos 61))
= 1172 (cos(01 + O2) + isin(f; + 62)) .

The geometric interpretations of addition, conjugation, and real/imaginary parts are

fairly obvious (see Figure [1.3]). O
I . I : I .
=kt =yt B
, =y ety Tal2) , ety
2o plz)  Re 2o,
. E = x,-ij

Figure 1.3: Geometric interpretation of conjugation and taking real and imaginary
parts.
Corollary 1.5. 1. |z122]| = |21] |22/,

2. De Moivre’s formula: (cos® + isin )" = cos(n#) + isin(nd).

The modulus also has the following important properties.
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1. (Triangle inequality) |21 + 22| < |z1| + |22]

2. |zl >0and |2| =0 <= 2=0

3. max(|Re(z)], [Im(z)[) < |z < [Re(2)| + [Im(z)]
Remark 1.6. The first two properties above along with Corollary make the modulus
a norm on C (see later, Definition [2.2)).
Simple complex functions and geometry (examples)

e We can also use functions to define regions in the complex plane. Consider the
set of points z which satisfy the inequality |z — i| < |z + ¢|. This is precisely the
points in C whose distance to ¢ is strictly smaller than their distance to —¢. Thus,
the inequality represents the upper half plane H := {z € C : Im(z) > 0}.

e Note that the equation |z —i| = 1 represents a circle centred at i of radius 1.

1.2 Exponential and trigonometric functions

Definition 1.7 (Complex exponential). We define the complex exponential func-
tion exp: C — C by

exp(z) := e*(cosy +isiny). (z =z +1iy)
As shorthand we write exp(z) = e”.

n

Remark 1.8. We will see later that e* = Y > ( Z: as in real analysis. We could have
started with this as the definition instead.

Proposition 1.9. We have the following properties of the complex exponential function:
1. € #0 forall z € C,
2. et — gt
3. =1 <= z=2mik for somek € Z,
4. e =1/€*,
5. |e*| = eRe(2),

Proof. Most are straightforward to check. 3. is very important: exp(z) = 1 <=
e*cosy =1 and e*siny = 0. Since e® > 0, the latter is equivalent to siny = 0 and so
y = nm for some n € Z. Thus we have exp(z) =1 <= e"cos(nm) =1 <= €*(-1)" =
1 <= nisevenand ¢* =1 <= z =0 and y = 2kn (k € Z). O
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Corollary 1.10. We have exp(2mi) = 1 and exp(mi) = —1. The latter is Euler’s
formula.

Corollary 1.11. The complex exponential function is 2mwi-periodic; that is, exp(z +
2kmi) = exp(z) for any k € Z.

Remark 1.12. The above implies exp is determined entirely by the values it takes in any
horizontal strip of width 27 in the complex plane. Note also that exp is ‘unbounded’,
since by 5. the modulus |exp(z)| gets arbitrarily large as Re(z) increases.

Definition 1.13 (Trigonometric functions). All as functions from C — C, we define

: 1 iz —iz o 1 iz —iz

sin(z) := 2—@,(6 e %) cos(z) := 2( +e %)
1 1

sinh(z) := 5(82 —e?) cosh(z) := i(ez +e?)

(For z = x real these coincide with the real functions. We will eventually get power
series expressions for them from the one for the exponential function.)

Remark 1.14. All the usual double angle formulae and equations relating the functions
hold: e.g., cos?(z)+sin?(z) = 1. Additionally, notice that we have cosh(iz) = cos(z) and
cos(iz) = cosh(z), while sinh(iz) = isin(z) and sin(iz) = isinh(z). All four functions
are unbounded.

1.3 Logarithms and complex powers

We use the notation C* = C — {0}, i.e. the set of nonzero complex numbers.

Lemma 1.15. [Inverting the exponential function] For every w € C*, the equation

e =w (1.1)
has a solution z. Furthermore, if we write w = |w|e® with ¢ = Arg(w), then all
solutions to (1.1) are given by

z = log|w| +i(¢p + 2km)  for k € Z. (1.2)

Here, log|w| is the usual natural logarithm of the real number |w|. Note that there are
infinitely many solutions.

Proof. If z is of the form as in (1.2 for some given k € Z, then

eF — elog\w\+i(¢>+2k7r) _ 610g|w|ei(¢+2k7r) _ elog|w|6i(¢>) _ ‘w|€z(¢) = w,
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by Proposition [I.9] Part 2. and Corollary [I.I0] Thus, z is a solution.
To see all solutions are of the given form, first write z = = + iy and assume e* = w.
Since e%e? = e = w = |w|e'®, we have |¢*| = ¢¥ = |w|. Thus z = log |w|. Moreover,

dividing both sides by |w| we have e = ¢ and so €/¥=%) = 1. It follows from
Proposition Part 3. that all solutions are given by i(y — ¢) = 2kmni for some k € Z;
in other words, y = ¢ + 2kw. O

We now come to an important topic called branch cuts.

First we give a high-level description of why branch cuts are necessary. We have just
described for fixed wgy # 0, exactly what the possible numbers are such that e* = wy.
These values of z could all reasonably be called log(wp). Can we make this choice of
solution to e* = wy vary nicely as we move wg a little bit? ﬂ Of course, we will run
into trouble at 0, since e* = 0 has no solutions. Bearing this in mind, could we at
least define a ‘log’ function that is ‘continuous’ on C\ {0}? Since we don’t know the
definition of continuous yet, let us just ask that the function should not jump abruptly
when we move from a point to a nearby one.

The answer is no, and let’s see why by trying to come up with one.

Let’s suppose wg = 1 and we pick a solution to e* = wg. The obvious one is z = 0
so let’s pick that. Now let w be close to 1. If we’ve found a solution to e® = w then we
know from Lemma [[.15 that it must be of the form

z = log |w| + i(Arg(w) + 27k)

for some k € Z. Since w is close to 1, we know log|w| is close to 0 and Arg(w) is close
to 0. Now, if k is not zero, then z will not be close to 0 (any integer that is not zero has
absolute value at least one!). So k must be zero for z to be close to 0. We just arqued
that if we move w a little, and if we want log to be ‘continuous’, we must choose the
argument of w ‘continuously’.

Now let’s take our idea a little further. If we move w on a path beginning at 1,
following the unit circle anticlockwise, until we reach 1 again, what happens to our
solutions to e* = w if we are choosing them continuously as above? In other words,
what happens to the argument of w? Since we are moving anticlockwise and we are
choosing the argument continuously, it is increasing as we go around the unit circle.
So just before we complete the circle, the argument of w is just below 27w. This is a
big problem, since it means there are values of w just below 1 on the unit circle where
we have been forced to set log(w) very close to 2mi. On the other hand, we began by
assuming log(1) = 0. So the way we have tried to do things, our log function is going
to have a jump discontinuity below 1.

No matter what way we try to define log continuously on C \ {0}, we will run into
a similar problem. On the other hand, if Ry is any ray of the form

2To be precise, we would like the solution to e* = w to vary as a continuous function of w; see later
for the precise definition of continuous function.
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Ry={ré” : reR,r>0}cC

then it is possible to define a continuous function log(z) on C\ Ry. (One can think of
cutting out this ray as cutting out the points where log will have a jump discontinuity).

Definition 1.16 (Complex logarithm functions). For any two real numbers 6; < 6
with 02 — 01 = 27, let arg be the choice of argument function with values in (61, 62].
Then the function

log(z) :=log |z| + i arg(z)

is called a branch of logarithm. It has a jump discontinuity along the ray Ry, = Ry
This ray is called a branch cut.

If we choose arg(z) = Arg(z) € (—m, 7|, then we obtain a branch of logarithm called
the principal branch of log. We write Log for this principal branch: it is given by
the formula

PR

Log(z) :=log |z| + iArg(z).

The principal branch of logarithm has a ‘jump discontinuity’ along the ray given by the
non-positive real axis R<q.

Remark 1.17. e Any time one talks about a function called log, one has to declare
which branch of log we use. This is normally done simply by stating the interval
(01,02] where arg(z) lives.

e As soon as we define continuous functions, we will easily be able to see that the
branch of log corresponding to arg(z) € (61, 62] is continuous on C\ Ry,.

e The principal branch, Log, agrees with the natural logarithm log on the real line;
that is, for x > 0 we have Logz = logx. For this reason we will always use the
principal branch unless otherwise stated.

Lemma 1.18. [Properties of logarithms] We have the following properties when using
any gien branch of logarithm.:

1. €l°8% = 2 for any z € C\ {0}, but,
2. in general, log(zw) # log z + logw, and
3. in general, log(e?) # z.

We would now like to define functions giving powers of complex numbers. We already
know from the world of real numbers that to define a function giving for example, a
square root of a positive real number, we have to make a choice of whether to take
the positive or negative root. To take a root of a complex number, we have to make a
similar choice, but we have more freedom.
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Definition 1.19 (Complex powers). For w € C fixed, by choosing any branch of log
we can define a branch of the function z +— 2% by the expression

2% := exp(wlog z).

For example, if w = 1/n and we use the principal branch we get
Zl/n _ 6(log\z|—i—z'Arg(z))/n _ |Z’1/nez’Arg(z)/n.

Warning: different branches of log can give different power functions! So we must
always specify which branch of log we are using.

Remark 1.20. Now that we have defined complex powers, we should check that our
exponential function matches up with the concept of ‘raising e to the power z’ for a
suitable choice of loge. The natural choice of loge is 1. Then, e raised to the power z
should agree with computing exp(zloge) = exp(z) as we expected.

Finding values of log and complex powers (examples)

(a) Using the principal branch of log, we find log(1 — i) and (1 — i)Y/2. We have
|1 —i| = v/2 and Arg(1 —i) = —7/4. Thus, 1 — i = \/2e~""/%. Therefore, Log(1 — i) =
log [1 —i| +iArg(1 — i) = log /2 — im/4, and

(1—)/2 = exp (; Log(1 — i)) = exp (; <log\/§ - ZZ)> = exp <1Og Vo it

8) = Va2eThs.

(b) Using the principal branch and the previous example
(1 —1)® = exp(iLog(1 — 7)) = exp (% +ilog \/5) — /4 pilog V2

(c) Again, using the principal branch
1
2172 = exp <2 log 2) = exp(log v2) = V2.

What about the other root? It comes from using a different branch: if we let log be the
branch of logarithm corresponding to arg(z) € (, 37| then log(z) = log |z| +i(Arg(z) +
27), so we have log(2) = log2 + 27 and

1 )
212 = exp (2<log2 " m)) _ explog V2 + i) = V36 — —3.

Remark 1.21. All nth roots can be found this way (see Assignments). In particular, for
z € C* all nth roots of z are of the form

A 2kmi
z”"z]z\”"exp(irg(z)—i—m) for k=0,...,n—1.
n

n
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Visualizing complex functions

The ‘graph’ of a complex-valued function f : C — C is 4-dimensional, so difficult to
visualise - we certainly can’t draw it. We can employ other techniques to get a grasp
on complex functions:

e We can graph the real-valued function |f| : C — R. For example, consider the

complex function cos z. When z = x is purely real, we have that |f(z)| = | cos(z)]
is obviously just the modulus of the real cosine function. But for z = iy purely
complex we have |f(z)| = |cos(iy)] = |coshy| = coshy. So in the imaginary

direction f simply looks like cosh!

e [t is often useful to visualise complex functions by considering how they map
regions of the complex plane. Consider the image of the ‘right half-plane’ Hg :=
{2z € C: Re(z) > 0} under the map f(z) = z2. Note that Hg = {z € C: —7/2 <
Arg(z) < m/2}. If z = re?? € Hpy then 22 = 2z = r2¢?? has argument 26 ¢
(—m,m). Thus, f maps Hp to C\ R<q, where R<g denotes the negative real axis
(including 0), see Figure The map is onto, since for every w = se’® € C\ R«
(so ¢ € (—m, 7)) we can find z € Hp such that f(z) = w; namely we can choose
z = /5¢%/? ¢ Hp.

‘ ” ree

Trm & Im
T b /1\ 522 T
. 20T A \
N & L
Re ‘ s
\
|

Figure 1.4: Geometric picture of how f(z) = 22 transforms the right half-plane.

Similarly, the left half plane H; = {z € C : Re(z) < 0} is mapped to C\ R<o.
Moreover, f maps both the strictly positive imaginary axis R~ and the strictly
negative imaginary axis iR.q (given by iRsg = {iy € C : y > 0} and iRy =
{iy € C:y < 0} respectively) to the strictly negative real axis Rg.

Adding the observation that f(0) = 0, we have that f(z) = 22 in essence maps
C to two copies of itself (except for the origin, which is only attained once in the
image - remember this different behaviour at the origin later!)

e Branches of log. Let log be the branch of logarithm corresponding to arg(z) €
(01,02]. Then log maps C\ Ry, to the infinite horizontal strip

{zeC : 6 <Im(z) < b}.
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Infinite rays emanating from 0 map to horizontal lines, and circles centred at zero,
minus their interection with Rp,, map to vertical line segments (see Figure [1.5)).

e, %2
“ Ly
v T VRN .
V/ 215 )
7, 7,

‘ Pe. Re.
|

Figure 1.5: Geometric picture of how f(z) = log(z) transforms rays and circles.

1.4 The Riemann Sphere and extended complex plane

It is very useful at various points of the course to extend the complex plane by adding a
point ‘at infinity’. To do this, we create a new object called ‘infinity’, denoted oo, and
consider the set

C:=CuU{oo}.

At the moment, we have accomplished nothing really. What will be useful later is that
we can think of the point co as being glued ‘nicely’ onto C. The correct way to do this
is by introducing the Riemann sphere.

The Riemann sphere

Consider the unit sphere S? := {(x,y,5) € R? : 22 + y? + s = 1} in R? and consider
a copy of C embedded in R? by identifying C = R? with the (x,y)-plane. Explicitly, a
point = 4 iy € C corresponds to the point (z,y,0) € R3.
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Let N = (0,0,1) € S? denote the ‘north pole’. For any point v € S?\ {N}, there is a
unique straight line Ly , passing through N and v. Since v # N, this line is not parallel
to the (z,y)-plane. Hence it intersects the (z,y)-plane in a unique point (x,y,0). This
corresponds to the point 2 + iy € C. We have defined a map P : S? \ {N} — C by
P(v) = x + iy in the notation of the preceding discussion. The map P is called the
stereographic projection (from the north pole).

What is the formula for stereographic projection? Let (z,y,s) € S?\ {N}. Note
that s # 1. The equation of the line passing through the point (x,v,s) € S? and the
North Pole N = (0,0,1) € S? is given by

x 0 z
v(t) = N+ y|-N|t=[0]+ y t, (t € R).
s 1 s—1
This clearly intersects the plane when ¢t = ﬁ Thus
iy

X
P —— .
(x7y78) 1_S+1_S

It is possible to find an inverse to P: given any point z € C, draw the straight line
passing through N and z (thinking of C as the (z, y)-plane as before). This straight line
passes through S? in exactly one point. Hence P is a bijection that identifies S\ {N}
with C.

Now we have identified C with S? \ {N} via the map P, it gives us a natural way
to view the added point co of C. It should correspond to adding back in the north pole
to $2\ {N}. In other words, we should think of C simply as the entire sphere S2!

In fact, one can show that we have the following correspondences/mappings:

In §* InC (1.3)
N — o0
S — 0

Equator — Unit circle {z € C: |z| =1}
(open) Southern hemisphere —> D:={z€C:|z| <1}
(open) Northern hemisphere — C\Bi(0)=C\{zeC:|z| <1}
Algebraically:
(z,y,s) — $1+ Zj (Stereo. Proj.)
|z|21+1 (2Re(2), 2Im(2), |2|* — 1) — z (Inverse Stereo. Proj.)

Remark 1.22. Note that we could have used the south pole S = (0,0, —1), rather than N,
to define the projection. In that case we would have the correspondence (z,y, s) — Ty

1+s
1/ +i +i
(and you can check that the map f(z) = 1/7 takes = to 7).
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Definition 1.23. The Riemann sphere is the unit sphere S? C R? along with the
stereographic projections from the north and south pole.

Remark 1.24. Later in your studies you might learn that the Riemann sphere is a
special example of a Riemann surface. The purpose of considering the two stereographic
projection maps as part of the definition is that any point in S? is in the domain of one
of the projections, so informally speaking, the maps allow us to think of a region nearby
to any point in S? as a region inside C.



Chapter 2

Metric Spaces

2.1 DMetric spaces

Now we have another way of thinking about C-asa sphere in R? - it looks like there
might be (at least!) two natural ways to measure the distance between two points z
and w in the extended complex plane (or indeed in C).

e The modulus |z — w| of their difference in C.
e The distance in R? between their stereographic representatives on the sphere S2.

In both cases, the set is the same, but there is a different notion of distance. A metric
space is a set together with a ‘distance’ function that satisfies certain axioms.

Definition 2.1 (Metric spaces). A metric space is a set X together with a function
d: X x X = R>g such that for all z,y,z € X

e (D1) Positivity. d(z,y) > 0 and d(z,y) =0 <=z =y;
e (D2) Symmetry. d(z,y) = d(y,z);
e (D3) Triangle inequality. d(z,y) < d(z,z) + d(z,v).

The function d is called a metric and we will often denote a metric space by (X, d).

Examples of Metrics

1. The metric induced by the modulus function |.| on R or C. We can define a
distance function d on R x R or C x C by the formula d(z,y) = |z — y|. This
metric satisfies (D1)-(D3) by the properties 1. and 2. of the modulus we gave just
after Corollary

14
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2. The Euclidean norm on R™ or C" For vectors « in R™ (or C"), the function

3.

d(z,y) = ||z —yl2 =

n
>l — wil?
=1

is a metric. It is easy to check properties (D1) — (D3). Note that this norm comes
from an inner-product. For example, for n = 2, the real Euclidean norm on R?
comes from the usual dot product ||z||2 = v/ -  and the complex Euclidean norm
on C? comes from the inner product (z,w) = 21w + z2ws; that is ||z]|2 = 1/(z, 2).

e (a) Metrics induced from inner products in vector spaces

More generally, given any finite dimensional real vector space V' with a (pos-
itive definite) inner product (.), then

dv,w) := |lv—w| = V{v—w,v—w) (v,weV)

is a metric. Properties (D1) and (D2) are obvious, property (D3) follows
from Cauchy-Schwarz: | (v, w) | < ||v] - ||w]|| - see Assignments.

(b) Metrics induced from norms in vector spaces

Even more generally, so long as a vector space has a ‘nice’ notion of the ‘size’
of each vector, we can define a metric in the obvious way. Such a notion is
in generality referred to as a norm:

Definition 2.2. [Norms and normed vector spaces] Given any real or com-

plex vector space V, a function ||.|| : V — R is a norm if it satisfies (for
v,we V)
— (N1) |jv]| =0 and v =0 <= wv=0;

— (N2) ||M]| = Al ||lv]]  for A € R or C;
— (N3) [[v+wl| <|jv]|+||w|]| (the triangle inequality).

Note that (N3) implies ||v —w]| > |||v]| — ||w]||| (the reverse triangle inequal-
ity). A vector space equipped with a norm is called a normed vector space.
The metric given by d(v,w) := ||lv — w|| then always defines a metric (it is

easy to check properties (D1)-(D3)). In particular, since the modulus func-
tion on C is a norm, the metric we get from the modulus function comes
from a norm.

