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1 Chapter 1

1.1 Topology of C

Open balls (disks) B(zg, ) in the complex plane are specified by a centre zy € C and a radius
r >0,
B(zg,r) ={2€C: |z — 2| <r},

where

2] = V/[Re 2]2 + [Im 2]2
is the modulus of z. We denote by B the collection of all open balls,
B = {B(z,r): z€C,r>0}.
It is easy to see that the following two properties hold:
(T1) For all z € C there exists a B € B such that z € B.

(T2) If z € ByN By for some By, By € B, then there exists a By € B such that By C (BN By)
and z € Bs.

A collection of sets B satisfying (T1) and (T2) is called a basis for a topology. The topology
T generated by B is the collection of sets defined as follows:

UeT <= forall zeU there exists a B, € B such that x € B, C U.

A set U is called open if and only if U € 7. Let U be an open set and, for all x € U, let B,
be as above. Then U = U,¢py B,. Conversely, suppose U = U,er B, with B, € B for all « in
the index set I. Then for all x € U there exists an o, € I such that z € B,, C U. Thus, U
is open if and only if U is a union of basis elements. Note that in proving this fact we did not
use any properties of complex numbers — it is true in all topological spaces. The topology
of C generated by all open balls is simply called the topology (or Euclidean topology) of C.

An open ball around z (with centre z) is called a neighbourhood of z. A sequence of
complex numbers z, is said to converge to z, written z,, — z or lim,_., 2, = z if, given any
neighbourhood U of z, there is an N = N(U) < oo, such that z, € U whenever n > N.
Equivalently, z, — z if and only if for all € > 0 there exists N = N(¢) such that if n > N,
then |z, — z| <e.
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Example 1. If z, = 2, + iy, — 2 = v + iy, then Z, — Z. Indeed, since z,, — = and y,, — v,
we have Z,, = x,, — iy, — & — iy = Z. (This means that the map z, — Z is continuous).

A subset U C C is called connected if and only if each pair of points z; and 25 in U can be
joined by a polygonal line (a path of straight line segments) lying in U. An open connected
set is called a domain.

1.2 Complex Derivative and Analyticity

Let f: C — C be a complex function. We say that f is continuous at zo if f(zg) is defined,
and lim, ., f(z) = f(20). In other words, f is continuous at zj if f(z) is defined, and if for
all € > 0 there exists § > 0 such that if |z — zo| < 0, then |f(z) — f(z0)] < €.

Example 2. f(z) = z+1iis continuous at zp = i. Indeed, |f(z)— f(z0)| = |z +1—2i] = |z —1i],
so we can take § = e.

Example 3. Arg(z), the principal value of the argument, taking values in (—m, 7|, is not
continuous at any point on the negative real axis (—oo, 0]. It is continuous everywhere else.

The derivative of a function f : C — C at a point z is defined by the following limit, if it

exists
. flz+Az) = f(=0)

Az—0 Az '
Note that Az — 0 means that the complex number Az approaches the origin, but it is
not specified on which path. It is understood in the definition of the derivative that the
limit exists for Az approaching zero in any possible way, and that the value of the limit
is independent of how the origin is approached. Two particular ways of realizing Az =
Az +iAy — 0 are: Az =0, Ay — 0 and Ay — 0, Az = 0. They lead to the Cauchy-
Riemann equations (see the next section). If the derivative of f at 2y exists, then we say f
1s differentiable at the point zy.

We say that f is analytic at the point zy if there is a neighbourhood U of z s.t. f/(z)
exists for all z € U. “Analytic” is sometimes called “holomorphic”; the distinction between
these two words will become important when considering multi-valued functions later on
(holomorphic is then used for single-valued functions only). If a function is analytic at every
point in a domain then we say it is analytic in that domain. A function that is analytic
throughout C is called an entire function. It is important to note that analyticity has an
equivalent characterization in terms of power series expansions (details will be given later,
see Theorems 19, 20). If a function is not analytic at a point zy, but is analytic at some
point in every neighbourhood of zy, then z; is called a singular point, or a singularity of f.

Examples 4. 1. Every polynomial is entire.
2. f(z) = 1/z is analytic at all points except the origin, which is a singularity of f.
3. The function f(z) = Z is not analytic at any point and f has no singular points.

The usual rules for derivatives of sums, products and quotients yield the result: Sums, prod-
ucts, compositions of analytic functions are analytic. The quotient of two analytic functions
15 analytic except at points where the denominator vanishes.
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1.3 Cauchy-Riemann Equations

Suppose that f is differentiable at zy. We write f(z) = u(x,y)+iv(x,y), where u,v : R? — R
are the real and imaginary parts of the function f, viewed as functions of R x R = C. The
difference quotient takes the form

f(z0 + Az) — f(20)
Az
u(zo + Az, yo + Ay) — u(xo,y0) | .v(w0 + Az, yo + Ay) — v(x0, Yo)
+1 ,
Az Az

where zy = 2o + iygp and Az = Az + iAy. We know that the left hand side has the limit
f'(20) as Az — 0, that is, as Az — 0 and Ay — 0. Choosing Az = Az (i.e., Ay = 0), we
get

’ Y u(zo + Az, yo) — ulzo,y0) . v(x0 + Ax,10) — v(0,Y0)
f (ZO> - Alalclllo Az t1 Azx

Therefore, the limits of the real part and the imaginary part of the right hand side must
exist individually, and we obtain

f'(z0) = 0wu(zo,yo) + 10,0(x0, Yo)-

Similarly, we can take Az = iAy (that is, Az = 0), and we obtain

f'(z0) = —i0,u(zo, o) + dyv(xo,Yo)-

Consequently, since f’(z9) does not depend on how Az approaches zero, it follows that the
above two expressions for f’(zg) must be equal. Hence (equating individually the real and
imaginary parts) we see that u and v satisfy

Gxu(xo,yo) = 0yv(x0,yo)
0yu(ac0,yo) = _amv(x(]ay())‘

The latter two equations are called the Cauchy-Riemann Equations. They are necessarily
satisfied if f is differentiable at zy = xg + iyg. We have just shown the following result.

Theorem 1. Suppose that f(z) = u(z,y) + iv(x,y) is differentiable at zy = xo + iyo. Then
the partial derivatives of u,v at (xg,yo) exist and satisfy the Cauchy-Riemann equations

3zu(9507y0) = 8yv(x0,y0) and 3yU(I0,yo) = _amv(x()vyO)'

Example 5. For f(z) = Z we have u(z,y) = z, v(z,y) = —y. Since d,u = 1 and dyv = —1,
the Cauchy-Riemann equations are not satisfied at any point z = x +iy. It follows that f is
nowhere differentiable (and in particular, nowhere analytic).

A sufficient condition for differentiability is obtained by imposing continuity of the partial
derivatives of u and v, as shows the following result.
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Theorem 2. Suppose that f(z) = u(z,y) + iv(z,y) is defined in a neighbourhood of zy =
xo + iyo, and that Oyu, Oyu, Oyv, Oyv ewist in this neighbourhood and are continuous at
(20,%0)- If u and v satisfy the Cauchy-Riemann equations at (xo,yo), then f'(zy) exists.

Proof. Let us write Az = o + i with «a, € R. Then

flz0+Az) = f(20) = ulxo+ a,yo + ) — u(xo, o) + i[v(zo + v, yo + B) — v(xo, Yo)]-

We use the mean value theorem (for real functions of a single variable) to arrive at

u(zo + o, yo + ) — u(xo, Yo)
= u(xo + o, y0 + B) — w(xo, Yo + B) + u(wo, Yo + B) — u(xo, yo)
= Oéaaﬂ,L(l’O +0a7y0 +6) +ﬁayu<x07y0 +¢6)7

for some 0 < 6,1 < 1. Next, since 0,u and Jyu are continuous at (o, o), we can write

Opu(xo + O, yo + ) = Opu(xo, yo) + €1
Oyu(zo, yo +13) = Oyu(wo, o) + €2,

where €1, € — 0 as a, f — 0. One can proceed in the same way with v(zg + a, yo + ) —
v(xo,Yo). It follows that

flzo+ Az) — f(z0) = adyu(xo,yo) + LOyu(xo, Yo) + cer + Fey
+i[ad,v(x0, yo) + BOyU (20, Yo) + oy + O],

where 1y, 7o — 0 as «,  — 0. Since the Cauchy-Riemann equations are satisfied, we obtain
f(20+ Az) — f(20)
= (a+iB)0yu(zo, yo) + (8 — i) Oyu(zo, yo) + aer +1im) + Blez + ing).
Dividing both sides by Az = a + i we get

f(z0 + Az) — f(20)
Az

04(61 + 17]1) + 5(62 + 1’/]2>
Az

= @:U(l’o, yO) - iayu(mm yO) +
Finally, we need to estimate the last quotient. To do so, we observe that

afe +im) + Blex +in) < max{|al, | 3]}
N T a2+ 3

< ex| 4 e + |mi + |na2l,

Uel‘ + |ea| + || + ’772H

so this quotient tends to zero as a,  — 0. This completes the proof of the Theorem. O

1.4 Elementary Functions

We introduce in this section a few elementary complex functions and discuss some of their
properties.
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1.4.1 Exponential Function

For y € R we define e as
e¥ =cosy +isiny.

This is the Fuler formula. The exponential function is defined for z = x + iy € C by

so that by Euler’s formula, e* = e®[cosy + isiny]. In particular, for y = 0, e* reduces to the
familiar real function €. The following properties are easily derived from the definition and
from the properties of the real exponential function:

1. es1t?2 = e¢®e® for all 21,29 € C

2.¢*#0and e *=1/¢* forall z € C

3. e is entire and L(e*) = e forall z € C

4. e#T™M = ¢* for all z € C (periodic function with period 27i)

The first point can be shown using the properties of the real exponential function and
trigonometric identities. The second point follows from the first one. To prove 3. one can
first show that e* is everywhere differentiable, using Theorem 2, and then one can choose a
specific easy path (say Az = Az € R) to calculate the derivative. Finally, the periodicity
follows directly from the definition and the periodicity of the trigonometric functions.

1.4.2 Logarithms

The logarithmic function is naturally introduced as the “inverse” of the exponential function.
Let z # 0 be given and let us try to solve the equation e = z for w. We have seen above that
e" # 0, so the equation we propose to solve has no solution for z = 0. Since the exponential
function is periodic of period 27i, there will be multiple solutions and hence log is naturally
a multi-valued function.

We set w = u + iv and z = re?, with u,v € R, » > 0 and —7 < 0 < 7 (i.e., 0 is the
principal argument of z, Arg(z)). The equation e” = z is equivalent to e“e” = rel, from
which it follows that
e =7, and e¥ =¢.

Hence u = In(r) and v = 6 + 27n for some n € Z. It follows that the complex numbers
w = In(r) +i(0 + 27n), n € Z, are exactly the solutions of the equation e* = z. The
non-uniqueness of the solution is due to the periodicity of the exponential function.

We would like to keep the simple identity ®) = z also in the complex case (in which In
is generally written as log to distinguish the natural logarithm in the real and the complex
case). We define the logarithm to be the multiple-valued function

log(z) = In(|2]) + i(Arg(z) + 27n), n € Z.
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Each value n € Z defines a branch of the multiple-valued function. For fixed n, we get a
single-valued function. By construction, we have the desired relation

elog z

= z.
This identity is to be understood as a property of the multiple-valued function log, i.e., it
holds for all branches. The principal value (or principal branch) of log(z) is obtained by
setting n = 0 and denoted by Log,

Log(z) = In|z| + iArg(z).
In the real case, we have In(e”) = x. Does this generalize to the complex case? We have
log(e”) = log(e"e) = In (|e"e¥|) + i(Arg(e”e¥) + 2mn) = z + 27win, n € Z.

Here we have used that Arg(e®e?) = Arg(e) = y + 27ik for some k € Z (chosen so that
y + 27wk € (—m, m]). Hence the relation In(e”) = = does not generalize to the complex case:
log(e*) is a multiple-valued function taking values z + 27in, n € Z.

Example 6. Log(—1 —i) = In(v/2) +iArg(—1 — i) = 1In(2) — 3.

The logarithm has been constructed as the solution z = log w of the equation e* = w, for
w # 0. On the other hand, in real analysis, we are accustomed to simply applying the In to
solve €Y = z, obtaining the unique solution y = Inx. The next example shows how to apply
the same strategy in the complex case.

Example 7. Consider the equation e* = —1. Fix a branch of the logarithm, say ng, and, in
an attempt to solve the equation for z, apply the logarithm to both sides of the equation:
loge® = log(—1) = im + 2wing. Set z = x + iy, then loge* = In|e®| + iArg(e¥) + 27iny.
There exists exactly one k(y) € Z s.t. Arg(e¥) = y + 2mwk(y) (this k(y) is taken exactly such
that y + 27k(y) € (—m,m|). Therefore we obtain loge* = z 4+ 27i[k(y) + ng] = ir + 2wing.
Equating the real and imaginary parts gives x = 0 and y = [l — 2k(y)]. The latter is an
implicit equation for y. A solution in the interval (—m, 7] exists if and only if y = 7 has a
solution in this interval (because on this interval, k(y) = 0). So y = 7 is the only solution in
(—m,m]. A solution in (7, 37| exists if and only if y = 37 has a solution in this interval (since

there k(y) = —1). Hence y = 37 is the only solution in this interval. Proceeding in this way
we see that the solutions to the implicit equation are exactly y € {(2n+1)m : n € Z}. This
shows that ¢* = —1 < 2z € {i(2n+ 1)m : n € Z}. Of course, this set of solutions coincides

with the multiple values of the logarithm of —1.

