Complex Analysis
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In the main, I will be following Janich’s book, at least for the beginning part of these lectures.

1 Complex Numbers

An “imaginary” number is introduced, called i (for imaginary), which is declared to be a solution of
the polynomial equation
X +1=0.

The field of complex numbers is denoted by C. We have
C={x+1iy:x,y € RL

For z = x + iy, we also write Re(z) to denote the real part of z, namely the real number x. Also
Im(z) =y is the imaginary part of z.
Let z; = xy + 1y; and z; = x; + iy, be complex numbers. Then the addition and multiplication
operations are given by
z1 +z2 = (x1 +%x2) +1i(y1 +y2)

and
z1-z2 = (x1-x2 —y1 -y2) +ilx1 -yz2 +x2 - y1).

The complex conjugate is z = x —1iy (that is, Z = x+1i(—y)). Therefore Z = z. We have |z|* = zz = x* +y2.
If z # 0 (that is, either x # 0, or y # 0) then zz > 0, and we have

1 x —1iy z

Cx2+y? 2z

If z # 0 then there are unique real numbers r > 0 and 0 < 6 < 27t such that x =rcos6 and y = rsin®6.
So let u, v € C be non-zero numbers, and let

u=r(cos0+1isin0),
v =s(cos + isin).
Then (remembering the rules for combining trigonometric functions), we see that
u-v=r-s(cos(0+1)+isin(6 +1p)).
If C is identified with R?, the 2-dimensional real vector space, then we can identify any complex

number z = x+1iy with the vector (;) . But for any two real numbers x and y, there exists a unique!

pair of numbers r > 0, 0 < 6 < 27, with x = rcos0 and y = rsin6. So let u = s+ it = (i) be some

other complex number. Then

o (x =Y\ (s) _[rcos® —rsin®)\ (s\ _(cos® —sinb) s
zu= y X t/ \rsin® rcos t) = "\sin0 cos6 t)”

1Obviously it is not quite unique for the number z = 0.




Thus we see that multiplication of complex numbers looks like an (orientation preserving) orthogonal
mapping within R? — combined with a scalar factor r.

More generally, let f : R? — R? be an arbitrary linear mapping, represented by the matrix <2 Z)

How can this mapping be represented in terms of complex arithmetic? We have f(1) = (2 and
f(i) = (2) Therefore, using the linearity of f, for z = x + iy we have

flz) = x-f(1)+y-f@i)

= (;(z+2)) (1) + (;i(z—i)> (1)
= z <;(f(1) —if(i))) +z (l(fﬂ) +if(i))> .

Therefore, if f(1) = —if(i), that is, if(1) = f(i), then the mapping is simply complex multiplication.
On the other hand, if f(1) = if(i) then we have f(z) = w -z, where w = (f(1) + if(i))/2 € C is some

complex number. Writing w = (i) , we have

f(z) = s —t x\ (s t X\ _ . cosly siny X
=t s —y/) \t —=s/\y/  \sinp —cos/\y)’
for a suitable choice of r and 1. This is an orientation reversing rotation (again combined with a

scalar factor ).

Now let u=a+1ib = (g) andv=c+1id = (C

d)' What is the scalar product (u,v)? It is

(u,v) = (a b) (3) = ac + bd = Re(uv) = Re(uwv).

Therefore (z,z) = |z]2, where |z| = \/x2 + y? is the absolute value of z = x + iy.

2 Analytic Functions

Definition 1. Any non-empty connected? open set G C C will be called a region.
So we will generally be interested in functions f : G — C defined in regions.

Definition 2. Let f: G — C be given, and let zp € G. If

f/(Z()) — lim f(Z) B f(ZO)
z = zg Z—Zp
Ve

exists, then it is the derivative of f at zo. The function f will be called analytic in G if it is defined,
and has a continuous derivative everywhere in G. The word holomorphic is also used, and it is
synonymous with the word analytic.

As in real analysis, we have the simple rules for combining the derivatives of two functions f and

g:
(f+9) = f'+4/,
(f-g)) = f'-g+f-g/,
f\"  f'g—fg’
<9) S g
(gof)(z) = g'(f(z))f'(2).

2Recall that in R?, every open connected subset is also path-connected.
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Nevertheless, there is a very big difference between the idea of a derivative in complex analysis,
and the familiar derivative in real analysis. The reason for this is that a common limit must exist,
regardless of the direction with which we approach the point z; in the complex plane. This leads to
the Cauchy-Riemann differential equations.

Looking at the definition of the complex derivative, one immediately sees that it is really a special
version of the total derivative (as in analysis 2) in R%. Thus, for £ € C sufficiently small (that is ||
small), we have

f(zo + &) = flzo) + A&+ [EMD(E),

where A is a 2 x 2 real matrix, and lim: _,o (&) = 0. But what is A? It represents multiplication with
a —b
b a

So what are these real numbers a and b? Let f(z) = u(z) + iv(z), where u, v : G — R are real
functions. Then writing z = x + iy, we have f(x +iy) = u(x + iy) + iv(x + iy). Identifying C with R?, we
can consider the partial derivatives of u and v. Since A is simply the Jacobi matrix of the mapping

f at the point zp, we must have
Ju  du
A= &)
x oy

ou_ dv ou_ ov

ox oy’ oy  ox’
These are the Cauchy-Riemann equations. Another way to express this is to simply say that we
must have

the complex number f’(zy) = a + ib, say. That is, A =

Therefore

o _ o
ox oy’
Thinking in geometrical terms, we see that if f is analytic, then it is a conformal mapping, at least

at the points where f’ is not zero. That means that, locally, the mapping preserves angles. Looked
at up close, the mapping is

cosy —siny
T :
~— sinl cosv

scalar factor

flzo + &) = @ +

translation

) + Something small.

rotation

Of course, as we have already seen, the rotation preserves orientation. Thus it is an element of the
group SL;(R).

Another interesting detail is that the real and imaginary parts of an analytic function are them-
selves harmonic functions. Anticipating a later conclusion, let us assume that the parts of the
analytic function f = u + iv are twice continuously differentiable. Since d0u/dx = 9v/0y and ou/dy =
—0v/0x, we have

0%u 0%v 0%v 02u
9x2  9xdy Odydox  oy?’

Or, expressed in another standard form of notation,

Uxx + Uyy = Au = 0.

Here, A is the Laplace operator. Similarly, we see that Av = 0.

All of this shows that we cannot simply choose any old smooth function f : G — C and expect
it to be analytic. On the contrary, there is a very great “rigidity”, which means that most smooth
functions — even though they may be partially differentiable when considered as mappings of 2-
dimensional Euclidean space — are not complex differentiable.

Examples

1. The first example is the nice and smooth function f(z) = f(x + iy) = x?> + y2. Here u, = 2x and
vy = 0. But according to the Cauchy-Riemann equations, we must have u, = v,; that is, x = 0.
This only holds along a single line in the complex plane C. Therefore it certainly can’t hold in
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any region of C (since regions are defined to be open), and thus f, despite all appearances of
being a nice function, is definitely not analytic.

2. Having been cautioned by the previous example, let us try to construct an analytic function.
For example, let us assume that u(x + iy) = x. What possibilities are there for v(x + iy)? Since
u, =1 =vy and u, = 0 = vy, it is clear that the only possibility is v(x + iy) = y + constant. So
this is just the rather boring function f(z) = z 4 constant.

3. Thinking more positively, we have just seen that the simplest non-trivial polynomial, namely
f(z) = z, is analytic throughout C. Of course the simplest polynomial, f(z) = constant, is
also analytic. But then, noting that we can use the sum and product rules for differentiation
in complex analysis, we see that any arbitrary complex polynomial is analytic throughout C.
Indeed, z ™ is also analytic (in C \ {0}) for any n € N.

3 Path Integrals

Let to < t; be two real numbers. Then a continuous mapping v : [to,t1] = G C C is a path in the
region G of C. In the analysis lecture we learned that v is rectifiable if a number L, exists such that
for all e > 0, a > 0 exists such that for every partition ty = ap < a1 < -+ < a, = t; which is such
that aj1 —a; < 6 for all j, we have

Ly — Z y(ajr1) —v(a;)l| <e.
=1

Let y(t) = v+ (t) + iyi(t), where v;, v;i : [to,t1] — R are real-valued functions. Then we say that the
path is continuously differentiable if both the functions vy, and y; are continuously differentiable. In
this case, y' =y +iy/ is also a path in C.® We also learned that continuously differential paths are
always rectifiable, and we have

t
L= ol
to
All of this has already been dealt with in the analysis lecture. For us now, the interesting thing
is to think about path integrals through a region where a complex-valued function is given.

Definition 3. Let G C C be a region, and let f : G — C be a_function. Furthermore, letvy : [ty,t1] — G
be a differentiable path. Then the path integral of f along vy is

t

J flz)dz % j fly(1) - v/ (Ddt,
.

to
assuming it exists.

The integral here is simply the sum of the integrals over the real and the imaginary parts. It
is not necessary to assume that y is continuously differentiable, but we will assume that it is
piecewise continuously differentiable. That is, there is a partition of the interval [ty, t;] such that
it is continuously differentiable along the pieces of the partition. So from now on, we will (almost)
always assume that all paths considered are piecewise continuously differentiable.

As an exercise (using the substitution rule for integrals), one sees that the path integral does not
depend on the way the path is parameterized. The simplest case is that, say y(t) = t. Then (taking t

from O to 1) we just have fy f(z)dz = f:) f(t)dt. Almost equally simple is the case that y(t) = it. Then
we have [ f(z)dz = i [} f(it)dt.

Increasing the complexity of our thoughts ever so slightly, we arrive at the first version of
Cauchy’s integral theorem.

3Thinking in terms of 2-dimensional real geometry, we can say that y’(t) is the “tangent vector” to y(t).



4 Cauchy’s Theorem (simplest version)

Theorem 1. Let G C C be a region, and assume that the function f : G — C has an antiderivative (auf
deutsch: Stammfunktion) F: G — C with F' = f. Lety be a closed path* in G. (Closed means that
v(to) =v(t1).) Then [ f(z)dz =0.

Proof.

O

Since every polynomial has an antiderivative, it follows that the path integral around a closed
path for any polynomial is zero.

Of course this is all a bit too trivial. So let’s call the following theorem the simplest version of
Cauchy’s integral theorem.

Theorem 2. Let Q be a (solid) triangle in the complex plane. Assume that Q C G C C, and take
f: G — C to be an analytic function. Lety be the closed path traveling around the three sides of Q.
Then fy f(z)dz = 0.

Proof. We may assume that y begins and ends in a corner of Q — for example the “lowest” corner
in the complex plane. If the lower side of Q is parallel to the real number axis, then take the right-
hand corner on that side. Let us now divide the sides of Q in half, connecting the half-way points
with straight line segments, thus creating four equal sub-triangles, Qi,...,Q4. Let v; be the path
traveling around the boundary of Q;, forj =1,...,4. Again we may assume that each v; begins and
ends in the bottom right corner of it’s triangle. So we have

4

J f(z)dz = ZJ f(z)dz.
Y j=1"7i
Assume further that each of these paths is parameterized in the simplest way possible, so that
ly’l = 1 and h/j’ | =1 for all the j. Therefore L, is the sum of the lengths of the three sides of the
triangle Q, and L, =L, /2 for each of the j.

Let’s say that j; is one of the numbers between one and four such that the value of

J f(z)dz
v

i

is the greatest. Then we certainly have

<4

J f(z)dz
v

J f(z)dz|.
v

i

The next step is to concentrate on the triangle Q;,. As with Q, we subdivide Q;, into four
equal sub-triangles and we take paths around their boundaries. Choose Qj, to be one of these
sub-triangles of Qj, which is such that the value of

J f(z)dz
v

i2

is the greatest. Here v;, is the path around the boundary of Q;,. Now we have L,, =L, /4, and

<16

J f(z)dz
Y

J f(z)dz|.
Y

i2

4That is, a continuous, closed, piecewise continuously differentiable path.
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This whole process is continued indefinitely, so that we obtain a sequence of triangles, becoming
smaller and smaller, converging to a point, zp € Q say,

QDQ]'] DQJ'ZD“-—)Z()EQ.

For each n we have L,;, =1L,/2" and

<an

J f(z)dz
Y

J f(z)dz|.
Y

in

But we have assumed that f is analytic, in particular it is differentiable at the point z,. Thus we
can write
f(z) = f(z0) + f'(2z0) (z — 2z0) + X(2),

for points z in G, where x : G — C is a continuous function with

lim x(z)
z—z0 Z— Z9

=0.

So let € > 0 be arbitrarily given. Then there exists some 6 > 0 such that |x(z)| < €|z — z¢| for all z with
0<|z—zo| <.
Now we need only choose n so large that |z — zo| < § for all z € Q;,,. For such z we have
Ly

€
Ix(z)] < €lz —zo| < In

On the other hand, again since the length of y;, is L, /2™, we have

ey Ly
2n 2n’

L x(z)dz| <

in

Bearing in mind Theorem 1 (and remembering that f’(z,) is simply a constant complex number), we
conclude that

| feae] = || (ftzo) + (2012 20) + xtz))ez
4 Y

= J x(z)dz

v
el, L
< 4m L x(z)dz| < 4™ . Tny ~ 2% = eLi.
j\’L

Since e was arbitrary and L, remains constant, we conclude that Iv f(z)dz = 0. O

But now Theorem 2 can be turned around, and we obtain (almost) the converse.

Theorem 3. Assume G C C is a region and f : G — C is a continuous function. Assume furthermore
that for any solid triangle Q contained in G we have J"y f(z)dz = 0, where v is the path around the
triangle. Then f has an antiderivative in every open disc contained in G. That is, let U = {z € C :
|z—z.| < r} be some such disc, where z, is a complex number (the middle point of the disc) and r > 0 is
the radius of the disc. Then there exists F: U — C with F/(z) = f(z) for allz € U.

Proof. By replacing f with the function f,, where f,(z) = f(z—z.), we obtain the situation that z, = 0.
Clearly, if the theorem is true for f., then it is also true for f. Therefore, without loss of generality,
we may simply assume that z, = 0.

Within U the function F is defined to be



Here, «, is the straight line from O to z, that is, «,(t) = tz. To show that F really is an antiderivative
to f in U, let zp be some arbitrary point of U and let z be some other point of U. Let 3 be the straight
line connecting z, to z. That is, f(t) = (1 — t)zo + tz. Being a triangle, the integral of f around the
path from O out to z, then from z to zy then from z, back to O must itself be zero. That is,

F(z) — F(zo) = J f(w)dw.
B
Looking at the definition of the path integral, we see that
1 1
[ flw)dw = J f(B(1)B'(t)dt = J f((1T —1t)zo + tz)(z — zo)dt.
)

0 0

Therefore

1
Flz) —Flzo) _ 1 Jf((]—t)zothZ)(Z*ZO)dt

z—2Zp z—2z0 Jo

1
_ J F((1— t)zo + tz)dt
0

Since f is continuous at the point zy, we have

e P2~ F(z0)
Z—Z9 Z—2Z9

=F'(z0) = f(z0).