4. f,-norm on R™ or C" (p > 1)

The above suggests that a vector space could be home to many different norms
(so many different metrics). But, not all norms arise from an inner product as in
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(3a); for example, for vectors & in R™ or C", the function

n
D lail?
i=1

defines a norm for every p > 1, called the £,-norm. But, for p # 2 (the Euclidean
norm) it does not arise from an inner product. When p = 1, the ¢;-norm is simply
given by the sum of the size of the components ||| = > | |z;| and is sometimes
referred to as the Taxicab norm.

]l ==

5. loo-norm on R™ (or C*)

The function

[0 := max |l

=1,...,

also defines a norm, called the £oo-norm (or the sup-norm), thus it also defines
a metric. It is in some sense the ‘limiting notion’ of the £, norms.

6. Riemannian (chordal) metric on C

Let f: C — 52 be the (inverse of the) stereographic projection. Then the function
d(z.w) = |f(z) = fw)]2  (zweC)

where ||.]||2 is Euclidean norm in R? (so, the fy-norm), is a metric on C. It is
called the Riemannian metric (or chordal metric). Note that with respect to
this metric, the distance from 0 to 4 is the same as the distance from i to oo, for
example!

7. Discrete metric

Let X be a non-empty finite set. Then (for z,y € X) the function

d(z,y) 0 if z=uy,
T,y) =
Y 1 if z#uy,

defines a metric, called the discrete metric. It is easy to check (D1)-(D3). In
this case, (X, d) is called a discrete metric space.

8. Function spaces

There are many of these, such as the space X = C([a, b]) of continuous functions
on an interval [a,b]. The function

171 += ma |£(a)

defines a norm, and thus a metric (see Analysis III for more examples).
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9. Subspace metric

Any non-zero subset Y C X of a metric space X is itself a metric space with
respect to the same metric (this is easy to check). Unless mentioned otherwise,
this will always be the metric we will use on Y.

2.2 Open and closed sets

Since we have a general notion of distance in any metric space X, we can define balls
in the space. These will be the key to understanding the topology of the space.

Definition 2.3 (Balls in a metric space). Let (X, d) be a metric space, z € X and let
r > 0 be a real number. Then:

e The open ball B,.(z) of radius r centred at x is

B, (z) ={ye X : d(z,y) <r}.

e The closed ball B,.(z) of radius r centred at z is

B.(x):={y € X : d(x,y) <r}.

Visualizing balls (examples)

1. Let X = C and d(z,w) = |z — w|, then B1(0) =D = {z : |z| < 1} as before.
More generally By (zp) is the usual ball of radius r around zp, not including its
boundary circle. B, (zg) is the ball of radius r around zp, including its boundary
circle. This is the most important example from the point of view of Complex

Analysis.

2. Let us consider the unit ball B (0) in R? with respect to the £,-norms, for p = 1,2
and oo.

For p = 2 the unit ball B;(0) is the usual Euclidean ball - so the inside of the unit
circle centred at the origin. For p = oo, the equation max{|z|, [y|} < 1 (for (z,y) €
R?) clearly defines the interior of a square with vertices (1,1),(—1,1), (1,—1) and
(—1,-1).

For the #1-norm a little care is needed. We are interested in the points (z,y) € R?
with |z| + |y| < 1. In the 1st quadrant this means y < 1 — z, in the 2nd it means
y < 1+ x, in the 3rd we have y > —1 — x and in the 4th its y > x — 1. Thus, the
unit ball is the interior of a diamond with vertices (1,0), (0,1), (—1,0) and (0, —1).
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Definition 2.4. [Open/closed sets in a metric space] Let (X,d) be a metric space.
Then:

e A subset U C X is open (in X) if for every point € U there exists € > 0 such
that Be(xz) C U.

o A subset U C X is closed (in X) if its complement U¢ := X \ U is open.

Remark 2.5. Sets in a metric space can be open and closed at the same time! For
example, the empty set () and the whole metric space X are both open and closed. Such
sets are referred to as ‘clopen’.

Lemma 2.6. [Open balls are open] In a metric space, the open ball B,(x) is open!

Proof. Let y € By(x) with d(z,y) = s (and so s < r). We need to show there exists
€ > 0 such that B.(y) C By(x). Simply take ¢ = r —s > 0. Then for every z € Bc(y)
we have

(D3)
d@,2) < d(w,y)+dly,z) < s+e=r
Thus, z € B,(z) as required. O

Remark 2.7. Tt can also be shown that in a metric space the closed ball B,(x) is closed
(see Assignments).

Open sets (examples/warnings)

1. All of the previously encountered subsets H,D,C* and C \ R<g of the com-
plex plane are open (see Assignments). The 1st quadrant @y = {z € C :
Re(z) > 0,Im(z) > 0} is open. To see this, for z € Oy consider the ball B,(z)
where r = min(Re(z),Im(z))/2.

0 if z=uy.

Then, for
1 if x#uy.

2. Let X be a discrete metric space, so d(x,y) = {

z € X and r > 0 we have

By () {z} if r<1.
r(x) =
X if  r>1.

Therefore, (by Lemma every singleton {z} is an open set with respect to the
discrete metric. Moreover, the complement X \ {z} is also open, since for any
y € X \ {z} (that is, any y # x in X) and any r < 1 the open ball B,.(y) = {y}
is contained in X \ {z}. Thus, all balls are clopen with respect to the discrete
metric! In fact, any subset ¥ C X of a discrete metric space is clopen!
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3. Sets don’t have to be either open or closed. For example, [0,1) is neither open
nor closed in R (with respect to the standard metric |.|) - simply check the point
2 =01in [0,1) and the point z = 1 in the complement (—o0,0) U[1,00). However,
recall that any subset of a metric space is itself a metric space (w.r.t the same
metric) - the subspace metric. Thus the pair ([0,1),].]|) is a metric space - but
then (by the remark after Definition the set [0, 1) is open!

Key: Open and closed sets are really relative notions, depending on the ambient
space (as well as the metric).

Notation: When we say a subset of R or R™ or C are open/closed, we will mean
with respect to the standard norms |.| and ||.||2 and |.| respectively. Most sets
we encounter do not simply look like open/closed balls, so it will be useful to have
rules for union and intersection:

Lemma 2.8. [Unions and intersections of open sets] Let (X,d) be a metric space.
Then:

1. Arbitrary unions of open sets are open; that is

U U; s open, for any (possibly infinite) collection of open sets Us.
i€l

2. Finite intersections of open sets are open; that is

n
ﬂ U; is open, for any finite collection of open sets Uj.
i=1

Proof. 1. Let = € (J;c; Ui- Then, by definition, it must be contained in the set Uj
for some j € I. Since Uj is open there must exist a ball B.(x) centred at x lying
in U;. But then Be(z) € U; C [J;c; Ui as required.

2. Let € (N, U;. By definition z € U; for every i = 1,...,n. But, since they are
all open, for every U; there must exist 7; > 0 such that B,,(z) C U;. Now simply

take € = ‘llilin (ri). Then for every i we have B¢(x) C B, (x) and so



CHAPTER 2. METRIC SPACES 20

Corollary 2.9 (Unions and intersections of closed sets). Let (X, d) be a metric space.
Then:

1.

2.

Finite unions of closed sets are closed.

Arbitrary intersections of closed sets are closed.

Proof. De Morgan’s laws together with Lemma [2.8 O

We have the following remarks about open and closed sets.

An infinite intersection of open sets is not necessarily open (see Assignments).
Similarly, an infinite union of closed sets is not necessarily closed: e.g., the union
of closed intervals in R,

1 1

U {., 1- ] = (0,1) is open in R.
i i

i=1

The next generalisation of a metric space you will encounter (see Topology III)
is called a Topological space T. There, the only stipulations are the existence of
open sets such that

(1) @ and T are open ; (1) Lemma 2.8 holds.
We have a hierarchy:

Inner-product space = Normed space = Metric space = Topological space.

Why have we been looking at examples in R? rather than C? It turns out that
both these spaces are ‘topologically equivalent’, that is, they have the same open
sets - this is obvious since the complex modulus is essentially just the Euclidean
norm on R?.

As we have seen, some sets are neither open nor closed. It will be useful to ask what
the largest possible open set is inside a given set. Similarly, what is the smallest closed

set containing a given set?

Definition 2.10 (Interior points, closure, boundary, exterior). Let A be a subset of a
metric space (X, d).

The interior A of A is defined by

A% := {2 € A : there exists an open set U C A such that = € U}.
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The closure A of A is the complement of the interior of the complement:

A= ((AC)O)C ={x e X: UNA=#( for every open set U with x € U}.

The boundary 0A of A is the closure without the interior:
OA = A\ A [: (4%°n ((AC)())C - (AO U (AC)O)C}

Don’t confuse closure with conjugation! Closure concerns sets in any metric space,
conjugation concerns points in C.

Clearly the interior and exterior are open and clearly the boundary is closed. The
closure is also closed (see Assignments) - in fact, it is often defined more simply
as A:= X\ (X \ A)Y, from which the closedness is obvious - it is the complement
of an open set.

The boundary matches our naive notion. Broadly speaking, the interior of a set
consists of all the points that are not on its ‘edge’, and to form the closure of
a set you simply add all the missing edge points. Indeed, we have the following
additional properties of a subset A C X (see Assignments):

(a) A is open — 0ANA=0 — A=A" In fact AY = U U;

UCA
U open

(b) Ais closed <= O0ACA = A=A In fact A= ﬂ F,
ACF
F closed
That is, the interior A° is the largest open set contained in A and the closure A
is the smallest closed set containing A. Convince yourself that all the definitions
reflect your intuitive notions, say, for the plane!

There is a nice “geometric” description for the boundary of a set

0A = {z € X : for all open sets U containing x, there exist y,z € U with y € A and z € A°}.

In R™ or C™ for simple sets we only have to replace strict inequality with equality
(or vice versa) to obtain the closure (or interior). For example, for A = {z € C:
1<z <3}, wehave A={2€C:1<|2|]<3},A={2€C:1< 2| <3}, and
OA={z€C:|z|=1}U{z € C: |z| = 3} (see Figure [2.1).

Similarly

{z€C:1<Re(z) <3,|Im(2)] <1} ={2 € C: 1 <Re(z) <3,|Im(2)] < 1}
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Figure 2.1: The set A with its interior and closure.

and

F\}

{z€C:1<Re(z) <3,Im(2)] <1}’ ={2€C: 1 <Re(z) <3, Im(z)| < 1}.

In fact, B,(z) = B,(z) for any ball in R" or C".

However, this is not true in every metric space (see Assignments) - there are metric
spaces for which B,(z) # B,.(z); that is, the smallest closed set containing the
open ball B, (z) is not the closed ball B, (x)! [Hint: what if the open ball is already

closed!?]

2.3 Convergence and continuity

With our general notion of distance (a metric) comes a natural notion of convergence.

Definition 2.11. [Limits and convergence in a metric space] We say a sequence {z}

in a metric space (X, d) converges to = € X if we have

lim d(z,,z) = 0.

n—oo

That is,

for every € > 0 there exists N € N such that d(z,,z) < € for every n > N.

We write “z,, > x asn — o0”, or “lim x, = x”.
n—oo
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Convergent sequences (example)

As mentioned, the chordal metric on C is d(z, w) = || f(z) — f(w)||2, where ||.]|2 is the
Euclidean norm on R? and f is the inverse Stereographic projection given by

[ 2Re(z) 2Im(z) |2 -1
U (z|2+1’ PR 1 |z12+1)'

Show that with respect to this metric the sequence {ki}rcy in C converges to oo € C.
Since |ki| = k and f(o0) = (0,0,1) we have

H( k2+1 k24__1> —(0,0,1)

(g 2k 2
B Tk2+1 K241/,

= 2k 2+ 2 i —- 0 k—
= ]{:2—|—1 k‘2—|—1 as Q.

Thus, the sequence indeed converges to oo. This is quite an odd notion as we are
used to saying sequences ‘diverge’ if they tend to infinity. The key is that convergence
depends on the metric being used.

d(ki,00) = [[f (ki) = f(o0)ll2

2

Limits in C with the standard metric (Very important!).

The above definition of limit in a metric space also gives us an example of limits in C
with the standard metric. This says that if z, is a sequence of complex numbers, then
lim,, o0 2, = z if and only if

‘for all € > 0, there exists N > 0 such that for all n > N, |z, — z| < €.

Note this is the same definition as in Analysis I, but replacing the absolute value on
the real line by the modulus on C. Importantly, by the same proofs as in Analysis I,
limits in the complex plane follow the COLT rules.

Furthermore there is a very important link between convergence in the complex
plane and real convergence (see Analysis I for the proof). Let {z,}nen be a sequence of
complex numbers z, = x,, + iy,. Then, for any fixed zg = z¢ + iyg € C we have

lim z, =zy <= lim z, =x¢9 and lim y, = yo.

n—oo n—o0 n—oo
In other words, the sequence {z,} converges iff the real sequences {Re(z,)} and {Im(z,)}
converge (see Assignments).

Let’s return to our general setting of metric spaces and prove some properties of
limits.

Lemma 2.12. [Limits and open sets] Let (X,d) be a metric space. Then:
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1. A sequence can have at most one limit.
2. We have

lim xp, =2 <= VopenU withx € U, 3N € N such that YVn > N =z, € U.

n—oo

Hence the notion of a limit in a metric space can be stated in terms only of its
open sets.

Proof. 1. Assume h_)m Ty = and h_)m Tn =9y. Then we have for each n, by the
n—oo n o
triangle inequality d(x,y) < d(z,zy) + d(zn,y), so taking the limit as n — oo
gives
d(z,y) < lim d(z,z,) + lim d(z,,y) =0+0=0,
n—oo n—oo

so d(x,y) = 0, hence « = y by property (D1) of metric spaces.

2. (=): Assume lim x, =z and that U is open with z € U. By definition there
—_— n—oo

exists 7 > 0 such that B,(x) C U and an N € N such that d(z,,x) < r for every
n > N. Thus, z, € B.(z) C U for every n > N.

(«<): Let € > 0. We wish to find N € N such that d(z,,z) < € for n > N. Consider
the ball B.(x). It is open and contains z, and so there exists N € N such that
Zn € Be(z) for every n > N. This is precisely the statement that d(z,,x) < € for
n > N.

O

Remark 2.13. The key to completing proofs of this type is to write down the definitions
in your assumptions and also write precisely what you need to prove. Usually, doing
this leads very quickly to the proof.

Sequences in metric spaces also give a nice criterion to check if a set is closed. We will
show soon that F' C X is closed if and only if every sequence in F' which converges in
X has its limit point in F. That is, if {x,}nen is in F' and lim, o @, = = for some
x € X then z € F.

We can now define what it means for a function between two metric spaces to be
continuous (this will incorporate many of the functions we have already encountered;
eg, f:C—C;R—C;or C—R).

Definition 2.14 (Continuity). A map f : (X1,d1) — (X2,d2) between two metric
spaces is called continuous at zg € X if

Ve>0 35>0 suchthat Vze Xy wehave di(x,z0)<d = daff(z), f(z0)) <e

We say a function f is continuous on X if it is continuous at every point zy € X;.
[Note that this is exactly the same as in Analysis I.]
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Remark 2.15. Equivalently, one could write

Ve>0 36>0 suchthat z € Bs(zg) = f(x) € B(f(xo)),
where the first ball is in X7 and the second ball is in X5.
Lemma 2.16. [Basic properties of continuous functions]

1. Products, sum, quotients of real/complex valued continuous functions on a metric
space X are continuous. E.g., if f : X — C and g : X — C are continuous, then
f+gand fg and f/g are continuous (where defined).

2. Compositions of continuous functions are continuous. Le., if f : X1 — Xo and
g : Xo — X3 are continuous maps between metric spaces, then go f : X1 — X3 is
continuous.

Proof. Almost word-for-word from Analysis 1. O

Examples of continuous functions on the complex plane (with the stan-
dard metric)

e The identity function is continuous.

e Constant functions are continuous.

e The functions Re,Im : C — R are continuous.

e The complex conjugation z + z is continuous as a map from C — C.

e The modulus function z — |z| is continuous as a map from C — R.

e All of exp, sin, cos, sinh and cosh are continuous on C, as are all polynomials.

e If arg is the choice of argument function with values in (61, 6] then arg is contin-
uous on C\R, (recall Ry, is the ray with angle 61)

e If log is a branch of log corresponding to an argument function as above, then log
is continuous on C\ Ry, .

As with limits, it will be useful to restate continuity in terms of open sets. First, recall
that for any function f : X; — X5 and any set U C X5 we define the preimage f~!(U)
of U under f by f~Y(U) :={x € X;: f(z) € U}.

Theorem 2.17. [Continuity via open sets] Let X1 and Xo be metric spaces. Then:

f: X1 — Xo continuous <= f~H(U) is open in X1 for every open set U in Xo
—  fYF) is closed in X, for every closed set F in Xo.
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Proof. For open sets:

e (=): Let U be open in Xo, and pick € f~}(U). Since U is open there exists
e > 0 such that B.(f(x)) C U (since f(z) € U). But f is continuous, so by
definition there exists § > 0 such that if y € Bs(z) we have f(y) € B.(f(x)).
Thus f(y) € U, and so y € f~1(U); since this is true for every y € Bs(z) we have
shown Bs(x) C f~1(U) and so the set f~1(U) is open.

o («<): Let z € X; and € > 0. We need to find a 6 > 0 such that y € Bs(x) =
f(y) € Be(f()). First notice that (by Lemma the ball B¢(f(x)) is open. By
assumption, the preimage f~'(B.(f(z))) of this ball is also open. The point z
must be in this preimage (because the centre f(z) is certainly in B.(f(x))). Then,
since the preimage is open there must exist an open ball Bs(x) around = contained
in f~Y(B.(f(x))). But, this is precisely the statement that y € Bs(z) = f(y) €
B.(f(z)) as required.

For closed sets see Assignments. O

Remark 2.18. e From the proof we see that we can be slightly more precise than
the statement of the theorem. We have, for example

f: X7 — Xo continuous < f_l(U) is open in X7 for every open set U inXs
at v € Xy containing f(z)

e Note that for the (<) direction we only actually needed the fact that f~1(B) was
open for any open ball B in X5. It turns out that the open balls ‘generate’ all the
open sets (via Lemma - see Topology/Analysis III!

e Note that, by the second part of Theorem if a function f : X7 — X5 is
continuous then f~!({x}) is closed for any = € Xo.

As with limits, it turned out that continuity depends only upon the open sets in the
respective metric spaces. This means we can use the continuity of known functions to
prove the openness of very complicated sets.

Showing sets are open using continuity (examples)

e Show the following set is open:
U={(z,y) € R?: (2 + y*)sin®(V/22 +7) > 2}.
Well, the function

fiRE SR (z,y) — (2% +y?)sin® (Va2 +7)
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is continuous by Lemma because it is the product /composition of real valued
continuous functions. Moreover,

U={(z,y) eR*: f((z,9) >2} = f((2,00)).

Since (2, 00) is open in R (see Assignments), the set U is the preimage of an open
set under a continuous map and by Theorem it is therefore open.

e We can actually do a little more using the following useful properties of the preim-
age (from Analysis I):

Useful properties of preimage
— [THAUB) = Y (AU fY(B).
— [THANB) = Y (A) N fY(B).
— [7HANB) = fTHA)\ fH(B).

Show the following set is open:

U={(z,y) eR?:zy > 1, 2° + 3> > 3}.

Both
fla,y)=zy and g(z,y) =2® +y?
are continuous as functions R? — R, and U = f~1((1,00)) N g~ 1((3, 00)).