Consider a fixed branch of the logarithm (n fixed) and simply denote the corresponding
single-valued function by log. Where is log analytic? It is clear that log(z) is not continuous
on the negative real axis (—oo, 0] because Arg(z) is not continuous there. Consequently, log
cannot be analytic at any point on (—oo, 0]. We now show that log is analytic on C\ (—o0, 0],
by applying Theorem 2.

In order to verify the Cauchy-Riemann equations for the logarithm (and for other func-
tions exhibiting certain symmetries), it is useful to pass to polar coordinates (r,0) € Ry X
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(—m, 7], defined by r = |z|, 8 = Arg(z). The relation between the polar and euclidean
coordinates are
x =rcosb, y =rsind.

In polar coordinates, we have
log(z) = In(r) +i(6 + 27n), n € Z,

a simple function of the variables r, 6 (expressed in euclidean coordinates, the form is more
complicated). We now write the Cauchy-Riemann equations in polar coordinates. Let f(z,y)
be a function and set g(r,0) = f(r cos @, rsinf). We take the partial derivatives w.r.t. r and
f and obtain

0,g(r,0) = cos6 0, f(rcosf,rsinf) +sinb 0, f(rcosb,rsind),
Opg(r,0) = —rsing 0,f(rcosb,rsinf) +rcosf 0, f(rcosf,rsinf).

These two equations are usually written in a shorter way as
0, = cost O, +sinf 9, and 0Oy = —rsinf 0, + rcosf 0,.

It is easy to solve this system for d, and 0,,

sin 0 Jp and 0, =sinf 0, + cos 0

0, = cosb 0, — 0p.

r

It follows that the Cauchy-Riemann equations for the function f(z) = u(r,8) + iv(r,6) in
polar coordinates take the form

cos 6 Oyu(r,0) — Sme@gu(r, 0) = sinf 0v(r,0) + Coseﬁgv(r, g)
r r

sinf O,u(r,0) + Coseﬁgu(r, 0) = —cosl Ov(r,0)+ Sme@gv(r, 6).
r r

For a fixed branch f = log, we have u(r,0) = In(r) and v(r, §) = 0+ 27wn. Clearly, the partial
derivatives O,u = 1/r, 9pv = 1, Jypu = J,v = 0 are continuous on C\(—o0, 0] and satisfy the
Cauchy-Riemann equations. This shows analyticity of log(z).

Let z € C\(—00,0]. For any fixed branch (fixed n € N), log is differentiable at z, since
it is even analytic at z. What is the derivative %bg(z)? By differentiating the relation
e°8(*) = 2 we obtain (chain rule) e'°&*) L ]og(z) = 1 and hence L log(z) = 1/e'8() = 1/z,

i.e., for any fixed branch, we have

d 1
e log(z) = B for all z € C\(—o0,0]. (1)

A bit more about branches.  Let arg(z) be the multiple-valued argument function,
arg(z) = Arg(z) + 2win, n € Z, where Arg(z) € (—m,n]. We see from the above defini-
tion of the logarithm that

log(z) = In|z| +iarg(z).
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The convention that Arg takes values in (—, 7] is arbitrary. It may be changed to Arg(z) €
(—a, o + 2], for any @ € R. One may then define the (multi-valued) logarithm associated
to this choice of Arg by

log(z) = In|z| +i(f + 27in), ne€Z, 0 =Arg(z) € (—a,a + 27].
Any specific choice of fixed n gives a single valued function for this logarithm.

rIm

We may use the Cauchy-Riemann equations to prove that log(z) is analytic in the domain
{z€ C: Arg(z) € (—a,a+2m)}. On the ray Arg(z) = o + 27, log is not analytic (indeed,
Arg(z) is not even continuous there).

The concept of branches we encountered in the above discussion of the logarithm is
introduced in more generality for multiple-valued functions. A branch of a multiple-valued
function f is any single valued function F' which is analytic in some domain at each point
of which the value F(z) is one of the values of f(z). A branch cut is a portion of a line
(or curve) that is introduced in order to define a branch F' of a multiple-valued function f.
Points on a branch cut are singular points of F', and any point that is common to all possible
branch cuts of f is called a branch point.

In the above example of the logarithm, a branch cut is the ray Arg(z) = «a, and the point
zero is a branch point.

1.4.3 Complex Exponentials

For z # 0 and ¢ € C we define the multiple-valued function

¢ — ¢ log(z) ]

Multiple-valuedness is inherited from the log.

Example 8. We have il = e!lo8() = (illn()+ig+2min] — o=5[14+4n]  c 7,

c —clog(z) _—

It follows directly from the properties of the exponential function that z7¢ =e
1/eclo8(x) = 1/z¢,

Let us fix a branch of the logarithm. Then z¢ is a single-valued function, analytic on
C\(—00,0] (since the logarithm is analytic there and the exponential function is entire).

What is the derivative of 2¢ on that domain? To find the derivative, we use the chain rule,
d d

— = _eclog(z) _ Eeclog(z) = ce” log(z)eclog(z) _ Ce(c—l) log(z) _ CZC_I.
dz dz z
The principal value of 2¢ is denoted by P.V.z¢ It is the single-valued function defined
by
P.V. ¢ = ¢los(®),
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Example 9. The principal value of 223 is P.V. 23 = r2/3 cos(20/3) +ir?/? sin(20/3), where
© = Arg(z).

We know the relations Inz® = alnz and (%)% = 2% for x > 0, o, 3 € R. Do they
generalize to the complex case? To investigate the first relation, consider a fixed branch ng
of the logarithm, and let a« = a + i3, a, 8 € R. By using the definition of the logarithm, is
not hard to see that for any z # 0,

log 2* = alog z + 27i[k(z, a,ng) + no,
where k(z,a,ng) € Z is the unique integer chosen exactly so that
Bln |z| + aArgz + 2wang + 27k € (—m, 7).

Note that if z € (0,00), a € R and if we consider the principal branch ng = 0, then k£ = 0
and we recover the habitual formula from real analysis. By now we feel that (z%)? = 27 is
not going to hold in the complex case, since it is based on the property Inx®* = alnz. In

the complex case, we have for a,b,z € C, z # 0,
(Za)b _ eblogz _ eb[alogz+27r1k:(z7a,n0)+27rmo] _ Zabe27r1b[k(z,a,no)+no]‘

We conclude that (%)™ = 2" for any z # 0, a € C and m € Z, and for any branch.

1.4.4 Trigonometric Functions

We define for z € C

) eiz _ e—iz eiz + e—iz
sin(z) = ————  and cos(z) = ———
21 2
Both are entire functions since e**# are. For real numbers z = z € R, the definition yields
sin(z) = S5¢— = Z(isin(x) + isin(z)). It thus coincides with the real function sin for

real arguments. The same holds for the cosine. The complex trigonometric functions are
examples of analytic continuations: they are analytic functions which coincide with given
functions when restricted to the real line (the given functions being the real trigonometric
functions in this example).

As usual, we set

sin(z) ~cos(z)

and cot(z) =

tan(z) =

cos(z) sin(z)

The latter functions are defined for all z for which the denominators do not vanish. They
are analytic at all points in their domain of definition.

1.4.5 Hyperbolic Functions

In analogy with real hyperbolic functions, we define

) e —e e +e’”® sinh(z) cosh(z)
h h(z) = h(z) = 22— "
sinh(z) 5 , cosh(z) 5 ,  tanh(z) cosh(z)’ Sinh(2)

The first two functions are defined for all z € C and are entire. The latter two are defined
for all z where the denominators do not vanish, and they are analytic in their domains of
definition.

coth(z) =
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Example 10. Solve z = sinh(w) for w. We write z = (e —e™")/2 as 2z = ( — 1/, where
¢ = e, It follows that (2 — 22¢ — 1 = 0. The solutions to this quadratic equation are

22+ (42% + 4)1/2
B 2

¢ =2+ (1+2H)Y2
(Note that (1 + 22)!/2 is a double-valued function.) So, by taking the log on both sides we
obtain .

log(e) = iw + 2min = log[z + (1 + 23)Y?], n € Z.

Consequently, sinh ™' (2) = —ilog[z & (1 + 22)'/?] + 27n, n € Z.

1.5 Integration

Let [a,b] be an interval in R, and let u,v : [a,b] — R be piecewise continuous functions.
Define w : [a,b] — C by w(t) = wu(t) + iv(t). The (Riemann) integral over the complex
valued function w is defined by

/abw(t)dt - /:u(t)dt + i/abv(t)dt.

The usual properties of (real) Riemann integrals hold for fabw(t)dt. We want to define
Jo f(z)dz, where C is a curve (a “contour”) in the complex plane. The “contour integral”
should reduce to the usual integral for the special case C = [a, b].

An arc C is a set of points {z(t) = x(t) +iy(t) : t € [a,b]} in the complex plane, where
x and y are real continuous functions, and where [a,b] is a real interval. C is a simple arc
or a Jordan arc if it does not cross itself, that is, if z(t;) = 2(t2) = t; = t2. An arc C
is smooth if 2/(t) exists and is continuous and nonzero for all ¢t € [a,b]. (The slope of the

tangent of the curve is ¥ = gi—gg; we allow for infinite slope or zero slope, but not for both

dzx
() =y/(t) = 0).
A contouris an arc consisting of a finite number of smooth arcs joined end to end. When
only the initial and final values of z(t) are the same, the contour is called a simple closed
contour.

C

P S W A

Figure 1: Arc

Figure 2: Smooth Simple Arc
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.~

Figure 3: Contour

>

Figure 4: Simple Closed Contour

w

Figure 5: Simple Arc

M

Figure 6: Smooth Arc
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It is a general convention to take the direction of increasing parameter to be anti-clockwise
for all closed contours. Let C be a contour represented by z(t) = z(t) + iy(t), t € [a,?],
and denote the endpoints by z(a) = 2z, and z(b) = 2. Let f : C — C be defined and
piecewise continuous on C, i.e., f(z(t)) is piecewise continuous on [a,b]. We define the
complex (definite) line integral of f along C by

/cf(Z)dZ = /abf(z(t))z' t)de

We point out that the right hand side is independent of the choice of parametrization of C.
Indeed, without loss of generality, let C be a smooth simple arc, parameterized as well by
((s), s € [e,d] C R, with ((¢) = z; and ((d) = z2. Then we have

/ F(C())C (5)ds = / ()2 ()7 (s)ds = / e

where 7 : — [a, ] is defined by ((s) = z(7(s)), so that ('(s) = Z/(7(s))7'(s).
Example 11. Let f : C — C be given by f(z) = x + iky, for sorne k € Z. Let C, be the
contour joining 0 to 1 +1i given by y = 2™, n € N. Calculate fc z)dz.
Y
Ci
-+ \V 1+i
Cs
0 |
I z

Parametrizing C, as z,(t) =t +it", t € [0, 1], we have

/Cnf(z)dz _ /Olf(zn(t))z/ Pt

1
= /(t+ikt”)(1+int"1)dt
0

1 1
= /(t—nktzn_l)dt+i/ (nt™ + kt™)dt
0 0

1 n+k
- “(1—k
g = k) +i

We see that the value of the integral depends on the path joining the endpoints 0 and
141 (i.e., on n), except if £ = 1. This is no accident: f is analytic (actually entire) if and
only if £ = 1. This can easily be check by applying Theorem 2. We shall examine in detail
the relation between path-dependence of integrals and analyticity of the integrand below in
Theorem 3.
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Lemma 1. Let f and g be piecewise continuous functions on a contour C.

1. For all a, 8 € C we have

JlasG)+ sz = a [ ez 5 [ g

2. If C consists of a contour Cy joining z1 to zo and a contour Cy joining zy to zs, then
/f(z)dz = [ f(r)dz+ [ f(2)dz
C C1 Ca

3. Let C be given by z(t), t € |a,b], and let —C be the same path, but taken in reverse
order. That is, —C is given by ((t) = z(—t), t € [=b, —a]. Then we have

l/f —- [ )

The proof of the Lemma follows directly from the definition of the integral. It follows
from 2. that fc z)dz is independent of the choice of the initial point of C for any closed
contour C. The next result is very useful.

Lemma 2. Let [ be piecewise continuous on a contour C given by z(t), t € [a,b], having

length L = f |2/(t)|d¢t. Then

f(z)dz
c

< L sup|f(2)|.

zeC

Remark that since f is piecewise continuous on the closed set C, f is bounded on C, so
the supremum is finite.

Proof. First we notice that for g : [a,b] — C we have ‘fbg t)dt| < ff lg(t)|d¢t. To show this

we write the integral in polar coordinates, f g(t)dt = rel where § € R and r > 0. Then

r:/abe_wg(t)dt:Re/abe_igg(t)dt:/a Re(e g(t))dt.

Now Re(e ¥g(t)) < le7¥g(t)| = |g(t)], so the desired formula follows from the monotonicity
of real (Riemann) integrals. Therefore,
ﬂ

st/v )| 1/(6)|dt

< sl |/Nz|m
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Example 12. It is not true that | [, f(z)dz| < [, |f(z)|dz. (Note that the r.h.s. is in general
a complex number, so the inequality does not even make sense, in general.) For instance, let
f(z)=1/z,C={z € C: |z| = 1}. Then, parametrizing the circle as z(t) = €', ¢ € [0, 27],

we obtain )
dz T
/— = / e teidt = 2,
z 0

c
but on the other hand,
2w o
) ]
/ F(2)|dz = /ieltdt il
i
C 0

Let F' be analytic on a domain D. We say that F' is the anti-derivative of f on D if
f(z) =F'(z) on D.

Theorem 3. Suppose that f is continuous on a domain D. Then the following are equivalent
(1) f has an anti-derivative F' on D.