O

Combining this theorem with Theorems 1 and 2, we see that if D C G is a closed disc, and v is
the circle of it’s boundary, then fy f(z)dz) = 0, for any analytic function defined in the region G. In
fact, if v is any (piecewise continuously differentiable and continuous) closed path contained within
this disc-like G, then fv f(z)dz) = 0. For example we can look at a rectangle [a, b] x [c,d] contained
within G. Since the rectangle can be taken to be a union of two triangles, attached along one side,
we see that also the path integral around the rectangle must be zero.

More generally, the following theorem will prove to be useful.

Theorem 4. Let Q ={x+1iy: 0 < x,y < 1} be the standard unit square in C. Tale (, to be the standard
closed path, traveling around the boundary of Q once in a counterclockwise direction, beginning and
ending at 0. Assume that a continuously differentiable mapping ¢ : Q — C is given, such that ¢(Q) C
G, a region where an analytic function f : G — C is defined. Lety = ¢ o { be the image of { under .
Then J”y f(z)dz = 0.

Proof. Since Q is compact, ¢(Q) is also compact. Therefore it can be covered by a finite number of
open discs in G. But Q can now be partitioned into a finite number of sub-squares Qq,...,Q, such
that ¢(Q;) is in each case contained in a single one of these open discs.® The theorem then follows
by observing that the path integral around each of these sub-square images must be zero. O

A special case is the following.

Theorem 5. Let D1 and D, be closed discs in C, such that D, is contained in the interior of D;. Let y;
be the closed path going once, counterclockwise, around the boundary of D;j, j =1,2. Let G C C be a
region containing D \ D2 and also containing the boundary of D,. Assume that f : G — C is analytic.
Then fv1 f(z)dz = fyz f(z)dz.

5The inverse images of the open discs in Q form a finite open covering Vi,...,Vm of Q. A sequence of partitions of Q can
be obtained by cutting it along horizontal and vertical lines spaced 1/n apart, for each n € N. Can it be that for each of these
partitions, there exists a sub-square which is not contained completely in one of the open sets Vi ? But that would mean
that there exists a limit point q € Q such that for every e > 0, there are infinitely many of these sub-squares contained within
a distance of ¢ from q. However q € Vi, for some k, and since Vj is open, there exists an e-neighborhood of q contained
entirely within Vy, providing us with the necessary contradiction.



Proof. The annulus between D, and D; can be taken to be the image of the unit square under a
continuously differentiable mapping. (The appropriate picture to illustrate this idea will be given in
the lecture!) O

A convenient notation for this situation is the following. Let vy : [0,1] — C be the path y(t) =
zo + re?™t, Then we simply write
J f(z)dz = J f(z)dz.
Y lz—zol=7

With this notation, we can say that if the analytic function f is defined in a region containing the
annulus {z € C: r < |z] < R}, then we must have

lel—r f(z)dz = lel—k f(z)dz.

5 Cauchy’s Integral Formula

Theorem 6. Let G C C be a region and let f : G — C be analytic. Take zy € G and r > 0 so small that
{ze€ C:|z—zo| <1} C G. Furthermore, let |a — zo| < r. Then

a) = LJ' fz) dz.
21 i,y =y 2— @

Proof. Let 0 < € < r—|a — zo|. According to Theorem 5, we have

f
J (=) dz :J fz) dz.
|z—zo|=1 z—a |z—al=¢€ z—a

J fz) dz:J flz) —fla) dz+J RGN
|z—al=¢€ z—a |z—al=e z—a |z—al=¢€ z—a

Since f is differentiable at the point a, the fraction
f(z) —f(a)
z—a
converges to the constant number f’(a) in the limit as € — 0. On the other hand, the path length

around the circle, and the tangent vector to this path, approach zero as ¢ — 0. Thus in the limit,
the first integral is zero. As far as the second integral is concerned, we have

f Tt ;
J G J () o e2mitat = 2rmif(a).
lz—al—e Z—0Q o €est

Therefore we have

J f2) 42 — 2mif(a)
|z—al=e€ z—a

A relatively trivial implication is the following theorem.

Theorem 7. The same assumptions as in Theorem 6. But this time take z, to be the central point of
the circle. Then

-I 27 .
f(zo) = EJ' f(zo + re't)dt.
0

Proof. According to Theorem 6, with a = z,, we have

1 J f(z) 1 Jm f(zo + re't)
= — dZ = — —_—
27t J |y =r Z— Z0 27 o Tett

) 1 2™ .
-riettdt = I J f(zo + re't)dt.
0

f(zo)



So this is just a kind of “mean value theorem” for analytic functions. It shows quite clearly the
difference between real analysis and complex analysis. In real analysis, we can make a smooth
change in a function, leaving everything far away unchanged, and the function remains nicely
differentiable. But in complex analysis, the precise value of the function is determined by the
values on a circle, perhaps far away from the point we are looking at. So a change at one place
implies that the whole function must change everywhere in order to remain analytic.

6 Power Series

Definition 4. A power series is a sum of the form

o0
Y anlz—zo)"
n=0

where® (an)nen, is some arbitrary sequence of complex numbers and z, is a given complex number.

So the question is, for which z does the power series converge? Well it obviously converges for
z = zo. But more generally, we can say the following.

Theorem 8. Let the power series fo:o an(z—2zo)™ be given. Then there exists 0 < R < oo, the radius
of convergence, such that

1. The series is absolutely convergent for |z — zy| < R, and uniformly convergent for |z — zo| < p, for
0 < p <R fixed.

2. It diverges for |z — zo| > R.
3. The radius of convergence is given by 1/R = limy, . sup /|anl-

4. The function given by f(z) = Y o, an(z —zo)™ is analytic in the region |z — zo| < R. For each such
z, the derivative is given by the series f'(z) = Y 0, na,(z—zo)"', and the radius of convergence
of this derivative series is also R.

Proof. Parts 1 and 2 have been proved in the analysis lecture. For 3, let |z — zy] < p < R with

1/R = limy,_,o sup V/|an|. Thus there exists some Ny € N with %/|a,| < 1/R for all n > Ny. That is,

lan| < 1/R™. Therefore

z—zo|"
R

with p/R < 1. This is a geometric series which, as is well known, converges. On the other hand, if
|z—zo| > p > R then there exist arbitrarily large n with %/|a,| > 1/R. That is, |a,| > 1/R™ or

lan(z—2z0)" <

<kl

n
Z—Z0
R

lan(z—2z0)™ >

So the series cannot possibly converge, since the terms of the series do not converge to zero.

As far as part 4 is concerned, it is clear that lim, .. sup V/|nan| = lim, . sup V/|lan| since
limy o Yn =1. Solet f1(z) = Y 0 nan(z — z0)™ ! be the function which is defined in the region
|z — zo| < R. We must show that f is analytic here, with f' = f;. To simplify the notation, let us
assume from now on that zy = 0. Choose some complex number w with |w| < R. We must show that
the derivative of f exists at w, and it equals f; (w).

To begin with, we write

n—1 o
f(z) = Z az® + Z arz®,
k=0 k=n

— Y
Sn(z) Tn(z)

6N) is the set of non-negative integers.



for |z| < R. Therefore we have
n—I1
Si(z) = Z kaz<'.
k=1

So take some p with [w| < p < R and we restrict ourselves to examining complex numbers z with
|z] < p. Furthermore, choose € > 0. We must show that there exists a § > 0 such thatif 0 < |z—w| < §

then
‘f(z) — f(w)

—f (w)‘ <E€.
z—w
As a first step, choose N; sufficiently large that

Tn(z) = Tn(w)
ZzZ—W

w| m

for all n > N;. This is possible, since

Tn(z) —Ta(w) ’

0 2Kk
> —— -
z—wW

zZ—Ww —n
[eS) k—1
— Y [ A
k=n j=0
oo
< Zilkakpk*].
k=n

(Remember that the series is absolutely and uniformly convergent in the closed disc with radius p.)
Thus for some N; € N, the “tail” of the series beyond N; sums to something less than e/3. Similarly,
the series defining f; is absolutely and uniformly convergent in this disc. Therefore take N, to be
sufficiently large that

1S7 (W) — f1 ()] < §

for all n > N;. Let N be the larger of Ny and N,. Finally we must determine the number §. For this,
we note that since S, is just a polynomial, and thus analytic, we have a 6 > 0 such that

‘SN(Z) —Sn(w)

g/
Z —w SN(W)’<

w| m

for all z with |z —w| < §. In particular, if necessary, we can choose a smaller 6 to ensure that such z
are in our disc of radius p. The fact that

f(z) — f(w) oty w) = <5N(Z) —Sn(w) —51'\1(W)> F(SL (W) — 1 (w)) + <TN (z) = Tn (W))
z—w z—w z—w
shows that
‘f(z) —fw) _ fi (w)‘ < e.
z—w

O

Theorem 9. Letf: G — C be an analytic function defined in a region G, and let z, € G be given. Then
there exists a unique power series ) ., cn(z—z0)™ whose radius of convergence is greater than zero,
and which converges to f(z) in a neighborhood of z,.

Proof. Let r > 0 be sufficiently small that B(zp,r) ={z € C: |z—2zo| < 1} C G. In fact, we will also
assume the r is sufficiently small that z € G for all z with |z—z¢| = r. Once again, in order to simplify
the notation, we will assume that zo = 0. That is to say, we will imagine that we are dealing with the
function f(z—z¢) rather than the function f(z). But obviously if the theorem is true for this simplified
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function, then it is also true for the original function. According to theorem 7, for |z| < r we then
have

flz) = — dg

n=0
n=0

where 1 f(2)
T J&I—r T de

for each n.

Here are a few points to think about in this proof.
e The third equation is true since |z/{| < 1, and thus the sum is absolutely convergent.

e The fifth equation is true since the partial sums are uniformly convergent, thus the sum and
integral operations can be exchanged.

e Although the function f(¢)/{"*! is not differentiable at zero, it is defined and continuous on
the (compact) circle || = r. Thus, although ¢, is not always zero, still it is always a well defined
complex number, for all n.

e It looks like c¢,, might vary with r. But this is not the case. Theorem 8 implies that f(™ (0) = nlc,,,
for all n, and this is certainly independent of r.

e The power series converges to f(z) at all points of B(zp, ).

7 Some Standard Theorems of Complex Analysis

Combining the last two theorems, we have:

Corollary (Goursat’s Theorem). The derivative of every analytic function is again analytic. Thus every
analytic function has arbitrarily many continuous derivatives.

We can also complete the statement of theorem 3

Theorem 10 (Morera’s Theorem). Let G C C be a region and let f : G — C be continuous such that
fv f(z)dz = 0, for all closed paths which are the boundaries of triangles completely contained within G.
Then f is analytic.

Proof. According to theorem 3, there exists an antiderivative F : G — C, with F/ = f. Thus, by
Goursat’s Theorem, f is also analytic. O
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Theorem 11 (Cauchy’s estimate for the Taylor coefficients). Again, let f : G — C be analytic, zy € G,
r > 0 is such that D(zg,1) ={z:|z— 20| <1} C G, and

f(z) = Z cnlz—20)",
n=0

Sor all z € D(zp,r). Since f is continuous and D(zq, 1) is compact, we must have |f| being bounded in
D(zo,1). Let M > 0 be such that |f(z)] < M for all z € D(zq,r). Then we have

M
lenl < ey
Sor alln.
Proof.
|C|—lJ' f(z)z—]rnf(z)rie“dt <Mr”dt_M
" 27 lz—zo|=T (Z*ZO)nJr] N 2r 0 (Teit)nJr] - 2 0 ™ - m’

O

Definition 5. Let the function f : C — C be defined throughout the whole complex plane, and let it be
analytic everywhere. Then we say that f is an entire _function.

Theorem 12. A bounded entire function is constant.

Proof. Assume that the entire function f : C — C is bounded with [f(z)| < M say, for all z € C, where
M > 0 is fixed. Thus [c| < M/r™, for all r > 0. This can only be true if ¢, =0 for all n > 0. O

Definition 6. A field is called algebraically closed if every polynomial within the field of degree greater
than or equal to one has a root.

Theorem 13 (The Fundamental Theorem of Algebra). C is algebraically closed.

Proof. Let f(z) = Y |_,axz", with n > 1 and a, # 0 be a polynomial of degree n. Looking for a
contradiction, we assume that there is no root, that is, f(z) # 0 for all z € C.
For z # 0, we have

f(z) =z" (an 4 Ont E)
ZTL
Let L = max{|lan—1l,...,|aol} and take R > 1 so large that
%> nt
21— R
That is, R > 2nL/|a,|. Then
‘a”_3‘<L<L<M
Z |7 R TR~ 2n
for each j and each |z| > R. Then we have”
An_ a a a
() =M fan + S g 80 5 2 (g 901 el
z zn 2n 2

Since |an|/2 remains constant, |z"|- |a,|/2 becomes arbitrarily large, as |z| — co. Therefore [f(z)] — oo
when |z| — co. That is to say, if M > 0 is given, then there exists an r > 0 such that |f(z)| > M for all
z with |z| > r. That is, |1/f(z)| < 1/M for |z| > r. Now, since f(z) # 0 always, and f (being a polynomial)
is an entire function, we have that 1/f is also an entire function. It is bounded outside the closed
disc D(0,r), but since the function is continuous, and D(0,r) is compact, it is also bounded on
D(0,r). Thus it is bounded throughout C, and is therefore constant, by theorem 12. Therefore, the
polynomial f itself is a constant function. This contradicts the assumption that f is of degree greater
than zero. O

7Note that for a and b arbitrary numbers, we have |a| = |a + b —b| < [a + b| + [b] or |a + b|] > |a] — |b|, and more generally,
la+by+---4+bn|l>lal=[by[—---—bnl
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8 Zeros of Analytic Functions

Definition 7. Let f: G — C be an analytic_function defined in a region G. A point zp € G with f(zy) =0
is called a zero of the function.

So let zy € G be a zero of the analytic function f: G — C. As usual, without loss of generality, we
may assume that zo = 0. As we have seen, we can choose some r > 0 such that B(0,r) ={z: |z| <1} C G
and

f(z) = Z cnz™,
n=0

for all such z € B(0, ).

The fact that f(0) = 0 means that co = 0. Let k > 0 be the smallest integer such that ¢, # 0. (If
cn = 0 for all n, then f is simply the constant function which is zero everywhere. This is not what
we are interested in here so we will assume that some k exists with ¢, # 0.) The easiest case is then
that k = 1. In this case, we have

o
f'(z) = Z nepz™ ',
n=1

and in particular f'(0) = ¢y # 0. Could it be that for every € > 0 there exists a complex number z.
with 0 < |z¢| < € and yet f(z.) = 0? But that would imply that

This is impossible, since f'(0) # 0. Therefore we have:

Theorem 14. Let f : G — C be analytic and let z, € G be such that f(zo) = 0 while f'(zy) # 0. Then
there exists an € > 0 such that B(zo, €) C G and the only zero of f in B(zy, €) is the single number z,.

Of course, another way of thinking of these things — and remembering what was done in Analy-
sis Il — is to consider f to be a continuously differentiable mapping of G into C, represented as R?.
The mapping f is then totally differentiable, and the derivative at z, is not singular; thus it is a local
bijection around zo.

More generally, we might have k being greater than 1. In any case, the number k is called the
order of the zero. A zero of order 1 is also called a simple zero.