Since f and ¢ are continuous and both (1,00) and (3,00) are open in R, the
preimages f~1((1,00)) and g~1((3,00)) are open (by Theorem [2.17). By Lemma
2.8 we have that U is open, since it is the intersection of two open sets.

Showing functions are not continuous using open sets (example)

e We can also use openness to prove a function is not continuous. Indeed, for
f: X1 — Xo, if there exists an open set U in X5 such that f~1(U) is not open in
X1, then f is not continuous. For example, the function f : R? — R defined by

‘o y):{z;fy?, if (2,9) # 0,

0 otherwise,

isn’t continuous at (0,0). Why? Consider the preimage f~!((—¢,¢)). Claim:
This preimage is not open for € sufficiently small.
First note that the preimage in question contains (0,0) since f((0,0)) = 0. To

show the preimage is not open it is enough to show that any open ball in R?
centred at (0,0) is not contained in f~!((—e,¢€)): Let € < 1/4, say, and for any
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d > 0 consider the ball Bs((0,0)) centred at (0,0). The point (6/2,§/2) is in

B5((0,0) since [[(3,8) — (0,0)l2 = (3, DIl = /% + % = & < 4. But

L) g.3 1
((33) = A

s0 (§/2,8/2) is not in f~1((—e¢,¢)). Thus, for any § > 0 the ball Bs((0,0)) is not
contained in f~!((—e, €)) and so this preimage is not open.

Since (—¢,¢€) is open in R it follows from Theorem that f is not continuous.

Why preimages?

Note that the use of preimages in Theorem rather than images, is important.
The same result is not true of images. E.g., the function f(z) = |z| is continuous as a
function C — R, but it maps an open set in the complex plane f : D — [0,1) to an
interval that is neither open nor closed in R.

Note that this f is actually a bijection from R>g to R>g, and in R>( the interval
[0,1) is open! So, is the problem that we need the function to be bijective? No. For
example, consider the metric spaces X; = [0,1) U [2,3] and X5 = [0, 2] with the usual
(subspace) metric coming from the absolute value on R. Define

f:XI%XQ:xH{x, if 2 € 0,1).

z—1, ifzel23].

It is easy to check that f is a bijection and is continuous on its domain: (Continuity
is trivial for x # 2. For x = 2, pick € > 0, then for any 0 < § < 1 we have Bs(2) =
[2,2+0). Note that f(2) =1 and so B.(f(2)) = (1 —¢€,14¢€). To show f is continuous
we must therefore find a 0 so that f(x) € (1—e€,14€) if x € [2,2+0). Simply pick any
0 < €, for then:

r€2,249) = fle)=x—1€[l,1+6)C(1—-0,140)C(1—¢1+¢),

as required.) But, the set [2, 3] is open in X (see Assignments) and its image f([2,3]) =
[1,2] is not open in Xs.

Thus, we genuinely do need to use preimages. When can we use images of contin-
uous functions to preserve properties of the sets in question? When can we find the
maximum/minimum value taken by a function on a set? It turns out a key concept is
that of sequential compactness.
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2.4 Sequential Compactness and Compactness

Definition 2.19 (Sequential Compactness). A non-empty subset K of a metric space X
is called sequentially compact if for any sequence {zj}ren in K there exists a
convergent subsequence {zy, }ren with limit in K.

Note that the initial sequence in the definition does not have to converge. But what
if it does? What is the link between a convergent sequence and its subsequences?

Lemma 2.20. If {xp}ren is a convergent sequence in a metric space X, then any
subsequence converges to the same limit.

Proof. Assume z, — x. Let {x,, }reny be a subsequence (here n; < ng < ---). We
know that for every € > 0 there exists N € N such that z;, € B(x) for every k > N. So
simply note that ng > k, whence z,, € B¢(x) for k > N. Thus, z,, — x. O

It seems quite daunting to have to check every sequence in a set for convergent
subsequences, so it will be useful to re-express sequential compactness in terms of our
basic building blocks; that is, open and closed sets. However, exploring openness doesn’t
seem particularly fruitful; for example, consider the set (0,1) in R; the sequence {1/n}
lies in (0, 1), but its limit is 0 ¢ (0, 1). Moreover, any subsequence must have the same
limit 0 by Lemma and so (0,1) is not sequentially compact. Let’s try closedness.

Proposition 2.21. [Closed sets and limits of sequences] We have

F C X is closed <= Fvery sequence in F' which converges in X has its limit point in F.
(that is, if x,, € F and x, — x for some x € X, then x € F.)

Proof.

e (=): Assume F'is closed and let {z), } ,en be a sequence with x,, € F that converges
to x € X. We wish to show = € F. For a contradiction, assume = ¢ F; that is,
assume ¢ € X \ F. We know X \ F' is open, so by definition there must exist an
open ball B¢(x) centred at z and contained in X \ F. But x,, — x, so there exists
N € N such that z,, € B.(z) for n > N. Thus z,, € X \ F for n > N (that is,
xn ¢ F for n > N), which is a contradiction.

e («<): We need to show X \ F' is open. Let z € X \ F. We wish to show we can
always find a ball B,(z) centred at 2 and contained in X \ F. If for some n € N we
have By, (r) € X \ F we are done. Otherwise, pick an element z,, € By,(z) N F
for each n. But then z, — z and z, € F, but by assumption = ¢ F. This
contradicts the premise of the proof.

O
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Corollary 2.22. [Relationship between sequential compactness and closedness]
1. Sequentially compact sets are closed.
2. Any closed subset of a sequentially compact subset is sequentially compact.

Proof. 1. If F is sequentially compact and {zy}ren is a convergent sequence with
zr € F and limit x € X, then by definition there must exist a convergent subse-
quence {xy, }reny with limit zp € F. But, by Lemma these limits must be
the same; i.e., x = 9. Thus z € F and by Proposition the set F' is closed.

2. Assume F' C K is closed and K is sequentially compact. Let {zj}ren be any
sequence in F. Since each zp € K there must exist a convergent subsequence
{zn, }ken with limit x € K. But, by Proposition this limit must be in F.
This shows F' is sequentially compact.

O

Are all closed sets sequentially compact? No: e.g., [0,00) is closed in R, but z,, = n
has no convergent subsequence. The problem here is that [0, 00) is unbounded.

Definition 2.23 (Bounded sets). A subset A C X of a metric space X is bounded if
there exists R > 0 and « € X such that A C Bgr(z).

Lemma 2.24. [Sequentially compact sets are bounded] Let K C X be a sequentially
compact subset of a metric space X. Then K is bounded.

Proof. We employ a contrapositive argument. Assume K is not bounded and fix x € K.
For each k € N we can therefore find a point z; € K such that d(zg,z) > k (since
By(x) does not contain K). However, the sequence {zj}ren cannot have a convergent
subsequence; given any potential limit point zg of x,, we have

(D3)
d(xn, , o) > d(xp,,x) —d(x,z9) > ng—d(z,z9) — o00ask— oo.

O]

So, we know that sequentially compact sets are closed and bounded. Is that enough?
Recall, the theorem of Bolzano-Weierstrass from Analysis 1. It states precisely that
the closed and bounded intervals [a,b] in R are sequentially compact.

Theorem 2.25. [Heine-Borel for R"]
A subset K of R" is sequentially compact — K s closed and bounded.

Remark 2.26. Heine-Borel does not hold for arbitrary metric spaces.



CHAPTER 2. METRIC SPACES 31

The proof is simply induction on n, starting from the base ‘n = 1’ case for subsets
of R. For this reason (and since this is a Complex Analysis course), we will prove it for
C and leave the proof in higher dimensions for the enthusiastic reader - the statement
for C corresponds to that of R? in the statement of Theorem since C with its
standard metric can be identified with R? with its standard metric.

Theorem 2.27 (Heine-Borel for C).
A subset K of C is sequentially compact = K is closed and bounded.

Proof. e (=): This has been done via Corollary and Lemma

e (<): Applying Bolzano-Weierstrass, we see that Heine-Borel holds for subsets of
R.

Next, let K C C be a closed and bounded subset of C. It is very easy to show that
if K is bounded then there exists R > 0 such that K C Bpr(0). Let R > 0 be such
a number (so that |z| < R for every z € K) and let {z;}ren be a sequence in C with
Zn = Tp +1y,. Note that |z,| < R and |y,| < R. We wish to show there is a convergent
subsequence with limit in K.

The real interval [—R, R] is closed and bounded, so by Heine-Borel for R the interval
[—R, R] is sequentially compact. Notice that =3 € (—R, R) C [—R, R]. Since {xj }ren is
a sequence in [—R, R] there must be a convergent subsequence {x,, }reny with limit in
[—R, R], say x,, — = € [-R, R].

Consider the corresponding complex subsequence {z,, }ren, where z,, = zp, +iyn, .
Its imaginary part, the real sequence {yn, }ren, also lies in the sequentially compact set
[—R, R]. So, it also must have a convergent subsequence {yy,, tren (S0 a subsequence
of a subsequence!!) which converges to some y € [—R, R].

Finally, take the (sub)subsequence {zy,, }ren, where z,, = zn,, =+ iYn,, . The
imaginary part converges to y and, by Lemma [2.20] the real part converges to x. Then,
by the facts we discussed about convergence of complex sequences, the subsequence
{ank}keN converges with limit = 4 ¢y. Since K is closed by assumption, it follows
from Proposition that this limit = + 4y is in K. This proves K is sequentially
compact. ]

Remark 2.28. e The complex plane C is not sequentially compact with respect to
the standard metric; e.g., the sequence {ik}reny has no convergent subsequence.
(Neither is R™.)

e The Riemann sphere S? in R? is sequentially compact as a subset of R? (with
the usual Euclidean metric). Hence C = C U {oo} is sequentially compact with
respect to the chordal metric. (One way to prove this formally will be Theorem

below).
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e The orthogonal group O(n) and the unitary group U(n) are sequentially compact;
SL,(R) and GL,,(R) are not (the same holds for matrices with entries in C).

Finally, before stating the connection between continuous functions and sequentially
compact sets, we restate continuity in terms of convergent sequences:

Lemma 2.29. A function f : X — Y between two metric spaces is continuous at x € X
if and only if

li_>m f(zn) = f(x)  for every convergent sequence {xp}tnen in X with x, — x.
n o

Proof. See Assignments. O

Recall (from Analysis I) that non-empty sequentially compact sets in R have a mini-
mal and maximal element. [This is because f(x) = |z| is continuous - the statement you
have seen says continuous functions on sequentially compact sets attain their max/min.]

Theorem 2.30 (Extreme Value Theorem). Let f : X — Y be a map between two
metric spaces. Then,

K C X is sequentially compact and f is continuous

= the image f(K) is sequentially compact in Y.

In particular, for Y = R, any continuous real-valued function on a metric space X
attains minima and maxima on sequentially compact sets.

Proof. Let {yr}ren be a sequence in f(K), say with f(xg) = yr. We wish to show
it has a convergent subsequence with limit in f(K). Since K is sequentially compact,
there must be a convergent subsequence {x,, }ren (of the sequence {xj }ren) with some
limit  in K. Since f is continuous, we have by Lemma that z,, — x implies
Yn, = f(xn,) = f(x). Thus {yn, }ren has limit f(z), and because x € K we must have

f(z) € f(K). O

Remark 2.31. It follows that if K is a sequentially compact subset of C, then Re(z), Im(z)
and |z| all attain maximum and minimum values on K. In term 2, we will find out a
stronger statement under the additional assumptions that f is (complex) differentiable
and K is ‘nice’; then the maximum modulus of a function occurs on the boundary of
K. This is called the mazimum modulus theorem.

As was mentioned before (just after the definition of sequential compactness) - it
would be desirable to have a definition for sequential compactness that somehow revolves
around open sets (as we saw how important they are). This is not straightforward but
still possible. It goes through a more general notion of compactness:
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Figure 2.2: An “infinite” open cover of a set K on the left, and the finite open sub-cover
of it on the right.

Definition 2.32. Let X be a metric space. We say that a subset K is compact if
whenever {U; : i € I} is a collection of open subsets U; C X with K C |J,.; Ui, then
there exists a finite subset J C I with K C UZ-e 5 Us.

i€l
The meaning of compactness is that any open cover admits a finite subcover. We
have the following theorem (see Assignments)

Theorem 2.33. Let X be a metric space and let K be a subset of X. Then K is
sequentially compact if and only if K is compact.



Chapter 3

Complex Differentiation

3.1 Complex differentiability

Differentiation of a complex function is defined in a similar way to that in R, except
using complex limits.

Definition 3.1 (Complex differentiability). A function f : U — C defined on an open
set U in C is (complex) differentiable at zy € U if

lim f(z) = f(20)

220 Z— 20

exists.

We call this limit the derivative of f at zg and write f’(zp) for the limit, i.e.

Flo+ 1) = £(z0)

/ — 1
f'(20) fm 3
Remark 3.2. e In the second formulation the quantity h is a complex number (not

a real number), so the limit must exist from every direction. The second is often
the more useful expression of the two.

e Note that if a function f is complex differentiable at z then it is continuous at z.

Differentiating complex functions from first principles (examples)

1. Rules for differentiating polynomials are the same. For example, consider f(z) =
22 on C. For any z € C we have
(z +h)% - 22 22 4 2hz + h? — 22

- e e

Thus, f is differentiable on C and f/(z) = 2z as expected.

34
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2. Consider f(z) = z. For it to be differentiable we must obtain the same limit from
every direction. But, considering limits from the purely real and purely imaginary
directions, for every z € C we have

. z+h—2 | 1
11m = l1im — =
h—0 h h—0 h ’
heR heR

yet

1 z+ih—Z . —1h

im =lim — = —

h—0 ih h—0 1h

heR heR

Since z was arbitrary this shows f is not differentiable anywhere.

3. As in the real case, sums/products/quotients of complex differentiable functions
are complex differentiable where defined (e.g., all polynomials/rational functions).
In particular, the product and quotient rules hold for complex derivatives.

4. Composition of differentiable functions are complex differentiable where defined.
In particular, the chain rule holds for complex derivatives. The proofs of 3.
and 4. here are almost identical to those from Analysis I, so are excluded.

5. Generally, non-constant purely real/imaginary functions are not complex differen-
tiable ; e.g., Re(z),Im(z), |z| are nowhere differentiable as functions from C — C.

3.2 Cauchy-Riemann equations

We have a basic way of determining whether a function is complex differentiable, but
for more complicated functions we wish to find some nicer conditions. We consider a
complex valued function f, defined for z = x + iy in some set U C C, as a function of
the two real variables z and y. We write

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

and call Re(f) = u(x,y) the real part of f and Im(f) = v(x,y) the imaginary part of f.
For example, if f(2) = 22 then 22 = (z +iy)? = 2% — y? + 22y, so u(z,y) = 22 — y?
and v(z,y) = 2xy.
When considered as real functions R? — R there are naturally two partial derivatives
associated with each of v and v:

0 . u(x+h,y) —u(z,y) . u(z,y+h) —u(z,y)
= — = 1 = 1
uz(z,y) 8xﬂ(:c,y) lim h ;o uyey) = lim h ,
. v+ hy) —v(x,y . vz, y+h)—v(x,y
Vs (@, y) 1= lim ( })L ( ), vy(z,y) := lim ( f)L &.v)

Note that the limits above are standard real limits in R (so h is real).
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Proposition 3.3. [Cauchy-Riemann equations] Let f = u+iv be complez differentiable
at zg. Then the real partial derivatives ug, uy, vy, vy exist at zg and satisfy the Cauchy-
Riemann equations:

ug(20) = vy(20) uy(20) = —vz(20)-

Furthermore, the derivative of f at zy can be written as

f'(20) = ua(20) + ive(20) = vy(20) — duy(20)

= uy(20) — tuy(20) = vy(20) + vz (20).

Proof. Since f is complex differentiable at zg = xg +iyo, the limit in the definition must

exist and agree no matter which way we approach zg. Choosing the purely real and

purely imaginary directions we have
h) — ih) —

i J B0+ R) = flz0) - _ flz) = lim flz0 +ih) — f(z0)

h—0 h h—0 ih
heR heR

We may split each limit into real and imaginary parts, by standard properties of complex
limits. Since, when h is real,

f(zo+h) = f((zo+h)+iyo) = w(xo + h,y0) +iv(zo + h,y0), and
f(zo+ih) = f(xo+i(yo + h)) = u(xo, yo + h) + iv(zo, yo + h),
the above reads

u(xo + h,yo) — u(zo, yo) v(zo + h,yo) — v(z0, Yo)

3 ‘7. . ,
i) n +i lim ’ L)
1 _ : -

— " lim u(zo,yo + h) — u(zo, yo) + “lim v(zo, o + 1) — v(zo, %0)

1 h—0 h 7 h—0 h

In other words, uz(20) + 1vz(20) = f'(20) = (1/3)uy(20) + vy(20). Since 1/i = —i the
statement follows by comparing real and imaginary parts. O

Returning to the function f(z) = 22, note that the C-R equations indeed hold: We
have u(z,y) = 2% — y? and v(x,y) = 2zy and so

Up = 2T, Uy = 2T, Uy = —2Yy, Uy =2y.

Remark 3.4. [Warning] Note that Propositionprovides a way of showing a function is
not differentiable at a given point. It cannot be used to prove a function is differentiable.
Le., it is only a necessary condition, not a sufficient one.
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It turns out, by considering a complex function f : C — C as a real function
f:R?Z 5 R?: (z,y) — (u(z,y),v(x,y)), that we have precisely

f is complex differentiable <= f is real differentiable + C-R equations hold;

so indeed we do have a converse:

Theorem 3.5. Let f = u + iv be defined on an open subset U of C. Assume the
partial derivatives g, uy, Vg, vy exist, are continuous, and satisfy the Cauchy-Riemann
equations at zg € U. Then f is complex differentiable at z.

Proof. Omitted. (If you're interested to see a proof of this theorem, then you can find
one in Section 5.6, page 59, of the book “Introduction to Complex Analysis” by H. A.
Priestley, Second Edition, Oxford University Press, 2009.) [

Determining complex differentiability via Cauchy-Riemann (examples)

1. Let f(z) = exp(z) = e® cosy + ie* siny. Then
uy =e"cosy, vy =e"cosy, u,=—e"siny, v, =e"siny.

All these functions are continuous as real functions (see Calculus I/AMV II) and
the C-R equations hold. Thus, by Theorem exp is differentiable everywhere
in C and by Proposition

exp’(2) = ug + vy = €* cosy + ie” siny = exp(2).

2. By the chain rule, f(z) = €'* is differentiable and f’(z) = ie'*. Since they are just
sums of exp, all of the functions sin, cos, sinh, cosh are differentiable everywhere
in C and you can verify

sin’(z) = cosz, cos'(z) = —sinz, sinh’(z) =coshz, cosh’(z)= sinhz.

Similarly, all polynomials/rational functions are differentiable with the usual for-
mulae: e.g., for ag...a, complex;

(2" 4+ a2 + a1z + ag) = napz" ' 4 - + 2492 + ay.

For the branch of log corresponding to arguments in (61, 63], the function log(z) is
differentiable in C\ Ry, , i.e. at all points outside the branch cut. At these points,
the derivative is given by log’(z) = 1/z (see Sheet 4 Q7 where this is proved for
the principal branch).
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3. f(z) = sin(z)/2? is differentiable everywhere except z = 0, since it is the quo-
tient of two complex differentiable functions (and is not defined when 2% = 0).
Furthermore,

cos z)(2%) — (sin 2)(2z zcosz —2sinz
sin(e)/22]’ = (€082) ()ZQ)g )(22) _ 2sin s

23

4. Let f(2) = f(z+iy) = (23 +32%y —y3 — 2% — 2y%) +i(—23 + 329 — 3 + 4oy + 3y).
Then,

ug = 3% + 6y — 2, vy:Gmy—3y2+4x+3,
Uy = 322 — 3y? — 4y, vy = —3z% + 3y% + 4y.