(2) Take any points (1, (a € D. The integral of f along any contour linking (1 and (s, lying
inside D, has the same value.

(3) The integral of f around any closed contour lying inside D 1is zero.

If the integrals of contours linking (; and (, are independent of the paths, as it is the
case in the theorem, then we simply write [ ff dz for that integral.

Proof. We show (1) = (2) = (3) = (2) = (1).
To show (1) = (2) we let C be a contour, C = C; U --- U C,, where the C; are smooth
arcs, linking points z; to z;;41 as in Figure 7, so that

[ s6: = Z [ sz

and 21 = Cl, Zn+1 = CQ.

25
Cy
Cs

Z
C1 22 3

21 Co 24

Figure 7: The contour C =C,U---UC,
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Let us analyze one smooth arc C;, represented by z(t), t € [a,b]. We have

d

T F(0) = F'(2(0)2(t) = f(=(1)'(t),

from which it follows that

’ : b d
/cj f(2)dz = /a f(z(8)Z'(t)dt = /a EF(Z(t))dt.

Let us decompose F' into real and imaginary parts, F'(z) = U(z) +iV(z), U,V : C — R.
Then $F(2(t)) = SU(2(t)) +i$V (2(t)) , so by the fundamental theorem of calculus,

dt
/C )z =
U(=(6)) = U(x(@)) + iV ((8)) — iV (2(a)) = F(:(6)) — F(2(a)) = F(z21) — F(2).

Consequently we obtain
/C F(2)dz = S AP (500) = F()] = Flznn) — F().
j=1

This shows that the value of the integral is just the difference of the values the anti-derivative
takes at the end points of the contour. In particular, it does not depend on the path linking
z1 0 Zp41-

To show (2) = (3) we pick two points z1, z on the closed contour C (see Figure 8).

G

21

Co

Figure 8: Dividing C into two contours

We define two contours C; and Cy, each linking 27 to 23, such that C; U (—C3) = C. Then

/cf(z)dz: ; f(z)dz — ; f(2)dz.

Now the right hand side equals zero by (2).
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To show (3) = (2) we let 21, 2o be two points in D, and Cy, C; C D be contours linking
z1 and zy. The contour C = C; U (—Cy) is a closed contour lying inside D, so we have

/c feaz=0= [ gz = [ f)a,

which means that (2) holds.

To prove (2) = (1) we fix 29 € D and define F(z) = f;o f(¢)d(¢ for z € D. We now show
that F' is an anti-derivative of f, that is, F' is analytic in D and F'(z) = f(z), for all z € D.
Fix z € D and take Az so small that the ball of radius |Az| around z is in D (this is possible
since D is open). We have

z+Az
F(z+Az)— F(z) = / £(O)dc,

where we may choose the path in the integral to be the straight line linking z and z + Az.
Since fZZ+AZ d¢ = Az we have f(2) = « fZ+AZ f(2)d¢, and hence

- Az Jz

F(Z—l—AZ)—F(Z) B 1 z+Az
Rt R el I UGESIOS

The function f is continuous at z, so for all € > 0 there exists a 6 > 0 such that if | —z| < 9,
then |f(¢) — f(2)| < e. Therefore,

F(z+ Az) — F(2)
)G g

<

1
< 'E €|Az| =€,

whenever |Az| < §. This means that F' is differentiable at z, and that F’(z) = f(z), for all
zeD. [

The proof of the previous theorem yields also the following result.

Theorem 4 (Fundamental theorem of calculus). Let C be a contour lying inside a domain
D, and suppose that f is continuous on D and has an anti-derivative F' on D. Let zq, 25
denote the endpoints of C. Then we have

/C F(2)dz = F(z) — F(2).

Corollary 1. Suppose f is a function satisfying f'(z) = 0 for all z in a domain D. Then f
15 constant on D.

Proof. The function f’ is continuous on D and has the anti-derivative f on D. Thus by
Theorem 4 we have, for any 21,2 € D, [, f'(2)dz = f(22) — f(21), where C is any contour
linking z; to 25 and lying in D. Since the integral is zero (f'(z) = 0) we have f(z1) = f(22)
for all 21,25 € D. O
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Example 13. Evaluate [,z7?dz, where C = {z € C : [z| = 1}. Let D be the annulus
D={re?: 0<a<r<b<?2 6cR} On this domain, f(2) = 272 has the anti-
derivative F'(z) = —1/z. Moreover, C C D and f is continuous on D. Thus, by the theorem,
Jo 27%dz = 0. We can verify this explicitly:

27 27i
—9ite o™ —1
/ e Hlieltdt = i =0.
0

1

Example 14. Evaluate [,27'dz, where C = {z € C: |z| = 1}. It is easy to evaluate the
integral directly, it has the value 27wi. Thus fc 2z7ldz # 0. This is so because there is no
domain containing C, and throughout which the integrand is the continuous derivative of an
analytic function. Indeed, the derivative of Log(z) is 1/z, but Log fails to be analytic along
the branch cut given by z = = € (—o0,0]. (Note that any branch cut must contain the origin
which is a branch point.) However, we can still use the fundamental theorem of calculus to
evaluate the integrall The trick is to “open” slightly the contour in order to avoid the branch
cut (in this example the negative real axis, see Figure 9). Formally, we may set

Cc={2€C: z=e0c(—m+em—6)l}

Then we have [, dz/z = lim._g fc€ dz/z, since the integrand is bounded on C.

Y

Figure 9: Opening the contour

For any € > 0 we can find a domain D, containing C., but not intersecting the negative
real axis. Now, on D, the function f has the anti-derivative Log, and thus we obtain
dz

z:eie . .
[ = tmLog()| %, = lim (In + iAre(2))

z=el?

Lo = 2.

z=e

1.6 The Cauchy-Goursat Theorem

We have seen in the previous section that if f is continuous on a domain D and has an
anti-derivative on that domain, then [, f(z)dz = 0 for all closed contours C lying inside D.

We can arrive at the conclusion fc f(2)dz = 0 also if we assume that f is analytic in the
interior and on a simple closed curve C, and if f’ is continuous there too. To see this, we
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recall Green’s Theorem. Let C be a simple closed curve in R? and denote by R the closed
region consisting of all points interior to and on C. If P and @ are continuously differentiable
functions from R to the real numbers, then

/de +Qdy = /[&cQ — 9, P]dxdy.
c R

We represent f(z) = u(z) + iv(z) (real and imaginary parts) and write 2'(¢) = 2'(t) + iy/(t).
Then

/c f(2)de = / F(2(8) 2 (t)dt
b b
- / fu(2(8))a’(t) — v(=(0)y ())dt + i / [u(=(8)y'(£) + o(=(6)2’ (1)]dt.
Now fab u(x(t), y(t))z'(t)dt = [, u(z,y)dz and similarly for the other integrals. Hence

/C f(2)dz = / fu(z, 5)dz — o(z, y)dy] + i/ oz, y)dz + u(z, y)dy]

= /R[—(‘?Iv(x,y) — Oyu(z,y)|dzdy + i/ [0yu(z,y) — Oyv(z,y)|dzdy,

R
where we used Green’s theorem in the last step. The r.h.s. is zero by the Cauchy-Riemann
equations. Thus, we have the following result, known as the Cauchy Theorem.

Suppose that f is analytic at all points interior to and on a simple closed contour C, and
that f' is continuous in that same region. Then we have [, f(z)dz = 0.

The next theorem gives the same assertion without the assumption that f’ is continuous.

Theorem 5 (Cauchy-Goursat Theorem). Suppose that f is analytic at all points interior to
and on a simple closed contour C. Then

/C F(z)dz =0,

We start with a preparatory result which will be useful in the proof of the Cauchy-Goursat
Theorem.

Lemma 3. Let C be a simple closed contour and denote by R the closed region consisting of
points lying interior to and on C. Let f be analytic on R. Then, given any € > 0, we can
cover R with finitely many squares (and partial squares), indexed by j = 1,2,...,n, such
that in each one there is a point z; for which we have

f(z) = f(z)

Z—Zj

— f'(z)] <e

for all others points z in the same square (partial square).

'Recall that if C is represented by (x(t),y(t)) with ¢ € [a,b], then [, Pdz = f; P(xz(t),y(t))z' (t)dt.
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By a partial square we mean one that does not lie entirely inside C, but is “cut” by C,
see Figure 10.

C

Figure 10: Squares and partial squares

Proof. Start off with a subdivision of R in squares and partial squares. Suppose that in a
given square (or partial square), there is no point z; satisfying the inequality. Denote this
(partial) square by og. Now we subdivide oy into four smaller squares by cutting each side
in two (Figure 11).

Figure 11: Subdivisions of a square

Figure 12: Subdivisions of a partial square

If oy is a partial square, then we subdivide it as indicated in Figure 12. If all four
new subregions contain points z; such that the inequality of the lemma is satisfied in each
new (partial) square, then we stop the treatment of oy. Suppose that one of the four new
subregions does not have a point z; satisfying the inequality. Call this subregion (square
or partial square) o;. We subdivide o in the same fashion we did og. Like this we get a
sequence of subregions og, 01, 09, .... We now show that after a finite number of steps in this
process, there must be a z; satisfying the inequality.
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Suppose that there is a an infinite sequence of ;. The set N7 0} is not empty, as the
o, are decreasing and compact. Let zy € N2, 0%. Since 0, C R, the intersection is a subset
of R, and so zy € R.

Bz, ¢)

The function f is analytic at zy (since zg € R), so f'(zp) exists, which means that for all
€ > 0 there exists 0 > 0 such that if 0 # |z — 2p| < J then

f(z) = f(=0)

zZ— 20

— f(20)] < €.

However, {z € C: |z — 2| < d} = B(29,0) contains a square oy, with index k large enough,
so that the diagonal of oy, is less than ¢. Thus, 2y serves as the point z; in the lemma for
the square (or partial square) oy.

We thus conclude that there is no infinite sequence o9 D --+ D 0 D o)1 D - -+ with the
property that none of the o;, contain a point z; satisfying the inequality of the lemma. [

Proof of the Cauchy-Goursat Theorem. Fix e and consider a cover of R satisfying the
property of Lemma 3. On the j*® (partial) square, we define the function

fR)=1G) (z), z# 2
di(2) = { z—2; 0 (%), 3 7
s z = Zj,

where z; is as in Lemma 3. In particular, we have |§;(z)| < e. Clearly, 6;(z) is continuous
and lim,_..; 0;(z) = 0.

Denote by C;, j = 1,2,...,n, the boundary of the square (or partial square) being the
J™ element in the cover of R. For all z € C; we have

f(2) = f(z5) + (2 = 2))0;(2) + (2 — 2;) f'(2)),

/cj fl2)dz = [f(z) — 2 f'(2))] /cj dz + f'(%) /cj 2dz + /cj(z — 2;)0;(2)dz.

The anti-derivatives of 1 and z are z and 2%/2, respectively (on all of C), 1 and z are
continuous, and C; is a closed contour, so we have

/dz:():/zdz.
C; C;

J J
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Consequently,

/cj f(z)dz = /Cj(z — 2;)0;(2)dz.

The sum of all the integrals fcj f(z)dz, j =1,...,n, is just equal to fc f(2)dz, because the
integration over all sides of squares and partial squares inside C cancel each other out (see
also Figure 13). Note that this is the reason for covering R with (non-overlapping) squares
and partial squares (triangles would be possible too, for instance).

—

Figure 13: Cancellation of integrals on sides of squares inside C

Therefore, we have

f(z)dz—i f(z)dz—i (2 — 2)6;(2)dz.
Jrene=3 [ sens=3 [

Denote by s; the length of a side of the square (or partial square) indexed by j. Every z in
that square satisfies |z — z;| < v/2s; and so we get

JECLEE >

where we used Lemma 2, and where L(C;) is the length of the contour C;. If C; is a square,
then L(C;) = 4s;. If C; is a partial square, then L(C;) < 4s; + L;, where L; is the length of
the part of C which is part of C;. In any event, we have L(C;) < 4s; + L; and it follows that

/Cf(z)dz

Let S be a large enough number so that the entire curve C lies inside an (open) square of side
length S, and such that all squares of the initial covering lie also inside this square. Com-
paring areas, we obtain the inequality Y77 | s7 < 5. Moreover, " | s;L; < SY " Lj =
SL(C), where L(C) is the length of C. So we finally arrive at the estimate

/c F(2)dz
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Since € is arbitrary, the left hand side must vanish. This completes the proof of the Cauchy-
Goursat theorem. O

A domain D is called simply connected if every simple closed contour within it only
encloses points of D. The unit disk {# € C : |z] < 1} is simply connected, while the
punctured disk {z € C: 0 # |z| < 1} is not.

An easy consequence of the Cauchy-Goursat theorem is the following useful result.

Corollary 2. Let D be a simply connected domain, z,, zo € D, and let C be a contour
linking z1 and zo, lying entirely in D. If f is analytic on D, then fc f(z)dz = f;f f(z)dz is
independent of C. In particular, f has an anti-derivative on D.

The condition that D be simply connected is crucial for this result to hold (see example
15 below).

Proof of Corollary 2. Let C; and Cy be non-intersecting contours linking z; and z3, and such
that Cl, C, CD.