Theorem 15. Let f: G — C be analytic in the region G, and let zo € G be a zero of f of order k. Then
there exists an € > 0 such that in the open disc B(zy, €) of radius e around z, we have f(z) = (h(z))¥,
where h: B(zp, €) — C is analytic with a simple zero at zy.

Proof. For sufficiently small € > 0, we can write

f(z) = ) cnlz—z0)" = (z—20)" <Ck+ > cn(z—Zo)“k> = (z—z0)"g(2)
n=k

n=k+1

say, for z € B(zp,€). Here g : B(zp,€) — C is analytic, and g¢(zo) = cx # 0. Thus there are k distinct
k-th roots of the number g(zp) = c¢.® Let z; be one of these k-th roots of g(zy). Now consider
the particular polynomial function ¢ (z) = z*. We know that ¢y is an entire function, and that
Q1 (z1) = kz'f*1 # 0, since z; # 0. So there is a neighborhood U; of z;, and a neighborhood V; of
g(z0), such that @y : U; — V; is a bijection®, with ¢y (z1) = g(z0). Let cp;1 : Vi — U, be the inverse
mapping. Now choose € > 0 so small that g(B(zo, €)) C V;. Then take h(z) = (z — z¢) - q);1 (g(z)). This

defines a function h: B(zg, €) — C which satisfies our conditions.!© O
8For any w # 0 in C we have w = re'® say. Then each of the numbers /1. el®/k+27/k for 1 =0,...,k — 1, is a different
k-th root of w.

9This is again Analysis II. ¢y is totally differentiable and non-singular at z;.
10As in real analysis (the proof is the same here in complex analysis) we have the rule that if @ is an invertible differentiable
function (with non-vanishing derivative), then ¢~ is also differentiable, with derivative (¢~ ")/(z) = 1/¢’(¢ ' (2)).
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Theorem 16. Again let f: G — C be analytic in the region G, and let zo € G be a zero of order k. Then
there exists an e¢p > 0 and an open neighborhood U., C G of zp with f(U.,) = B(0, €p). Within U, zo
is the only zero of f, and if w # 0 in B(0, eo) then there are precisely k different points v, ..., vy in Ue,
with f(v;) = w, for allj.

Proof. Since f is continuous and B(0,¢) is open, it follows that U., = f~'(B(0, o)) is also open,
regardless of how the number €, > 0 is chosen. So we begin by choosing an e; > 0 sufficiently small
that we can use theorem 15 and write f(z) = (h(z)), for all z € B(zo,€7). Since h has a simple zero
at zo, and therefore the derivative at zy is not zero (h/(zo) # 0), there exists a neighborhood of z,
such that h is a bijection when restricted to the neighborhood. So let ¢ > 0 be chosen sufficiently
small that B(0, €) is contained within the corresponding neighborhood of 0. Finally, with this €, we

take eg = e*. Then if w # 0 in B(0, €9), we have k different k-th roots of w, lets call them uy,...,uy.
They are all in B(0,e). Therefore each has a unique inverse under h, namely v; = h™! (u;), for
j =1,...,k. Is it possible that some other point, v say, not equal to any of the vj, also is such that

f(v) = (h(v))* = w? But then h(v) would also be a k-th root of w, not equal to any of the u;, since
after all, h™! is a bijection when restricted to B(zo, €o). This is impossible, owing to the fact that
there are only k different k-th roots of w. O

9 Simple Consequences

Theorem 17. Assume f, g: G — C are two analytic_ functions defined on a region G such that the set
{z € G : f(z) = g(2)} has an accumulation point. Then f = g.

Proof. Let zp € G be such an accumulation point. Then z, is a zero of the analytic function f — g.
But this is not an isolated zero. Therefore f — g = 0, the trivial constant function. O

Theorem 18. Again, f: G — C is analytic and it is not a constant function. Then f(G) is also a region
(that is, open and connected) in C.

Proof. Since f is continuous, f(G) must be connected. Is f(G) open? Take wy € f(G), and zy € G with
f(zo) = wop. So then z, is a zero of the analytic function f —wy. Since f —wy is not constant, it follows
that z, is a zero of some particular finite order. Theorem 16 now shows that wy lies in the interior
of f(G). O

Theorem 19. Letf: G — C be analytic and not constant. (G is a region.) Let zo € G. Then there exists
another point z; € G with |f(zq)| > |[f(zo)].

Proof. For otherwise, f(zo) would lie on the boundary of f(G) in C, and thus f(G) would not be open
in contradiction to theorem 18. O

Theorem 20 (The Lemma of Schwarz). Let D = {z € C : |z| < 1} be the closed unit disc in C. Assume
D C G, aregioninC, and f: G — C is analytic with f(D) ¢ D and f(0) = 0. Then |[f'(0)] < 1 as well,
and in fact |f(z)| < |z| for all z € D. If either |f'(0)| = 1 or there exists some zy with 0 < |zo| < 1 such that
If(z0)| = |zo|, then we must have f being a simple rotation. i.e. f(z) = e'° - z, for some 0.

Proof. Since f(0) = 0, we can write

f(z) =z- (i cnz“1) =z-¢g(z)
n=1

say, where g is an analytic function, defined in some neighborhood of D. So f/(0) = ¢g(0) and
[f(z)| = Iz| - |g(z)] < 1. Thus |g(z)| < 1/|z|. This holds in particular for |z| = 1.

On the other hand, theorem 18 says that g(B(0,1)) C C is open in C.!! If there were some point
z. € B(0,1) with |g(z.)| > 1 then we could choose it to be a point such that this value is maximal.
However that would then be a boundary point of f(B(0,1)), contradicting the fact that f(B(0,1)) is
open. Thus |g(z)| < 1 for all z € D. In particular, |f’'(0)| = [g(0)] < 1 and [f(z)] = |z| - |g(z)] < |z| for all
z € D.

1Here B(0,1) = {z € C : || < 1} is the open disc centered at zero, with radius 1.
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Finally, let us assume that a zy exists with 0 < [z9| < 1 such that |f(zp)| = |z0|. That means
lg(zo)| = 1. But according to theorem 19, this can only be true if g is a constant function. Since it is
a constant number with absolute value 1, it must be of the form e'°, for some 0. O

10 Analytic Continuation

We now know that an analytic function f : G — C can be represented as a power series centered at
any given point zp € G. The function f is equal to the function defined by the power series in the
largest possible open disc around z, which is contained in G. But of course G is not, in general itself
an open disc. Therefore there might be parts of G where f is not given by this power series centered
on zo. Or, (thinking about the logarithm function) we might have the situation that G could be
expanded to a larger region G., with G C G, where the function could be defined. But then perhaps
there might be different ways of “continuing” this definition of f from G to G..
Therefore let us consider a chain of open discs (B;,...,B;,) say, with

Bj ={zeC:lz—pjl <13}

for a chain of points p; which are the centers of the discs, and numbers r; > 0, which are the
radiuses in each case. We assume that it is a connected chain in the sense that B; N Bj;; # 0, in
each case. For each Bj let us assume that an analytic function f; : B; — C exists, such that in the
region of overlap, we have f;j(z) = fj.1(z) for z € Bj N Bj41.

Definition 8. The functions f; here are called function elements, and if we have fj(z) = fj1(z) for
z € BN Bjyy forallj =1,...,n—1, then we have an analytic continuation of the function elements
through the chain of open discs. Or, if we consider the ordering of the discs, we can say that the final
function f,, is obtained by analytic continuation of the initial function f; through the chain of discs.

Theorem 17 shows that if, say f; is given in By, and there exists a chain of open discs allowing
some analytic continuation, then this continuation is unique.

Theorem 21. Let (B;,...,By) be a chain of open discs with B N Bj 1 # 0, forj =1,...,n—1. Let
f1 : B1 — C be some given analytic function. Then there exists an analytic continuation of f1 throughout
the chain'? if and only if there also exists an analytic continuation of f; : By — C (the derivative of 1)
throughout the chain.

Proof. “=" is trivial. (Just take fj’ , the derivative of fj, for each j.)

As far as “&” is concerned, we are assuming that there is an analytic continuation of the function
f;. To avoid confusion, let us call this function g; : By — C. i.e. gi(z) = f{(z), for all z € B;.
The assumption is that for each j there is an analytic function g; : B; — C, providing an analytic
continuation, starting with g;. We now use induction on the number n. For n = 1 there is nothing to
prove. So let n > 1, and assume that we have an analytic continuation of g; along the chain of open
discs from B; to B,,_1, giving gj : B; — C such that g; = fj’, for each j < n. According to theorem 3, g,

has an antiderivative, G, : B, — C, with G}, = g,,. Now in the region B,,_; N B,, we have gn_1 = gn.
That is, f;,_, = G}, or f;,_; — G/, = 0. Thus f,,_; — G, = k say, where k is a constant number. But
then the function G,, + k is also an antiderivative to g,,, and we can take f, = G,, + k. O

One way to think about these chains of discs is to imagine that they are associated with a path,
namely a path starting at p; then following a straight line to p,, then a straight line to psz, and so
forth, finally ending at p,,. So each straight segment, say from p; to p;1 is contained in the union
of the two discs Bj U Bjy.

Let’s generalize this idea in the following way. Let v : [to, t1] — C be a continuous path. (It doesn’t
have to be differentiable here.) Let to = 190 < T1 < --- < Tp = t; be a partition of the interval [to, t1].
Assume that we have a corresponding set of open discs Bj = {z € C: |z —y(75)| < 7j} (Where r; > 0)
such that y(t) € B; UBj, 1, for t € [tj,Tj41], for all relevant j. Then we will say that we have a chain of
discs along the path y. Furthermore, if we have a sequence of analytic function elements giving an

12That is to say, there exists a set of function elements forming an analytic continuation, such that the first element in the
chain of function elements is fq.
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analytic continuation along this chain, then we will say that the function is analytically continued
along the path. The next theorem shows that this is a property of the path, independent of the
choice of discs along the path.

Theorem 22. Let vy : [to,t;] — C be continuous and let B = {z € C: |z—v(ty)] < v} and B, = {z €
C:|z—v(t1)| < v} (with both r, v, > 0) be open discs centered on y(ty) and y(ty), respectively. Let
to=To<Ti < ---<Tp=trandty =po < p1 < - - < pm = t7 be two different partitions of the interval
[to, t1], giving two different chains of discs along the path, satisfying the conditions listed above, where
the first and last discs are B and B,. Assume that f : B — C is an analytic function at the first disc
and it has an analytic continuation with respect to the first chain of discs, finally giving the analytic
Junction g : B, — C. Then f also has an analytic continuation with respect to the second chain of discs,
and it also gives the same function g : B, — C.

Proof. If the whole path vy is completely contained within the disc B then, using theorem 9 we see
that the analytic continuation is simply given by the power series representing the function.
Therefore let M C [to, t1] be defined to be the set of t, € [to, t1] such that the theorem is true for the
interval [to, t,] (with respect to this path y). But if t € M, then since vy is continuous, and since the
analytic function which has been continued out to the point y(t.) has a power series representation
in a neighborhood of y(t.), we must have some e > 0 such that {t € [to, t;] : [t—t.| < e} C M. Therefore
M is an open subset of [to, t1]. If [to, t;] \ M # (), then the same argument shows that M is closed in
[to, t1]. Yet the interval [to, t1] is connected. Therefore M = [to, t1]. O

All of these thoughts allow us to perform path integrals along continuous, but not necessarily
differentiable paths. To see this, take y to be some continuous path, allowing an analytic contin-
uation from an open disc centered on the starting point of the path. The discs in the finite chain
of open discs describing the analytic continuation have centers at various points along the path .
But now take ¥ to be the piecewise linear path connecting those centers. This gives a path integral,
namely f? f(z)dz, where f consists of the function elements along the path. We can now simply
define [ Y f(z)dz to be this integral along y. Theorem 22 then shows that the path integral for vy is
well defined.

11 The Monodromy Theorem

Why confine our thoughts on analytic continuation to a single continuous path y? After all, it seems
obvious that we can move the path back and forth to some extent — at least when staying within
the open discs which we are using — without affecting the arguments of the previous section. This
is the idea of the Monodromy Theorem. But first we must define what “moving a path” is supposed
to mean.

Definition 9. Let Q ={(x,y) € R?: 0 < x,y < 1} be the unit square, and let H : Q — C be a continuous
mapping such that

e H(0,y) = H(0,0), for ally € [0, 1],
e H(1,y) =H(1,0), for ally € [0, 1],

Let « : [0,1] — C be the path «(t) = H(t,0) and let 3(t) = H(t,1). Then we have «x(0) = $(0) and
(1) = B(1). The mapping H is said to be a homotopy from « to 3. One also says that «x and 3 are
homotopic to one another. If G C C is a region, and H(Q) C G, then it is a homotopy within the region.

In the more general setting of topology, this idea of homotopy is quite important. But historically,
the idea grew out of these applications in complex analysis. If we work with closed paths «, so that
a(0) = «(1), then we can define the fundamental group of the topological space. This is dealt with to
a greater or lesser degree in all of our textbooks. But I will skip over these things here. Of course,
as an additional remark, you should note that the fact that the paths are being parameterized using
the unit interval [0, 1] represents no loss of generality. It all works just as well if we use some other
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interval [to,t;]. Finally, note that if f : G — C is given as an analytic function and « and (3 are
homotopic to one another within G, then theorem 4 shows that

L f(z)dz = JB f(z)dz.

Theorem 23 (Monodromy Theorem). Let  and 3 be two homotopic paths in C. Assume there is
an open disc By centered on «(0) = B(0) and an analytic function fo : Bo — C. For each t € [0,1]
let hy : [0,1] — C be the path h (t) = H(t,t). (Thus « = hg and = h;.) Assume that fo has an
analytic continuation along the path h. for each t. In particular there exists an open disc B; centered
at «(1) = (1) such that the analytic continuation along « produces the function f; : By — C and the

analytic continuation along 3 produces the function f~1 :B; — C. Then f; = f;.

Proof. The proof uses the technique which we have seen in theorem 4. The construction of an
analytic continuation along each of the paths h. involves some finite chain of open discs. So the set
of all such discs covers the compact set H(Q). Take a finite sub-covering. Take the inverse images of
the sets in this sub-covering. We obtain a finite covering of Q by open sets. Take a subdivision of Q
into sub-squares of length 1/n, for n sufficiently large, so that each of the sub-squares is contained
in a single one of these open sets covering Q. Then let y; = h;/y,, for j = 0,...,n. Now the argument
in the proof of the previous theorem (theorem 22) shows that the analytic continuation along v;
leads to the same function as that along v;,, for each relevant j. In particular, the function is
uniquely defined through the power series representation in each of the sub-squares. Therefore it’s
values along one segment of the curve y; determines uniquely it’s values along the corresponding
segment of the next curve yjy;. Since the endpoints of all of the curves are identical (that is,
v;(1) = «(1) = (1) for all j), we must have the power series expression at this endpont for each of
the analytic continuations of the original function being the same. O

12 The Index of a Point With Respect to a Closed Path

Let v : [to,t;] — C be a continuous closed curve. Let zy € C be a point not on the path. Then, as we
have seen in Exercise 2.2, we can define a continuous path 0 : [to, t;] — R with 06(ty) = 0 and

y(t)—z0 _ o270 (1)
y(t) — zol

for all t € [to, t1].