Thus, the partial derivatives exist and are continuous everywhere. We have u, =
—v, everywhere, but u, = v, if and only if 322 — 20 = —3y? + 4z + 3; that is,
when (z — 1)2 + 42 = 2. So, f is differentiable only on the circle of radius /2
centred at 1 in the complex plane!

Holomorphicity

In example 4. above, the function is only differentiable on a 1-dimensional subset of C.
This is a similar situation to a real function on R being differentiable only at a single
point - not a very interesting function to work with from an analytical perspective. It
will be useful for us to consider functions that are differentiable on genuine 2-dimensional
sets in C, for this will allow us to (later) express the functions using Taylor series. Such
functions will turn out to have some quite remarkable properties.

Definition 3.6 (Holomorphic functions). A function f : U — C defined on an open set
U C C is holomorphic on U if it is complex differentiable at every point in U.

We say f is holomorphic at zg € U if it is holomorphic on some open ball Be(zp);
(in other words, if there exists € > 0 such that f is complex differentiable at every point
in B(20p)).

Remark 3.7. e By the previous examples, exp, trig functions, and polynomials are
holomorphic on all of C. Logarithms and complex powers are holomorphic at
points outside their branch cuts.

e The function in the previous example 4. is nowhere holomorphic despite being
differentiable on a circle. To see this, simply note that any (open) ball in C
centred at a point z on this circle must contain a point w not on the circle. The
function is not complex differentiable at w, so is not holomorphic at z. Thus, being
holomorphic is a strictly stronger property than being complex differentiable.
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3.3 Connected sets and zero derivatives

We explore what it means for the derivative to be zero for a complex function. Consider,
for example, the function f: U — C, where U = {z € C : |z| # 1} and

1 if |z <1,
Z) =
1) {2 if |z > 1.

The set U is open, the function f is clearly holomorphic on U and has zero derivative
on U. However, it takes two different values - it is not constant. The problem is that
f lives on two ‘unconnected’ subsets of the complex plane. We wish to find conditions
on the set U under which we can conclude f is constant (as we are used to for real
functions).

First, we need some terminology:

Definition 3.8. [Paths & path-connectedness]

1. A path or curve from z € C to w € C is a continuous function + : [0,1] - C
with v(0) = z and (1) = w. We say the path/curve is closed if z = w (in this
case, the endpoints of the path join up).

2. A path/curve is said to be continuously differentiable, or C!, if its real part
and imaginary parts are continuously differentiable on [0, 1]. At the end point 0
and 1 this means that real part and imaginary parts have right-sided derivatives
at 0 and left-sided derivative at 1, and that the derivatives are continuos from the
right at 0 and from the left at 1.

In that case we define

7'(t) = Re (v(1)))" + i (Im (4(1)))"

3. We say a subset U C C is C' path-connected if for every pair of points z,w €
U there exists a C! path from z to w such that y(¢t) € U for all t € [0,1].
For simplicity, we will sat path-connected instead of C'! path connected in the
remaining of this module.

In general paths can be defined from an interval [a, b] instead of [0, 1]. It makes no
difference since we can always reparametrise the paths. For instance, if v; : [a,b] — X
is a given function we just define v : [0,1] — X by

v(t) =m (Z:Z)

Conversely for v : [0,1] — X we define v, : [a,b] = X by

N =7(b—-a)t+a).
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Note that the continuity or differentiability of the maps is identical, as well as their
image, so our definition of paths and C'! paths remains intact.

Remark 3.9. e [Advanced/Warning] Usually people use ‘path-connected’ to mean
you can connect two points simply by a continuous curve. We used a stronger
definition to make our life easier.

Intuitively, a subset is path-connected if it has ‘one piece’; i.e., if you can draw a line
between any two points in the set without the pencil leaving the subset (or the paper!).

Definition 3.10 (Domains). A domain D is an open, path-connected subset of C.
Some people call domains regions.

Showing sets are domains (examples)

1. We know both C and B,(z) (for any z € C and r > 0) are open. They are
also path-connected: Simply choose the line segment between a and b given by
v(t) = a+ (b — a)t. This is clearly a smooth path, so C and B,(z) are domains.

2. The set C\ R<q, on which the principal branches of log and complex powers are
defined, is path-connected: Choose arbitrary a,b € C\ R<g. If a lies on the
positive real axis then the line segment again works (since it avoids the negative
real axis). Otherwise, we could try letting

71(t) = |a]e OO0 qa(t) = Ja| + (b~ |a])t.

The first path takes a to |a|, avoiding R<g by tracing around the circle of radius
|a| centred at the origin. The second joins |a| to b via a straight line. See Figure
(You can reparametrize to make ¢ run from 0 to 1 on the combined path if
you like.) But the combined path running through ~; then 9 is not differentiable
at the point where the paths «; and 72 meet! One possibility for a differentiable
path joining the points a and b would be the arc of the circle through a and b that
does not cross R<p.

We know C \ R« is also open, so it is a domain.

3. The set {z € C: |z| # 1} is not a domain. It is open, but it is not path-connected.
Pick a point a with |a| < 1 and b with || > 1. We cannot draw a continuous path
from a to b without crossing the circle |z| = 1; i.e., you cannot draw a continuous
path between the points without leaving the set.

Previously we have seen that there is a chain rule for the composition of two complex
differentiable functions. There is also the chain rule for the composition of a complex
differentiable function and a smooth path:
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BN -

X

Figure 3.1: A depiction of the paths when a is on the real line, and when a is not on
the real line.

Lemma 3.11. [Chain rule] Let U C C be an open set, f : U — C be a holomorphic
function on C and ~ : [0,1] — U be a smooth path. Then for ty € [0,1] we have

(f o) (to) = f'(7(t0))7' (o).
Proof. Similar to the proof of the chain rule in Analysis I. O

Theorem 3.12. Let f : D — C be holomorphic on a domain D C C. If f'(z) =0 for
every z € D then f is constant on D.

Proof. Since D is path-connected, it is enough to show f is constant on any smooth
path « lying in D. In other words we wish to show f o+ is a constant function of ¢.
We have (f ov)'(t) = f'(v(t))7'(t) = 0 by the chain rule. Since f = u + iv, we have

0= (fo)(t)=(uwory)(t) +i(ver)(t),
which means both (uo+)’(t) and (vo)'(t) are equal to 0 for all . Hence u and v are

constant along -, so f is too. O

Remark 3.13. The same statement holds if “f’ = 07 is replaced with “f is purely
real /imaginary”, or “f has constant real/imaginary part”, or “f has constant modulus”
(see Sheet 4). So none of Re(z),Im(z),|z| or Arg(z) are holomorphic anywhere (since
they are non-constant real-valued functions).

3.4 The angle-preserving properties of holomorphic func-
tions

Given a smooth path v : [0,1] — C, we can talk about the tangent vector to v at a
point zp = 7(tp) on the path.
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Definition 3.14 (Conformal maps). We say a (real differentiable) map f : D — C on
a domain D C C is conformal at zg if it preserves the angle and orientation between
any two tangent vectors at zy. This is exactly the same as saying that it preserves the
angle and orientation between any two smooth curves passing through zy. We say that
f is conformal if it is conformal at all points in D.

It turns out that there is a close relationship between holomorphic and conformal
maps.

Lemma 3.15. [Holomorphic maps are conformal] A holomorphic map f with f'(zg) # 0
s conformal at zg.

Proof. Take a smooth path 7 : [0,1] — C that passes through zp, and consider the
tangent vector to 7 at the point zp = 7(fp) on the path. What happens to this tangent
vector under the application of a holomorphic function f7

The path f o~ is the path obtained by mapping v under f. So to calculate what
happens to the tangent vector +/(tp) under f, we should calculate the tangent vector
(f o) (to). This is done using the chain rule:

(f o) (to) = f'(v(to))¥' (to) = f'(20)7(to)-

This describes what happens to tangent vectors geometrically: f transforms the tangent
vector v (to) by multiplying it by the complex number f’(2).

But we understand what multiplication by complex numbers means geometrically:
if f'(20) # 0 then multiplcation by f/(zo) is dilation (by |f’(20)|) followed by a rotation
(by Arg(f'(20))).

We now notice the following: both dilations and rotations preserve the angles and
orientations between vectors! This completes the proof. O

Determining where maps are conformal (examples)

o Let f(2) = 22, Here, f'(z) =2z 50 f/(2) =0 <= z=0and so f is conformal on
C* = C\ {0} (since it is holomorphic everywhere). We don’t yet know whether f
is conformal at the origin, but we can check: we know that f/(z) = 2z so f/(0) =0
and hence the action of f on tangent vectors at the origin is to multiply by 0,
hence sending any tangent vector to zero.

o Let f(z) = 223+ 1(1—2i)2% — iz + 2 — 1. This function is clearly holomorphic as
it is just a polynomial. We have

fl(z) =222 4+ (1 = 2i)z —i= (22 + 1) (2 — i),

which has zeros at —3 and 4, so f is conformal on C\ {—3,i}. [Note, we can
explicitly check what f does to tangent vectors at each point in this set: For
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example, at z = i/2 we have f'(i/2) = (i +1)(—=i/2) = (1 —4)/2 = _”/4.
Thus, at z = i/2 the function f rotates tangent vectors by Arg(f'(i/2 )) = —7/4
degrees, then dilates by a factor of |f'(2)| = 1/V/2.]

Rather than having to then check two paths through z = 1/2 and z = i respec-
tively, to determine whether f is conformal there, it will be convenient to have
a complete description in terms of holomorphicity. The converse to Lemma [3.15
holds:

Proposition 3.16. [Conformal maps are holomorphic] Let D be a domain. If f is
conformal at zg € D then f is complex differentiable at zo and f'(29) # 0. Therefore, if
f is conformal on D, then f is holomorphic on D and f'(z) # 0 for all z € D. Thus

f is conformal on D <= f is holomorphic with f'(z) # 0 for all z € D.

Proof. (Non-examinable) Sketch: we know f = u + iv is real differentiable when con-

sidered as a map f : (y) — (5&53 ) The total differential of this map at a point

20 = xo + iyo (see AMV II) is the Jacobian matrix D,, = (u”(mo’yo) uy (20,90 ) To pre-

vz (T0,Y0) vy(To,Y0)
serve angles it must be of the form c (gﬁfg *C(S)isneg) for some ¢ € Ry. Thus D is of the
form (‘bl _ab) and the C-R equations are satisfied at zp. Since f is real differentiable by
assumption, C-R equations are actually enough to show that f is complex differentiable
at zo (we have not stated exactly this result before, but it holds). Since det D, # 0 we

have f'(z0) = uz(20,y0) + iva(z0, y0) # 0. O

Remark 3.17. [Advanced] The idea of this proof, in reverse, can be adapted to give a
more sophisticated proof of the CR equations!

Determining where maps are conformal (examples continued)

o Let f(2) = xy +iy?. Then u, = Y, vy = 2y, uy = x,v; = 0. So, the C-R equations
only hold at y = x = 0. Hence f is not conformal at any point zy # 0, since it
cannot be complex differentiable at zy (as C-R. equations fail to hold), and hence
it is not conformal at zg by Proposition What happens for zg = 07 There,
1/(0) = u;(0,0) 4+ iv,(0,0) = 0+ 40 = 0. So f cannot be conformal at 0 either by
Proposition Thus, f is nowhere conformal.

Visualising conformal maps

Here is a useful result, helpful in visualising the action of conformal maps:

Corollary 3.18. Any conformal map maps orthogonal grids in the (x,y)-plane to or-
thogonal grids.
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Remark 3.19. [Important warning] We must allow our grids to be made up of
arbitrary smooth curves, not necessarily straight lines (Corollary is false if they are
required to be made of straight lines).

How to visualise conformal maps (examples)

o Let f(2) = 22 = 22 — y? + i22y and consider the simple grid in the (z,y)-plane
made up of lines parallel to the real/imaginary axes, separated by distance 1.

Given a line (not passing through the origin) in such a grid, say x = a(# 0),
the function f takes this line to the points (a? — y%,2ay) in the (u,v)-plane. If
u=a? —y? and v = 2ay, then v? = 4a’y? and so u = a® — (%)2 and the image

defines a parabola.

Similarly, the line y = b (# 0) is taken to the parabola u = (3;)* —b? in the (u, v)-
plane. By sketching these on the same axes we see that the parabolas indeed cross
at right angles.

8Uﬂ = 11’

Y /\’ (v

Figure 3.2: The image of the perpendicular lines x = 1, y = 1 is a pair of parabolas
that cross at right angles.

e For the same example, consider the level curves u(x,y) = a and v(z,y) = b with
a,b # 0. These trace out the curves y?> = 22> —a and y = % respectively. By
sketching these curves on a graph (for, say, u = +1,v = +1) we see that they are
perpendicular. (They have to be, since f(z) is conformal on C — {0} and they
map to perpendicular straight lines.)

3.5 Biholomorphic maps

We wish to build a dictionary of conformal maps as a way of getting back and forth
between domains of the complex plane. To do this, we need our maps to be invertible.
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Definition 3.20 (Biholomorphic maps). Let D and D’ be domains. We say that
f : D — D' is biholomorphic if f is holomorphic, a bijection, and the inverse f~! :
D’ — D is also holomorphic. A biholomorphic map f is called a biholomorphism.
When f as above exists, we say that the domains D and D’ are biholomorphic and

write f: D = D',

Remark 3.21. [Advanced] It is possible to prove that if f as above is holomorphic and
bijective, then it is automatic that its inverse is holomorphic.

Finding biholomorphisms (examples)

1. The function exp : C — C* is not biholomorphic since it is not injective (e.g.,
e* = e*T27)  How can we make it biholomorphic? We simply need to restrict it
to a smaller domain where it will be injective. It is not too hard to check that

exp(z1) = exp(z2)

if and only if Re(z1) = Re(z2) and Im(z1) — Im(z3) € 27Z. So if we rule out
different z; and zo whose imaginary parts differ by an non-zero integer multiple
of 27 then we might be ok. We can do this by setting

D:={z€C:Im(z) € (—m,7) }.

If 2 =2 +4y € D then exp(z) = %% so the principal argument of exp(z) is
never equal to m. On the other hand, it is not hard to check that exp maps D
onto C — R<g. Moreover, by our choice of D, exp is injective on D. So exp is
a bijection between D and C — R<g. Therefore it has an inverse function, and
we already know what it is: the principal branch of Log. The function Log maps
C —R<p to D and is differentiable at every point of C —R<y, so it is holomorphic
on C — R<p. In summary, when restricted to D, exp is biholomorphic and hence
D and C — R« are biholomorphic.

2. Let f(z) = z%. We have seen that this function is holomorphic on C. However, as
in the previous example, it is not injective since e.g. f(1) = f(—1) = 1. Note that
f(z1) = f(z2) with z1 # 29 if and only if z; = £29, so we may be able to create
a biholomorphic function by restricting f to a domain that never simultaneously
contains z and —z. Such a domain is the right half plane Hp := {z € C: Re(z) >
0}. We saw in a previous example that f maps Hgr to C — R<q. In fact this is a
bijection, with inverse given by

FC - Reo 5 Ha, f7(2) = exp(gLos().

Thus f~! is holomorphic, since it is a composition of holomorphic functions, and
hence f gives a biholomorphism f : Hr — C — R<q.
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3. The ‘affine’ linear maps z + az + b (for a € C*,b € C) are biholomorphic C = C.

As expected we can compose biholomorphic maps to construct new ones.

Lemma 3.22 (Automorphism groups). Let D C C be a domain. The set of all biholo-
morphic maps f : D = D from D to itself forms a group under composition. We call
this group the automorphism group of D and denote it by Aut(D).

Proof. We need only check the group properties:
e The identity map Id : z — z is always in Aut(D), and is clearly biholomorphic.

e We know composition of functions is associative, so f o (goh) = (f og) o h, for
holomorphic maps.

e =1 is the inverse of f since fo f~! = Id = f~' o f. Moreover, f~! is in
Aut(D) since it is itself holomorphic by assumption and has holomorphic inverse

(fHt=1r

e Aut(D) is closed: (f o g) is holomorphic (by the chain rule) and its inverse
(fog)™! := gt o f!is also the composition of two holomorphic functions,
so holomorphic.

O

Remark 3.23. Note that example 1. shows conformal maps are not necessarily biholo-
morphic. On the other hand, it turns out (see Sheet 5) that all biholomorphic maps are
conformal. [Whilst the converse is not true in general, conformal maps turn out to be
‘locally’ biholomorphic.]



Chapter 4

Mobius transformations

4.1 Definition and first properties of Mobius transforma-
tions

In this chapter we study a very special class of functions that play a truly fundamental
role in mathematics, and have many beautiful properties. Recall that GLg(C) is the
collection of matrices

GLg((C)z{(Z Z) . a,b,c,dcC, ad—bc;é()}

= {2 x 2 complex matrices with nonzero determinant}.

Also recall the extended complex plane C = C U {o0} from Chapter

a b

Definition 4.1 (Mé&bius transformations). Given any matrix 7' = ( e d > € GLy(C)

we can define a function

My :C— C
by the formula
az+b
M =
r(2) cz+d

ifcz+d=#0, and if cz+d =0 we set Mr (—g) = oo when ¢ # 0. The function My is
called a Mobius transformation.

Remark 4.2. e [Advanced] The reason for excluding matrices for which det 7" = 0 is
because if det T" = 0 and at least one of ¢ and d is non-zero, so that the definition
makes sense, then T has rank 1, and this implies that (a,b) = A(¢,d) for some
A € C. But this would give that for z with cz 4 d # 0, we would have Mp(z) = A,

47



CHAPTER 4. MOBIUS TRANSFORMATIONS 48

so the transformation would be constant. This is not a very interesting function
to think about!

e For T' € GL2(C), by taking complex square roots, we can find a number such that
k? = detT. Then

_az+b %4—% B
Mr(z) cird e id = My(z)
and )
1

Thus, we may scale any 7' € GLa(C) to obtain 7" = £ such that det 7’ = 1, and
My = My,

It is slightly annoying that at the moment, the domain of a Mdbius transformation
is not the same as its codomain. This would prevent us from composing two Mobius
transformations. However, it is possible to extend the definition to describe where
e C gets mapped to: we declare that

MT(OO):{g if ¢ #0

o ife=0"

Now we have My : C — C.

Example 4.3. 1. f(z) = z~! is a Mdbius transformation corresponding to the ma-
trix ( (1) (1) > Note that |2| < 1 and z # 0 if and only if |f(2)| = |27 = |2|7! >

1, so f maps the punctured unit ball B;(0) — {0} onto the outside of the closed
unit ball. We have f(0) = oo and f(o0) = 0, so f interchanges these two points.

Figure 4.1: Image of B;(0) — {0} under f.
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2. The Cayley map f(z) = ‘Z—jr’l’ corresponds to the matrix ( 1 _Z,Z > . We have
f(2) € B1(0) <= |f(2)| <1 <= |2+i] > |2—i] <= z€H={z € C:Im(z) > 0}.

Hence f maps the upper half plane to the open unit ball centered at 0. Moreover,
f(oo) =1 and f(—i) = oco.