Then C = Cy U (—Cy) is a simple closed contour lying in D, and f is analytic inside and
on C. By the Cauchy-Goursat theorem, we have [, f(2)dz = 0, so [, f(z)dz = [, f(2)dz.
Finally, since f is analytic on D it is continuous on D, so the existence of an anti-derivative
follows from Theorem 3. (In fact the anti-derivative can be expressed as F(z) = fzzo f(¢)dc,
where the integral is over any contour linking a fixed base point 2z to z, lying in D.) O

Example 15. Let D = {1 < |z| < 2} and f(z) = 1/z. Then f is analytic in D. We
introduce the unit circle C and the arcs C; and Co, both linking —i to i (see Figure 14).
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Co

C=C U (=C)

2
\ |/

)

Figure 14: The annulus D is not simply connected

By direct calculation we find [ _, € = 271 and therefore [,

the integrals over C; and Cy do not have the same values.

dz dz

— [, €& = 27i. Therefore,
z Co z

Example 16. (Application of the Cauchy-Goursat theorem.) Consider the contour
C consisting of two half-circles and two intervals, as represented in Figure 15, and let f(z) =
e /2.

AN

Figure 15: Contour C

We know from the Cauchy-Goursat theorem that [, f(z)dz = 0. Parameterize the big
half-circle I' as Re'?, 0 < § < 7. Then

/Ff(z)dz g/oﬁ

We parametrize ~ similarly and obtain

/ f(z)dz = — / e’ dg <=8 —ir.
¥ 0
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Since the integral over the whole contour vanishes, we have
—€ gl R el®
O:/ —d$+/ —dx — it +T(R,¢),
_R T € Xz
where |T(R,€)| — 0 as R — oo and € — 0. We take the imaginary part of the last equation

to arrive at - "
/ SIN) g 4 / SN 4y — o — I T (R, ).
R e € X

Finally we take R — oo and € — 0, and obtain

/ sm(a:)dgj _T
0 x 2

The last integral is understood as the limit of [ "sin(z)/xdz as R — oo and € — 0 (inde-
pendently).

Another simple but important consequence of the Cauchy-Goursat theorem is the follow-
ing “deformation lemma.”

Lemma 4. (Deformation Lemma.) Let C; and Cy be (positively oriented) simple closed
contours, such that Co is in the interior of C1. If f is analytic in the closed region consisting
of those contours and all points between them, then

f(z)dz= [ f(z)d=.
Ci Co

This result says in particular that any simple closed contour enclosing just one singular
point of the integrand can be replaced by a circle.

Proof. We introduce two additional contours and obtain two simple closed contours C] and
Cl such that f is analytic inside and on each of Ci, C, see Figure 16.

Ci

Figure 16: Contours Cj, C;

We have
/ f(z)dz = / f(x)dz= | f()dz— [ f(2)d=.
cucy C1U(~C2) a C2

However, by the Cauchy-Goursat theorem, the left hand side is zero. O]
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2 Cauchy’s Integral Formula

This important formula expresses the value of an analytic function at a point z in terms of
the integral on a contour around z.

Theorem 6. Let C be a simple closed contour (positively oriented) and suppose that f is
analytic inside and on C. If zy is any point interior to C, then

)y

2 Cz—zo

f(z0) =

Proof. The function f is continuous at zy (in fact, it is differentiable there). Given any € > 0
there exists a ' > 0 such that if |z — 29| < ¢’ then |f(2) — f(20)| < €. Choose 6 < ¢ such
that B(zg,0) is contained in the interior of C.

By Lemma 4, we have

e [

cR— X0 T2 — X0

where I' = {z € C: |z] = n}, for any n < §. Since [.(z — 20)"'dz = 271 we have

1) gy - [ G 1) = f()
CZ—ZOdZ 2 f(ZO)— CZ—ZOdZ f(O /FZ—ZO / Z— 20

For all z € T" we have

‘f(z) )| e e
z— 2 |2 — 20| 1n
It follows that
/) dz —27if(z0)| < EL(F) = 2re.
c? X0 n
Since € > 0 is arbitrary the result follows. O]

Example 17. Consider the unit circle C, parameterized as z2(0) = e’ —m < 0 < m. By
the Cauchy 1ntegra1 formula we have fc - “dz = 27i, for all a € C. On the other hand,

f —dz =i f a(eos(O)+isin()) 49 so by taking the imaginary part we obtain, for all a € R,

/ e cos(asin(8))dl = .
0
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By formally differentiating the equality

1O
f(e) = 5 /C Tt

o L [
O Y e

we get

and continuing this procedure,

f(n)(z) o n! f(C)

2w Je (¢ — o)t

dc.

The next result shows that this formal procedure leads to a correct result.

Theorem 7 (Cauchy Integral Formula for Derivatives). Let C be a simple closed contour
(positively oriented) and suppose that f is analytic inside and on C. If z is any point inside
C, then f™(z) ewists and is given by

n n! f(Q)
F(2) = %/cmd@

for alln € N.
An immediate corollary is the following very important result.

Corollary 3. If a function f is analytic at a point, then its derivatives of all orders at this
point exist and are also analytic at this point.

Proof of Corollary 3. Suppose f is analytic at z;. This means that there is an € > 0 s.t.
f is differentiable at all points inside B(zp,€). Let C = {z € C: |z — 25| = €/2}. Then
f is analytic inside and on C, hence by the Cauchy Integral Formula, f(™(z) exists for all
z € B(zp,€/2) and all n € N. O

The following is a (partial) converse to the Cauchy-Goursat theorem.

Theorem 8 (Morera’s Theorem). Let f be continuous on a domain D. If [, f(z)dz =0 for
every closed contour C lying in D, then f is analytic on D.

Proof of Theorem 8. Since f is continuous and the integral over every closed contour lying
in D vanishes, f has an anti-derivative F' on D. This means there exists an F' analytic on D
such that F'(z) = f(2), for all z € D. By the previous corollary f is analytic at each point
of D. O

Proof of Theorem 7. We consider first the case n = 1. Take h € C such that both z and
2z + h lie inside C. Then

fexhofl) L IOf 1 L g
h o 2miJo b |[(—z2—-h (-2
1 f(¢) 1

T T T
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Our goal is to show that

g f(Q)

/ccf(—oz [c—i—h_ciz]dc‘

/ccf(—oz@—z—];z)«—z)dcl

s HLE)sup (‘ <<f—<2>2 = h') |

Let d = dist(z,C) = min{|z — (| : ¢ € C} be the distance of z to the contour C. Since z is
in the interior of C, we have d > 0. Now for ¢ € C, | — z — h| > | — 2| — |h| > £, provided
|h| < £. Therefore,

We have

|y — I

I} — I| < 2|h|L(C)d™? Sup 1£(Q),
€

provided |h| < £. It follows that limj,_q |I; — I5| = 0.
We use an induction argument to show that the formula is correct for all n. Assume that

it is correct for n = 1,2, ..., k. Thus we have
fO+h) - W) / f(¢ 1 1 ac
h T o —z—h)kl  (( — z)kt]
Plas IV AV S|
_ / (¢ (o
27?1 — R)FL(( — 2)kH
= 27r1

Our goal is to show that the Cauchy integral formula holds for k£ + 1, which is equivalent to
showing limy,_o |I; — 3| = 0, where

L= (k+ I)Lﬁdz.

In order to expand the difference in the second fraction of the integrand defining I;, we note
that for all z, €,

+e)V =2V =z[Q+e/x)z+e)"V =" =e@+ )N +2[(z+ )V =2V,
from which it follows by iteration that
N
(z+e)N —alN = EZ oz + )N
s=1
Hence we have

HC= 2 = (=2 = W] = (=24 (SR = (= 2]

k+1

DY (St (SR A

s=1
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We estimate the difference of I; and I, as follows.

_ LR D DAY (S (St O
|, — 1| = /Cf@) (€ — 2)F+2 - (2 — 2 — R)RHL( — 2)FH d¢
1 ka1 k41 _ B
S L(O)mex] (Ol max 1 C_Z—;(C—z) "(¢—z—h)
L(C) maxcee | £(Q)] [ ¢z |
< MOl -3 | S5 |

Note that for each ¢ € C fixed, the last sum converges to k + 1 as h — 0. However, we need
to show that this convergence is uniform in ¢ € C.

Bl - S]]

s=1

In the last step, we have again used the above formula for (x + €)Y — 2. We arrive thus at
the upper bound

k+1 C—Z s
k+1_z[§—z—h}

s=1

k+1 s

<Ay

s=1 s/'=1

h

s—s’ _ 2k+2|h|(k+ 1)2
(—2z—h

— d Y

1+

provided |h| < d/2, because then ‘1 + C*gfh) <1+ % <2.
This shows that limy,_.q |I; — Is| = 0, and the proof of Theorem 7 is complete. O

Example 18. Let C be a simple closed contour enclosing the origin. Then

. o
/ sinh(2) 1, = 27 G (0) = 0.
C

23 21

Theorem 9 (Liouville Theorem). If f is entire and |f(z)| < M for some M < oo and all
z € C, then f is constant.

Proof. From Cauchy’s formula, we have

oy A f(©)
f(z)%/c(C—ZVdC’

where C is the circle of radius r, centered at z. Thus | f'(2)| < 5=2427r = 2. We can choose
r as large as we wish, so f'(z) =0, for all z € C. This implies that f is constant, as can be
seen e.g. by the fundamental theorem of calculus:

/ CP(OAC = F(2) — Flz0) =0,

for all z, zg € C. m

Marco Merkli 28



Notes PM 4310

The next result says that if f is analytic (and not constant) in a domain D, then the
maximum of the function |f| can only be attained on the boundary of D.

Theorem 10 (Maximum modulus principle). Suppose that f is analytic and non-constant
in a domain D. Then |f(2)| has no mazimum value in D, that is, there is no point zg € D
such that |f(2)| < |f(20)|, for all z € D.

We can rephrase this result as a positive statement. Suppose that f is analytic on a
domain D whose closure K is compact, and suppose that |f| is continuous on K. Then |f|
has a maximum on K. Thus we have the following result.

Corollary 4. Suppose that f is analytic in a domain D whose closure K 1is compact, and
suppose that |f| is continuous on K. Then the mazimum value of |f(z)|, for z € K, occurs
on the boundary K\D.

A proof of Theorem 10 is quite easy once we have the following result of independent
interest.

Lemma 5. Suppose that f is analytic in B(zo,7) and that |f(2)| < |f(20)| for all z €
B(zo,7). Then f(z) = f(z0) throughout B(zg,r).

Proof of Theorem 10. Suppose that |f(z)| attains its maximum at zy € D, and let the
maximum of |f| be M, |f(z0)| = M. Let ( € D be arbitrary. We show that f(z9) = f(().
To do so, we choose a polygonal line £ linking 2y to ¢, lying entirely in D. The distance
from £ to the boundary of D is strictly positive, d = inf{|z — 2| : z € L£,2/ € C\D} > 0.
We can cover the polygonal line £ with balls of radius d and centres ci,...,cy € L, with
l¢; — ¢jo1] < d, st. ¢p = z and ey = ¢, and such that £ C UYL B(c;,d) C D. Lemma 5
tells us that f(z) = f(zo) throughout B(c;,d). Now take z € B(ce,d). Then, since f(zo)
is the maximum througout D, and since f(z1) = f(20), we have |f(2)| < |f(z1)], for all
z € B(cg,d). So by Lemma 5, f(z) = f(2o) for all z € B(c1,d) N B(ca,d). We continue this
argument and see that f is constant on the union of all the balls. In particular, we have

f(z0) = f(Q). O

Proof of Lemma 5. Take z; € B(zo,7), s.t. p = |20 — 21| > 0. We want to show that
f(z1) = f(20). By the Cauchy formula, we have

flz) = 1 f()

21 Je, 2 — 2o

1 2 )
dz= - / £ (20 + pe®) do,
where C, is the circle around z, with radius p. It follows that

2w
£l < 5= [ 1o+ pe) o

On the other hand, since zj is the point where | f| is maximal, we have

Gl = 5= [ 1o+ pe?) do
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and consequently, |f(z0)] = 5= fOQW |f(20 + pe'?)| do, which in turn is equivalent to

/0 "1 (o)l = 1£(z0 + pe)[] do = 0.

Since the integrand is a non-negative continuous function of ¢, it follows that it must vanish
at all points ¢ € [0, 27]. Consequently we have |f(z9)| = |f(2)|, for all z s.t. |z — 29| = p. In
particular, |f(z9)| = |f(z1)|]- Since z; was chosen arbitrary (z; # zp) we see that |f| must be
constant througout B(zg, ).

Finally, we need to show that since | f| is constant, f itself is constant. If | f(z)| = 0 then
f(2) =0, so we may assume that |f(z)| is constant and nonzero. Then |f(2)|* = ¢ > 0, so
f(2) = ¢/f(2), and in particular, both f and f are analytic in B(z,7). Let f = u + iv and
f = U +1V. The Cauchy-Riemann equations are satisfied for both f and f, and they give

Ou = Oyv, Oyu = —0,v, and O,U =9,V, 0,U = —0,V.

But since U = u and V = —v, we can add up the equations to obtain d,u = 0 = d,u. This
implies that u is constant, and hence so is v. U

3 Power Series

Let f, : A — C, n=1,2,..., be a function sequence defined on a set A C C. Suppose
that for each z € A, lim, . fn(2) exists, and denote this limit by f(z). The function f
on A is called the pointwise limit of the sequence f,,. We say the sequence {f,} converges
uniformly to its pointwise limit f if and only if for all ¢ > 0 there exists an N such that
|fu(2) — f(2)| < € whenever n > N, for all z € A. (We write also “f, — f uniformly”.)
Here, N depends on € (in general), but it does not depend on z. It is clear that f, converges
to f uniformly on A if and only if
lim sup [ f,(z) — f(2)| = 0.

n—=00 zcA
The following result is easy to prove, just like in the case for real valued functions.

Theorem 11. Suppose f,, converges uniformly to f on a set A C C. If each f, is continuous
on A, then so is f.

Uniform convergence plays a central role in deciding whether one can interchange limits
and integrals, or limits and infinite sums, or infinite sums and integrals, etc.