Definition 10. The number 0(t;) € Z is called the index of the point z, with respect to the closed path
Y. Sometimes it is also called the winding number of vy with respect to z,. It is denoted v (zo)

Theorem 24. Let x and 3 be homotopic closed paths, homotopic by a homotopy H : Q — C. Assume
that zo ¢ H(Q). then v4(z0) = vp(zo).

Proof. Let 6, be the corresponding path in R (corresponding to «) and let 63 be the path in R
corresponding to 3. Then the homotopy from « to  induces a homotopy of the path 6 to 6 in R.
Since the endpoints thus remain fixed, the index remains unchanged. O

Theorem 25. Letvy, zo and v, (zo) be as in the definition (but this time we assume that vy is continu-
ously differentiable). Then
1 dz
3 =Vy (zo).
v

2mi ), z— 2o

Proof. Obviously the function 1/(z —z¢) is analytic in C \ {zo}. For simplicity, assume that z, = 0 and
v(0) =v(1) =1=¢"%, where vy : [0,1] — C\ {0}. Write y(t) = r(t)e?™°1), Let

he(t) = 2™ (£ + (1 —t)r(t)),
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for 7, t € [0, 1]. This defines a homotopy from y to a new path vy, which lies on the unit circle. But

dz ! 1 -n/ 27i0(t)
J‘? S = L WZmG (t)e dt
1
= ij 0'(t)dt
0

= 2mi(8(1) —6(0)) = 2miv,(0).
O

Theorem 26 (Cauchy’s Theorem: Complicated version). Letf: G — C be an analytic function defined
in a region G of C. Lety : [0,1] — G be a continuous closed path in G such that v, (a) =0 forall a ¢ G.
Then [ f(z)dz = 0.

Proof. Since the (image of the) path vy is a compact subset of G, there exists an e¢ > 0 such that for
all t € [0, 1], we have B(y(t),e) C G. Let n € N be sufficiently large that 1/n < ¢/v/2. Then split up the
whole complex plane C into a system of small squares of the form

. P p+1 ¢ q+1
= C:—<x<—,-<y< ——
Q(p,a) {X+1y€ LSXS T Sys——— 1,
where p, q € Z. vy meets only finitely many of these small squares, and each of the squares which
vy does meet is completely contained in G. Our proof now consists in altering vy, one step after the
next, through processes which can be achieved using a homotopy. In the end we get a version of y
which is so simple that the theorem becomes obvious.

e Let Q be one of the squares which y meets. If y only runs along the boundary of Q without
entering it’s interior, then there is nothing further to do in this step of the proof. On the other
hand, if v does enter the interior of Q, then we perform a homotopy on it, moving it to the
boundary of Q, but leaving all points of y which are not in the interior of Q unchanged. This
is explained more fully in the lecture. Basically, we take an interior point of Q which is not a
point of the path, then we push the part of y which is in the interior of Q radially from that
point out to the boundary. Do this with all the Q’s which are on the path, then finally, if
necessary, move the endpoint y(0) = y(1) to a vertex of one of these squares.!® The end result
of all this is a homotopy, moving vy so that at the end of the movement it is contained within the
lattice of vertical and horizontal lines which make up the boundaries of all the small squares.
For simplicity, let us again call this “simplified” version of the path .

¢ Now it may be that this simplified v is still too complicated. Looking at each individual segment
of the lattice, it may be that during a traverse of some particular segment, we see that y moves
back and forth in some irregular way. So again using a homotopy, we can replace y with a new
version which traverses each segment of the lattice in a simple linear path.

e We are still not completely happy with the version of y which has been obtained, for it might
be that vy has a winding number which is not zero with respect to one of the squares Q. That
is, let q be an interior point of Q. What is v, (q)? If it is not zero, then we can alter y using a
homotopy, changing the winding number with respect to this particular square to zero and not
altering the winding number with respect to any of the other squares. Again this is illustrated
in the lecture. The idea is simply to add a bit on to the end of y, going out to a corner of
the offending square along the lattice, then around the square a sufficient number of times to
reduce the winding number to zero, returning to that corner, then returning back along the
same path through the lattice to the starting point. Since y is compact, there can be at most
finitely many such offending squares. At the end of this operation, we have ensured that y has
winding number zero with respect to all points of C which do not lie on the path 7.

Our curve is now sufficiently well simplified for our purposes. The reason for this is that for every
segment of the lattice which vy traverses, it must be that it traverses the segment the same number

13Alternatively, and without loss of generality, we may assume that the endpoint of y is already in a corner of the lattice.
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of times in the one direction as it does in the other direction. To see this, let S be some segment of
the lattice. To visualize the situation, imagine that it is a vertical segment. Assume that y traverses
the segment u times in the upwards direction, and d times in the downwards direction. Now S
adjoins two squares, say Q; on the lefthand side, and Q, on the righthand side. Let us now alter v,
moving the downwards moving parts which traverse S leftwards across Q; to the other three sides
of Q7. On the other hand, the upwards moving parts of y are moved rightwards across Q. to the
other three sides of Q,. Let z; be the middle point of the square Q;, and let z; be the middle point of
Q.. Before this movement, the winding number of v with respect to both points was zero. However,
afterwards, v (z1) = a and v (z;) = b. Yet they are in the same region of C\ y. Thus the points must
have the same winding numbers and so a = b.

Finally, after all this fiddling, we see that we must have fy f(z)dz = 0 since the total of the
contributions from the path integrals along each of the segments of the lattice adds up to zero in
each case. O

Up to now we have always been performing path integrals around single closed paths. This is
quite sensible. But sometimes it is also convenient to imagine two or more closed paths. So let say
Y1,---,Yn be n paths, each of which are piecewise continuously differentiable and closed in some
region G. We can think of them together, and call them a cycle, denoted by the letter Q say.!4
Then if f : G — C is a function, we might be able to perform the path integrals over each of the v;
seperately, and thus we can define the integral over the whole cycle to be simply the sum of the
seperate integrals.

J f(z)dz & J f(z)dz+ - -- +J f(z)dz.

Q Y1 n

Furthermore, if Q is a cycle and z, is a point not on any path of the cycle, then we can define the
index of zp with respect to the cycle to be the sum of the indices of zo with respect to the individual
closed paths in the cycle. On the other hand, if we want, we can connect the endpoints of the
paths in a cycle together to make a single larger closed path (this is illustrated in the lecture), thus
showing that theorem 26 is also true for cycles.

Theorem 27. Again, let G C C be a region, f: G — C be analytic, vy a closed curve in G with winding
number zero with respect to all points of C not in G. Let zy € G be a point which does not lie on the
pathy. then

1 J f(Z)dZ:Vv(zo)f(Zo)-
Y

2mi ), z— 29

Proof. This is a straight-forward generalization of theorem 6. For r > 0 sufficiently small, we have

1 f(z)dz
TJ' (2) = f(zo).
T |z py=r Z— Z0

Let B(t) = zo + 1 - e*™ be the path we are thinking about in this path-integral. (Here t € [0,1].)
Obviously we have vg(zo) = 1. Now take the cycle consisting of the given path vy, together with
—vVy(zo) copies of the path (. (If this is a negative number, then we should travel around $ in the
reverse direction.) We assume that r is so small that the closed disc D(zo,r) is contained in G and
furthermore the path y does not meet D(zy,r). Then z, has index zero with respect to the cycle
consisting of vy — v (z¢)f. Thus, according to theorem 26,

1 f(z)dz 1 f(z)dz 1 f(z)dz 1 f(z)dz
Py =5 — Vy(20) = 5=
21t Jo z—2z0  2mi ), pz—2z0 2mi), z—20

Z— 7o E —Vy(zo)f(zo) =0.

O

14More generally, we might allow paths which are not necessarily closed. In this case one speaks of “chains”, but we will
not persue this idea further in this lecture.
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13 Weierstrass’'s Convergence Theorem

This is the analog of the theorem in real analysis which states that a sequence of continuous
functions which is uniformly convergent converges to a continuous function. But here we are
concerned with analytic functions.

Theorem 28 (Weierstrass). Let Gy C G, C --- C G, C --- be an increasing sequence of regions in
C and let (fn)nen be a sequence of analytic functions f, : G, — C for eachn. Let G = UY_;G,, and
assume that in every compact subset of G, the sequence (f,,) converges uniformly. Let f : G — C be
defined by f(z) = limy . fn(z) for allz € G. Then f is analytic on G, and furthermore f/, — f’ uniformly
on every compact subset of G.

Proof. Let zp € G and take r > 0 such that B(zp,r) € G. (That is the closure of the open set B(zo,1).)
Let N € N be sufficiently large that B(zo,r) € UN_,G,,. Then B(zo,1) C Gy, for all m > N. According
to theorem 2 we have fy fn(z)dz = 0 for all triangles in B(zq, ). Moreover we have

J f(z)dz = lim J' fn(z)dz =0,
v n—oo v

owing to the uniform convergence of the sequence. Therefore, by theorem 10, f is analytic. By
Goursat’s theorem, the derivatives are also analytic. Specifically, let ¢ be the boundary of the disc
B(zo, 7). Then, using Cauchy’s formula (theorem 6), we have

1 fn(z)dz
fl(zo) = — | 2,
n(zo) 2mi Jc (z—z0)?
Thus 1 f(2)d
lim f’ - | =l £/
dim £ (zo0) 2mi L (z—z0)? (z0),
and the fact that the convergence of the f,, is uniform in B(zy, 1) shows that f, — f’ uniformly. O

An interesting example of this is Riemann’s Zeta function. Let z = x + iy with x > 1. Then

(o) o0 o0 oo
DAL D MUSSUTI S ST we
n=1 n=1 n=1 n=1

Thus the infinte sum ¢(z) = ) ", n~* defines a function which is the limit of a uniformly convergent
sequence of analytic functions (the partial sums) for all z with Re(z) > a, where a > 1 is a given
constant. Therefore Weierstrass’s convergence theorem implies that the Zeta function ((z) is analytic
in this region. As a matter of fact, Riemann showed that, with the exception of the obvious isolated
singularity at the point z = 1, the zeta function can be analytically continued throughout the whole
complex plane. The big question is “Where are the zeros of the zeta function?” Some of them are
located at negative even integers. (These are the so-called “trivial zeros”.) They are not particularly
interesting. But there are lots along the vertical line Re(z) = 1/2. The famous Riemann conjecture
— which is certainly the greatest unsolved problem in mathematics today — is that all of the zeros
(apart from the trivial ones) lie on this line.!®

14 Isolated Singularities

A “singularity” is really nothing more than a point of the complex plane where a given function is
not definied. That is, if f is defined in a region G C C, then any point a ¢ G can be thought of as
being a singularity of the function. But this is not really what we are thinking about when we speak
of singularities. As an example of what we are thinking about, consider the particular function

15An American businessman, Mr. Landon T. Clay has put aside one million American dollars each for the solution of a
certain collection of outstanding problems in mathematics. The Riemann conjecture is one of them.
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Here, except for the special point zy = 0 which is not so nice, we have a good example of an analytic
function. Since only a single point is causing problems with this function, let us more or less ignore
this point and call it an isolated singularity. So in general, an isolated singularity is a point zop € C
such that zp ¢ G, yet there exists some r > 0 with B(zo, ) \ {z0} C G.

Definition 11. Let f : G — C be analytic, but with an isolated singularity at zo € C. The residue of f

at zy is the number

1
Res,, f(z) def 3 J ‘ f(z)dz.
Z—Zo|=T

According to Cauchy’s theorem, the residue is a well-defined number, independent of the radius
r of the circle of the path used to define it, as long as r is small enough to satisfy our condition.
We identify three different kinds of isolated singularities:

e removable singularities,
e poles,
¢ essential singularities.

Let’s begin with removable singularities. Let f : G — C have a singularity at zo. This singularity is
removable if it is possible to find some number w, such that if we simply define fo : G U{zo} — C by

£1(2) — {f(z), ifzeG

Wo, Z=2Zp

then f, is analytic (thus also differentiable at the special point z,). We see then that a removable
singularity is really nothing special. We have simply “forgotten” to put in the correct value of the
function f at the isolated point zy. By putting in the correct value, the singularity disappears.

A pole is somewhat more interesting. For example the function

has a “simple” pole at the point zo = 0. But then if we multiply f with the “simple” polynomial
g(z) = z, then we get f(z) - g(z) = 1. Of course the function f - g has a removable singularity at the
special point zy = 0. Furthermore, the function which results does not have a zero at the point 0.
The general rule is: let z, be an isolated, not removable, singularity of the analytic function f. If
there is some n € N such that the function given by f(z) - (z —z¢)™ has a removable singularity at z,,
and the resulting function does not have a zero at zy, then z, is a pole of order n.

Finally, an essential singularity is neither removable, nor is it a pole.

Definition 12. Let f: G — C be analytic, such that all it’s isolated singularities are either removable
or else they are poles. Then f is called a meromorphic function (defined in G).

15 The Laurent Series

Since a pole of order n involves a function which looks somewhat like (z—z¢)™™, at least near to the
singularity z, it seems reasonable to expand our idea of power series into the negative direction.
This gives us the Laurent series. That is, a sum which looks like this:

Y cnlz—z0)™

n=—oo

There is a little problem with this notation. After all, if the series is not absolutely convergent,
then we might get different sums if we start at different places in the doubly infinite sequence. Let
us therefore say that the sum from 0 to +oo is the positive series, and that from —oco to —1 is the
negative series. So the whole series is absolutely convergent if both the positive and negative series
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are absolutely convergent.'® One can obviously imagine that the negative series is really a positive
series in the variable 1/(z — z¢).
So given some collection of coefficients c,, for all n € Z, let R > 0 be the radius of convergence of

the series
o0
Y cnlz—z0)"
n=0

and let 1/r > 0 be the radius of convergence of the series

o0 —00 -I n
nZ:] Coaw™ = Z Cn (w) .

n=—1
That is to say, if 1/|z — z¢| < 1/r, or put another way, if |z — zo| > r, then the negative series

—0o0

Y calz—zo)"

n=—I1

converges.

Therefore, there is an open ring (or annulus) of points of the complex plane, namely the region
{z € C:r < |z—2z0| < R}, where the Laurent series is absolutely convergent. In this ring, the function
defined by the Laurent series

flz)= > cnlz—z0)"
n=-—00
is analytic. Note however that it is not necessarily true that f has an antiderivative. We see this
by observing that the particular term c_;(z — zo)~' has no antiderivative in the ring. On the other
hand, if we happen to have c_; = 0 then there is an antiderivative, namely the function in the ring
given by the Laurent series

oo

Cn _ n+1
Z n—H(Z zo)"

Theorem 29. Assume the Laurent series converges in the ring between 0 < r < R < oco. Letr < p <R.
The coefficients of the Laurent series are then given by

1 f(z)
Cn = Tm JZZOID 7(2_ Zo)“"‘] dz.