BL%\ = %‘

Figure 4.2: Image of upper half-plane under Cayley map.

Lemma 4.4. The set of Mébius transformations form a group under composition. Fur-
thermore,

1. MT1 o MT2 = MTng-
2. (MT)_I :MT—l.
10
3. Mr=1d <= T:t(o 1> (t € C¥).

Proof. See Assignments. O

Remark 4.5. Recall from Linear Algebra that GLy(C) forms a group under matrix
multiplication. Lemma [£.4] says more than that the Mobius transformations form a
group. It says that the mapping

T MT

is a group homomorphism between GLy(C) and the Mobius transformations! In other
words, composing Mobius transformations is basically just multiplying matrices!

Lemma 4.6. Let T = ( a b
c d

) € GLy(C). If ¢ = 0, the Mdébius transformation My

gives a biholomorphic map
M7y :C = C.

If ¢ #£ 0, then Mr gives a biholomorphic map

MT:(C—{Cd}lﬂC—{Z}.
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Proof. If ¢ =0 then a,d # 0 since det T' # 0. Hence
az+b a b

@ ~d T
is just an affine linear map which is holomorphic. It is a bijection with inverse given
by (Mrp)™! = gz — g , which is holomorphic by the same token. So My gives a
biholomorphic map C = C.

If ¢ # 0 let’s check that Mr is complex differentiable at every z # %d. We can
calculate

MT(Z) =

Mi(z) = a(cz +d) — c(az +b) _ det(T") '

(cz +d)? (cz +d)?
Therefore the derivative exists at all points of C — {%d} and hence My is holomorphic
there. It is bijective with the inverse given by the inverse Mo&bius transformation,
which is holomorphic by the same argument. Hence Mrp is a biholomorphism from

c-{=}=c-{& O

Corollary 4.7. A Mébius transformation My is conformal at all z € C with Mp(z) #
0.

Proof. We know that biholomorphic maps are conformal, and My is a biholomorphism
on C minus the points that map to co. Alternatively, one can check that in both cases
of the proof of Lemma the derivative never vanishes. O

Corollary 4.8. Any Mdbius transformation is a bijection from C to C.

Proof. By Lemma [4.4] M has an inverse Mp-1, so that MpMp—1 = Mp—1 M7 as maps
from C to C, so M7 is a bijection. O

4.2 Fixed points, the cross-ratio, and the three points
Theorem

Let T' € GL2(C) and My be a Mobius transformation. Then a point z is a fixed point
of Mr if Mr(z) = z.

Lemma 4.9. Let T € GL(C). If Mr : C — C is not the identity map, then My has
at most 2 fixed points in C. In other words, if a Mdbius transformation has three fixed
points in C, then it is the identity.

Proof. We split into two cases.

First suppose Mp(o0) = co. From the definition, this can only happen if ¢ = 0, so
My preserves C, and for z € C, Mr(z) = §2 + g with a,d # 0 (because detT" # 0).
Such an affine linear map has at most one fixed point as follows:
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o If a = d then b # 0 since we assume My is not the identity. Then M7 is a
translation by b/d which has no fixed points.

e If a # d then My has a unique fixed point in C given by z9 = b/(d — a).

Now suppose My (o0) # oo. Then any fixed points of My are in C. Suppose 29 € C is
such that Mr(zg) = z9. We have

azo+b
M<a b)(ZO)ZZ@ S oard = czp + (d—a)zp—b=0.

c d

There are at most two roots of this quadratic equation, so at most two fixed points of
MT in C. O

We introduce an important quantity called the cross-ratio.

Definition 4.10. Given four distinct points zg, 21, 22, 23 € C, the cross-ratio of these
points is defined by

(20 — 22)(21 — 23) _ Zo=2i
(20721;22723) = ( — )( _ ) T iz
20 — 23)(”Z1 — 22 2i—23

We will denote the cross ratio of 2y, 21, 22, 23 by (20, 21; 22, 23). We can extend the
definition to the case that one of the points is co by removing all differences involving
that point, for example,

(21 — 23)

(00721;2:2723) = (Zl _ 22)'

We can use the cross ratio to prove that a Mébius transformation is uniquely deter-
mined by how it acts upon any three given points in C.

Theorem 4.11. [Three points Theorem/ Let {z1, 22, 23} and {w1,wa, w3} be two sets of

three ordered distinct points in C. Then there exists a unique Mobius Transformation
f such that f(z;) = w; fori1=1,2,3.

Proof.

Existence: Consider the functions
F(z) == (z,wi;w2,w3), G(2) = (2, 21; 22, 23).

These are Mobius transformations with the properties that F'(wq) = 1, F(w2) = 0, F(w3) =
o0, and G(z1) = 1,G(z2) = 0,G(23) = 0o. Therefore F~! o G maps each z; to w;.
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Uniqueness: Assume that there are two such maps, say f and f . Then the Mé6bius
transformation H := f~'o f satisfies H(z) = f~*(f(z)) = f~"(w;) = 2. This shows H
has three fixed points, z1, 29, z3, and by Lemma [4.9] it must therefore be trivial. Thus,

f=1r O
One has the following beautiful and fundamental fact about Mobius transformations:

Proposition 4.12. [Mébius transformations preserve cross-ratio] Mébius transforma-
tions preserve the cross ratio: if zo, 21, 22, 23 are four distinct points in C, and f is a
Mébius transformation, then

(f(20), f(21); f(22), f(23)) = (20, 21; 22, 23). (*)

Proof. Let w; = f(z;). Let F and G be the functions defined in the proof of Theorem
4.11] Recall that F~! o G mapped each z to w;. So does f. Since there is a unique
Mobius transformation with this property, we must have f = F~! o G. Rearranging,
F o f =(G. But this is just the identity stated after applying both functions to zy :

(f(20), f(21); f(22), f(23)) = F o f(20) = G(20) = (20, 215 22, 23)-

Finding a Mdbius transformation from three points (example)

Find the unique Mobius transformation f : cC->cC mapping the points {1, —1,7} to the
points {0, 00, 1}. Our method is simply to rearrange (x): Notice that

_ fz) 4 ]
1imm:hmg - -,
|w|—o0 W1 — W |w|—o00 Il —1 -1

so (*) reduces to

L. w1~ ws B <Z—22> <z1—23>
f(z) —ws z— 23 21 — 29

=m0 = 57 (o)

B —2(z —1)
= /-1 = G+ 1)1 —1)
— fx) = (=1 —i)z+ (1 +1)

(L—i)z+ (1—1i)

=1 = (7)(H)
—1z +1
z4+1 "
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Mo6bius transformations methods

This leads us to a general strategy to find a M&bius transformation from how it acts on three points:
Simply notice that since the cross ratio is preserved,

Go—e) mn) = (52)E=2)

f(z) —ws ) \ w1 —wy 2z — 23 21—29)"

and to find f we need only rearrange this equation.

There is also a general strategy to find the image of a region D under a Mobius transformation Myp:

1. Find the image Mp(9D) of the boundary 0D.
2. Find the image Mr(zp) of a point 2y € D in the interior.

3. The region D’ bounded by Mp(9D) and containing Mp(zg) is precisely the image
of D under My, and
Mp:D = D' = Mp(D).

4.3 Circles and lines

The following property of Md&bius transformations is very useful when deciding how
they map different regions of the complex plane.

Proposition 4.13. Mobius transformations map circles and lines in C to circles and
lines in C.

Remark 4.14. [Technical] We consider any line to pass through infinity, so that the
above makes sense. By circles in C we mean simply circles in C.

In order to talk about what happens to circles and lines under Mobius transforma-
tions we need to know the equations of circles and lines. Of course, we already know
the equation of a circle or line, but it turns out these can both be described by the same
type of equation using complex numbers.

A circle of centre o and radius r is given by the equation

|z — al? = r?
which can be rewritten as
2 =(z—-0a)(Z—a) =2z —azZ—az+ aa.

Introducing a new parameter 3 = a@ — 2> € R we have the equation

z2Z—az—az+ 4 =0.
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This is the general equation of a circle, given by parameters o € C and 8 € R such that
a2 = =72 >0.
What about lines? Well a line can always be written as a bisector:

t={z€C: |z—w]|=|z—we|}

with wy # wy € C. This means

(Z — wl)(2 — 1171) = (Z — wg)(é— 1[72)

or

2Z —W1Z — W1z + WiwW1 = 22 — W2z — W22 + Waws.

Rearranging this, and writing o = wy; — we # 0 and § = wiw; — wows € R, we have

—az—az+ 5 =0.

This is the general equation of a line in C, given by parameters o € C and § € R such
that a # 0.
Therefore we have proved

Lemma 4.15. [Equation of circles and lines in C] Given v,8 € R and a € C, the
equation

vzZ—az—az+ =0
describes a circle if v # 0 and |a|?> — By > 0, and a line if y = 0 and o # 0. Conwersely,
any circle or line can be described by an equation of this form. [

Proof of Proposition[{.13 Consider an arbitrary Mobius transformation My where T' =

< ch 2 ) . We can assume by previous remarks that detT = 1. If ¢ = 0, then M7 is

affine linear and is easily seen to preserve circles and lines (since rotations, dilations,
and translations obviously do). So we can assume ¢ # 0.

Note that
az+b caz+cb alcz+d)  cb—ad a 1 a 1 1
M) = D - n _a L e (11 )
cz+d clez+d)  clecz+d)  clez+d) ¢ clez+d) ¢ c z+ ¢

Thus My is just some linear maps composed with the function f(z) = 1/z, called an
inversion. Since linear maps preserve circles and lines, it is therefore enough to consider
the action of f(2) = 1/z on lines and circles. Moreover, we have f~!(z) = 1/z = f(2)
so it is enough to consider one direction.
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Let X be a circle or line. By Lemma [£.15] X is described by an equation vzz —
az —az+ =0 with v, 8 € R. We claim that f(X) is described by a similar equation.
Indeed, if z € f(X) and z # 0, then f(2) = f~!(z) € X and this happens if and only if

v(i) <i>—a<i>_(i>+520 = PeE-az—azty=0.

Finally, let’s check this is the equation of a circle or a line.

First consider the case f = 0. If we started with a line we have a # 0. If we started
with a circle we know |a|?> = |a|?> — 8 > 0 so we have a # 0 again. Therefore, the new
equation describes a line.

Next, consider the case 8 # 0. Then we can divide by  to get 2z — %z — %24—% =0.
This looks like the equation of a circle, but we have to check
Q2 7
_ —=>0 4.1
I 3 | 3 (4.1)

If we began with a line, then v = 0 and « # 0 so this is clearly true. If we began with a
circle, then v = 1. If 8 < 0 then (4.1)) is obvious since both terms are nonnegative and
v/B < 0. If B> 0 then (4.1)) follows from |a|> — 5 > 0. O

We we use the term circline to refer to an object that is either a circle or line.
Hence the previous Proposition could have been stated ‘Mobius transformations pre-
serve circlines’. The fact that Mobius transformations preserve circles and lines is very
powerful when combined with:

Remark 4.16. Any three distinct non-colinear points z1, 22, 23 € C uniquely determine
a circle in C passing through those points. Any two distinct points uniquely determine
a line passing through those points.

So to find out where a circle is mapped under a Mdébius transformation, one simply
needs to check where three points on the circle are mapped!

Finding the image of regions under M&bius transformations (example)

Find the image of the unit disc D := B1(0) = {w € C : |w| < 1} under the Mébius
transformation corresponding to the matrix T = 2 —; 2 :% : gz . To determine
the image we look at what happens to the boundary: we first find the image of the unit
circle centred at the origin. Consider what happens to the four points on the unit circle,
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1,4,—1,—¢ under the map Mrp(z) = @4202=(2461) {1y ey Mry:

z—(1427)
2+ 21) — (2 ) —41
L@ -@ae) i,
1—(1+ 27) —2i
9 4 95); — : s
; »—>( —1—.22)1 (2.4—61): 4 4'124;
i— (1+21) —1—1
L, 22 —(246i) 48
“1—(1+2i) 22

By Proposition[4.13|the unit circle must be mapped to a circle, and the three calculations
above tell us that the image of the unit circle must be the circle centred at z = 3 of
radius 1. Note, the action of M7 is not something so simple as a rotation; for example
we have

—(2+ 2i)i — (24 69) =8 12+ 4

—i - - = - = ,  which is near the image of -1 !!
—i— (14 24) —1—3i 5

What about the interior of this circle? Let’s pick a point in the unit disc and see
where it is taken. The point z = 0 is an obvious choice. We have

(2+2i)0—(2+6i) 2+6i (2+67)(1—2i) 14+2i
0—(14+2i))  1+2 5 5

which lies inside this circle in question. Thus, by continuity M7 maps D to the interior

of the circle centred at z = 3 of radius 1 (it cannot map another point zy € D to

somewhere outside this circle as the image of the path from 0 to zy would have to

cross the boundary, but Mdbius transformations are conformal). Continuity (and the
existence of an inverse) tell us the map must be onto and so

Mp:D = {z€C:|z-3|<1}.

Mp(0) =

4.4 The Riemann sphere, revisited

Since we saw earlier that we can identify C with the Riemann sphere S? by stereo-
graphic projection from the north pole, we can now think of M&bius transformations as
bijections from S2 to S?! In fact, our definitions were carefully chosen so that Mdbius
transformations give continuous bijections from S? to S?.

This is a very fruitful perspective that can unify our picture of Mdébius transfor-
mations. I encourage you to try to think about Mobius transformations in this way
whenever you can!

Remark 4.17. It turns out that the definition of holomorphicity can be extendedE] to
functions from S? to S2. In fact, Mdbius transformations give biholomorphic maps from

!The trick is to use the stereographic projection maps to transfer your function to C, and use the
definition of holomorphicity there.
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S? to S?. Even better: the Mdbius transformations give all the biholomorphic maps
from S? to S?.

What do circles and lines in C correspond to in the Riemann sphere? The answer
is just circles! We can now add some more to our table of correspondences in (1.3):

In 52 InC
N — o0
S — 0
Geometrically:
Circle not through N — Circle
Circle through N — Line

This also justifies our earlier convention that we think of all lines as passing through
infinity.

Remark 4.18. [Advanced] One other nice fact is that stereographic projection itself is
conformal! This means two tangent vectors to the sphere at the same point are mapped
to two tangent vectors in C (at the same point) with the same angle.

Example 4.19. Consider the map f : C — C, f(z) = Z% Using stereographic

projection, we can think of this as a transformation f of the sphere S2. What is it?

We have that f(N) should correspond to f(co) =i, £(0,1,0) should correspond to
f(i) = 0 and £(0,0, —1) should correspond to f(0) = 1 = —i. So f maps N, (0,1,0), (0,0, —1)
to (0,1,0),(0,0,—1),(0,—1,0). We might guess that f is simply a rotation of 90 de-
grees about the z-axis taking the ‘back’ hemisphere to the bottom/south hemisphere,
and this turns out to be correct!

To see why this is true, let’s cheat slightly and assume that the rotation that we’ve
guessed corresponds to a Mobius transformation. Then the Md6bius transformation is
determined by what it does to three points, and we’ve already checked that our guess
agrees with the map f at three points 0o, and 0.

4.5 Mobius transformations preserving the upper half plane
or unit disc

Notation: For a domain D C C, denote by Mob(D) the set of all M6bius transformations
f such that f(D) = D, i.e. f maps D to D.

Proposition 4.20. [H2H] Every Mébius transformation mapping H to H is of the form
My with T in the group

SLa(R) :={T € Mata(R) : det T' = 1}.
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Conversely, every such Mobius transformation maps H to H, and hence gives a biholo-
morphism from H to H.
In more concise terms, we have

f € Mob(H) <= f = My with T € SLy(R).

Remark 4.21. This gives us a group homomorphism SLa(R) — Mob(H) mapping 7"+
My and hence also a group homomorphism SLy(R) — Aut(H).

Proof. Any Mobius transformation f : H — H must map the boundary of H to the
boundary of H. Since this boundary is precisely the real line, f : RU{o0} — R U {o0}.
In particular, it must take the ordered set {1, 0, 00} to {z1, z2, x3} for some z; € RU{oo}.
Consider the cross-ratio; assuming x; # 0o we have

Fomn) =) - (96 -
= (f(2) —z2)(x1—23) = 2(f(2) —23)(21 — 72)

1'3(1131 — 1‘2)2 + l’2($3 — 131)
(x1 —x2)z + (w3 — 1)

— f(z) =

Thus, all coefficients are real, so T' € GLa(R).

Furthermore, if T' = ( Z Z ) € GLy(R) and z = = + iy, then

Im (Mr(z)) = Im <az + b) =Im <(az +0)(ez + d))

cz+d lcz + d|?
— Im (adz+bcz>
lez + d|?
_(ad—=bc)y  ydetT
ez +d2 ez +d?

We have z € H < y > 0 so
Mrp(z) e H <~ T € GLg(R), detT >0

and so we can replace T' by a real matrix of determinant 1 by scaling T" by a real
number. O

Proposition 4.22. [D2D] Every Mdébius transformation from the unit disk D to itself
s of the form My with T in the set

a f

SU(L 1) := {Tz <B d) fa,BEC, detT = |a]* B = 1}_
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Conversely, every such Mobius transformation maps D to D and hence gives a biholo-
morphic automorphism of D.
In more concise terms, we have

feMob(D) <= f= My with T € SU(1,1).
Remark 4.23. e We obtain a group homomorphism
SU(L,1) = Mob(D) T+ My
and hence also a group homomorphism SU(1,1) — Aut(D).

e [Advanced] The group SU(1,1) is not the Special Unitary Group SU(2). It is
actually the set of matrices T which preserve the quadratic form (z, w) = Zyw; —
Zows over C; so (T'z, Tw) = (z,w) for T € SU(1,1) and z,w € C.

Proof. (=): Let M7 : D — D be a Mob trans and consider the following picture:

T

H - H
Mo Mo
{ {
p M p

1
We have that f := Mo-1 0 Mr o Mc is a Mdbius transformation from H to H. By Prop
(H2H) we have f = Mg with S € SLa(R), and by Lemmawe have S = C~1TC.

where M is the Cayley Map, so C' = < L _il )

Let S = (z Z)With ad —bc =1 and a, b, c,d € R. Then you can calculate that
_ 1 ((a+d)+ilb—c) (a—d)—i(c+D)
T = 1= - : ; :
¢se 2<(a—d)+z(c+b) (a+d)—i(b—c)

Clearly this is of the required form. Finally, we have
det T = det(CSC™!) = (det C)™' - det S - det C = det S =1

as required.

(«<): Conversely, if T' € SU(1,1) then the same calculation in reverse shows that the
matrix S := C~!TC is in SLa(R). Thus Mg : H — H is a Mdbius transformation by
Prop m (H2H), and by Lemma the map Mr := Mg o Mg o M(;l is a Mdbius
transformation H — H. O

We can actually say much more about what they look like:
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Corollary 4.24 (D2D*).

1. Every Mébius transformation f from the unit disk D to itself can be written

Z — 20

fz) = €”

Z0z—1
for some angle 0 and zy € D the unique point such that f(z9) = 0.

2. All Mébius transformations of the unit disk to itself for which f(0) =0 are rota-
tions about 0.

Remark 4.25. The map g(z) := %;Z_Ol in the above swaps 0 and 2y and is an “involution"
(see Assignments; that is, g o ¢ = Id. Furthermore, the map z — €%z is a rotation.
So all Mobius transformations of the unit disk are given by an involution followed by a

rotation.