Theorem 12. Let C be a contour. Suppose that f, — [ uniformly on C, and that each f,
is continuous on C. Then

lim Cfn(z)d,z_/cf(z)dz.

n—oo

Proof. We know from the previous theorem that f is continuous on C. Therefore fc f(2)dz
is well defined. Fix € > 0. There exists an N = N(¢) such that |f,(z) — f(z)| < €, whenever
n > N, for all z € C. Thus,

/C ful2)dz — / f()dz / [ul(2) — £(2)]dz

whenever n > N. ]

< eL(C),
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The next result shows that analyticity is preserved under uniform limits.

Theorem 13. Let D be a simply connected domain, and suppose that f, is a function
sequence s.t. f, is analytic in D for each n, and s.t. f, — f uniformly on each compact
subset of D. Then f is analytic on D, and f! — f" uniformly on each compact subset of D.

Proof. We first show that f is analytic in D. Let C be any closed contour in D. From
Theorem 12 we have

[ J(e)de = lim [ f,(2)dz

n—oo

But each f, is analytic in the Slmply connected domam D and thus, by Corollary 2 the
integral of f,, along the closed contour C vanishes for each n. Consequently [, f o f(z)dz = 0 for
any closed contour C in D. Since f is continuous on D (it being a uniform limit of contlnuous
functions), Morera’s theorem yields that f is analytic on D.

Next, we show that f — f’ uniformly on compact sets in D. We first show this on disks
and then for compact sets. Let zgp € D and let » > 0 be such that B(zy,2r) C D. Let C be a
circle of radius p < r, centered at z5. By Cauchy’s integral formula for derivatives, we have
for all z € B(zo, p/2),

F'(2) = ful

/f dg‘ 2 sup 7(0) ~ £(0)]

L P ¢ec

Let now K C D be compact. Choose for each z € K a p, > 0 such that B(z,p,) C D,
and cover the set K as K C |J, ., B(#,p./2) C D. By compactness, this cover has a
finite refinement: K C U‘jjzl B(zj,p.;/2) C D. We have shown above that for every ¢ > 0
fixed, and for each j = 1,2,...,J, there exists an N;(e) such that if n > N;(e), then
|f'(z) = fr(2)] < eforall z € B(zj,p:/2). Let N = maxi<j<s N;(e). For n > N we have
|f'(z2) — fl(2)] < eforall z e U;.Izl B(zj, p-,;/2). But the latter union contains K, so f,, — f’
uniformly on K. ]

Let z, be a sequence in C and set S;, = 22:1 zp. Just as for real series, we call Si the
k-th partial sum of the infinite series z; + 25 + - - -. We say that the infinite series converges
if the complex sequence Sy has a limit S, as k — oo. In this case we write S =Y~ | z,. We
say the series diverges if Sy diverges. The following theorem collects some basic facts which
are very easy to prove.

Theorem 14. Suppose that Y >~ z, and Y .~ ¢, converge. Then
1. The series Y > (Az,) converges and has the value XY | z,, for all A € C.
2. The series Y~ (zn + ) converges and has the value Y 7 |z, + Y o Cp.
3.z, — 0 asn — oo.

Note that an easy proof of 3. is obtained by observing that zn =S, — Sp_1. It is also
very easy to see that >~ | z, converges to S if and only if Y~ >° | Re(z,) Converges to Re(S)
and Y 7 Im(z,) converges to Im(S). We say that the series Zn: zn converges absolutely
if and only if > 7 |z,| converges.
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A series of functions (or function series) Y > | f,(z) is said to converge pointwise to the
function F(z) on a set A C C if the sequence of partial sums Sy(z) = SF_, f,(2) converges
pointwise, that is, if for all z € A fixed, limy_o Sg(z) = F(z). The function series > ;- fn(2)
is said to converge uniformly to F(z) on a set A C C if the sequence of partial sum functions
converges uniformly to F, that is, if limy_.o sup,c 4 |Sk(2) — F(2)| = 0.

Examples 19. 1. If >~ | f,(z) converges uniformly to F(z), for z € A C C, and if each f,
is continuous on A, then F' is continuous on A. This follows simply from Theorem 11.

2.1t > | fu(2) converges to F(z) uniformly on a contour C, and if each f,, is continuous
on C, then by Theorem 12,

F(z)dz = f: Fa(2)dz = i Fal2)dz.
forens= [3 a3

3.If > | fu(2) converges uniformly to F'(z) in any compact subset of a simply connected
domain D, and if each f, is analytic in D, then F is analytic in D, and F'(z) = >~ fi.(2),
the convergence being uniform on compacta in D. This follows from Theorem 13.

The following result gives a very useful criterion for absolute convergence of a function
series.

Theorem 15 (Weierstrass M-test). Suppose that f, : A — C satisfies |fn(2)| < M,, for
allm=1,2,..., and for all z € A, and suppose that Y - M, converges. Then Y >~ fu(2)
converges absolutely and uniformly on A.

Proof. Set Sp = 32 _ | f(2)|. Then we have, for &' > k,

K k'
S =Sl = D a2 < ) M,

n=k+1 n=k+1

It follows that S is a Cauchy sequence since the tail of the convergent series on the r.h.s.
tends to zero as k — oo. Therefore Y | f,(z) converges absolutely. Call the (pointwise)
limit function F'(z). We have

F(z2) =Y fal2) = Y fal2),

n=1 n=k+1

from which it follows that

k 9] 9]
F(2) =Y 1) < D 1)< Y M,
n=1 n=k+1 n=k+1
Once again, the r.h.s. converges to zero as k — oo, and it does so uniformly in z. O]

Example 20. Evaluate the integral

1 [7 e /R
ap = — :
"= 9x | Reene

de,
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where R > 0 is fixed, and n € Z. To do this, we expand the double exponential as e°” /% =
—ik . . . . .
k>0 %. By the Weierstrass M-test, this series converges uniformly in ¢ € R. Therefore
we have

™

1 1 : Op.—
_ —i(k+n)e _ k,—n
“n—zk!RnM 27r/ € dﬂp—z kI
k>0

T k>0

where d; _,, is the Kronecker symbol. Hence a,, = 0 for n > 1 and a,, = 1/(—n)! for n < 0.

A power series is a series of the form Y > a,(z — z)", where a,,zy € C, and where z

belongs to some subset of C. By a shift of the variable, w = z — 2, the power series takes
the form Y ° ja,w".
Recall the definition of the limit superior for a sequence of real numbers,

limsup z,, = lim,,_ox, := lim sup z;.
n—o0 n—=00 k>n

It is well known from basic real analysis that lim sup,,_, . «,, can be characterized equivalently
as follows. Let S be the set of all accumulation points of the set {1, xs, ...}, i.e., S is the set
of all limit points of all convergent subsequences of {x,}. Then limsup,,_, . , = sup S (the
least upper bound on S). From this relation it also immediately follows that if lim,, . z, = =
exists, then limsup,,_, . =, = .

The following elementary properties are often useful. Suppose that lim, ...z, = L for
some —oo < L < oo. Then we have:

1. For all € > 0 there exists N such that z, < L + ¢, for all £ > N.
2. For all N, for all € > 0, there exists kK > N such that x;, > L — e.
3. lim,, .ocx, = cL, for all ¢ > 0.
Theorem 16. Let a, be a sequence of complex numbers, and set lim,,_ |an|1/” = L. Then

1. If L=0, then Y  a,z" converges absolutely for all z.

2. If L = oo, then Y a,z" converges for z =0 only.
n=0
3. If0 < L < oo then set R :=1/L. The seriesy - a,z" converges absolutely for|z| < R
and diverges for |z| > R.

The number R is called the radius of convergence of the series >~ a,z". Our convention
is to allow the values R = 0, 0o (situations 2. and 1. of the theorem).

Proof. We just write lim instead of lim,,_.. in this proof.

1. Since lim |a,|"/™ = 0 we have lim |a,|'/"|z| = 0 for all z. Thus lim|a,z"|*" = 0, so

. 1
there is an N such that |a,z"|» < 1/2 whenever n > N. Hence ), a,z" converges
absolutely since )2 ;27" converges.

Marco Merkli 33



Notes PM 4310

2. If 2 # 0, then |a,|'/® > 1/|z] for infinitely many values of n. Thus we have |a,2"|'/" > 1
for infinitely many n, so |a,2"| cannot converge to zero. It follows that the series cannot
converge.

3. Assume first that |z|] < R. Then |z| = R(1 — €) for some ¢ > 0. It follows that
lim |a,|'"|2] = LR(1 —€) = 1 — ¢, so we have |a,|"/"|z| = |a,2"|"/" < 1 —¢/2, for n
sufficiently large. Thus |a,2"| < (1 —€/2)" for n sufficiently large, and thus >~ a,2"
converges absolutely (compare to the geometric series).

Now assume that |z| > R. Then lim |a,|"/"|z| > 1, so that for infinitely many values of

n, we have |a,2"|'/" > 1. Hence the series does not converge.
[l

The last assertion of Theorem 16 shows that a power series converges for all z such that
|z] < R and diverges for all z such that |z| > R, hence the name “radius of convergence” for
R. For points z such that |z| = R, the series may or may not converge.

Example 21. Suppose that > ., a,2" converges for a < |z| < 3, some o > 0. Then the
series converges absolutely for all [z| < 3. Indeed, we have |a,2"| — 0 for all a < |2] < 5. In
particular, for |z| = f— e we get |a,| < (6—¢€)™", provided n is large enough. It follows that
la, 2" < [|z|/(8 — €)]" for n large enough. Given |z| < [ we can find € s.t. |z]|/(5 —¢€) < 1.
It follows that for all |2| < [, the series ) ., a,2" converges absolutely.

Examples 22. 1. Consider Y >° | ;. Here, L = lim |a,|'/" = limn~2/" = lime~2le(W/m = 1,
So the radius of convergence is R = 1/L = 1. For |z| = 1, the series converges absolutely as
well. (Compare it to the series with general term n=2.)

2. For >, % we have L = limn~'/" = 1, so the radius of convergence is again R = 1.
However, for z = 1, the series diverges. Observe that this is the derivative of the previous
series, and the latter did converge for z = 1. One can show that for z = €'¥, ¢ ¢ 277,
the series converges, by looking at real and imaginary parts separately. To do this, we
first recall Dirichlet’s Test: Let Y~ | a, be a series with bounded partial sums, and let {b,}
be a monotone decreasing sequence such that b, — 0. Then > °7 ., a,b, converges. The

n=1
trigonometric identity

" cos(Z) — cos|(n+ b)a]
;sm(lm) = 2sin() '

valid for « # 0,427, +47, ... implies that |y ) sin(kz)| < |sin(%)|!. Moreover obviously
sin(kx) = 0 for # = 0, £27, £4n, ... Thus the series ), sin(nz) has bounded partial sums
for all # and consequently, > | L sin(nep) converges for all ¢ by Dirichlet’s test. Similarly,
one can use the identity

- _sin(n + §)z] — sin()
;cos(k:x) = 2sin(Z) ,

valid for © # 0,427, £4m, . .. to see that Y | L cos(ne) converges for all ¢. Hence we have
shown that Y77 £ converges for all |z| = 1 except for z = 1.
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Example 23. Consider the geometric series ano z". The radius of convergence is R = 1,
and for any |z| = 1, the series diverges, because if |z| = 1, then z" cannot converge to zero,

as n — 0o. Also, just as in the case of the real geometric series, one easily finds the partial
.. k+1 .
sums explicitly, S = l_li: . Hence we get limy_.oo Sp = D, 502" = (1 — 2)7 1, for z s.t.

|z] < 1. Do the partial sum functions Sy, (z) converge to the limit function (1—z)~! uniformly
in 2?7 We estimate the difference

1
11—z

1

|Z|k+1
11— 2| '

Sk(z) —

For every k € N we can find a z with modulus sufficiently close to, but strictly less than 1,

such that H—iz‘\z\k“ > 1. This means that Sj does not converge to its limit uniformly in

{z € C: |z| < 1}. However, let 0 < p < 1 be fixed, then for z € B(0, p), we have

1
1—2

k
<P
=12,

+1
)

Sk(z) —

and the r.h.s. converges to zero as k — oo, uniformly in z € B(0, p). Hence the geometric
series converges uniformly on any B(0, p), with 0 < p < R=1.

The next result shows that the situation illustrated in the previous example is generic.

Theorem 17. Let R > 0 be the radius of convergence of the power series Y - anz". Then
the series converges absolutely and uniformly on the set |z| < p, for any 0 < p < R.

Proof. Let fn(z) = anz"™, then |f,(2)] < M, := |a,|p™ for all z with |z| < p. We have
lim My™ = plim|a,|/ = p/R < 1, so Y.°°, M, converges (by the root test for real nu-
merical series). The Weierstrass M-test implies that >~ fo(2) = >~ a,2" converges

absolutely and uniformly on |z| < p < R. O

It follows now directly from Theorem 12 that summation and integration can be inter-
changed.

Theorem 18. Suppose that Y~ a,z" converges to f(z) for |z| < R. Let C be any contour
lying in the interior of the circle |z| = R. Then

/f(z)dz = /Zanz”dz = Zan/z"dz.
¢ € n=0 n=0 ¢

Example 24. Suppose the series >~ a,(z — zp)" has radius of convergence R > 0, and let
C be a simple contour, C C B(z, R). Then we have [,> > ja,(z—20)"dz = Y~ an [o(2—
2p)"dz = 0. Since the series is continuous in z in the domain |z — 29| < R, Morera’s theorem
implies that the series defines an analytic function in this domain. We now give an alternative
proof of the analyticity of power series.