Proof. Since the series is uniformly convergent around the circle of radius p, we can exchange sum
and integral signs to write

f(z) _ (z — 2o
JZZO—p Wdz_ Z CkJ Wdz'

k=—o0o lz—zol=p

However, if we look at the individual terms, we see that if k # n, then each term has an antiderivative,
and thus the path-integral is zero for that term. We are left with the n-term, and this is then simply

f 1
J %dl:cnj dz = 2mi - c,,.
|z—zo|=p (Z - ZO) lz—zo|=p Z—Z9

Conversely, we have:

16The negative series is called the “Hauptteil” in German, whilst the positive series is the “Nebenteil”.
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Theorem 30. Given0 < r<p <R, letG={z€eC:r<|z—2zy < R}andf: G — C be an analytic
function. Then we have f(z) = > cnz™, where

n=—oo

1 f
Cn J (2) dz
lz—zol=p

C2mi Zn+1 7

Proof. For simplicity, choose zy = 0. Let z be given with r < |z|] < R, and take ¢ > 0 such that
e < min{R — |z|,|z| — r}. Thus, according to theorems 5 and 6, we have

1 f(Q)
f(Z) - 2mi Jlt—z|=¢ C*ch
17 f(Q) 1 J f(Q)
= d¢ — — d
2mi Jig—r—e C—2 “ o ICl=rt+e C—Z ¢

T f(Q) [ 1 1 J f(Q)
= = At + — d
27Ti¢|(\:R7€ C 1 —E> C+ 2mi [Cl=r4€ Z—C C

T Q) <z>“ 1 J £(0)
2mi Jig|=R—e C Z ¢ °F 2mi [Cl=r+e # ¢ ¢

n=0 z
_ oy (- f(¢) ny 1 £(0)
S ST [
n—o 27t Jjgj=rse 2= C

So the terms for n > 0 are OK. Now let’s look at the terms with n < 0. We have

f(c)

1 f(d) 1 J
— ¢ = — —d
ZWiJ|Cr+€Z_C ¢ 27 Jigjmre 2 (1= £) ‘
1 o (C\"
a 2 . E J'li_'r+€ f(C) 'r;) (Z) 4
1« 1 1 J
- =Y — (= f(O)CMde
z;zn <2m [Cl=r+€ ) )

—00
= E cnz™.

n=—1

(Note that theorem 5 shows that the integrals for |z| = R — €, and for |z| = r + € are equal to the same
integrals, taken along the path |z| = p.) O

Theorem 31. Again, the same assumptions as in theorem 30. Assume further that there exists some
M > 0 with |f(z)| < M for all z with |z — zo| = p. Then |c,| < M/p™ for all n.

Proof.
f(z)
Zn+1

M

e

dz <

lc |<LJ'
M=

lz—zol=p

©

O

Theorem 32 (Riemann). Let a € G C C be an isolated singularity of an analytic function f : G\{a} — C,
such that the exists an M > 0 and an € > 0 with |f(z)] < M forallz € G withz # a and |z— a| < €. Then
a is a removable singularity.

Proof. For then |c,| < M/r™ for all 0 < r < €, and therefore, for the terms with n < 0 we must have
cn =0, showing that in fact f is given by a normal power series, and thus it is also analytic in a. O
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Theorem 33 (Casorati-Weierstrass). Let a be an essential singularity of the function f : G \ {a} — C.
Then for all e,6 > 0 and w € C, there exists az € G with |z— a| < € such that |f(z) —w| < 5. (Which is to
say, arbitrarily small neighborhoods of a are “exploded” through the action of f throughout C, so that
they form a dense subset of C!)

Proof. Otherwise, there must exist some wy € C such that there exists an € > 0 and |f(z) —wy| > 6 for
all z € Gwith [z—a| < €. Let B(a,e) ={z € C: |z—d| < €} and define the function h: (B(a, e)\{a})NnG — C
to be

Clearly h is analytic, with an isolated singularity at the point a. Furthermore,

Ih((z)] <

on| —

Therefore, according to theorem 32 we must have a being removable. Thus, writing

f(z) = ﬁ +wo,

we see that since the function given by 1/h(z) has at most a pole at a, we cannot have a being an
essential singularity of f. This is a contradiction. O

As an example of a function with an essential singularity, consider the function f(z) = exp(1/z).
Clearly f is defined for all z # 0, and not defined for the single point 0. In fact, 0 is an essential
singularity. To see this, consider the exponential series

flz) =) (n), =1+)
n=0 ’

The singularity at 0 obviously cannot be a pole of the function, since the negative series is infinite.
In fact we can make a theorem out of this observation.

N|=

Theorem 34. Let a function f be defined by a Laurent series ) ;. cn(z—2z0)™ around a point zo € C.
Assume that the series converges in a “punctured disc” {0 < [z—z¢| < R}. If infinitely many of the terms
cn, forn < 0, are not zero, then z, is an essential singularity of f.

Proof. Obviously z, is not a removable singularity. If it were a pole of order n, then all the terms c,,,
for m < —m must vanish. The only remaining possibility is that z, is an essential singularity. O

16 The Calculus of Residues

Let’s begin by thinking about a function f with a pole of order m at the point a € C. That is, in a
sufficiently small neighborhood of a we can write h(z) = f(z)(z—a)™, and after filling in the removable
singularity of h at a, we have h(a) # 0. Let

h(z) = i cn(z—a)™.
n=1

For e > 0 sufficiently small we therefore have

Resy(f(z)) = Z]mJ e f(z)dz
o h(z)
o 27 Jza—e (Z— a)mdz
= Cm-—1
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Or putting this another way, we can say that

1 dm D
(m - 1)' dZ(mi]j ‘z:a
So this is a formula for the residue of a function with a pole at a.

A rather special case is the following. Let us assume that G C C is a region, and g, h are both
analytic functions defined on G. Assume that a € G is a simple zero of h. (That is h(a) = 0, but
h'(a) # 0.) Assume furthermore that g(a) # 0. Then let f = g/h. (Note that a function such as f,

which is defined to be the ratio of two analytic functions, is called a rational function.) Therefore f is
meromorphic in G. What is the residue of f at a? Writing g and h as power series around a, we have

9(z) = ) clz—a)*

Resq(f(z)) = cm—1 = ((z—a)™f(2)).

and

Since a is a pole of order 1, we have

0
Resalf2) = gy (2= A1)
By < R
ZTL di(z—a)t \

z=a

_ ( > o Cklz—a)k )
Yoy difz— )T

co _ gla)

di  h'(a)

Of course, going in the other direction, if a is a zero of g and h(a) # 0, then the residue of f at a is
simply zero. This is trivial.

‘z:u

Theorem 35 (The Residue Theorem). Let the function f be defined and analytic throughout the region
G C C, except perhaps for a set S C G of isolated, not removable singularities. Let Q be a cycle in G
which avoids all these singularities and which is such that the winding number of Q around all points
of the compliment of G is zero. Then only finitely many points of S have non-vanishing index with
respect to Q and we have the residue formula

L JQ f(z)dz = Z vol(a)Resqf(z).

2mi
a€esS

Proof. Nothing is lost if we assume that Q simply consists of a single closed path y. So it is contained
in a compact disc in C which must contain all points of C having a non-vanishing index with respect
to y. If there were infinitely many such points, then they must have an accumulation point, which
must lie in the compliment of G. But such a point has index zero with respect to y. Since that
point does not lie on v, it must have a neighborhood which contains only points with index zero
with respect to y. Thus we have a contradiction. The residue theorem now follows from Cauchy’s
theorem (theorem 26). O

17 Residues Around the Point at “Infinity”

In many applications, one speaks of the properties of a function “at infinity”. For this, we take the
“compactification” of the complex number plane. This is the set C U{co0}, where “c0” is simply an
abstract symbol. Then the open sets of C U {co} are, first of all the familiar open sets of C, then in
addition, we say that any set of the form {z € C : |z| > R} U{co} is open, for R > 0. Finally, the union of
all these sets of sets gives the topology of C U{oc}. It turns out that C U {co} is homeomorphic to the
standard 2-sphere. It is often called the “Riemann sphere”.
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Definition 13. Let G C C U{oco} be a region containing co. (Thus G is open and connected.)'” We will
say that f : G — C is analytic at oo if the function given by f(1/z) has a removable singularity at 0.
Similarly, f has a zero of order n, or a pole of order n at o if the respective property is true of the
Sunction f(1/z) at 0. That is to say, if oo is a zero of order n of f then we would like to have the _function
wnf(w) having a removable, non-zero singularity at co. However this is the same as looking at the
limit as z — 0 of the function which is given by substituting w = 1/z. That is, the function

9(ZJ=Z1n-f(l>-

So f has a zero of order n at infinity if g has a removable, non-zero singularity at 0.

Theorem 36. Let g, h: C — C be entire, not constant, functions (thus they are analytic at all points of
C). Let f be the meromorphic function f = g/h. Assume that there is no zero of h on the real number
line. Assume furthermore that f has a zero at infinity of order at least 2. Then we have

Joo f(x)dx =2mi )  Resqf(z).

Im(a)>0

(Here the sum is over all poles of the function f in the “upper” half plane of C. That is, the set of all
complex numbers with positive imaginary parts.)

Proof. Because f has a zero at infinity, we have f being bounded outside of a compact disc of the
form D ={z € C: |z| > 1}, for some sufficiently large r > 0. In particular, all of the poles of f must be
within D. Since the zeros of h are isolated, there are only finitely many of them, thus the sum over
the poles is finite. Therefore, the residue theorem shows that

Jf(z)dz:ZNi Z Res,f(z),
v

Im(a)>0

where v is the closed curve which consists of two segments: first the segment along the real number
line from —r to r, then the segment consisting of the semi-circle of radius r around zero, traveling
upwards from r and around through ir, then coming back to —r. That is to say,

2m Res,f(z) :J

Im(a)>0 -r

f(x)dx + J f(z)dz,

Xy

where «, is this semi-circle in the upper half-plane. But
] . .
J f(z)dz :J f(re™ ) rmie™ dt.
oy 0

We are assuming that f has a zero at infinity of order at least 2. That means, for all € > 0 there
exists some & > 0 such that for all w # 0 in C with |w| < §, we have

—-fl— )| <e.
w w

Or put another way, |z - f(z)| < € for all z € C with |z| = r > 1/§. Therefore

1
J f(re™ ) rrie™tdt

1
<J m-edt=7m-¢€.
0

0

Since e can be taken to be arbitrarily small, giving a corresponding 6, we can choose our r to be
greater than 1/5, and thus the integral around the half-circle «, is small. The limit r — oo gives the
formula of the theorem. O

17Note that we must then have C \ G being a closed and bounded set, thus compact.
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So this gives a method of calculating an integral along the real number line without actually
having to do the integral at all! We only need to know the residues of the poles of the function in the
upper half-plane of C; no poles are allowed to be on the real number line; and the function should
tend to zero sufficiently quickly at infinity.

But the assumption that the zero at infinity is of order 2 or more might be too restrictive. Perhaps
the function we happen to be looking at only has a simple zero at infinity. For example consider the
function :

f(z) =

z—1i
The integral along the real number line does not converge, and so this shows that we cannot expect
the integral to exist if the zero at infinity is only of the first order. But perhaps the following theorem,
where f(x) is multiplied with the “rotating” function e'*, thus mixing things up nicely, might be
useful. However, in contrast to the case where the zero at infinity is of at least second order, here
we cannot expect that the integral over the absolute value of the function also converges.

Theorem 37. The same assumptions as in the previous theorem, except that the zero of f at infinity
is only of the first order. Then we have

J f(x)e*dx = 2mi Z Resqf(z)e'?.

-0 Im(a)>0

Proof. Again, we only have finitely many singularities in the upper half-plane. This time take a
closed path vy consisting of four straight segments. The first segment is the straight line from the
point —r to +r, along the real number line. The second segment goes from r to r + ir. The third
from r + ir to —r + ir, and the fourth from —r + ir back to the starting point at —r. Let’s call these
segments vi(r),...,v4(r). Following the ideas in the proof of the previous theorem, we see that it is
only necessary to show that

T—00

lim J f(z)e*dz = 0,
v (1)

for j = 2,3,4. Our assumption implies that for all e > 0 there exists an ro > 0 such that |f(z)| < € for
all z with |z| > ro. We will show that the absolute value of the integral along the path y,(ro) is less
than e. The calculation for the other paths is similar. We have

To To
< J [f(r +it)le tdt < J ee tdt=e(T—e ™) <e.
0 0

J f(z)e*?dz
Y2(r0)

18 Integrating Across a Pole

Todx
L5
Obviously this is nonsense, since the integrals from —1 to 0, and from 0 to 1 of the function 1/x
diverge. Specifically, for 0 < e < 1 we have
J1 dx =loge.
X

€

For example, consider the “integral”

By the same token, it is clear that

J'edx—lo €
-1 X_ g

Thus, if we agree to abandon the principles we have learned in the analysis lectures, and simply

say that
1 —€ 1
[ (] %) -
10X e—0\J_ 71 x e X
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then we have the Cauchy principle value of the integral, and we see that in this case it is simply zero.
One could make an important-looking definition here, but let us confine our attention to integrals
along closed intervals [a,b] C R of complex-valued functions, where there might be poles of the
function in the given interval. Assume for the moment there is a single pole at the point p € (a,b).
Then we will define the principle value of the integral (if it exists) to be

b —€ b
PJ f(x)dx & n{% (Jp f(x)dx + J f(x)dx) .
€ +e

a a P

Then the generalization to having a finite number of poles of f along the interval (but not at the
endpoints) is clear.

Theorem 38. Let R be a rational function, defined throughout C (together with it’s poles). Assume
that it has a zero at infinity, so that there can only be finitely many poles. Let p; < --- < p; be the
poles of R which happen to lie on R. Assume that each of these poles is simple; that is, of order 1. We
distinguish two cases:

e IfR has a simple zero at infinity (that is, of order 1), then we take f(z) = R(z)e'?.
e Otherwise, R has a pole of order at least 2 at infinity, and in this case we take f(z) = R(z).

Then we have

T n
lim PJ f(x)dx = 2mi Z Res.f(z) + mZ Resy,, f(z).
r =

T—00
Im(a)>0

Proof. In either case, we can have only finitely many poles of the function f; therefore only finitely
many poles along the real number line. Let ys be the path along the real number line from —oco to
oo, but altered slightly, following a semi-circle of radius § above each of the poles on the real line.
Furthermore, § is sufficiently small that no other pole of f is enclosed within any of the semi-circles.
Then, according to our previous theorems, we have

J f(x)Jdx =27 )  Resqf(z).
Ys

Im(a)>0

To simplify our thoughts, let us first consider the case that there is only one single pole p € R on the
real number line. And to simplify our thoughts even further, assume that p = 0. Then we have the
path ys coming from —co to —3, then it follows the path 5e**('~Y), for t going from 0 to 1, and then
finally it goes straight along the real number line from § to oo.

Let us now consider the Laurent series around 0. We can write

f(z) = C;1+chz“ = C%—i—g(z)

say. But then we can just define the new function g throughout C (leaving out the finite set of poles

of f) by the rule
C—1
=f(z) — —.
g(z) = flz) — =
Obviously g has no pole at 0, but otherwise it has the same set of poles as the original function f.
Since the function c_;/z is analytic at all these other poles, the residue of g is identical with that of

f around each of these poles. Therefore

J’°° Q(X)dX:J f(x)dx = 2mi Z Resf(z).
—0 Ys

Im(a)>0

On the other hand, since g is continuous at 0, we must have

5—0

J'°° g(x)dx = limJ g(x)dx.
- Ys
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Now, to get the principle value of the integral for f, we use the path y;s, but we must remove the
semi-circle part of it. That is, let .
wé(t) = 6617“»

for t from 0 to 1. Then

PJW f(x)dx = lim (LS f(x)dx + L}S f(z)dz) =2mi Z Res,f(z) + lim L;B f(z)dz.