Proof. 1. By Proposition D2D we have

L (_b
O = e (_b)(z_)l

a

so z9 = —b/a. Moreover, since ‘—%‘ = 1, we must have —2 = e for some
§ € (—m,m]. All that remains is to check that zg € D. Since |a|?> — [b]?> = 1, we
have
b|? 1b]2 1
2
-1 = - -1 = -1 = —-— < Q0
. - P aP
and so |zp| < 1 as required.
2. We have
0 [ —*0 i0
f(0)=0 <<= e (1) =0 <<= =0 <<= f(z)=—-€"%
and so f is a rotation.
O

Finding automorphisms (example)

Find a Moébius transformation f from the closed unit disc onto the closed unit disc
i

taking % to 0 and —¢ to 1. Since % —+ 0, by Corollary D2D* with 2o = § we have

o A5\ e 22—
fz)=e (5221>_e (25)
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for some 6. Since —i — 1, we have

o [ —2i—i 0. : .
1=¢? ( ) = 1=¢Y% = ¢¥=_

—-1-2
Thus
22 — 1 2z — 1 2z — 1
f(z)=—i (_; _Z2> =1 (zj—i— 21) = ZZ_ 22 (multiplying top and bottom by — ).

Finding the image of geometric shapes under Mgobius transformation (ex-
ample)

Let F' be the geometric figure made up of a line segment from 0 to —1, a clockwise
circular arc (tracing out the unit circle) from —1 to ¢, then a line segment from 4 to 0.
Find the image of I under the Cayley Map Mc(z2) = 2.

Each section is a segment of a circle or a line, so must be taken to a segment of a
circle or a line by Proposition First, let us check where the three ‘vertices’ go. We

have

O L =—1; —1e N U ) PN Y
i —1+3 2 1+1
Let’s look at where the line segment from 0 to i goes:
i t—i o =30 1
— = = = — = —=,
2 % +1 ) 3

so the line segment from 0 to ¢ must map to the circle/line from —1 to 0, passing through
—%; that is, it is the line segment from —1 to 0 on the real axis.

Now, if we wanted we could do the same for the other two sections; pick a point on
each remaining line/circular arc and see where it maps to, thus determining whether
each image is a line segment or a circular arc. However, there is a much quicker method:
We know Mob trans are conformal and so preserve angles/orientation - so tracing round
the shape we must have the same angles in the image of the figure. So, travelling from
Mc(0) = —1, when we reach M¢(i) = 0 we must turn anticlockwise 7/2 degrees and
head towards Mc(—1) = i. Thus, the next section must simply be the straight line
from 0 to 4. Similarly, the final section must be a circular arc from ¢ back to —1. Thus,
the image is just F. Actually, letting D = {z € D : 7/2 < Arg(z) < 7} be the interior
of F, one can check that D maps to D and and so Mo-1 (and therefore M) is actually
in Aut(D).

4.6 Finding biholomorphic maps between domains

1. Find a biholomorphism from D := {z € D : Im(z) < 0} to H. We build the map
in various stages from simpler known maps.
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e Step 1: We know the Cayley transform Mg is a map from H to D, so its
inverse Mo-1 maps D to H. This is a good thing to start with as it has the
right image. To find the image of D under Mo-1 first consider how it acts
on two segments of the boundary:

— The line segment from —1 to 1 (through 0). We have Ms-1 = % S0

-1+ 1+1 041
Mc—l(—l) = 1 T 1 = O, Mc—l(l) = = 00, Mc—l(O) = 0+ 1

Thus, the line segment from —1 to 1 (through 0) is taken to the line
segment from 0 to oo (through i); so, the nonnegative imaginary axis.
[You could also have just checked that “—d/c” = —1 is on the line, so it
must be taken to another line.]

— The circular arc from —1 to 1 (through —i). We have

—i2 44
i+ 1

=1.

Mg (—i) =

Thus, the circular arc from —1 to 1 (through —i) is taken to the line
segment from 0 to oo (through 1); so, the real axis. [Instead, we could
just have used conformality to deduce that this was the image - the angle
and its orientation at z = —1 must be preserved, so the positive real axis
had to be the image.]

Combined, this tells us that the image of D under Ms-1 is the first quadrant
Q={weC:0< Arg(w) < m/2} - by conformality the interior must stay
on the ‘same side’ of each line segment. [You could instead explicitly check
what happens to an element in D, say z = —i/2.]

e Step 2: We now need a biholomorphic map from 2 to H. We already know

of one from earlier: the map g : z — 22 : @ = H. Since compositions of
biholomorphic maps are biholomorphic, this gives us the map we want; let
fi=goMc-1 then

f:D = H.

We can write down the map f explicitly by composing the formulae of the func-

tions:
. . . . 2
12 +1 12 +1
10 = oM = o(255) = (E23)
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M* D> iz 2”

NN N7 7

EEE

Figure 4.3: The sequence of transformations to obtain f.

2. Find the image of D\R<g := {z € D: —7 < Argz < 7} under the map h(z) = z'/2.
Thus, find a biholomorphic map from D \ R<q to the unit disc D.

We have (using the principal branch)

z=reé?(@ e (—mn),0<r<1) < /2= /re'/? <g € (—g,g),0< Vr < 1>.

We know the complex power function is biholomorphic on C — R<q, so

h: D\Rsy — {z€D:—7/2 < Argz < 7/2}

maps D\ R<( biholomorphically to the (open) right half of the unit disc.

We also know rotations are biholomorphic on C and so r(z) = e~™? z = —iz maps
the right half of the unit disc biholomorphically to the lower half of the unit disc.

Using the previous example f from 1. we can now write down a biholomorphic
map from D := {z € D : Im(z) < 0} to H, and then map H (via the Cayley Map)

to D. Namely, since M¢(z) = j—:l’ :H = D we have f : D\ Rgy — D, where

)+
Fy _(E) -
f(z):= (Mco foroh)(z) = <i(—izl/2)+z> iy - (212 +4)2 +i(i21/2 + 1)
“(= 1) T

i(—iz/2) 15 \2
) —1 (Z1/2+Z')2_Z‘(Z'Zl/2+1)2
AN

which you can simplify further if you wish.

3. Translations are biholomorphic on C so for example
f(z)=z—i:{weC:Im(w)—1>Re(w)} = {weC:Im(w)>Re(w)}.

Since

z: {weC:Im(w) > Re(w)} = H



CHAPTER 4. MOBIUS TRANSFORMATIONS 64

3 " b <
il mf;;;‘;;;ﬁ- =22
/////‘//é!/1 ’ \1 ‘ H [

Figure 4.4: The sequence of transformations to obtain f.

we have that f := g o f satisfies

(2) ={w € C:Im(w) — 1 > Re(w)} = H.

f
Explicitly, f(z) = <1—\7§Z> (z —1).



Chapter 5

Notions of Convergence in
complex analysis and power series

5.1 Pointwise and uniform convergence

Now we have good knowledge of basic continuous/holomorphic functions and their prop-
erties, we would like to be able to construct new continuous functions from them by
taking limits.

Given a sequence {f,}nen of functions f, on a subset of a metric space (say, on a
region in C), we want the limit function f(z) := lim,, o f(z) (if it exists) to behave
“nicely"; i.e., we want it to carry over useful properties of the functions f,. One
important case is that of an infinite series of functions

00 N
Z fn = ]\}gnooz In
n=0 n=0

o0
for example, a power series E an(z — 29)" in C. First we need a concrete notion of

n=0
what it means for a sequence of functions between two metric spaces to converge. Our

initial naive idea is the following version:

Definition 5.1 (Pointwise convergence). Let (X, dx) and (Y, dy) be two metric spaces.
A sequence of functions { f, }nen : X — Y converges pointwise (on X) to f if every
xz € X the limit function f(z) := lim,_,~ fn(z) exists in Y. In other words, we have

Va e X and Ve > 0, there exists N € N such that Vn >N, dy(f.(z), f(z)) <e

Note that N depends on z € X.

65
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Remark 5.2. Note that for any given = € X we have that f,(z) is just a sequence of
points in Y. This definition is precisely what we get by applying Definition to the
sequence fy,(x) at every point € X independently.

The problem with pointwise convergence (examples)

1.

Consider the sequence of functions f, = 2™ on [0, 1]. It is easy to see that sequence
is pointwise convergent on [0, 1] with limit

0, ifzx <1.
J(@) = {1, if z =1.

This is a sequence of continuous, differentiable functions on a compact set, but
the limit function is not continuous!

We encounter this issue again in the complex plane. Let f, : C = C : z — 2",

We split into three cases.

|z| < 1: Pick z € D and € > 0. Then, we can certainly find N € N such that |z|V < ¢

(for example, take any N > loge/ log |z|). Thus, for every n > N we have
|[fa(2) = 0] = 2" < [V <e,

and so lim,,_,c fn(z) = 0 in D.

= 1: When |z| = 1 the point z rotates around the unit circle 9D by Arg(z) every

iteration. For any z # 1 this sequence clearly doesn’t converge, but for z = 1
we have lim,, o0 fn(2) = lim, 00 1 = 1.

> 1: Here, the value |z|" is unbounded, so the limit does not exist.

To conclude, the sequence f,(2) is not pointwise convergent on C, however, notice
that it is pointwise convergent on D U {1} with limit function

0, if z € D.
f(z)_{l, if 2 =1.

Again, this is not continuous.

Was the problem that the region where the function converges wasn’t open? From
the previous examples it seems like this could be the case (it was fine on the
interior of balls). No! For example, the sequence of continuous functions f,(z) =
arctan(nz) converges pointwise on all of R to the not-continuous function

/2, if z > 0.

flz) =10, if 2 = 0.
—7r/2, ifx<0.
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Key: Pointwise convergence does not preserve continuity. We need a better notion.

Definition 5.3 (Uniform convergence). We say a sequence of functions { fy, }nen : X —
Y converges uniformly (on X) to (the limit function) f if we have

Ve>0, INeN suchthat VYn>N d(fu(z),f(z)) <e, VYzelX.

Note that N here does not depend on the specific choice of € X - the same N works
for all of them!

Remark 5.4. Uniform convergence trivially implies pointwise convergence (to the same
limit).

The following is a generalization of a theorem from Analysis I.

Theorem 5.5. [Uniform limits of continuous functions are continuous] Let (X, dx)
and (Y, dy) be two metric spaces and let {fn}nen : X =Y be a sequence of continuous
functions that converges uniformly to f on X. Then f is continuous on X.

Proof. We will show f is continuous at any given xg € X. Let € > 0. Since f, — f
uniformly we have that

dN €N suchthat Vn>N dy(f(x),fu(z)) < % VoeX. (5.1)
We know each f, is continuous at xzg, therefore there exists 6 > 0 such that

V& with dx(z,x0) <0, we have dy(fn(z), fn(zo)) < (5.2)

Wl ™

Pick some fixed n > N. Then, for any x with dx(z,x0) < § we have

dy (J(2), Fla0) % dy (F(a), Fu()) + dy (Fula). f(x0)
L (@), fale)) + by (Fal@)s Fale0) + dy (fulao), Flao))
G-1) € €
2y (ule) fulwo) +
€ € €
< g + g + g = €.
Thus f is continuous at xg. O

We would like to develop criteria to determine when sequences of complex valued
functions converge uniformly. Here is the first, if we already know the sequence converges
pointwise:
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Lemma 5.6. [Test for uniform convergence] Let f, : X — C be a sequence of functions
converging pointwise to a limit function f.

1. If |fu(x) — f(2)| < sp for every x € X, where {s,}nen is some sequence in R>
(independent of x) with lim,_, s, = 0, then f, converge uniformly to f on X.

2. If there exists a sequence x, € X such that |fn(xzn) — f(xn)| > ¢ for some positive
constant c, then f, does not converge uniformly to f on X.

Proof. Very easy.

1. Let € > 0 and z € X. Since s,, — 0 there exists N € N with s,, < ¢ for n > N.
Thus, for n > N we have |f,(z) — f(z)| < sp < €.

2. The statement obviously implies the negation of uniform continuity; it states that
there exists e (= ¢) such that for all sufficiently large n € N there is a point
x (= xp) € X for which |f,(z) — f(z)] > e

O]

Checking for uniform convergence (example)

Consider the sequence of functions f,(z) = e* + L and g,(2) = €* + 2. It is easy to see
that both functions converge pointwise to the exponential function f(z) = e*: for every
fixed z € C we have lim,,_,~(€* + %) = e* = limy, 00 (e® + 2).

Notice that f, — f uniformly because for every z € C we have

1
nv

Fal2) = £(2)] = ‘( N ;) -

so we may take s, = 1/n in Lemma part 1..
However g, 4 f uniformly - the giveaway is that in writing

ll.

)
n

o= g1 = +3) -

the difference depends on |z|, and |z| is unbounded in C. So, we simply notice that
upon taking z, = n that |g,(2z,) — f(2n)] = 1 and by Lemma part 2. there is no
uniform convergence.

However, for p > 0 the sequence g, does converge uniformly in any ball B,(0) in
the complex plane. For then |g,(2) — f(2)| = |z|/n < s := p/n.

As mentioned, we are mainly interested in the convergence of infinite series.
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Theorem 5.7. [Weierstrass M-test] Let f, : X — C be a sequence of functions such
that | fn(x)| < M, for all x € X and some sequence of non-negative numbers {Mp},

such that
o0
Z M, < .
n=1

Then Sy(z) = 21]1\,[:1 fn(z) converges uniformly on X to some limit function S : X — C
which we denote by

S(@) =Y falx).
n=1

In particular, if all the functions f,(z) are continuous on X then S(z) = > > fa(x)
1s also continuous on X.

Proof. Excluded - see similar proof from Analysis I. Instead, we will prove a stronger
result later. O

Determining the convergence of series via the M-test (example)

Show that

converges uniformly on D and let f(z) be its limit function. Is f(2) continuous on D?
Note that when |z| < 1 we have

|22]3" 231 8\" [ 1 1
g = 3z - \g) \2) T w2

We know Y, .y 1/n? converges, so taking M, = 1/n? the Weierstrass M-test implies
the function converges uniformly to some limit function f. Furthermore, since every f,
was continuous, then so is f (by Theorem [5.5)).

Have we found our ideal definition of convergence? Indeed, we record one other
crucial property of uniform convergence from Analysis I:

Theorem 5.8. Assume a sequence of functions f, : [a,b] — R converge uniformly on
an interval [a,b] to some function f, and that {f,} are all continuous. Then

lim Cfn(sn) dx = /Cf(a:) dx, for all ¢ € [a, b].

n—o0 a

In particular, if Y o2 | fn(x) converges uniformly on an interval [a,b] and if {fn}nen
are continuous for all n € N then for any c € [a,b] we have that:

/ac (il fn(m)) do = il/ ful() da.
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Remark 5.9. If the convergence is not uniform all bets are off! We will heavily use this
in term 2 for contour integrals.

Everything looks good, but there is a slight issue to think about.

The problem with uniform convergence (an important example)

Let us return to the sequence of functions f,(z) = z". We saw that it converges
pointwise on the (open) unit disc D to the function f(z) = 0. Is this convergence
uniform?

Let’s see if we can find a sequence such that |f,(z,) — f(zn)| = ¢ for some ¢ > 0.
For simplicity, let’s just try to find a sequence of positive real numbers: We want

¢ = |fn(zn) = f(zn)] = |(z0)" — O] = (20)",
so simply take z, = ¢'/". We need this sequence to be in I so let’s set ¢ = 1/2. Then
with z, = (1/2)"/" € D, by construction we have
" 1
(-4

(@) -

It follows from Lemma part 2. that the convergence is not uniform. BUT, notice
that the limit function f(z) = 0 is trivially continuous on all of D - our notion can’t
even conclude that the constant function is continuous for a very basic example - we
have in some sense been too restrictive!

’fn(zn) - f(zn)’ =

Key: Uniform convergence is actually too restrictive in terms of preservation of conti-
nuity.

5.2 Locally uniform convergence

Definition 5.10 (Locally uniform convergence). Let { f,, }nen be a sequence of functions
in a metric space X. We say {f,} converges locally uniformly (on X) to (the
limit function) f, if for every x € X there exists an open set U C X containing x on
which {f, }nen converges uniformly to f.

Theorem 5.11. Let {f,}nen be a sequence of continuous functions, which converges
locally uniformly on X to a limit function f. Then f is continuous on X.

Proof. Locally uniform convergence gives for any x € X that the sequence converges
uniformly on some open U containing x. Hence f is continuous on U by Theorem [5.5
Hence f is continuous at x. Since x was arbitrary, f is continuous. O

Remark 5.12. This is in many ways the “right" notion for convergence of a sequence of
functions. It was championed by Weierstrass. In term 2, we will see that the limit of a
locally uniform convergent sequence of holomorphic functions is again holomorphic!!
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Locally uniform but not uniform convergence (example)

Again, consider f,(z) = z™. We know this sequence converges pointwise to f = 0 on
the (open) unit disc D, but not uniformly. However, the convergence is locally uniform.
For w € D, we can find r < 1 such that w € B,(0) (this will be our open set U).
Then for all z € B,(0), we have |z"| < r™ and lim,_,o r" = 0. Hence by Lemma
part 1. (with s, := ™), we have uniform convergence in B,(0).
Note the ‘counter example’ (1/2)Y/™ from above fails since lim,,_o(1/2)
at some point the sequence (1/2)'/" leaves the ball B,.(0).

Un — 1, so

Remark 5.13. Proving locally uniform convergence on every ball B,(0) in D (for 0 <
r < 1) is enough to prove that the limit function f is continuous on all of D. In fact,
to show a limit function f is continuous on a set X, it turns out to be enough to prove
uniform convergence on all compact sets in X:

Theorem 5.14. [Local M-test] Let X be a metric space and let f, : X — C be a
sequence of continuous functions such that for any y € X, there is an open U C X
containing y and constants M, > 0 with > »° | M,, < co and |fn(z)| < M, for all
z e U. Then Y >7, fn converges locally uniformly to a continuous function on X.

Proof. [Hard but worthwhile!] If we prove Y 7 f, converges locally uniformly on X,
then it converges to a continuous function on X by Theorem So we need to show
that if Fj, = Zizl fn, then the sequence Fj converges locally uniformly on X, i.e. we
want to prove:

There is a function F': X — C such that for any y € X there is an open U with
y € U C X and with F}, converging uniformly to ¥ on U.

Step 1. The sequence is pointwise convergent. Given y € X, the hypothesis implies
that there are constants M,, > 0 such that |f,(y)| < M, and > 2 | M, converges. Note
that

k

> faly)

n=1

[Fr(y)| =

Since as k — oo, the RHS converges, it must be bounded, say by L, so for all k,
|Fr(y)| < L and hence the sequence Fy(y) is bounded. Hence it is contained in some
large closed ball, which is compact by Heine-Borel, and hence there is a subsequence
Fy,(y) that converges to some value F'(y). We want to prove the whole sequence also
converges to F(y).

Also note that for k; > k

k;

k; k;
1Bl () = Fe@) = | D fa)| < D0 1) < D M.

n=k+1 n=k+1 n=k+1



CHAPTER 5. NOTIONS OF CONVERGENCE AND POWER SERIES 72

Taking the limit as 5 — oo, both the LHS and RHS converge, and we get

IF(y) = Fe(y)| < Y M.
n=k+1

Now taking the limit as k — oo of both sides, the RHS goes to zero (any sequence that
converges must have tails that go to 0) and we obtain

lim [F(y) — Fr(y)| = 0.

k—o0
So Fi(y) — F(y) as k — oo. Repeating this for all y, we get that F, — F pointwise on
X. (L.e. we didn’t need the subsequences.)