Theorem 19. Suppose that Y . a,z" converges to f(z), with radius of convergence R.
Then f is analytic inside |z| < R, and > 7 na,z""' converges to f'(z), and has the same
radius of convergence R.
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Proof. Fix zy with |29] < 1. There is an € > 0 s.t. |z9| = R —¢€. Let p := R —¢€/2. Since each
Fn(z) = Ef:o a,z" is analytic in |z| < p and, by Theorem 17, Fly to converges uniformly
in |z| < p to f, the latter function is analytic in |z| < p (Theorem 13). This shows that f is
analytic at any point zy € B(0, R).

Next, we know from Theorem 13 that F}(z) converges to F”(z) uniformly on compact
sets inside |z| < R, and that on each such compact set,

inanzn_l = diz (f: anz"> )
n=0

00
n=0

Finally we show that the radii of convergence of > >° j a,2" and > 0 na,z""t=>"> (n+

1)an 412" are the same. We have

lim |(n + Dy |V = T a7

1. n_
n n—1

1/n

= lim|a,
= lim |ay,|

In the first step, we use that lim, . (n + 1)!/" =1, and in the last step we use the following
two facts. Let L = lim |a,|'/™, then

1. For all € > 0 there exists N such that |a,|'/" < L + € for all n > N. If follows that
e — 1 n P — n —_ 1 n
lim |a,|» "7 <lim (L+¢€)»1 = L+e¢. Since € > 0 is arbitrary, we get lim |a,|» =T < L.

2. For all € > 0 and all N, there exists n > N such that |a,|"/" > L — e¢. Consequently, in
view of the characterization of the limit superior in terms of subsequential limit points,
—_ 1 n —_ n —_ 1 n
lim |a,|» "1 > lim (L — €)»1 = L — e. It follows that lim |a,|» -1 > L.

This completes the proof of the Theorem. O]

Corollary 5. Suppose f(z) =D~ a,z" has a radius of convergence R > 0. Then we have
an, = f™(0)/n!.

Proof. The function f is analytic on |z| < R, hence all derivatives of f exist on |z| < R.

Moreover,
oo

f®(z) = Zn(n —1)--(n—k+Da,z"",
n==k
from which we see that f*)(0) = kla. O

How can we state the corollary for a power series centered at a general z, f(z) =
Yo gan(z — 20)"? Let R be the radius of convergence of the last series. For |z| < R,
define g(2) = f(z + 20) = >_,50 @n2", a series with radius of convergence R. Thus we have

nla, = g™ (0) = f™(z). It follows that

< f) (4
iy =S L)

n:

n=0

The converse to the corollary is true as well, as shows the following result.
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Theorem 20. Suppose that f : C — C is analytic in B(zg,7), for some r > 0. Then we

have
Zf Z— O)n

for every z € B(zo,r). The series converges absolutely for |z — zy| < r, and it converges
absolutely and uniformly in any B(zo, p), with p < r.

Proof. We first consider zg = 0. Take z € B(0,r), then |z| = pr for some 0 < p < 1. Set
C={z€C: |z| =p'r}, for a p’ satisfying p < p’ < 1. The circle C contains the point z and
is contained inside B(0,r), so f is analytic inside and on C. By the Cauchy integral formula

_ L O g fQ 1 SO~ (=)
=l e ) A e e A ;(c) “

where we have inserted the geometric series (see also Example 23). Since z is in the interior
of C and ( is on C we have |z/(| = p/p’ < 1. Hence the geometric series converges uniformly
in ¢ € C (for fixed z; use e.g. the Weierstrass M-test). By Theorem 12 we can interchange
the sum and the integral and we obtain

f(")(o) n
2%12 /("H nl oo

where we use the Cauchy integral formula for derivatives in the last step.
This shows the result for z5 = 0. A simple translation gives the result as stated: Assume
that f analytic in B(zg,7) and set g(z) = f(z + 20), which is analytic in B(0,7). Thus we

have -
f(z+20) = Zg . ”, so f(z Zf (z — 20)".

n=0

O

Example 25. Let f(z) = 1/2z, z # 0. Then f(" ( )= (=1l n=0,1,2,... and in
particular, f( (1) = (—=1)"n!. The Taylor series of f(z) around zy = 1 is therefore given by

1/z=> (-D)"(z=1)"=> (1-2)"

The radius of convergence is R = 1 and for |z — 1| > 1 the series diverges. Of course, f(z) is
analytic everywhere except at the origin, so according to Theorem 20, it has a power series
expansion around any point zy # 0. It is also clear from that Theorem that the radius of
convergence of the Taylor expansion around zg is R = |2|, since 1/z is analytic in B(zo, |20]),
but not in any ball centered at zy with radius larger than |z

Example 26. Let f(2) = (2 —1i) ?log(2z). What is the radius of convergence of the Taylor
series representing f at the point zp = 1+ i? The function is analytic except on the set
S = (—00,0] U {i}. The largest radius r s.t. f is analytic in B(zg,r) is thus r = 1. This is
the radius of convergence of the Taylor series: indeed, the radius of convergence has to be
at least » by Theorem 20, and on the other hand, it cannot be larger than r, since if it was,
the function f would be analytic at some points in S.
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Example 27. Find a neighbourhood of zy = 0 such that sinh(z) is approximated by its
lowest order approximation z, to a precision 1/100. The Taylor series of sinh around the
origin is
201
sinh(z) = _—
; (2n +1)!

having infinite radius of convergence (this is so because sinh(z) is analytic in B(0,r) for any
r > 0). Consequently,

22n+1

Z (2n + 1)!

n>1

’Z|2n+1 Z‘Qn—?

|
<2 Gur = X

n>1

|sinh(z) — z| =

For |z| <1 we can bound the r.h.s. from above by |z|*sinh(1) < £|z[* < 2|z|®. Therefore for
2| < 15073 ~ 0.19 we have |sinh(z) — z| < 1/100.

The following result gives the Taylor series of a product of analytic functions.

Theorem 21. Suppose that f(z) =Y " a,2" and g(z) =Y.~ b,2™ have radii of conver-
gence Ry and Ry, respectively. Then we have f(2)g(z) = > ¢,2", where ¢, = Y "  arbp_,
and the latter series has radius of convergence R > min{ Ry, Rs}.

Proof. Since f and ¢ are analytic in B(0, min{R;, Ry}), so is the product fg. Therefore we
have f(2)g(z) = > o, cn2™ with

o = (79" (0)

1 - n r n—r
= 23 (1))
T r=0
1 <& n!
= ﬁ ZO m T!CLT. (n - T)!bn—'r‘

n
= E by
r=0

3.1 Laurent Series

In the previous chapter we have shown that a function which is analytic in a disk has a
power series expansion there. We want to try to do the same for a function f(z) which is
analytic in an annulus A(zo; Ry, R2) = {z: Ri < |z — 20| < Rz}, where 0 < R} < Ry < o0
are called the inner and outer radius of the annulus centered at zg.

The main difference is that the functions now considered may have singularities in the
inner circle |z| < R;. For instance, consider f(z) = z=" for some n > 1, which is analytic
in any A(0;7,R), 0 < r < R < oo. If we were to try to find a power series expansion
of f in A(0;r, R), then in order to take into account the unboundedness of f at zero we
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Ze

Ry

Figure 17: Annulus A(zo; Ry, Rs)

should not only take positive powers of z in the series, but also negative ones. Then indeed,
the power series of f is trivially given by the single term z™". It may happen that z; is a
“stronger” singularity in the sense that a series expansion would involve all negative powers
of z: consider e.g. f(z) = e'/#. From the power series expansion of the exponential we see
that f(z) = Y,50 52 ", for all z # 0. On the other hand, if a function is analytic in a disk
B(z, R) then it is obviously analytic in the annulus A(zo;r, R), for any 0 < r < R. In this
case we know already that f does have a Taylor series expansion for all z € B(zg, R), and

hence for all z € A(zo;7, R), any 0 < r < R, and no negative powers show up in the series.

Let z,, n € Z be a collection of complex numbers. We say that a (two-sided) series
> oo zn converges if and only if both the series > 7z, and >~ | z_, converge. If these
two series converge, then the value of the series Y 2z, is the sum > >~ 2z, + > 0 Z_p.
If either of the two (one-sided) series diverges, then we say that the two-sided series diverges.
Absolute convergence and uniform convergence of a two-sided series (of complex numbers or

of functions) are defined in the analogous way.

Theorem 22 (Laurent series expansion). Let f be analytic inside an annulus A ={z € C:
Ry < |z — 20| < Ry}, where 0 < Ry < Ry < co. Then we have for all z € A

o0

fz)= ) aulz—=0)",

n=—oo

and the series converges absolutely and uniformly in any closed annulus {z € C : r; <
|z — 20| < 1o}, where Ry < r; <ry < Ry.

Moreover, if C is any simple closed contour inside the annulus encircling zy, then the
coefficients a,, n =0,4+1,+2..., can be expressed as

1
S R (S
27 c (C — Zo)n+1
In the Laurent expansion above, we call Zn§_1 an(z — zo)"™ the principal part of the Laurent
series. The coefficient a_; is called the residue of f at zy, denoted by Res(f; zo).
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Remarks. 1. In general, the coefficients a,, in the Laurent series expansion are not given
by the derivatives of f at zp. Indeed, f may not be analytic (or even defined!) at zy. The
function f is supposed to be analytic only at points in the annulus.

2. If f is analytic also inside the hole of the annulus, i.e., inside all of B(zy, Rs), then so
is %, forn = —1,-2,... It follows from the Cauchy-Goursat theorem that a, = 0 for
all n < —1, and hence the Laurent series reduces to the Taylor series.

3. The Laurent series is unique. Suppose that f(z) = > °° (2 — z)" converges in
the interior of the annulus {R; < |z — 29| < Ra}. Then it converges uniformly on all closed
sets in the interior of the annulus. Let C be the circle around zy with radius (Ry — Ry)/2.

For all n € Z we have

1 f({) — %0
7 2 e T 2%12 /—Zo"“

Now 7= [,(¢ — 2)* " 'd¢ = 1 if k = n and this integral vanishes if k # n. Thus it follows
that a, = «,, for all n € Z.

Proof of Theorem 22. Take z € A and let C] and C} be concentric cirlces with centre
2o and radii 71 and ry, chosen so that z lies in the annulus defined by C; and Cj, i.e.,

R1<T1<’Z—Z(]’<T2<R2.

The Cauchy integral formula gives

RN R P N Iy

dc.

21 71C—Z 27 Cég—z 2m CiC_Z

We are going to rewrite the term (¢ —2)~! in the integrands in a suitable manner. For ¢ € C}
we have |z — 29| < |( — 20| = 72, and so we get

1 _ 1 1 _ 1 — (2~ % n_oo (z—2)"
C—Z_C—zol—z—ig_ﬁ—zo§((—zo> _§(C_Zo)n+1'

The series converges uniformly in (, for ( € C,. Therefore, we can integrate termwise to
obtain (Theorem 12)

L[S 15 g QO oy .

Marco Merkli 40




Notes PM 4310

where

Ay 2= L /Lod(, n=0,1,2,...

 2ni ¢y (¢ — zo)H

Similarly, for ( € Cj, we have r = |( — 2| < |z — 2], s0

11 I i((—zro)“
(-2 2—201—2—23_ = (z—z)"

Again, the convergence is uniform in ¢ € C; and thus

L[ fQ) ., < ,n
_2_7]-1/0i CTZdC— ;an(Z—ZQ) y

where
1 f(€)

A—p ‘= i o (C _ ZO)—n—i—l

d¢, n=1,2,...
Let us consider the expressions for a,, n € Z. For each n € Z, the function ( — % is
analytic in the annulus defined by C] and Cj, and on these curves. So by the deformation

lemma,
QO ©)
fo e L e

1,2
where C is any simple closed curve around z; inside the annulus A. This gives the formula
for a,, as stated in the theorem.
The series 3% an(2—20)" and 31 a,(2—2)" converge for all z € {R; < |2] < Ry},
so they converge uniformly in any closed annulus {r; < |z| < 7o}, with Ry <71 <1y < Ry
(see also Example 21). O

Example 28. Find the Laurent series of e!/?. This function is analytic in any annulus
0 < |z] < Ry < 00. The coefficients are given by

1 (™ e 7R

- L iRel®
= om - llf’hLlei("“)‘%’lRe de.

. . . n .
Since the Taylor series of € is 3~ - and has radius of convergence R = oo, we have

1
=2

n=0

for all 0 < |z| < co. We conclude that

/0 , n>1
“ZY 1 (=n) , n=0,—1,-2,...

This gives an explicit formula for the above integral expressing a,. Compare this with
Example 20.
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Example 29. The function f(z) = (1 + 2?)7! is analytic everywhere except at z = =+i.
What is the Laurent series expansion of f around zy = i? We know that Ry = 0 and Ry = 2,
since f is analytic in the annulus {z € C: 0 < |z —i| < 2}.

Figure 18: Radii for Laurent series of f.
Setting w = z — 1 we get
1 11 1 o~/ w\»
J2) = ww+2i)  2wl+2L inz<_§> ’

provided that |w| < 2, i.e., |z —i] < 2. So

oo . n
= z—1i)"
1= =g 2 ( )
is the Laurent series expansion of f around zy = i. Note that all a,, with n < —2 vanish.