5—0 5—0
> Im(a)>0

_ _ 1
limJ f(z)dz = limJ (C—1 + g(z)) dz = limJ C—ldz = 27l - Respf(z) - limJ —dz.
5—0 ws 5—0 ws z 5—0 ws z 5—0 ws z

This final integral is easy to calculate. We have

1 Vinseint
—dz = o — W
ws Z o oe

Therefore the theorem is true in this case.
For the more general case, we take

and then proceed as before. O

19 Integrating Out From a Pole

Maybe we are dissatisfied with this “Cauchy principle value” technique. After all, it is rather like
cheating! So let’s see what we can do with an integral like

Jw f(x)dx,

0

where 0 is a pole, and oo is a zero of f. For example, look at the function f(x) = 1/x. But here we see
big problems! Both of the integrals [ f(x)dx and f; f(x)dx are divergent.

Thinking about this, we see that the problems with the function 1/x stem from the fact that, first
of all, the zero at co is simple, and second of all, the pole at 0 is simple. This leads us to formulate
the following theorem.

Theorem 39. Again, let R be a rational function defined throughout C, but this time with a zero of
order at least 2 at co. Furthermore, R has no poles in the positive real numbers (x > 0), and at most a
simple pole at 0. Then we have

i 2mi
J XAR(X)dX = m Z ReSaZ?\R(Z),
0 a£0

Jorall0 <A< 1.

Proof. As before, the function z*R(z) has at most finitely many poles in C. Let y, ¢, where 0 < v < 1
and 0 < ¢ < m, be the following closed curve. It starts at the point re®' and follows a straight
line out to the point Te®!, where T = 1/r. Next it travels counter-clockwise around the circle of
radius T, centered at 0, till it reaches the point Te(?~®)i, Next it travels along a straight line to
the point re(27~%)i, Finally it travels back to the starting point, following the circle of radius r in a
clockwise direction. Lets call these segments of the path Ly, L,, L3 and Ls. By choosing r and ¢ to be
sufficiently small, we ensure that the path v, 4 encloses all poles of the function. In the exercises,
we have seen that the path integrals along the segments L, and L4 tend to zero for r — 0. Thus we
have

lim (J ZAR(Z)dz—i—J ZMQ(Z)dZ) = zmz Resqz R(z).
r,p—0 L L3 270
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But we can take the path L; to be te®?, for t € [r, T]. Thus we have

T T
J ZAR(Z)dZZJ' (te® ) R(te®?)ePidt = eW‘Nﬁ)J t*R(te®?)dt.
L] T

Similarly,

T T
J Z*R(z)dz = J (tePTPIHAR (o2 )Yy <—e(2”_¢)i) dt = —6(2“_¢’)(7‘+1)iJ' PR(te 2™ P dt.
L3 T

r

In the limit as ¢ — 0, we then have
T
Z*R(z)dz — (1— ezm)‘) J x R(x)dx.

T

L Z*R(z)dz + J

L3

Finally, taking the limit as r — 0 gives us the result. O

20 Symmetric Real Functions

For example, how do we calculate the integral

o s
sinx
J dx ?

0 X

On the one hand, there is no singularity at 0, but on the other hand, how are we to calculate the
integral other than by using the calculus of residues?!® Let us begin by noting that

J smde:J idx:l J e—dx—i—J € ax :l,Pj € ax.
e X e 2ix 20 \)_. x e X 2L | x

o0

But the residue of exp(ix)/x at 0 is simply 1. Therefore, theorem 38 shows that

dx = —.

> sinx e
o X 2

This example shows that if we have a meromorphic function f which is defined in C, such that
f(x) = f(—x) for all x € R, and such that the conditions of theorem 38 are satisfied, then it does make
sense to calculate the integral | go f(x)dx, using the Cauchy principle value technique.

21 The Logarithmic Derivative

Let f: G — C be a function. Thinking about the rules for derivatives, we can combine what we know
about the derivative of a logarithm and the chain rule to arrive at the interesting observation that

(logf(z))" =

This is an interesting equation, particularly so in the field of analytical number theory. But the
theorem we will look at here concerns path integrals. For simplicity, we will assume that G = C,
and that the function f is meromorphic, so that it is analytic everywhere in C, except possibly for
some set of isolated singularities. At each of these singularities, f has a pole of some order.

So let us say that f has a pole of order k at the point a € C. Then we can write

() = 22— (- ) Fgla),

18For example, partial integration only seems to make things more complicated here. Nevertheless, I see that the computer
algebra system MuPAD does give the correct answer with little fuss!
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where g is analytic at a, and g(a) # 0. Looking at the logarithmic derivative, we have

f'(z) _ —kz—a) *Tg(z) +(z—a)*g'(z) _ -k  ¢'(2)
flz) (z—a)*g(z) Cz—a g(z)’

Therefore, if r > 0 is sufficiently small that the disc around a with radius r avoids all other poles and
zeros of f, then we have )
1
J L P
|z—al=r

27 f(z)

A similar calculation, where a is now a zero of order k of f, shows that

1 J f'(z)

R lz—al=1 f(Z)

dz = k.

Combining this with the residue theorem, we have a method of counting the zeros and poles.
Namely:

Theorem 40. Let f be a meromorphic function, defined in a region G C C, and let Q be some cycle
which avoids all zeros and poles of f and which is such that all points of C \ G have index zero with
respect to Q). Let N be the number of zeros of f which have non-vanishing index with respect to Q,
counted according to their orders, and let P be the poles, again counted with their orders. Then

1 f'(z) .
TmJ;l f(z) dZ—N_Q—P_Q.

Another way to look at this is to remember that f is, after all, just a mapping of a region of C back
into C. Thus if vy is a closed path in the region G (again, with winding number zero with respect to
all points in the compliment of G in C), it follows that fovy, given by foy(t) = f(y(t)), is itself another
closed path in C. If we assume that y passes through no zero or pole of f, then the path f oy avoids
both 0 € C and also the special point co. Therefore we can think about the index of 0 with respect to
this path.

Theorem 41. v¢.,(0) = N, — P,, where the numbers N, and P, have been defined in the previous
theorem (theorem 40).

Proof. As we saw in theorem 25, we have

1 1
Vfoy(o) = RJ; EdZ
oy

However

1 1 - 1 b (foy)'(t) 1 bf’(Y(t))Y/(t) 1 #(2) - B
,[foyd _TmJ dt J oy dt L dz=N, —P,,

27 J e 250 L (Foy)0 & T 2/, fv() T2 ), flz)
where we use the result of the previous theorem. Here, we have just imagined that the path vy is
defined on some interval of the form [a, b]. Of course it is a trivial matter to see that we could replace
the single path y with a cycle Q. O

Theorem 42 (Roché). Let f,g : G — C be analytic functions, and let Q) be a cycle in G. Assume
A ={we C:vq(w) # 0} C G, and assume furthermore that |g(z)| < |f(z)| for all z which lie directly on
Q. Then both functions f and f + g have the same number of zeros in A.

Proof. Let z be a point of Q. Then since 0 < |g(z)| < |f(z)|, we certainly do not have f(z) = 0. But also,
for all T € [0, 1], we have
If(z) + tg(2)| > [f(z)| — Tlg(z)| > O.

Therefore the cycle (f + g) o Q is homotopic to the cycle f o Q in C\ {0}, and the result then follows
from theorem 41. O
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This theorem gives us a very quick proof of the Fundamental Theorem of Calculus. For let
P(z) =z"+an 12" "4+ aiz+ao

be some polynomial of degree n > 1in C. Let R = |ap_1|+ --- + |ag| + 1. Then on the circle given by
|zl = R, we have
0<l|an_1z"" +---+ajz+ agl < |z".

But then theorem 42 implies that P(z) must have n zeros (counted with their multiplicities) within
the circle of radius R.

22 Montel’'s Theorem

Thinking about Weierstrass’ convergence theorem (theorem 28), let us again consider sequences of
functions.

Definition 14. Let G C C be a region, and for eachn € N let f,, : G — C be analytic. This gives us a
sequence of functions on G. We will say the sequence is locally bounded if for all z € G, there exists
an (open) neighborhood z € U C G and an M > 0, such that |[f,,(w)| < M, forallw € U and alln € N.

Theorem 43. Letf, : G — C be a locally bounded sequence of analytic functions. Assume there exists
a dense subset T C G, such that (f,(z))nen is a convergent sequence in C for all z € T. Then there
exists an analytic function f : G — C such that f,, — f uniformly on every compact subset of G.

Proof. Begin by observing that we only need prove that for every z, € G, there exists an r > 0 such
that the sequence of functions f,, is uniformly convergent on B(zq,r) (the open disc of radius r
centered on zy). This follows, since given any compact subset K C G, it can be covered with finitely
many such discs.

So given some zy, € G, we would like to show that there exists an r > 0 such that for all ¢ > 0
there exists an Ny € N such that |f,(z) — fi(z)| < € for all n,m > Ny and |z — z¢| < r. Given this, then
for each such z we would have (f,(z))nen being a Cauchy sequence, converging to a point f(z) in C.
Thus the sequence would be uniformly convergent in B(zy, r) to the function f.

In order to find such an r and Ny, let us begin by using the property that the sequence of
functions is locally bounded. Thus there is some M > 0 and an r > 0 such that |f,,(z)| < M for all
z € D(z0,2r) ={z € G : |z—2zo| < 2r}. Since T is dense in G, and D(z, 1) is compact, we can find some
finite number of points of T in B(zy, ), call them a;,...,ax € T, with

k
e v 1
B(zo,7) ClzLJ]B(alag‘E'M

).

Let Ny be sufficiently large that

(@) — Fm (@) <§

for all myn > Ny and for all 1 =1,...,k. Choose any z € B(zo,1). Then there exists some 1l € {1,...,k}
with z € B(ay, er/6M). Therefore, for m,n > Ny we have

Ifn(z) — fm(2)] < [fn(z) — falad)]+ [fala) = fm(a)] + [fm (@) — fm(2)]

S S2 S3

By assumption, we know that S, < e€/3. Let’s look at Sy (clearly, S3 is similar). We have

1 (0 fulQ)
J|C—Zo—2r (C—Z ¢— al) dc‘

Ifn(z) — fu(al =

27
1 fn(C)

= —lz— T d
2ol L_Zo_zr 20—
1 M

< %|Z—al|r727f(21”)

M ¢
= z—aq— < =.
T 3
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Note that the inequality in the third line follows because the radius of the circle is 2r, and of course
r is greater than both |[¢ — z| and |C — a;|. Also the last inequality is due to the fact that we have
assumed that |z — a;| < er/6M. O

Theorem 44 (Montel). Assume f,, : G — C (with n € N) is a locally bounded sequence of analytic
Junctions. Then there exists a subsequence which is uniformly convergent on every compact subset of
G.

Proof. Take some arbitrary sequence {aj, ay,...} which is dense in G. Since the sequence of points
(fn(a1)nen is bounded, there exists a convergent subsequence, giving a subsequence (fi,,)nen of the
sequence of functions. Next look at the sequence of points (fi,(a1)nen. Again, there is a convergent
subsequence. And so forth. So for each m € N, we obtain a sequence of functions (fin)neny Which
is such that the sequence of points (fi.n(ai)nen converges, for all 1 < m. Therefore the sequence of
fuctions (. )ney satisfies the conditions of theorem 43. O

We can use this theorem to find a criterion for the convergence of a sequence of functions as
follows.

Theorem 45. Again, letf,, : G — C be a locally bounded sequence of analytic functions. Assume there

exists some zy € G such that the sequences (fﬁlk) (z0))nen (that is, the sequences of k-th derivatives)
converge, for all k. Then (f,)nen s uniformly convergent on all compact subsets of G.

Proof. According to theorem 43, if (f,,(z))nen is convergent for all z € G, then the sequence of func-
tions is uniformly convergent on all compact subsets of G, and we are finished. So let's assume
that there exists some a € G, such that the sequence of points (f,(a))nen is not convergent. But at
least it must be bounded, so there must be two different subsequences of the sequence of functions,
being convergent at a to two different values, say one subsequence converges to the value v, and
the other converges to w,, where w, # v,. However, using Montel’s theorem, we have subsequences
of these subsequences of functions, converging to two different analytic functions: f,g: G — C, with
f(a) =wgq # vq = g(a). Looking at the point zy, we have

lim £ (z0) = £ (z0) = g™ (20),

n—oo
that is, (f—g)*(z9) = 0 for all k. Therefore, the function f — g is zero in a neighborhood of zy, but this
implies that it is zero everywhere, including at the point a, which gives us a contradiction. O

23 Infinite Products

After thinking about Weierstrass’ theorem, where we are interested in infinite sums of analytic
functions, the question comes up, is it also possible to deal with infinite products? Well it certainly
is possible, and this is the subject of a number of classical theorems within complex analysis.

Before we get involved with infinite products of functions, we should first think about something
easier, namely infinite products of numbers alone. So let z1,z;,... be a sequence of numbers. These
give rise to a sequence of “partial products”

n
Pn = I I Zk.
k=1

But we should realize that there are some special things to think about here which make things
different from the simpler situation with partial sums.

e For example with sums, the convergence of the series is not affected if we change a single term.
But with products, if one of the terms zy is changed to 0, then obviously all of the subsequent
P, are zero, regardless of what the further terms look like. Therefore we see that it only makes
sense to consider products where all terms are non-zero.

e Another thing is that we could have lim,_,,, Pn = 0. While this may not seem to be particu-
larly objectionable at first, it is when one realizes that in this case, the limit again remains
unchanged if various terms in the product are changed.

33



Both of these considerations show that, in a way, the number 0 in a product creates the same
problems as does the number oo in a sum. So we will just agree to do away with the number zero
when thinking about infinite products. However, because some people still find it nice to think
about the number zero, the following definition will be used.

Definition 15. Let (z,)nen be a sequence of complex numbers which contains at most finitely many
zeros. If the sequence of partial products of the non-zero terms converges to a number which is not
zero, then we will say that the infinite product is convergent.

It is a rather trivial observation that, for a convergent product of the form [ [, . zn, we must have
lim,, . zn = 1. Furthermore, we can assume that at most one of the z, is a negative real number.
For it is obvious that if we have two negative numbers, then it is simpler to just take the correspond-
ing positive numbers. In fact, for this reason it is best to simply exclude negative real numbers from
our considerations here completely, and if, as a very special case, we find it convenient to multiply
things with the number —1, then that can be done at the end of our calculations.

This means that if we multiply numbers of the form z,, then we will assume that we can write
zn = tme'®r, with —mt < 0, < 7. Or put another way, we can write logz, =logr+ i0,. This is the
principal branch of the logarithm.