Step 2. Locally uniform convergence. Given y as in the statement we want to
prove, let U be the open set provided by hypothesis of the Theorem, and M,, be the
provided constants for this U.

By the same estimate as we used before, we have for all z in U (this is the key
point!) and for all £ > k

¢
F(e) - Fu@) < 3 M,
n=k+1

Taking the limit as £ — oo we obtain |F(z) — Fy(x)] < 02, .| M, for all z € U. Now
since limy_, s, Z;L.O:k 11 M, =0, the test for uniform convergence (Lemma part 1.)
tells us that Fy, — F uniformly on U, as required.

5.3 Complex power series

A (complex) power series is an expression of the form

Z an(z —c)"
n=0

with a, and ¢ complex numbers. Recall that from Analysis I we have:

Theorem 5.15. There are three cases:

oo
1. Z an(z —¢)"  converges only for z=c. (R=0)
n=0

2. There ezxists R > 0 (radius of convergence) such that
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oo
. Z an(z —c)"  converges absolutely for |z — c¢| < R.
n=0

(We call Br(c) the disc of convergence.)

. Z an(z —c)"  diverges for |z —c| > R.
n=0
(Anything can happen on the circle |z — c| = R).
3. Z an(z —¢)"  converges absolutely for all z € C. (R = o0)
n=0

Proof. See Analysis 1. O

Remark 5.16. The radius of convergence can be found using the formula
1

limsup,, ., ¥/|an|

We can replace lim sup by lim when the limit exists.
Moreover, we have the following formula when the limit exist:

R =

We have the following key result:

o0
Theorem 5.17. A power series Zan(z —¢)" with radius of convergence 0 < R < 0o
n=0
converges uniformly on any ball B,.(c) with 0 < r < R. This implies the power series is
locally uniformly convergent on its disc of convergence.

Proof. The second statement follows from the first since every w € Bg(c) is contained
in some B, (c) with r < R.
So we will prove the convergence is uniform on B,(c) given r < R. Consider
the point z9 = ¢+ r. We have |20 — ¢| = r < R, so zp € Bgr(c) and the se-
o0

o0
ries Z an (20 — )" = Z an v’ converges absolutely by Theorem |5.15} in other words
n=1

n=1

Z lan| " < 00. So, with M,, = |ay| r™ it follows that |a,(z—c)"| < M, for all z € B;(c)

n=1
[ee]
and Z M,, < oo. Thus, the conditions of the M-test (Theorem are satisfied and

n=0

o
the series Z ap, (z — ¢)" converges uniformly on B, (c). O

n=1
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Remark 5.18. Power series do not converge uniformly in the entire disc of convergence
Bpgr(c). The good news is that this is not necessary because we only need locally uniform
convergence to conclude continuity!

Showing a power series converges (example)

For example, consider the series > >° %7: Applying the ratio test, we have

n+1 |

n—o0 |27|/n! T onDoomn 41

for every z € C; so R = oo and the series converges absolutely in C. In fact, by Theorem
[(.17)it converges locally uniformly in the whole complex plane to a continuous function.
This series looks familiar, and actually agrees with the exponential function e* we’ve
defined. We’ll be able to prove this later in the course.

Differentiation/integration of power series

Now we have an idea of what it means for a power series to converge, and where it
converges, we would like to know when a power series represents a holomorphic function.
In other words, we want to know when we can differentiate (and integrate) power series.
We have the following generalization of a result from Analysis I for real power series.

Proposition 5.19. [Term by term differentiation or integration preserves the radius of
o0
convergence] Let Z an(z — ¢)" be a power series with radius of convergence 0 < R < oo.

n=0
Then the formal derivatives and anti-derivatives

Z nan(z — )" and Z n (z — )"t
n=1 n

have the same radius of convergence R.

Remark 5.20. By ‘formal’ we mean that the above series (our guess for the derivative
and anti-derivative) both define convergent series in the disc Bg(c).

So, we know the series with the expected formulae for derivative and anti-derivative
both converge, but do they genuinely represent the derivative and anti-derivative of the
original series?

Theorem 5.21. [Power series can be differentiated term by term in their disc of conver-
oo

gence] Let Z an(z — ¢)" be a power series in C, with radius of convergence 0 < R < oo,

n=0
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and let f : Br(c) — C be the resulting limit function. Then f is holomorphic on Bg(c)
with

f(z) = Z nay(z — )" (5.3)
n=1

for z € Br(c).

Proof. For simplicity, assume ¢ = 0 (the case of general c is essentially the same).

We wish to show for each w € Bg(c) that lim M

zZ—rw Z — W
the expression in (5.3)). Since convergence of f(z) is absolute in the disc of convergence

(meaning we can reorder sums), we have

exists and agrees with

F(2) = flw) = Y an (" —w") = Y an(z— w)qulz),
n=1

n=1

n—1

where ¢, (z) = Zwk 2" 1F Qo for z # w
k=0

w = ian qn(z) =: h(2).
n=1

Note the series makes sense even at w, so we view h as being defined there too.

We claim that the series defining h(z) converges to a continuous function on Br(0).
We’ll prove this using the local M-test. Given zyp € Bgr(0), choose r < R such that
w, 29 € By(0). We need constants M,, for this set B,(0) that control the terms a, gy (2)
defining h. We have for z € B,(0)

n—1 n—1
angn(2)] = [an Sowb 2 1H] < o] S fuft etk
k=0 k=0
n—1
< |an|z:7“kr"717’g = nlay| " = M,.
k=0

We have > o0 | M,, = >°° nla,|r"~! which converges, since by Proposition the
o

series Z na,z""! has radius of convergence R, and so converges absolutely on Bg(0),

n=1

in particular at the point r. It follows from the Local M-test that the series defining h
converges locally uniformly to a continuous function on Br(0). Hence
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f(Z) . f(w) 00 oo n—1 N - oo )
. o _ _ _ n—l—k _ n—
Zh_r)rgu D Zh_r)rqlu h(z) = h(w) = ngl an, qn(w) = ngl an kg_ow w = nglnan w

as required. O

Corollary 5.22. A power series f as in Theorem with positive radius of conver-
gence R can be differentiated infinitely many times and f®)(z) := Sk k!(Z)an(z -
)" ¥ for z € Br(c). This implies f*)(c) = k! ay,.

Corollary 5.23 (Power series can be integrated term by term in their disc of conver-
gence). A power series f as in Theorem with positive radius of convergence has
a holomorphic antiderivative F : Br(c) — C, that is, F'(z) = f(2), and F is given by
F(z) =300 wg (2 — e)"*L for z € Bg(c).

Convergence of familiar power series (examples)

1. The expected power series for sin(z), cos(z), sinh(z) and cosh(z) all converge lo-
cally uniformly to continuous functions on C, and the derivatives/anti-derivatives
match those expected. We will see later that the series genuinely do represent the
functions in question.

More generally, when can a holomorphic function be represented via a power
series? What about log(z)? It is only defined (and is holomorphic) on C\ R<g
(and is not continuous if extended to the negative real line), so certainly cannot
be defined by a power series on I, say. Maybe it works if we change the point
at which the series is expanded about (i.e., change the constant ¢ from zero).

e n
Indeed, one can show that Z(—l)”“% converges on . We expect this to
n=1
be the power series converging to log(1 + z), but what was so special about the
taking a power series about the point ¢ = 17 It turns out, nothing. We will
find out that the holomorphic functions are precisely the functions that can be
locally represented by power series at every point in their domain. As a result,
we will see by Theorem [5.21] that every holomorphic function is infinitely many
times complex differentiable!

oo
2. Consider the geometric series Z z". By the ratio test this sum converges when
n=1
|z| < 1, so the radius of convergence is R = 1 and the series converges to a
continuous function on its disc of convergence D. To find the continuous function
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the series converges to we need to consider the pointwise limit. Notice that

11—z 1
nglz = lim (nglz ) Jim ( T ) T (for |z| < 1)

This limit function is defined and is continuous on all of C\ {1}. So, in some sense
the convergence of the series in the complex plane is limited to the unit disc D
because it can’t pass the ‘pole’ at z = 1.

3. We may determine the convergence of new power series by substitution. For

example, notice that |z| < 1 <= [?| <1 <= |- 2% < 1, so by the
o
substitution z — 22 we have 222” converges locally uniformly on D to ﬁ,
n=1
o0
and similarly, by the substitution z — —2z? we have Z(—l)”zQ" converges locally
n=1

_1
1422

These examples give us real insight into the reasons for convergence of the corre-
sponding real power series. Consider the graph of the real function y = 1/(1—x2).
It appears obvious why its real interval of convergence is the unit interval - there
are asymptotes at x = +1 that we can’t ‘get past’ continuously. But on the other
hand y = ﬁ is a nice smooth looking graph everywhere on the real line - so
why on earth is its interval of convergence also restricted to the unit interval?
We can now see the answer - the interval of convergence of the real power series
is restricted by the disc of convergence of the corresponding complex power se-
ries!!! The issue being the poles in the complex plane at z = 44 that we couldn’t
see when considering only the real version of the function. So hidden inside the
real power series of nice continuous real function is actually some meaningful and
significant complex analysis.

uniformly to

Key: Complex analysis can give us new information about real functions!



Chapter 6

Complex integration over
contours

6.1 Definition of contour integrals

Our first aim is to give a meaning to the following

L 1(2) dz,

where f: U — C is a complex function on an open set U, and y is a curve in U. This
will be called the integral of f along the curve ~.

Our first step towards the above is to start by considering complex valued functions

of a real variable. That is,
f:la,b) = C

where [a,b] C R. We note that such a function can be written as

f=u+iv, Vt € [a,b],

where u,v : [a,b] — R and given by u = Re(f) and v = Im(f). Moreover we note that
f is continuous if and only if both u and v are continuous. We then define

/abf(t)dt = /abu(t)dtJri/abv(t)dtg C.

We note that Re (ff f(t) dt) = ffu(t) dt and Tm (f:f(t) dt) = f; v(t) dt.

78
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Example 6.1. We consider the function f(¢t) = ¢ 4 it. That is u(t) = v(t) = t. We

compute
1 1 1 1
/f(t)dt:/(t+it)dt:/ tdt+z’/ tdt =
0 0 0 0

le 210 11
2], 2], 2 2

Before going on we check our definition of integrating complex valued functions of
a real parameter is complex linear (as it should be!).

Lemma 6.2.

1. Let f1 and fa be continuous functions from [a,b] to C. Then fab(fl (t) + fa(t))dt =
[P Rt + [0 fa(t)dt.

2. For any complex number ¢ € C, and continuous function f : [a,b] — C, f; cf (t)dt
b
c [ f(t)dt.

Proof. (Simple, included for completeness). For part 1, write f; = u; + iv; where u;
and v; are the real and imaginary parts of f;. Then using the definition, and the known
linearity of real integrals,

/b(fl(t) + fa(t))dt = /b(ul(t) + iv1(t) +ua(t) +iva(t))dt
b
:/(m@+wxw+muw+@umu
ab b
— [0+ wa®yidt+ i [ 0a(0) + eale)ar
b b b b
_/uwm+/uﬁw+4/0ﬁw+/vﬁm>
:/ZNMHffm@ﬁ+/zﬁwH¢fw@a
(lb l;l a a
_ / fut)dt + / fa(t)dt.

For part 2 we write f = u + iv where u and v are real, and write ¢ = x + iy. Then
using linearity of real integrals as before,
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b b
/cf(t)dt—/ (z + iy) (u(t) + iv(t))dt
b
- / (u(t) — yo(t) + i(yu(t) + zo(t)))dt
ab b
_/ (xu(t)—yv(t))dt—i-i/ (yu(t) + zo(t)))dt

:x/abu(t)dt—y/abv(t)dt—l—i <y/abu(t)dt+x/abv(t)dt>
— (o +iy) (/:u(t)dtﬂ/abv(t)dt)

_ c/abf(t)dt.

Recall from Definition [3-§] that a smooth curve in C is a continuously differentiable
function v : [0,1] — C. In fact we can be more general and consider curves 7 : [a, b] — C.
For short, we will say that such curves are C.

Remark 6.3. Let us write v(¢) = u(t) + iv(t) with w,v : [a,b] — R. Then the derivative
~' is defined as

O

Y (t) ==/ (t) + v/ (t).

One needs to be careful for the meaning of the condition on smoothness at the end-
points. That is, there we demand that the one-sided derivative exists and is continuous

from the one side. That is, 7/(b) := limy_,- M + i limy,_, - M exists
and lim; - 7'(t) = 7/ (b).
Examples.

1. An example of a C! curve is
~v:10,27] = C, ~(0) = re'?,

where 7 > 0. (Here we use the letter 6 to denote the parameter since it is more
often used to denote angles.) We note that this is nothing else than the circle
with center the origin and radius r. Moreover we note that as the parameter 0
runs from 0 to 27 we run the curve on a anti-clockwise direction. It is easy to see
that this is C! since

7' (0) = (re®) = (rcos'(9)) + irsin’(0)) = rie'?.
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2. Another example is given by
v :[0,27] = C, () =re ¥,

where r > 0. We note the graph of this curve is exactly the same as above, namely
the circle centred at the origin and radius r. However here we run the curve on
the clockwise direction!

3. We now define the curve
v:[0,2] = C,

t+it, 0<t<1
y(t) = .
t+1 1<t <2

It is easy to see that  consists of a straight line connecting the origin and the
point 1+ ¢ followed by another line connecting the point 1+ 4 and the point 2 + 3.
Note that this curve is not C! since the derivative at the point ¢ = 1 does not
exist (from the left it is 1 4+ ¢ and from the right it is 1).

We are now ready to give the following definition.

Definition 6.4. Let U C C be an open set, and let f : U — C be a continuous function.
Let v : [a,b] = U C C be a C'-curve. Then we define the integral of f along the curve

v by ,
/ﬂaw:/fmmwmw

Remark 6.5. Note the function f is of a complex variable z. Moreover f(vy(t)) makes
sense since y([a,b]) C U. Furthermore the condition that v is C'! guarantees the exis-
tence of 7/(t). Finally the function g(t) := f(y(¢))7(t) is a function of the real variable
t, so we have already defined f; g(t) dt above.

Basic Properties. We now note the following basic properties. Assume f is continu-
ous.

1. We have
Aﬁ@+mmw=ﬁﬁ@W+Lﬁ@W
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Indeed we have by using Lemma [6.2]
b b b
/ (A (0) + (A () de = / Ay () dt + / oy () (8) dt

:/Yfl(z)dz—k/yfg(z)dz.

2. For a ¢ € C we have

/cf(z) i :cAf(z) dz.

.
Indeed,

b b
/ ef(2) dz = / ef(4(1) () di = ¢ / SO (1) dt = ¢ / f(2)dz

where we used Lemma [6.2] for the middle equality.

3. Given v : [a,b] — C we define the curve (=) : [-b, —a] — C, by (—v)(t) := y(—t).

Then we have
/ f(z)dz——/f(z)dz.
- v

See Assignments.
Example 6.6.

1. We compute the integral f7 dz, where v(0) = re? with 0 < 0 < 27, with r > 0.

27 27 2
/ dz = / (rew)/ df = / rie’? do = ri/ e?dp =
v 0 0 0

27 27
ri (/ cos(#) do + z/ sin(0) d0> =ri(0+0)=0.
0 0
2. We consider the curve
vi[-m/2,7/2] = C, ~(6) =27

and we compute the integral fﬂ{ zZdz. We have

/2 ] /2 ) ) w/2
/ Zdz = / (2¢19) (29 do = / 2e92ie" dh = 4i / do = 4ri.
5 —7/2 —7/2 —7/2
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In the last example we may parametrise the same curve differently. For example we
may consider 0 : [0,1] — C where §(t) = 2e™(~1/2) Tt is easily seen that both
and J parametrise the very same curve, namely the semi-circle joining —2¢ and 2i and
lying entirely at the positive part of the z-axis. We may then ask whether f7 f(z)dz =
J s f(2) dz. Tt turns out that this is indeed the case, as the following lemma shows.
Lemma 6.7 (Reparametrisation of curves). Let U C C be an open set, f : U — C be
continuous, and let v : [a,b] — U be a C* curve. If ¢ : [a',b'] — [a,b] with ¢(a') = a
and ¢(b') = b is continuously differentiable and we define

§:[d, V] = C, §:=v0¢ (composition),

/Wf(z)dz:/éf(z)dz.

y
[ 1@ [ e a

then we have
Proof. We have

bl

= [ raem) 6wy @

)
= | (@) (6(1)¢'(¢) di

We change the variable s := ¢(t) and get that ds = ¢(t)dt, and we use the fact that
¢(a’) = a and ¢(b') = b. That is, the integral above is equal to

L?w@W@szﬂaw
O

In the last example above we have, with ¢(t) = (¢t — 3) that § = v o ¢. The next
step is to consider more general curves, and not only C! curves.

Definition 6.8 (Contours). Let v : [a,b] — C be a curve, and suppose that there exist
a=ay<a <ay<...<ap-1 < ap = bsuch that the curves v; : [a;—1,a;] — C,
i=1,2,...,n defined by 7;(t) := ~(t) for t € [a;_1,a;] are C! curves. Then we say that
7 is a piecewise C'-curve, or contour.

For a contour « as above, we then define

/Vf(z) ds = ;/7 f(2) de.

This type of integral is called a contour integral. It is the main object of study of
this chapter and plays a cental role in Complex Analysis.
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Remark 6.9. [Technical] Here one should check that the above is well-defined. That is,
we may find a different @ = ay < a} <ay <... <a;,_; <ajp, =b, and 7} to establish
that v is a contour. But then it is easy to show that

n

Z/%f(z)dz:jzgféf(z)dz.

=1

We will need one more definition regarding curves. We will need to add them. That
is, if 7y : [a,b] = C and ¢ : [¢,d] — C are two contours with v(b) = §(c¢) then we define
the contour yUd : [a,b+d—c] = C

v(t), a<t<b

(YL o) = {5(t+c—b), b<t<b+d-—ec

Then it is easy to see that

F(2)dz = /7 F(z)dz + /5 () dz.

yU§

6.2 The Fundamental Theorem of Calculus

The Fundamental Theorem of Calculus in Analysis I tells us that we can calculate
real integrals by finding an antiderivative of the quantity being integrated. There is a
version of this theorem for contour integrals and, as you might expect, it is very useful
in practice.

Theorem 6.10 (Complex Fundamental Theorem of Calculus (FTC)). Let U C
C be an open set and let F' : U — C be holomorphic with continuous derivative f. Then
for any contour v : [a,b] — U we have

[ £z = Fa0) - Fota))
.
In particular if v is closed, that is y(a) = y(b), then we have that

L F(2)dz = 0.

Proof. First we consider the case of v being a C' curve. Write F' = u + iv. We have

b
/F@wz/Fwwwww

a
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b b b
- / (F(y(1))) dt = / (u(y (1)) dt +i / (v(())' dt
— ()] + i @) = F(4(8)) — F((a).

where here we note that (F(v(t))) = dF(;t(t)) and for the second to last equality we
used the Fundamental Theorem of Calculus from real analysis.
We can now extend the proof to any contour. Indeed all we need to observe is that

(with notation as above)

n

/F’(Z) de=) | Flz)dz=) [F(yO)l;_, = F(v(an))~F(v(ao)) = F(v(b))~F(y(a)).
v =1

i=1Y7
O
Remark 6.11.

e [Looking ahead] Later we will prove that if a function F' is holomorphic, then

its derivative f is automatically continuous. So that assumption can be dropped
from the FTC.

e Note that Theorem states that if two curves 1 : [a,b] — Cand o : [d/,b'] = C
have the same endpoints, that is v1(a) = y2(a’) and 1 (b) = 72(b') then

(2)dz= | f(2)dz
! Y2

under the same hypothesis on F' as in Theorem [6.10]

Important notation: Given a domain D such that there exists a bijective contour
7 : [a,b] = 0D with a continuous inverse v~ : D — [a, b] and such that /(t) # 0, we
define

(2)dz = /7 f(2)dz.