Example 30. f(Z) = m
series expansions of f in the annuli 4; = {0 < |2| < 1}, Ay = {1 < |z| < 2}, and

is not analytic at z = 0,—1,—2. So there are Laurent

A3z = {2 < |z| < co}. We decompose f into partial fractions, f(z) = 5 + (;2) — 7 and
note that
1 1 1 —
=~ ==Y (-2 <2
2(z +2) 41+z/2 4Z< ) A
and
1 oo
e T Y ) 1.
P ;( 2" e <
Hence for z € A; we obtain
f(z) = i — N (_Z)" + li <_E>n — i + i [(_1)n+1 + (_2)—71—2} o
22~ 4=\ 2 2z '
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For |z] > 1 we have

11 T
1+2 zl—i—l/z_ z =

Therefore the Laurent series of f in the annulus A, is

=g 12 () S (5 - B e T

n=0 n=0 n>2

Finally, for z € A3, we have

1 1 1 « "
2(z+2) 221+2/z 2_Z<__)
Therefore, the Laurent expansion of f in Az is

f(z) = Qiio )z ”—é 3 (——) ==Y ()@ -1

n>1

3.2 Isolated singularities

Recall that we say that 2z, € C is a singular point, or a singularity, of a function f if f is not
analytic at zg, but every neighbourhood of 2z, contains a point at which f is analytic. We call
2o an isolated singularity of f if f is analytic in a punctured neighbourhood 0 < |z — 2| < R
of zy, for some R > 0, but f is not analytic at zy. In particular, if zy is an isolated singularity
of f, then f has a Laurent series expansion centered at z.

Example 31. The origin is an isolated singularity of f(z) = 1/z. No other point is a
singularity of f. Since sin(1/z) = 0 for z = =, n € Z, the origin is a singular point of

g(z) = m, but it is not an isolated singularity.

Let 2y be an isolated singularity of f. We say that 2y is a removable singularity of f
if and only if lim, .., f(2) exists. The point zy is a pole of order n € N if and only if
lim,..,,(z — 20)" f(z) exists and is nonzero. A pole of order one is called a simple pole. A
singular point of a function which is not a removable singularity, nor a pole, nor associated
with a branch point or cut of a multi-valued function, is called an essential singularity.
A function f which is analytic in a domain, except possible for having poles, is called a
meromorphic function in that domain.

The nature of an isolated singularity can be read off the Laurent series expansion, as
shows the following result.

Theorem 23 (Classification of isolated singularities). Let zq be an isolated singularity of f,
and let f(z) = Y cpan(z — 2)", 0 < |z — 20| < R, be the Laurent series expansion of f
around zo. Then

1. 29 is a removable singularity if and only if a, =0, forn < —1.
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2. zg s a pole of order m if and only if a_,, # 0 and a_ =0 for all k > m.
3. zp is an essential singularity if and only if infinitely many a,,, withn < —1, are nonzero.

Proof. 1. 1f f(2) =3 07 s an(z — 20)" for 0 < |z — 29| < R, then lim,_.,, f(2) = ao, so z is
a removable singularity. Conversely, if z; is a removable singularity, then f is analytic
in the annuli r < |z — 29| < R, for all 0 < r < R, and lim,_,,, f(z) = a exists. We
notice that f is bounded on {|z| < R}. Indeed for all € > 0, there exists an r such that
if |z — zo| < r, then |f(2) — a] < ¢, so |f(2)] < |a|] + € whenever |z — 25| < r. Next, by
analyticity, f is continuous in the closed annulus r/2 < |z — zo| < R/2, so it is bounded
there. Thus there exists Cy such that |f(z)| < Cy whenever |z — 25| < R/2. Now let
[(2) = > ez an(z — 2)", 0 < |z — 2| < R, be the Laurent expansion of f around z.

Then we have
" f(z0 + pe'¥)

ip
n—i—lel (n+1)p ple ng,

where p > 0 is arbitrary (p < R). Thus we have |a,| < Cyp~™, for all p such that
0 < p < R/2. Consequently, we obtain a,, = 0 for all n < —1, by taking p — 0.

2. Ifa_,, #0 and a_; = 0 for all £ > m, then

[e.9]

ZILIerO(Z —20)" f(2) = lli%(z — 20) Z_: an(z— 20)" = a_p,.-

Thus, zy is a pole of order m. Conversely, suppose that zy is a pole of order m. The
function ¢g(z) = (2 — 29)™ f(z) has the Laurent series expansion

E an(z — 20)"™ = E U (2 — 20)"
neZ nel

Furthermore, g has a removable singularity at z,. Thus by 1., a,_,, = 0 for all n < 0,
that is, a,, = 0 for all n < —m — 1. Therefore,

= Z an(z — 29)"

Moreover lim, .. (z — 20)™ f(2) = a_pm # 0.

3. Suppose f(z) = >, cpan(z — 2)", 0 < |2 — %| < R with only finitely many nonzero
a_n, n > 1. Then, by 1. and 2., 2 is neither a pole nor a removable singularity, so it is
an essential singularity. Conversely, if z is an essential singularity of f, then infinitely
many a_,, n > 0, have to be nonzero (for otherwise we are in situation 1. or 2.).

O

Example 32. f(z) = £ is analytic everywhere, except at zg = 0. We have
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and this series has radius of convergence R = oo. It follows that

o n
=>
(n+1

n=0

thus zg = 0 is a removable singularity.

Example 33. f (2) = e 23)2 has isolated singular points at zp = 0 and zy = 3. Since
lim, o zf(z) = 2 # 0 we know that zy = 0 is a simple pole. Since lim,_3(z—3)?f(z) = 2 # 0
we know that zg = 3 is a pole of order 2. The Laurent series of f around 0 is obtained as

follows:

ﬁ _ % (Zi?))? _ % (_?1)2 (1 _1Z/3)2 _ 9% [i (g)"r valid for |2| < 3.

n=0
The right hand side can be expanded as
2 2 1+ = +2—|— 2—2 1+2+Z+
2(z—3)2 9z 39 9 '

In particular, Res(f;0) = 2
To calculate the Laurent series of f around zy = 3 we expand

2 1 2 1 2 1 1 2 >
;(2—3)2:3—1—(75—3)(2—3)2:§1+(z/3—1)(z—3)275z— 2Z<1_‘> ’

n=0
for all z with |z — 3| < 3. Consequently, for z € B(3,3), we have
2 2 1 1 1 1 1
B S : - S S N
1) =3¢ Z =3 |mose 3oty YA 1

In particular, Res(f;3) = —g.

There is another characterization of an isolated singularity zy of f in terms of the limit
lim, .,, f(2). By definition, zy is a removable singularity if and only if lim, .., f(z) =a € C
exists. Next suppose that zy is a pole of order m > 1 of f. Then we have (Theorem 23)

a_p, + Z a—m+n(z - ZO)n] )

n>1

o0

[ =Y auz =) = (- z2) ™"

n=-—m

for |z — zy| sufficiently small, and where a_,, # 0. The series on the right side defines
an analytic function which vanishes at z = 2y, so there exists a  s.t. if |z — 29| < J, then
| > o1 Geman(2—20)"| < |a—m|/2. Therefore, an application of the inverse triangle inequality
yields |f(2)] > |z — 20| 7™|a_n|/2 for z sufficiently close to zp. This implies that if z, is a
pole of f, then lim, .., |f(2)| = oco. That the converse of this statement is correct follows
from the following result.
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Theorem 24 (Casorati-Weierstrass). Suppose zy is an essential singularity of f, and let R
be radius of the deleted neighbourhood A(zy;0, R) of zo in which f has a Laurent expansion.
Fiz any0 <r < R, e >0 and w € C. Then there ezists a z € A(z;0,7) s.t. |f(z) —w| < e.

This result implies that in any deleted neighbourhood of an essential singularity one can
find a sequence of points converging to any pre-established limit w.

Proof. The argument is by contradiction. Suppose there were r > 0, ¢ > 0 and w € C s.t.
|f(2) —w| > € for all z € A(20;0,r). Then the function

1
9(z) = f(z)——w

is analytic in z € A(z9;0,7), and satisfies the bound |g(z)| < 1/e for these z. Let a, be the
coefficients of the Laurent series of g in A(20;0,7). We have |a,| < p /e forall 0 < p <r
(see also the proof of Theorem 23). Thus, taking p — 0, one obtains a,, = 0 for all n < 0.
Hence g has a removable singularity at zg, g(2) = >, 0 @n(2 — 20)" for 0 < |z — 29| < r. Let
no be the smallest integer satisfying a, # 0. Expressing f in terms of ¢, we have

1 1
fe)—w=—==(2—2))"" :
py + anl Antng (2 — 20)"

The last fraction is analytic in z for z sufficiently close to 2y, since the denominator is analytic
and does not vanish for such z. It follows that f(z) — w has a pole of order ngy at zy. This
is in contradiction to the assumption that zy is an essential singularity of f. O]

If f(z0) = 0 then we say 2 is a zero of f. zg € C is called an isolated zero of fif and only if
there is a deleted neighbourhood of zy in which f does not vanish. If f is analytic at zg and if
2o is a zero of f, and if there is a neighbourhood of zy in which we have f(z) = (2 — 2z9)"¢g(2)
for some n > 1 and some function g such that lim, .., g(z) exists and is nonzero, then we
call zg a zero of f of order n.

Suppose that f is analytic at zp. Then it has a Taylor expansion f(z) = >~ am(z —
20)™, for |z — z9| < R. If f has a zero of order n at zy, then by the above definition,
there is a function g defined in a neighbourhood of zy, such that g(z) = (2 — z0) " f(2),
for z # 2y, and such that lim, .., g(z) exists and takes a nonzero value (. It follows that
ap = ay = -+ = ap—1 = 0, and that a, = ¢ # 0. Thus g(z) = >, <o @mn(z — 20)™ is
analytic at zp as well, and a,, = ¢ # 0. We thus see that: -

Suppose that f is analytic at zy. Then zq is a zero of order n of f if and only if f*)(z) =0
fork=0,1,2,....,n—1, and f™(z) # 0.

Theorem 25. Let f be analytic at zy, and let zg be a zero of order n of f. Then zy is an
1solated zero of f.

Proof. We have f(z) = (z — 20)"¢g(z), where g is analytic at zy, and g(z9) # 0. Since g is
continuous at zp, there is a 6 > 0 such that if |z — 29| < 0, then |g(z)| > |g(20)|/2 > 0.
Therefore, for |z — 29| < § and z # zp, we have |f(2)| = |z — 20|"|g(2)| > 0. O
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Theorem 26. Suppose that f is analytic at zy, and that there is a sequence {z,}n>1 with
infinitely many different z, such that z, — zy, and such that f(z,) =0, for alln. Then f is
identically zero in a neighbourhood of zg.

Proof. Let f(z) =307 jan(z — 20)", |z — 2| < R, be the Taylor expansion of f around z.
Suppose that f is not identically zero in {|z — 29| < R}, then there is a smallest, finite ng > 0
such that a,, # 0. Hence

f(2) = (2 = 20)"[an, + Z Angtn (2 — zO)n0+n]‘

n=1

But f(zx) =0 and (zx — 29)™ # 0, so

oo
no+n __
Any + g Ang+n (26 — 20)™ " =0,

n=1
for all k. By taking k — oo, we get a,, = 0, a contradiction. [

Theorem 27 (Identity Theorem). Suppose that f and g are analytic in a domain D. Suppose
that there is a sequence {z,}, with infinitely many different z, € D, such that z, — z, for
some z € D. If f(z,) = g(zn) for all n, then f =g on D.

Note that for the result to hold it is important that the limit point z is in D. Indeed,
the function sin(1/z) has zeroes z, = (7n)~', n € Z, so sin(1/z) is analytic and nonzero in
D = B(1,1), but has a sequence of zeroes accumulating at the boundary of D.

Proof. Consider h := f — g, which is analytic on D. From the above theorem, we know that
h = 0 in a neighbourhood of z. Take now any ¢ € D, and link it to z by a polygonal path
P lying inside D.

Suppose that h does not vanish on all points of P. Then, starting from z and moving
towards ¢ on P, there will be a last point z* € P where h(z) = 0. This is so since the zeros
of h form a closed set. By construction, there is a sequence z, — z*, z, € P, such that
h(z,) = 0. By the previous theorem, h has to vanish in a neighbourhood of z*. In particular,
there are points after z* on P where h vanishes, a contradiction. Thus z* does not exist.
This means that A = 0 on all of P. Therefore we have h(¢{) = 0, and thus f(¢) = g(¢). Since
¢ € D was arbitrary, the result is shown. [
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3.3 The Residue Theorem

Let f be a function analytic inside and on a simple closed contour C, except possibly at
finitely many points zq, ..., 2, inside C.

Let Cy be a small circle around zg, lying inside C, and such that all other points z;, [ # k,
lie outside Ci. By the deformation lemma we have

/Cf(z)dz = kz:; . f(2)d=.

Let Ry be the outer radius of convergence of the Laurent series of f around z;. We may
without loss of generality choose the radius of Cy smaller than Ry. So we have

o0

f)= ) aWz—=)",

m=—00

for 0 < |z — zx| < Ry, and Cy, C B(z, Ri). Therefore we have

e 3 o — z)"dz.
Ckf(z) z Z ayn /Ck(z z)"dz

m=—0Q

The last integral vanishes if m # —1 and equals 27i if m = —1. Consequently,
f(z)dz = 27ria(f1) = 2miRes(f; zx,)
Ck

and we have shown the following result.

Theorem 28 (Residue Theorem). Let C be a simple closed contour within and on which f
18 analytic, except at a finite number of singular points z1, ..., z, inside C. Then we have

/Cf(z)dz = 27riZRes(f; 2k).
k=1
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The residue theorem is useful in the calculation of contour integrals.

Example 34. We want to calculate fc 2%e!/*dz, where C is a simple closed contour enclosing

the origin. Since
fn+2

delt =2 Zn'znzz n! ’

n=0

for 0 < |z| < oo, the origin is an essential singularity of z%e'/*. Since Res(z%e!/*;0) = 1/3!,
we get [, z%e'/*dz = ir /3.