Theorem 46. Let zy = xi + iyx Jor all k € N such that if yx = 0 then xx > 0. (That is, all complex
numbers are allowed except for real numbers which are not positive.) Then we have that [, z is
convergent if and only if ;- , logz, is convergent (where, of course, we take the principal branch of
the logarithm).

Proof. First assume that the sum of the logarithms converge. For example, let

lim Z logzy = «.
k=1

n—oo
But then
exp(«) = li_r}n exp (Z logzk> = lgn sz,
k=1 k=1

so the product converges too. (Here we are simply using the fact that the exponential function is
continuous.)
Going in the other direction, assume that the product of the zi’s converges. For example, let

dim [ [z =p 20

Writing the partial products as
n
Pn = H Zky
k=1

we then have
. Pn
lim — =1.
n—oo 3
Of course this implies that the sequence of fractions P, /P,, converges to 1. Therefore let Ny € N be
sufficiently large that
P 1
—m 9 _
ol
for all m and n > Ny. In particular, for m >n > No, let Py, = H?:n—b—] zr. Then we have [P, m — 1] <
1/2. This means that Re(P,, ) > 0, that is, in particular, P, ;, = re'® say, with —n/2 < ¢ < +m/2. Of
course we always have z.,1 = Py4.1/Pm so that Re(z,+1) > 0 for all m > Ny as well. Thus, choosing
log(zy) to be in the principle branch of the logarithm for all k > Ny, we can write

log< ﬁ zk> = i log zy,

k=Npo k=Npo
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and we always remain in the principal branch of the logarithm. Since
- P
Jim [ 2= =xo-r-
k=N k=1 *#k
exists, and it’s logarithm has a unique value in the principal branch for all m, we must have
Z log z
k=N,
also being convergent. Finally we can add on the finitely many terms from 1 to Ny — 1. O

Of course, the logarithm always seems troublesome. Therefore the following theorem reduces
things to a level which can be more easily checked.

Theorem 47. Writing zx, = 1+ay, we have [ |1, (1+ay) is absolutely convergent (that is, the sum of the
absolute values of the logarithms, } ;- ; |log(1 + ax)| is convergent) if and only if Y -, lax| converges.

Proof. Begin by observing that since we have log’(z) = 1/z, it follows that

/ T 10g(1 + (1)
log'(1) = (!1151’(1) — e

=1.

Since log’ is a continuous function, there exists a 6 > 0, such that for all |a| < § we have

1 log(1 + a) 3
25« |77
That is, al al
a 3la
> <|log(1+a)| < 5
This shows that } ;- ; [log(1 + ay)| converges if and only if the sum ) ;. , |ax| converges. O

24 Infinite Products of Functions

For example, we have seen in exercise 6.3 that for z not a real integer, we have the series
S e
—n)2
= (z—n)
converging. In fact it is absolutely convergent. Therefore, according to theorem 47, we must have
1

1 -
I1(+ =)
nez

converging, and so defining a function, for all z ¢ Z. But is this function meromorphic? It is a small
exercise to see that the sequence of partial products is uniformly convergent on compact subsets of
C\ Z, and thus according to Weierstrass’ convergence theorem, the function is analytic in C \ Z. So
this example shows one way to proceed in this special case.

On the other hand, polynomials seem to give us a more natural basis for generating analytic
functions. Given a polynimial P(z), we can write it as

P(z) = alar —z)- - (an —2),

where a1, ..., a, are the zeros of the polynomial (perhaps some with multiplicity greater than one),
and a # 0 is some constant. If we generalize this to an infinite product, and if we hope that things
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will converge, then we expect the terms to converge to 1. So it is natural to write something like

this: -
z
(z):ocg (1—an>.

If the sequence of absolute values |a,| grows sufficiently rapidly, then we might expect to have
convergence. But even a simple sequence like a,, = n does not satisfy this property. Such consider-
ations led to Weierstrass’ product theorem.

Theorem 48 (Weierstrass). Let (an)nen be a sequence of complex numbers with a,, # 0 for all n, and
lim,, ., an = oco. Then there exist integers m,, > 0 such that the product

vl = [T (1= & ) edrain(&)™

converges to an entire function. The set of it’s zeros is the sequence of the a, (counted with their
multiplicities).

Proof. Begin by observing that for [w| < 1, we have

log(1 —w i %

k=1

Now we choose m,,, for each n, by specifying that m,, is sufficiently large that

mn _ x 1
1 _ Ml L
og(1 w)+]; ol <7

for all w with (w| < 1/2. Since lim,_,, a, = oo, we have that for any z € C, there exists an N, € N
such that |a,| > 2|z|, for all n > N,. Then we must have

o) mn] k
o= 3 (1og(1-2) <3 (&)
n:Nz k=1

being absolutely and uniformly convergent for all v with |v| < |z|. Furthermore, as we have seen
before, since |v/a,| < 1/2, we stay in the principle branch of the logarithm in this sum.

By Weierstrass’ convergence theorem, g, is analytic for |v| < |z|, and expog, is too. But what is
exp og,(v)? We have

[e.e]

v v v mn

expog.(v) =9+ = T] (1) et ()™
n=N_

This is never zero, since we always have |a,| > [v], for n > N,. But now we multiply the remaining
N, — 1 terms onto this function, obtaining the analytic function

N,—1 o)
W(U)Z<H (1_;)ean+ +m,‘(;ﬂ>"‘">.<n (1_§)ean+ +m,\(;ﬂ>m">
- n n=N, n

n=1
which, as we see, does not depend on the choice of z. O
In fact, we can be more specific than this.

Corollary. Let f: C — C be a non-constant entire function. Then there exists an entire function g such
that

n=1

for a,, the non-zero zeros of f and my the order of the zero of f at 0 (my = 0 if there is no zero at 0).
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Proof. Writing

we have that the function given by ¢(z) = f(z)/¥(z) is an entire function (with removable singular-
ities) with ¢(z) # 0, for all z € C. But then ¢’'(z)/d(z) is also an entire function, with antiderivative
g(z), say. Let’s look at the derivative of the function ¢(z)e 9(?). We get

—0@\ _ 4t amglz) N e=9(2) — /() e—0(2) $'(2) —g(2)
(¢(z)e 9) =@ (=)e 0~ pla)g (e o) = (e U — pla) e o <o,
So ¢(z)e 9% is a constant, which we can absorb into g in such a way that ¢(z)e 9% =1 O

A simple consequence of this theorem is that every meromorphic function defined throughout
C is a rational function. That is, let f be meromorphic, with poles aj, as,....!° Regardless of the
way the poles are numbered, since they are isolated we must have lim,, ., a, = co. Therefore take
the product ¥ - f, where V¥ is an entire function with the same set of zeros as f has poles (weighted
according to their orders). Thus ¥ - f is — apart from a set of isolated, removable singularities — an
entire function; call it g : C — C. Therefore we can write f = g/V.

Looking at the the formula in Weierstrass’ theorem, we see that it can become a bit of a mess,
particularly when the numbers m,, get larger and larger. Things are nicer if there exists a single
number m, such that Weierstrass’ theorem works with all m,, < m.

Definition 16. Given a countable set of non-zero complex numbers {a,}, if there exists an integer
m > 0 such that the product
IT( R I o A
an

n=1

converges, then this is called the canonical product associated with the sequence (an)nen. The small-
est such m is called the genus of the canonical product.

When does the canonical product exist? That is to say, for a fixed non-negative integer m, and
for each a,, we have a “remainder term” of the form

z =1/ z\"
n(z) = log <1 — aﬂ) +> . <an)
k=1
Looking at the proof of Weierstrass’ theorem, we see that the canonical product (with respect to this

m) will exist if
> ral2)
n=N

converges, for some sufficiently large N. For large enough n, we have |z| < |a,|, and so

Therefore

1
m+ 1

z

Irn(z)] < +

an an an

m+1
2 D G
<1—IZ/an|>'

m+1
z
. (] + | —
an

2 1
) m+1

So for a given z, and m fixed, we require that the series

Zm—H

m+1

190f course if there are only finitely many poles, then this is trivial. On the other hand, since the poles are isolated, there
can be at most countably many of them.
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converges. This will be true if the series

oo
Z |an|—(m+1]
n=1

converges.

25 Some Infinite Products

Genus zero: Given a sequence of non-zero points a, with ) 1/|a,| converging, we can simply say

that -
()
n=1 dn
gives us an example of a genus zero function with zeros just where we want them. Of course if

we also want a zero at 0, then we can multiply this product with the factor Cz! say, where 1 is
the order of this zero, and C is a non-zero constant which we can choose as we like.

The sine function: Being more concrete, let us look at the function sin7z. According to the defini-
tion of the sine function, we have
iz __ e*T[iZ
sinnz =
: 2i

But this can only be zero if e'™ = e~ '™*. Writing z = x + iy, this means that e Ye'™ = eYe "™,
In particular, y = 0 so that the zeros are just the familiar zeros which we know from real
analysis, namely the integers, Z. As we know, the series 5 1/n? converges, thus the complex
sine function must have genus one. Writing

z
sinmz = ze9(? H (1 - —) e*/™,
n#0 n

the problem is then to determine the function g. For this, we take the logarithmic derivatives
of both sides. We obtain

1 1 1
meotmz = — +g'(z) + Z ( —l—).
z Z\z—nomn

So now we must think about the cotangent function.

In the exercises we have seen that

sin? iz

s > 1
AN

Taking antiderivatives of both sides, we see that

2

(—meotnz) = — ﬂz
sin” nz
and ,
1 ( 1 1 ) i 1
4 3] -5
z S \z-noon = (z—mn)

(Note here that
1 1 z

R —
z—m n  n(z—n)

so that the sum is uniformly convergent in compact subsets of C which do not contain points
of Z, thus showing that the derivative of the sum is the sum of the derivatives.)
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Therefore

1 1 1
—mcotnz = — + E ( +) +C,
z z—m n
n#0

x(z)

where C is a constant. On the other hand, we have both cot(w) = —cot(—w) and x(w) = —x(—w).

That is, they are both anti-symmetric. But this can only be true if the constant C = 0. But this

implies that our function g satisfies the equation ¢’(z) = 0; that is, g is a constant. Since
sinmz

lim =,
z—0 z

we must have e9(?) = 7. Therefore, we end up with the representation

z
sinnz = mz I I (1 — —) e?/ ™,
n
n#0

26 The Gamma Function: I

In the analysis lecture, we defined the gamma function for real numbers x > 1 using the improper
integral
I'(x) :J et 1dt.
0
We can do the same thing here in the realms of complex analysis. Just substitute the complex
number z for the real number x in the formula. Using the same argument as in the real case, we
find that the integral converges if Re(z) > 1. But by doing this, we miss out on the fact that the
gamma function can be defined everywhere in C (with isolated poles). Of course it is again possible
to look at the functional equation for the gamma function, then bring in analytic continuation. But
this is a rather complicated manipulation! In reality, an infinite product representation is simpler.
Let’s begin by looking at the following function

Glz = I (1-2)ef =T] (1+2) ¢ %

n=— n=1

We will be using the second expression here, although the first expression shows that we can apply
theorem 48 and conclude that the product does converge to an entire function, whose zeros are
simply the set of negative real integers. Taking a look at the product representation of the sine
function which we obtained in the last section, we see that

__sinmz

zG(z)G(—z) = _—

The function zG(z) obviously has as it’s zeros the negative real integers, and also 0. But then, if
we take the function G(z — 1), we see that it also has the negative real integers and 0 as it’s set of
zeros. Since all of these zeros are simple zeros for both functions, we have

G(z—1)

zG(z)

being an entire function which is never zero. It is now an exercise to show that there must exist an
entire function y : C — C such that
ze¥FG(z) = G(z—1)

forall z € C.
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Let’s take the logarithmic derivative on both sides of the equation. We get

& & ] ]
s+ Y () - HZ(M—J

n=1

Note that here

so the sum is certainly absolutely convergent and thus the third equation is valid. But this means
that y/(z) =0, that is, y(z) is a constant, which we simply denote by y. In fact it is Euler’s constant.

To see this, consider the case z = 1. From the formula defining G, we certainly have G(0) = 1.
Therefore G(0) =1 =e¥G(1), or?°

n—oo

(o] ] n
e =6(1)=]] (1 + ) e ¥ = lim (1 + ) e % = lim (n+ e +ztst+3),
k=1

Therefore

So G is an entire function satisfying the functional equation G(z—1) = zeYG(z). In order to improve
the appearance of things, let us define H(z) = G(z)e*Y. Then we have the functional equation

H(z —1) = zH(z).

This is beginning to look like the functional equation for the gamma function, but unfortunately (or
fortunately?) it is going in the “wrong” direction. To fix this up, we take

1

r =
(2) zH(z)’
giving us Euler’s gamma function
MNz+1) =zl(z).
Thus
e FY &S F AN
re =<—TI (1 +E) ek,

n=1

20Note here that we have

= 1
11 (1 + E) =n+1.
k=1
This is easily proved using induction on n. The inductive step is to observe that

1 n 1
(n+1)<1+—) =n+l+——+——=Mn+1)+1.
n+1 n+1 n+1
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From the construction, we see that it has simple poles at the negative integers, and at 0, but it has
no zeros. Also, looking at the equation for the sine function, we can express this in terms of the

gamma function:
T

MNz)r(1—z) = g

In particular, we have

r(1/2) = v

27 The Gamma Function: II

But what is the relationship with the formula

T(x) :J et lat,
0
for x a real number greater than 1, which we used in the analysis lectures? Going from real to

complex numbers, let us write z = x 4+ iy. Then we have
x—1)log(t)

=] = ‘e((xq)ﬁg)log(t) =[],

_ ‘emnlogm . etylog(t)

Therefore — as we saw in Analysis I — the integral defining the gamma function will again converge
when x > 1; for x < 1 it diverges.
As an exercise, we see that for z = x + iy and x > 0, we have

n n Zoa|
J -5} rae = nn ,
o n z(z+1)---(z+mn)
n
lim (l—t) =et
n—oo n

n t\" n#n!
Nz) = li T——) & 'dt=1li )
(2) ngroloJO ( n) ngrc}oz(z+])...(z+n)

for all n € N. Since

we therefore?! get

This is another standard formula for the gamma function, and in fact it is valid as long as Re(z) > 0.
But we still haven’t shown that it is the same gamma function as that which was defined in the
previous section.

For each n € N, let
z(z+1)---(z+mn)
Qn(Z) = Iz .
n'n

This is obviously an entire function. On the other hand, at least for Re(z) > 0, we have

So the question is, what is this limit? Begin by making things look somewhat more complicated:

gn(z) = zer(1+ 14+ 1 —log(n)) ﬁ ((1 n %) e*f> .

=1

~

21For 0 < t < n we have

This can be seen by taking the logarithm. We have

log (1 _%)n :—i ]E (%)k <—t=1log(e").
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Therefore

n—oo

lim gy (z) =ze*Y g (1 + %) e % =2e*YG(z) = zH(z),

and we see the connection with the definition in the previous section.
As a final remark before proceeding with Stirling’s formula, I should mention that Legendre
introduced the beta function, which is

MNuw)r(v)

Blu,v) = m

This seems to be used these days in computer algebra programs. Also, when on that subject, one

finds many interesting and obscure formulas related to the gamma function. (You can also look in

books containing tables of mathematical formulas.) One such formula which caught my eye is the
following. Let n € N. Then

ny  (n-2)lym

"(3) =T

Here n!! is the double factorial. That is
nn—2)---5-3-1, n>0and odd,

nl=<{nmn-2)---6-4-2, n>0and even,
1, n=0,-1.