This notion is well defined and doesn’t depend on v due to our Reparametrisation of
curves lemma, Lemma[6.7] When the boundary has no “end points”, such as the circle,
we can extend to above definition to the case where 7 : [a,b) — 9D has the previously
mentioned properties and y(a) = v(b).

For example, for D ={z€ C : |z—¢| <7, r > 0,c € C} we have that

oD

OD={z€C : |z—c|=r,r>0,ceC},

which is the bijective image of the C! curve v : [0,27) — C

Yer (0) = ¢+ 1€,
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Consequently

/|ZC|:T f(z)dz = [Yw f(z)dz = /O27r f (c + re“’) rici®d0.

Example 6.12. (Important) We now compute the integral

/ z"dz::/z”dz, n ez
|z|=r gl

where () = re? | 0 < 6 < 27. We first consider the case n # —1. Then we have

n+1\ "/ n+177
/ z"dz:/z”dz:/<z ) dz:[z } =0,
|2|=r g y\nt+l n+1],

zn+l
n+1

that is we apply the theorem with F(z) = and take U = C\ {0}, which clearly
contains the curve ~.

However we cannot do the same with n = —1. Indeed, a natural candidate to
consider as F'(z) would be the logarithm. But we have to make sure that the open set
U where this is defined does include the curve . For example the principal branch of
the logarithm will not do, since we remove the negative real axis, and the contour -y

goes through it. Actually if we turn to the actual definition of the integral we see that
1 2m ) ) 2m
/ —dz = / r e Prie" do = i df = 2mi # 0.
v % 0 0

Note that the integral is not zero. That is, we can conclude that there is no open set
U that contains v such that log(z) is well-defined, since if it were so, by the theorem
above we would get that the integral had to be zero, which is not!

Our next step is to address the following question:

Problem 6.13. Given a function f : U — C, provide sufficient conditions such that
there exists a holomorphic function F' : U — C, with derivative F' = f. Such an F is
usually called the antiderivative or primitive of f. In other words, is there a converse
to the second part of the Fundamental Theorem of Calculus?

For this we need to be able to estimate the modulus of a contour integral, that is,
bound ‘fv f(z) dz‘ from above. We start with a definition.

Definition 6.14 (Length of a contour). Let v : [a,b] — C be a contour. We define the
length of v by

b
L) = [ 1ol
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We now prove

Lemma 6.15 (The Estimation Lemma). Let f : U — C be continuous and vy : [a,b] — U
be a contour. Then

z)dz

< L(y)sup |f],
0

where

Sup [ = sup{|f(2)] : = €}

Proof. We start by proving the following: Given a continuous function g : [a,b] — C,

we have that ) )
/ g(t)dt\s [ latolar (6.1)

Indeed if we write f;g(t) dt = re?? | with r > 0 then we have that

/abg(t) dt| =r = Re(r) = Re <e_i9 /abg(t) dt)
= Re (/abeieg(t) dt) = /ab Re (e*""g(t)) dt
< [ rso|ai= [ w1 a

Using (6.1)) we can now conclude the proof of the lemma. Indeed,

dt‘ /\f ) (t)] dt,

where we used the above observation for g(t) = f(v(¢))7/(t). But then we have that

b b
/ F (1O ()] dt < sup ] / I/ (8)] dt = sup | FIL().
a Y a Y

O

The definition of a length of a curve is motivated from the analysis of functions of
many variables and the study of integration over curves. There one shows that the
infinitesimal length of a curve is exactly |y/(¢)|dt. This means that if we have a function
g:U — R and a curve 7y : [a,b] — U we can define the integral of the real valued
function g along the curve v as

b
[ stoypo.
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We have a special notation for this:
Notation: Let U C C be a open and let g : U — R be continuous. For any 7 : [a,b] — U
we define

b
2)d|z| = "(t)|dt.
/ﬂ )z / g (Y1) |7 (1)t

In the proof of our estimation lemma we have shown the important inequality:

L f(2)dz| < / Fldlz].

Example 6.16. We consider « : [0,7/2] — C given by () = 2¢¥. Then we get an

upper bound for
z+4
/ 3 dz‘
AR
w/2

We have L(v) = [, |(2¢%)| d = 7, and for z € v, that is |z| = 2 we have

D1 A1 " [P=1 7

z—|—4‘_ |z + 4 < 2| + 4 6

Here we used the triangle inequality for the numerator and the reverse triangle inequality
for the denominator. Then, by Proposition

z+4
/ 3 dz
522 =1
We are now ready to answer the problem stated above. The next theorem gives a
converse to the second part of the FTC.

61

< 20
-7

Theorem 6.17 (Converse to FTC). Let f : D — C be continuous on a domain D. If
f7 f(2)dz =0 for all closed contours y in D, then there exists a holomorphic F': D — C
such that

Fl(z) = f(2).

Proof. We fix a point ag € D. Then for any other point w € D, by definition of D being
a domain there is always a smooth path connecting ag and w and we write -y, for such
a path. Then we define the following function

Fw)= [ RIS

Step 1. F'(w) doesn’t depend on the contour we use. We first check that F'(w) does
not depend on the choice of contour connecting ag and w. To see this, if 4(w) is another
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contour from ap to w, then we can consider the closed contour C' = y(w) U (—5(w))
obtained by following ~(w) then 4(w) in the reverse direction. Then

0= dz = dz = dz — d
/Cf(Z) ’ /v(w)U(i(w)) Jed: /v(w)f(Z) ’ /“”/(w)f(Z) ’

where the first equality is from the hypothesis that integrals of f over closed contours
are zero. This gives

Lmﬂdﬁzémﬂaw

showing that F'(w) does not depend on the choice of v (w).
Step 2. F' is holomorphic with derivative f. We now claim that F' is holomorphic
and moreover its derivative is f, that is, for every w € D we have that F’(w) exists and

F'(w) = f(w), i.e.,

lim F(w+h) — F(w)
h—0 h

= f(w) weD.

For any given w € D we fix an r > 0 such that B,(w) C D. This ball exists since D
is open. Then for any h € C with |h| < r we consider the straight line J;, that connects
the point w to w + h. A parametrisation of such a line is given by

on 10,1 = D, t~— w+th.

We now consider the contour ~,, U d,. This is a contour from ag to w + h, contained in
D, so

ﬂw+m:/

Yw Uéh

f(z)dz:/ f(z)dz + : f(z)dz = F(w) + : f(z)dz.

It is easily seen that |, 5 f(w)dz = hf(w) and hence we may rewrite the above equation
as

F(w 1) = F(w) + bf(w) + [ (1)~ f(w) dz,

on
or for h # 0 ( ) ()
Fw+h) - F(w 1
s =g [ (6 - sy e
That is,

F(w+h) — F(w)
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and by Lemma (note here it is essential that f is continuous) we have that the
above quantity is bounded by

1
< mL(&L) sup [f(2) — f(w)].

ZE0p
But a simple calculation shows that L(dy,) = |h| and hence we have that

F(w+ hli—F(w) B f(w)’ < sup |f(z) — F(w)].

ZE0p

Now we take the limit h — 0, and we observe that the curve §; becomes just the point
w. (More rigorously, every z € dj, has |z —w| < h.) Since f is continuous, we get that

sup zes, | f(2) — f(w)] = 0 as h — 0. Hence we have that ’w — f(w)| =0 as
h — 0. That is,

F(w+h) — F(w)

li = .
lim . f(w)
Since w was any point in D we have established the theorem. O

Remark 6.18. The above theorem established the existence of a holomorphic anti-
derivative of f. However there may be more than one such F, after all we make quite a
few choices in the construction of F' above. For example we could have picked a different
ag. However if there is another F such that F'(w) = f(w) for all w € D, then we would
have that F/(w) = F'(w) or equivalently (F — F)'(w) = 0. But we know from Theorem
B.12] that if a function defined over a domain has a zero derivative we have that the
function is just a constant. That is, there is some ¢ € C such that F=F+ec.



Appendix A

Additional lemmas from the
Gappy notes

In this short appendix we write the lemmas which were added to the Gappy note to
help explain complex maps and Mobius transformation (proofs that were given in the
lecture are provided).

A.1 Complex function

Lemma A.1l.

2

e The map 2" injectively takes an angular segment of length <= which is open at one

end and closed at the other from a circle of radius v to the entire circle of radius
™. If the above segment is closed, or its size is larger than %’T the image is no

longer injective.

e The map z" injectively takes a ray of angle 0 to a ray of angle nf mod 2w. Con-
sequently, the map z" injectively takes the wedge bounded by rays of angles 61
and 02 to the wedge bounded by rays of angles nf1 mod 27w and nfs mod 27 if
nl|by — 02| < 2n. When n |01 — 02| > 27 the image is the entire complex plane
(not invectively).

o We can define n different n—th “roots” which are inverses to the map 2. We can
write them all in the form

N 1A om)
Zn =|z[ne\ » T n

with k =0,...,n—1 (we remove the k index from the map, but one need to specify
which k we are talking about). Note that for a fixed k the n—th root of z takes C
into a anti clockwise rotation by = of Ry 1.

91
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Lemma A.2.

o The map e* injectively takes a segment of length 2w which is open at one end and
closed at the other from the line x = c to the entire circle of radius e®. If the above
segment is closed, or its size is larger than 2w the image is no longer injective.

e The map €* injectively takes the line y = ¢ to the ray of angle ¢ mod 27 without
the origin.

o The map €* injectively takes the set {z € C : 0 <Im(z) <0+ 2} to C* where
C*:=C\ {0}.

Lemma A.3. We have that for z = x + iy:
sin(z) = sin(x) cosh(y) + i cos(z) sinh(y).
cos(z) = cos(x) cosh(y) — isin(x) sinh(y).
sinh(z) = —isin(iz) = sinh(z) cos(y) + i cosh(z) sin(y)
cosh(z) = cos(iz) = cosh(x) cos(y) + i sinh(x) sin(y).
In addition we have that for all z € C
sin(z)? + cos(2)? = 1, cosh(z)? — sinh(z)? = 1.
Lemma A .4.

e The map sin(z) injectively takes a segment of length 2w which is open at one end
and closed at the other from the line y = ¢ to an ellipse when ¢ # 0. When ¢ =0
we get the “squished” ellipse [—1,1] x {0} and the map is injective for a segment
of length ™ on which the real map sin(x) is injective.

e The map sin(z) injectively takes the line x = ¢ to a one sided hyperbola when
c# wk and ¢c # 5 +mk for all k € Z. When ¢ = 7k or ¢ = 5 + 7k for some k € Z
we get the “squashed” hyperbolas:

— {0} x iR if ¢ = wk. The map is injective in this case.

— [1,00)x{0} if ¢ = T+27k. The map is injective on {z € C : z =73 + 2wk + iy, y > 0}
and {zE(C Dz =5+ 21k + iy, ySO}.

— (—00,1]x{0} if ¢ = =5 +2mk. The map is injective on {z € C : z = -5 + 27k + iy, y > 0}
and {zE(C Dz = —5 + 21k + iy, ySO}.

Similar statements can be done for cos(z) using the identity cos(z) = sin (z+ %) (a
shift by 5 on the x—awis), and sinh(z) and cosh(z) using the identities

sinh(z) = —isin(iz), cosh(z) = cos(iz)

(rotations by +% of the variable and image in the complex plane).



APPENDIX A. ADDITIONAL LEMMAS FROM THE GAPPY NOTES 93

Lemma A.5.

o A branch of the map log (z) injectively takes a ray without the origin of angle
0 # 0, measured with respect to the branch cut, to the line y = 6.

o A branch of the map log (2) takes a concentric circle of radius v, minus the branch
cut, to a segment of length 2w on the line x = logr with its lowest point given by
the angle that define the branch cut.

A.2 Mobius transformations
Lemma A.6.

e The map 1/z injectively takes the set D\ {0} = {z € C : 0 < |z] <1} to D® =
{zeC|:|z| >1}. When considering 1/z over C we find that it injectively takes
D to DU {oo}.

Similarly, 1/z injectively takes the set D¢ to D\ {0} and on C it takes DU {oo}
to D.

e The map 1/z injectively takes the ray at angle 0 without the origin to the ray at
angle —0 without the origin. On C the statement remains the same by adding the
origin and oo to the rays.

Lemma A.7 (Building blocks of Mdbius transformations). Any Mébius transformation
is composition of the following four type of maps:

1. Shift: z — z+ b for some b € C.

2. Stretch/Compression: z — Az for some A € Ryg.
3. Rotation: z — €z for some 0 € (—, 7).

4. Inversion: z — %

Remark A.8. Note that in terms of matrices we have that:

1. A shift corresponds to the matrix 7' = ((1) ll)>

2. Stretch/Compression corresponds to the matrix 7' = <3 ?)
e? 0
3. Rotation corresponds to the matrix 7' = < 0 1>.
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4. Inversion corresponds to the matrix 7' = <(1) (1)>

Proof. We start by noticing that for any a,b € C
az+b=]a| 8@z 4 b

which is a composition of rotation, stretch/compression and shift. In matrix form:

a b\ (1 b\ [la] 0 [erra@ o
0 1) \0 1 0 1 0 1)
This shows that the maps az + b and —— can be achieved as composition of the given

az+b
four maps.
We notice that when a = 0 we have that, as b # 0,

az+b 1
cz+d %z+%

which we have just considered. We can assume moving forward that a # 0. We notice

that
1 az—+b

mEn S

when we don’t have that a = b =0 and o = § = 0. We want to have
c=ap, d=a+bs.

Since a # 0 we can choose 8 = c¢/a anda:d—%:@. In other words when a # 0
a b\ _ [0 1) (oLt 0 1\ [(a b
c d) \1 0 0 1 0/\0 1

Lemma A.9. The map f(z) = % takes a circle that doesn’t pass through the origin to a
circle. Moreover, if B is an open ball whose closure doesn’t contain the origin then f(B)
is once again an open ball. Consequently, if D C C is a set then for any zp € D\ {0}
for which there exists € > 0 with B (z9) C D we have that there exists § > 0 such that
Bs (f(20)) C f(D) (i.e. f takes any non-zero interior point of D to an interior point

of f(D))-

Proof. The equation of a general circle in the complex plane is given by

=0

O]

|z —a|l=r
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or

(z—a)(?—ﬁ)er

which is
2Z—az—az+ (|a!2 — 7’2) = 0.
Assuming z # 0 and motivated by trying to recover 1/z we see that by dividing the
above by % = ﬁ > (0 we get
1 1 11
l1—a-—a-+ <|a|2 —7’2> ——=0.
z z zz

If we call w =1/z we find that the above is:
<|a|2 77“2) lw|* = aW— aw+1=0.

Which looks like an equation for a circle! We just want to divide by ]a|2 — r2. This is
allowed since if |a| = r the original circle would have passed through z = 0 which we
didn’t allow. We conclude that

9 a L a 1

~ (laf* ) o (1af® ~ ) v (laf? —2)

We conclude that a circle |z — a| = r which doesn’t pass through the origin is mapped
under % to

=0.

|w

1 a _ 2 1 _ r
“ (lal -2 (1o =v2)  [lal® = r2]

which is again a circle. What happens to the ball |z — a| < r? If we assume that D does
not contain the problematic point, z = 0, we must have that r < |a| or |a|* — 72 > 0.
Following the steps above we see that the open ball is mapped to

a

2

jaf* —r

(|a|2—r2) lw>—aw—aw+1<0

. . 2 .
which, since |a|* — 72 > 0, can be written as

9 a a 1

|w|” — w — w + <0

(|a|2 - 7«2) (]a\Q - 7’2) (\a|2 - 7'2>

or
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i.e. we get another ball!

To show the second part of the lemma we assume that zy # 0 is an interior point of
D, i.e. there exists € > 0 such that B (z9) C D. to show that f(zp) is an interior
point of f(D) we need to find § > 0 such that Bs(1/2z9) C f (D). It is enough to show
if |z — 20| < € for € small enough which satisfies € < |zg| (the ball doesn’t encircle the
origin) we can find 0 > 0 such that

1 Z0
(%) e (ra)
20 lzg1%—e ‘Zo|—€

Since
LU S
2 (jl” =€) | ol (l2o” - )
we see that if %—Zi <9
0
1 — 2
=0 <0+ ¢ 5
o <|Zol —€2> |20 (|Zo| —62)
6 (1 =€) ;
- € 20 | |z — e

A choice of € and § such that

o (|Zo|2 — 62) i

=<1
€ EN

will be enough to conclude the proof (for instance € < |zy| /2 and § = m) O

Lemma A.10. Let T = (CCL Z

My (D \ {—%}) is open. Together with the fact that Mobius maps are bijections on C
we have that

) € GLy(C) and let D C C be a open set. Then

vir (007 {-24) —ontr (D)1 foc}.

d

When ¢ = 0 we consider —¢ as oo which is outside of C and consequently A\ {oo} = A

for any A C C.
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Proof. Using the fact that every Mobius transformation is a composition of shifts,
stretch /compression, rotation, and inversion, we see that we only need to show that
the claim is true for each such map (while being careful with the point —d/c). The
claim is straightforward for shifts, stretch/compression, and rotation - there is also no
point of infinity. We really only need to check inversions which is covered by our previ-
ous lemma.

The claim about the boundary follows from the above but required a bit more care. [

A.3 Biholomorphic domains - revisited

Function Maps the domain To the domain Biholomorphic?

C,
2", neN {0 < Arg(z) < 0} J{0} {0 < Arg(z) < nf}J{0},
{0 < Arg (2) < T}U{—7 < Arg (=) < nf — 27} U {0},

When 6 < 22,

a rotation by nf; of the image of

2 neN {01 < Arg(2) < B} with —7 <6 < <7 PO When 6, — 6 < 22,
Principle branch of 2%, n € N {61 < Arg(z) <O} U{0} with —7m <6 < <7 {’T' < Arg(z) < ”y—:} u{o} Yes
& {0 <l (z) <02} {0, mod 27 < Arg (:ﬁ) < 0, mod 27} \ {0}, ;é Zi - 21 z ;: When 0, = 6y < 27
Log () {01 < Arg(2) < 0} \ {0} with — 7 <0y <O <7 {61 <1m (2) < 0} \ {0} Yes
L {r1 < |z| <o} {r’—z<\:\<%} Yes
Cayley map f(z) D Hp Yes
y map f(z) H D Yes
Cayley map £(2) HAD = {|z| <1, Im () > 0} H,ND = {]z] < 1, Re(2) < 0} Yes
Cayley map £(2) HNHp = {Rez > 0, Im (2) > 0} H_AD={z| <1, Im(z) < 0} Yes
Mébius map Myp(z) with real matrix 7' such that detT =1 H H Yes
20 with 0 € (—m, 7] and z € D D D Yes
al Mébius transformation domains bounded by circlines domains bounded by circline Yes

where we have used the notation of H_ := {z € C : Imz < 0} for the lower half plane.
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