28 Stirling’s Formula

The functional equation for the gamma function, I'(z 4+ 1) = zI'(z), together with the observation that
I'(1) =1, shows that for all n € N, we have I'(n + 1) = n!. In the analysis lecture, I gave a very simple
approximation to the gamma function. Namely, for large integers n, we have n! ~ n"e~™. But this
is really a very inexact approximation, which we were able to derive with hardly any thought at all.
In this section, we will be looking at the “genuine” Stirling formula. It is

M(z) ~z7""2e 2V 2m.

More specifically, we prove that

logl'(z) = (z ;) logz—z+ %loan—J Pa(t) dt,

o 2 +t

where Pq(t) =t —[t] — 1/2, and [t] is the largest integer which is less than or equal to t. Of course
we take the principle value of the logarithm here. The fact that, as long as z is not a negative real
number, the integral on the right-hand side of the equation goes to zero as |z| — oo, shows that

m 2 VIT

|zl— 00 I'(z) N
(at least if we stay away from the negative real numbers). In fact we will show that for a given fixed
 between 0 and 7r, we have that P;(z) falls uniformly to 0, for z = re*® and 0] < 7w — 5.

Lemma 1 (Euler's Summation formula). Let f: R — R be continuously differentiable (in the sense of

real analysis). Then
n

éf(k) = L f(t)dt + %(f(n) +f(0)) + L Py (t)f'(t)dt.

Proof. For k an integer, using partial integration and the observation that P{(t) =1 when t ¢ Z, we
have

k _ _ k
J Pi()f/(t)dt = Pk + Pr(k = Df(k—1) —J £(t)dt.
k—1 2 k—1
Taking the sum from k =1 to n then gives the result. O
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Similarly we have

Lemma 2. Assume z is not a negative real number or zero. Let P,(t) = t.(t. —1)/2, where t, =t — [t]
fort € R. Then we have
© Pqi(t Pyt
@(z):J 1()dt:J 2()2dt
o z+t 0 (z+1)

The function ® which is so defined is analytic in C (minus the negative reals and 0).

Proof. Using partial integration??, we have

P, (Y Palb)
Jk—] Z+tdt_J 1 (ZJFt)Zdt’

for each k € N.Let us take z = x + iy, with y # 0. Then we have

OO'P o0
J 1(t)dt‘ < J dt
0 z+t 0 Z+t
< dt
B JO Z+t2
- JO t+X
B J dt +J°° dt
oo x|y (t4x)2
K
*  dt 1 [ dt 1> dt 7T
+Jo yr+t? +92J - Jo (R

2

0 1 t Yy
+(8)

where K is a finite number. (When z is a positive real number, the integral obviously also converges.)

Thus we can use Weierstrass’ convergence theorem — on the integrals between successive integers

— to conclude that @ is an analytic function. O
Lemma 3. We have > p,

lim J M) 4¢ — o,

y—oo [, uJ +1t
Proof. This follows from the previous lemma, since then K =0 and 7t/2y — 0, when y — oc. O

So now that we have looked at these lemmas, let us begin proving Stirling’s formula. It involves
the standard, rather awkward problem of the logarithms. So to avoid this, let us first take the case
that z is just a positive real number. That is, we take z = x+1-0, and we set about examining log I'(x).
Obviously I'(x) > 0, so we can use the simple, real logarithm function. The antiderivative of log(x) is

22Here we are using the quotient rule to obtain the following derivative:

(t(t—l))’_ 2t—1  2t(t—1)
2z+1)/)  2z+4+t) 4z+1)?2
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xlog(x) — x. Therefore, using lemma 1, we see that for n € N we have

tog X E D INFM - §7 g k) — 3 Tog(k+ 1) + log(n + 1) — xlog(n)
k=0 k=0

ninx

n

log(t+ 1)dt + 1E(log(x +n) +log(x) —log(n+ 1))

" Py(t) " Pi(t)
Jrlog(n+1)—xlog(n)JrJ0 x—&—tdtiJ'o —

= (x+n)log(x+n)—(x+n)—xlog(x) +x—(n+1)logm+1)+(n+1)—1

Jn log(x + t)dt — J

0 0

dt

+log(n+1) —xlog(n) + %(log(x +n) +log(x) —log(n+ 1))

TLP n
[P [Pl
o X+t o t+1

At this stage, we note that
X X
xlog(x +n) = xlogn (1+ E) —xlogn + xlog (1+ H) .

Furthermore, for n > x we have

X x 1 /x\2
tog (14 3) =0 =3 (1) +-
Therefore, we get relations such as

tim nlog (1+ %) —x.

n—oo

After an unpleasant calculation (which I will not reproduce here in TiX), using the expression for
I'(x) which was found in the previous section, we end up with the equation

J“ Pi(t)

dt.
0 t+1

logT(x) = (x— ;) logx —x—O(x)+ 1+

Lemma 2 shows that the last expression,

1+J P‘(t)dt,
o T11

is simply some constant real number, let’s call it C. But then we see that the left-hand side of
the equation, namely logl'(x) is just the restriction to the positive real numbers of an analytic
function which is defined in the region consisting of C with the negative real numbers and 0 removed.
Similarly the right-hand side, namely x logx — (logx)/2 —x — ®(x) + C is the restriction to the positive
real numbers of another analytic function which is defined in the same region. Since both of these
functions coincide on the positive real numbers, they must be same analytic function.

So the only remaining problem is to find out what the value of C is. Writing

N1 —z)=—zl(-z),

we have -
Fz)l(—z) =— =M1 = 2) =— ‘7{ .
z zsinmz
Choosing in particular z = 0 + i -y, we observe?? that [I'(iy)| = [T(—iy)|. Therefore
. 271
Miy)l =

y(em —e )

23For example, we can use the expression
zn|
Mz = lim ——~ ™
n—oooz(z+1)---(z+mn)
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Since C € R we must have
1
C=Re <log INiy) — (iy - 2) log(iy) + iy + CD(iy)) .
This is true for all y > 0, no matter how large. But according to lemma 3, we have lim,_,,, ®(iy) = 0.
For the rest, we should remember that for a complex number of the form re'®, we have
Re (log(re'®)) = Re(logr +10) = log.
Therefore

— i ) + 2 ™Y _ _ myew 1
C= ylglgo (log(ll“(ly)l) + zlog(y) + > ) fylglgolog Jlem —e ) 2log(27r).

29 The Order of an Entire Function

Theorem 49. Let f: C — C be an entire function. Assume that there exist real constants C > 0, A > 0,
such that Re(f(z)) < C(1+ |z]}), for all z € C. Then f is a polynomial, at most of degree [\].

Proof. To begin with, we know that, for k, 1 € Z, we have

27
J cos(k0)sin(10) =0
0

and

2m 0, k#1

m, k=L

If f(0) # 0, then we can just substitute the function f — f(0) for f. Thus we can assume without
loss of generality that f(0) = 0. Developing f in a power series around 0, we write

rﬂ cos(k0) cos(10) = J-

sin(k0) sin(10) = {
0 0

f(z) = i (an +1ibn)z"

n=1

where a,, and b,, are real numbers. Therefore

Re(f(z)) = ) 1™(an cos(nd) — by sin(nd)),

n=1
where z = rel®. So for each k € N we have

27
J cos(k8)Re(f(z))d0 = ayr¥m.
0

Similarly
27
J sin(k0)Re(f(z))d0 = byr*m.
0
But also (recalling theorem 7)

Therefore we get

r*ZT[
ad < [ Re(t(z))1a0
™ Jo
27
= [ ORetsz)) + Retriz))) a0
r 0
2 r‘27‘[
= % max(Re(f(z)),0)d6
JO
4C(1+1M)
< =



Therefore, taking r — oo, we see that if k > A then ay = 0. An analogous argument shows also that
b = 0. O

Definition 17. An entire function f is said to have finite order if there exists some real number p > 0,
and a constant C > 0, such that
[f(z)] < Ce!”,

Jor all z € C. The infimum over all such p is the order of f. That is to say, « is the order of f if
If(z)] < Cel#™" foralle > 0 and z € C. If|f(z)| < Cel*I" for all z € C then « is the strict order of f.

Theorem 50. Let f be an entire function of finite order with no zeros. Then f = e9, where g is a
polynomial whose degree is the order of f.

Proof. According to exercise 12.1, given f, then there exists an entire function g with f = e9. But
then we must have

If(z)l = ’eg("‘)

_ ‘eRe(Q(Z))+iIm(9(Z))‘ _ ‘eRe(gm)

eum(g(zn‘ _ ‘eRe(g(ZJ) )

So Re(g(z)) < |z|* if « is the order of f, and therefore the result follows from theorem 49. O

Going beyond this, we would like to think about entire functions of finite order, but with zeros.
This leads us to Hadamard’s theorem. But before we arrive there, let us think about Jensen’s
formula.

30 Jensen’s Formula

But before doing that, we look at the easier Jensen’s inequality.

Theorem 51 (Jensen’s Inequality). Let R > 0 be given and let the (non-constant) analytic function f
be defined in a region containing the closed disc Dg = {z € C : |z] < R}. Assume f(0) # 0 and also
f(z) # 0 for all z with |z| = R. Let the zeros of f in Dy be z1,...,z,. (Here a zero is listed m times if it is
a zero of order m.) We assume the zeros are ordered according to their increasing absolute value. Let
Ifllx = max{|f(z)| : |z| = R}. Then we have

o) < IRy

More generally, thinking about various values of R, let v¢(R) = n be the number of zeros of f in Dg,
where R, thus n, is allowed to vary. Then we have Jensen’ inequality:

R
ve(t)
(0)I.
Jo t
Proof. Consider the function
RZ — ZZk
9(z) =f2) | | 57—~
o5 Rlz—z)
It is obviously analytic in Dg. Furthermore, we have |g(z)| = |f(z)| when |z| = R. This implies?* that
lg(w)| < |/f||r for all w € Dgr. Therefore
R
711 o | < [fllr.
k=1 K
Taking logarithms of these real numbers, we have
R™ dt v (t)
lo (logR —log|zk|) = J —:J 0)].
S e g gR — log|z|) ; Il R (0)

O

241f we had a point w. in the interior of Dg with |g(w.)| > ||f||r, then we can assume that it is maximal with respect to this
property. However, that would contradict theorem 19.
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Theorem 52 (Jensen’s Formula). The same assumptions as in the previous theorem. Then we have

n

27T
lj log |f(Re*°|d0 = log|f(0)| + ) log R

2m Jo — |zl

Proof. In this proof, we will first look at two very simple cases:

1. We first prove Jensen’s formula in the simple case that there are no zeros of f in Dg. Then
again, as in exercise 12.1, we have an analytic function g, defined in a neighborhood of D,
with f = e9. Or put another way, g =logf. (To be definite, we could specify that log f(0) should
be in the principle branch of the logarithm.) Then Cauchy’s formula is simply

1 logf(z) . 1 (7 "
logf(O) = Tm J'ZR 2z dz = % JO log f(Re )d@.

Taking the real part, we get
27

_ 1 2 i0 _ 1 i0
|logf(0)|—ﬂL Re(log f(Re ))de_ﬂL log |f(Re'®))|do,

which establishes the theorem in this first case.

2. The second case is even simpler. Namely, let ¢ be a complex number with || < R. That is, C is
some point in the interior of Dr. This second case is that the function f is simply f(z) =z — C.
We then define a new function, namely

Thus
1J2nlo ]Q(Rei9)|d6—1rnlo 1) a6 = —10gr
), 8 ), B \R) TR

On the other hand, remembering that f(z) = z — ¢, we have?®

-I 27t i6 B ] p27T i0 -I 27t 5 _
ﬂjo log |Q(Re'®)[d6 = ), log |f(Re )|defﬂL log [R* —z{| d®
B ] r27T i0 5
] log |f(Re*)| d6 —logR
-] r27T

= —— | logl|f(Re'®)|do —2logR.
0

But this means?® that we have

1 (% . R|(| ( R) R
— | log|f(Re*®)|d0 =1logR =log — =1 f(0)] - — | =1log|f(0)| + log —.
an og [f(Re'?)| d0 = logR = log 7o+ = log (IF(0)] 177 ) =Tlog|(0)] + log

So the theorem is established in the case f(z) =z — (.
The more general case is that there are the zeros z;,...,z, in Dg. In this case, we have
f(z) =(z—2z1) - (z—za)F(2),

where F has no zeros in Dg. Taking the logarithm of the product gives a sum, thus establishing the
theorem in the general case as well. O

25Note that for the second equation here, we are using the result of case 1. of our proof. Obviously the function (of z) given
by R? — z{ has no zeros in Bg.
26Remember that |f(0)| = [0 — | = |{].
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31 Functions of Finite Order With Zeros

Theorem 53. Let f be an entire function of strict order «. Then there exists a C > 0 such that, for all
R>0and Dgr ={z € C:|z| < 1}, we have
v¢(R) < CRY,

where v¢(R) is the number of zeros of f in Dg.

Proof. Assume first that f(0) # 0. According to Jensen’s inequality (leaving out the part where we
integrate from 0, and remembering that |f(z)| < Kel#®, for some K > 0), we have, for R > 1

2R ve(t) «
J " dt < log||f||2r < logKe!?®R)" = 2*R*JogK.
R

However, . .
ve(R) log2 :vf(R)J dt _ J vilt) g
Rt et
Finally, if we do have f(0) = 0, then take g(z) = f(z)/z™, where m is the order of the zero at 0. Then
the theorem will apply to g, and since m is then fixed, to f as well. O

Theorem 54. Again, f is an entire function of strict order « with zeros {z, }, listed (with multiplicity) in
order of increasing absolute value. We assume that f(0) # 0. Then for every & > 0 we have the series

—ab
D lzal™®

converging.

Proof. Using partial summation?” and the previous theorem, where we assume that R € N, we have

R
f(k+ 1) —ve(k)
S s 3
lzn|<R k=1
viR+1)  ve(1) &
_ (Rf+1)a+6 - ]LJFB _va(k) ((k+~|)oc+5_kcx+5)
k=T
R k+1
ve(R+1) 1 ve(k)
(R4 1)t —vl+ 2 oc—&-éj pars et Ot
k=1
R
Vf(R+ 1) 1 Vf(k)
= (R+ 1)o+8 —ve(l) + -+ Koot o+
k=1
R
C 1
-5
S CR _Vf(])+OC+6 k'|+5’
k=1
and this last sum is convergent. O

This, combined with the discussion concerning the genus of a canonical product of discrete
elements of C (see section 24), leads to:

Corollary (Hadamard). Let f be an entire function of finite order o with zeros {z, }nen. Then

o0
z 2 z Mo
f(z) = zme9(2) 1 Z ezt + (K)
(2) [1(- !

n=1

where m is the order of the zero at 0, g is a polynomial of degree at most «, and m, > « — 1.

27That is, given two sequences, am,...,an1 and bm,...,b, 1, we have

n

n
D albryr —bi) = [ani1bpit — ambml — Y b (arst — ax).

k=m k=m
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