If zy is a pole of order m > 1 of f, then, in a deleted neighbourhood of zj,

f(z) = Z an(z — 20)" = (2 — 29)”" Z (2 — 20)"
n=-m n=0
and so the function .
(Z_Zﬂmf Zanmz_z()
n=0

is analytic in a neighbourhood of z; (has a removable singularity at zp). It follows from
Taylor’s theorem that

nla, _m = % . (z — 20)" f(2).
In particular, we have
. 1 dmfl .
Res(f;20) = a-1 = (m — 1) dzmn1 . (2 — 20)" f(2).

This shows the following little result.
Lemma 6 (Residue at a pole). Let zy be a pole of order m > 1 of f. Then

1 dm—l

Res(f;2) = (m— 1)l dzmt

(2 = 20)" f(2).

z2=2z0

Example 35. Let f(z) = (z —1)7'(2 +1)7!(z —i)~!. The singularities of f are the three
simple poles z = 1, +i. It follows from Lemma 6 that

Res(f;1) = (z—1)f(2)|._, = 1/2 and Res(f;+i) = (zFi)f(2)| _,, = (Fi—-1) "' (HiFi) "

Example 36. Calculate [, L;’il dz, where C is the contour given in Figure 19 below.
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Im

Figure 19: Contour of integration

Log(2)
(32+1)2
is easily seen to be two since (22 + 1)? = (2 +1)?(z —i)2.) In order to calculate the integral
with the help of the residue theorem, we need to find the residue of f at z = i. By Lemma

6, we find

The only singularity of f(z) = inside C is a pole of order two at z =i. (The order

., d 9 Log(2) i

Res (f:1) = dz z:i(z 2 (z+1)2(z —i)2 8 s
We conclude that Log(2) )
08(z) 4, _ T i
/C(22+1>2dz— 2+14.

The next result is useful in many applications. It is based on the following very simple
observation. If f has a zero of order n at z, then the residue of f'(z)/f(z) at 2y is simply n.
Similarly, if 2o is a pole of order n of f, then the residue of f'(2)/f(z) is —n.

Theorem 29. Let C be a simple closed contour and suppose that f is nonzero on C and
analytic inside and on C, except possibly for having finitely many poles inside D. Then we

have
1)
27 Jo f(2)

where N and P are the numbers of zeroes and of poles of f inside D, counted according to
their multiplicity.

dz= N — P,

Proof. Denote by D the interior of C and suppose that f has a zero of order n at 2y € D.
Then for z in a neighbourhood of zy, we have

f(z) = (2= 2)"g(2),
for some function g analytic at zy satisfying ¢g(z9) # 0, and hence not vanishing in a neigh-
bourhood of zy. It follows that in a neighbourhood of 2z,

FE_ n g

flz)  z—2  g(2)°

Marco Merkli 50



Notes PM 4310

The residue of this quotient at zy is therefore n. Next suppose that f has a pole of order n
at zgp € D, so that in a deleted neighbourhood of z;, we have

f(z2) = (z=20)"g(2),
for some function g analytic at zq satisfying g(zp) # 0, and hence not vanishing in a neigh-
bourhood of zy. It follows that in a deleted neighbourhood of zj,

flz) - 4

f2) =z g2)

f'(z)
f(2)

which has residue —n at zp. Finally, if 2y € D is neither a pole nor a zero of f, then is

analytic at zy. Therefore, by the residue theorem, we have

/') - S
/c ) dz = 27ri;nj — 27rikz:;pk,

where n; is the multiplicity of the j-th zero of f inside D, and py is the order of the k-th
pole of f inside D. O]

Example 37. The number of eigenvalues of the matrix

1 0 3i+1
0 5i i
101 2 0

having modulus smaller than a fixed » > 0 (for r not being the modulus of any root) is

1 2m ip )
N(r) = —/ X (Te. )irewd@,
27 Jo  x(re¥)

where
x(2) = —2° +6iz% — 2(5 — 6i)z + 50(3i + 1)

is the characteristic polynomial. Note that explicitly evaluating this integral seems to be a
task of the same order of difficulty as directly calculating the eigenvalues of the matrix. Of
course we see that N(r) — 0 as r — 0 and N(r) — 3 as r — 0o. These two facts tell us
(rather trivially) that zero is not an eigenvalue of the matrix, and that the total number of
eigenvalues of the matrix is 3.

A useful application of the residue theorem is the following. Let P(z) and Q(x) be two
polynomials in the real variable x € R. (We allow the coefficients of P, @) to be complex.)
Assume that the degree of @) is by at least two bigger than that of P. Then there is a
constant C' < oo s.t. we have

< Clz| 3,
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for all |z| sufficiently large. (Here, P(2) is the polynomial of the complex variable z, obtained
by simply replacing x by z in the expression of P( ) ) Let us in addition assume that @ has
no roots on the real line. Then the integral f dx converges. Consider

[P, [ PG
[R‘/_Rmx)d T ot

where Cp is the semi-circle z(p) = Re'¥, ¢ € [0,7]. Since the modulus of the integrand
of the last mtegral is bounded above by C'R~2? but the length of Cg is only 7R, we have
limp_o fc Q(z dz = 0, and so

lim [R =

P T

On the other hand, if R is larger than the modulus of the largest root of P(z) in the upper
half plane (Imz > 0), then the residue theorem implies that 2%11 r equals the sum over all
residues of P(z)/Q(z) in the upper half plane. We conclude that

/de—ZmZR(z )

J:Imz;>0

where the sum is over all residues of P(z)/Q(z) in the upper half plane.

Example 38. Evaluate [~ mdx where —2 < a < 2. Here P(z) = 2%, and the roots

of Q(z) = 2* + az? + 1 satisfy 22 = J(—a £ iv4 — a?), and none of them are real since
la| < 2. Note that since the coefficients of @ are real, z is a root if and only if Z is a root.
Let z = z +iy. We are only interested in the roots with y > 0. We have z* —y* = —a//2 and
2ry = i%\/él — 2. By squaring the latter relation and using the former one, one obtains
the two roots in the upper half plane, 2z = %[in — a+1v/2 + a]. Therefore the other two
roots are Z4 and so

Q(z) = (z —24)(z = 24)(z — 2= ) (2 = Z-).
It follows that

e (g) G —z+><zp—(zz)><z T i (wl——a ¢21+—a) |

and similarly,

e <g> G- Z+)(Zp_(?+)(z - (‘ =" ¢21+—a) |

We conclude that

/oo 1.2 d T
r = .
o Tt an? +1 V2 +a

Marco Merkli H2



Notes PM 4310

An interesting consequence of Theorem 29 is Rouché’s theorem given below. This theorem
states that if an analytic function has n roots inside a contour C, and if we “perturb” f by
adding another analytic function g (which is smaller than f on C), then the number of
zeroes of f + g inside C stays the same, n. Of course, the zeroes of f will “move” under the
perturbation g, but their total number is conserved.

Theorem 30 (Rouché). Let C be a simple closed contour within and on which f and g are
analytic. If

lg(2) < [f(2)]  forallz€C,

then the functions f and f+ g have the same number of zeroes in the interior of C (counting
multiplicity).

Proof. For 0 < a <1 the function f,(z) = f(2) + ag(z) does not vanish on C and is analytic
inside and on C. Note that f, interpolates between fy = f and f; = f 4+ ¢g. The number of
zeroes of f, inside C is given by

1 / f(z)+ag'(

T omi fal " omi (2) + ag(z
We show below that a — N, is continuous in 0 < a < 1. But then, since N, takes integer
values, N, must be constant in 0 < a < 1. Now Ny is the number of zeroes of f inside C
while N; is the number of zeroes of f + ¢ inside C.

It remains to show the continuity of N,. Let z € C be fixed and take a € [0,1] and h € R
s.t. a4+ h € [0,1]. Then

wn(?)  fal2) _ f(2)g'(z) = ['(z)g(2)
faorn(z)  fa(z) T f(2) +ag(2)]? + hg(2)[f (2) + ag(2)]

Choose h so small that

I .
Bl mase g (2)] < 5 min | (=) + ag(=)]

where we point out again that the r.h.s. is strictly positive. We obtain then

arn(2)  fa(2) |If( 2)9'(z) — ['(2)9(2)]
farn(2)  fa(2) 1f(z) +ag(z)

By integrating over z € C, it follows from this bound that N, is continuous (in fact, differ-
entiable) in a € [0, 1]. O

Example 39. To estimate the location of the roots of the equation p(z) = 26 + 72+ 1 =10
we write the polynomial on the left side as f(z) + g(z), where f(z) = 25, g(z) = 72 + 1.
The condition |g(2)| < |f(z)] is implied by 7|z| + 1 < |2|®. The latter inequality is satisfied
if |z| = 2. Consequently, since f has six roots inside the circle of radius 2 centered at the
origin, all six roots of p have modulus less than 2. On the other hand, for |z| = 1, we have
the reverse inequality |g(2)| > |f(z)|. Since g has one root inside the cirlce of radius 1 around
the origin, p has one root with modulus smaller than 1 (and hence by the previous argument
p has five roots with moduli in the annulus 1 < |z| < 2).
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Example 40. Let n € N. The equation *# = 122" has n solutions inside the circle |z| = 1.
To see this we let f(z) = 122" and g(2) = e*?. Then |g(z)| = e 2lIsn(s(z) < 212l while
|f(2)] = 12]z|™. For |z| = 1 we have thus |g(z)| < e* < 12 = |f(2)]|, from which the result
follows by Rouché’s theorem.

Let C be a simple closed contour and suppose that f,,, f are analytic inside and on C, that
f(z) # 0 for all z € C and that f, converges to f uniformly on C. Let m = min,ec |f(2)].
Then for n large enough, we have

1fu(2) — f(2)] <m < |f(2)] forall z€C.

Rouché’s theorem implies that the number of roots of f and of f + f, — f = f, inside C is
the same. This shows the following result.

Theorem 31 (Hurwitz). Let C be a simple closed contour. Let f,, f be functions analytic
inside and on C, such that f(z) # 0 for all z € C and s.t. f, — f uniformly on C. Then
there is an ng s.t. for all n > ny the functions f,, and f have the same number of zeroes in
the interior of C (counted including multiplicity).

Example 41. INTERSTING EXAMPLE: f(z) = €%, Py(2) = ZTZLO 2"/nl. Py has N
zeroes in C, while f has none. On |z| = R, R fixed, Py — f uniformly, so all zeroes of
Py escape to infinity as N — oo. Task: given R, find N s.t. all roots of P,(z) satisfy
|z] > R. Answer: N > eR —1 (if R > 1). Method: |e*| > e on |z| = R, so need to find

N s.t. |e* — Py(2)| < e ® unif. on |2] = R. Lhs. < %eR, then take In and convert

In(N +1)! =S In(k+1) > 1N+1 In(z)dz and estimate.

3.4 Using contour integrals to evaluate and estimate sums

A method for evaluating sums of the form ) >° _ f(n), where f is analytic at n € Z, is
based on finding a function g whose residues are { f(n)},cz. Let us first see how to construct
such a function. Suppose we can find a function ¢(z) which has simple poles with residue
one at every n € Z. Then the function g(z) = f(z)p(2) has residue f(n) at each n € Z.
Indeed,

Res(g;n) = lim(z — n) f(2)p(2) = f(n)Res(p;n) = f(n)

zZ—n

The function
cos(mz)

p(z) =m

does the job. Indeed, the singularities of ¢ are at z satisfying sin(7wz) = %m[ei“ —e ™| =0,
i.e. z =n with n € Z. The function sin(7z) has thus zeroes of order one at z € Z, and hence
[sin(7z)]~! has simple poles at z € Z. Moreover, Res(p;n) = 1.

Let us assume that f has finitely many poles {23} ,. Take a simple closed contour Cy
enclosing the integers n = 0, +1,+2,...,£N, as well as all the poles of f, as illustrated in

Figure 20 below.

sin(r2) = mcot(mz)
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Figure 20: Cy encloses the integers — /N, ..., N and all singularities of f

The residue theorem gives
K
m [ f(z)cot(rz)dz = 27 Z f(n) + QWiZ Res(mf(z) cot(mz); k).
: k=1

The first sum is due to the residues of f(z) cot(nz) at the integers —N, ..., N and the second
sum comes from the singularities of f at z;. In particular, if f is analytic then the second
sum is not present. The next little result shows that the Lh.s. of the above equality actually
vanishes in the limit N — oo and we conclude that

Z f(n)=— Z Res(m f(z) cot(mz); zx).

neN, n¢{z,}

Lemma 7. Suppose that |f(z)| < Alz|~ for some constants A > 0 and o > 1. Let Cy be
the square with vertices £(N + 1/2) £i(N + 1/2). Then

lim /CN f(2) cot(mz)dz = 0.

N—o0
Im
i(N+3)
0 Re
1
~-N-1 N+1
Proof. Writing z = x + iy we have
'ei7rz + e—iwz 'eiwze—ﬁy + e—i7ra:eﬂ'y ) eQﬂixe—wa + 1

cot(mz) =i— =

eimz _ e*iﬂ'z leiﬂxefﬂy _ efimveﬂy o 1627rize727ry -1 :
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On the right vertical side of Cy, we have z = N +1/2 and y € [-N — 1/2, N + 1/2] and so

1 — —2my 1 — —27y
cot(mz) = —iﬁ and |cot(mz)| = ﬁ <1
Similarly, on the lower horizontal part of Cy we have x € [-N —1/2, N +1/2] and y =
—N —1/2 and thus
.e27rix627r(N+1/2) +1 eQ7r(N+1/2) +1
COt('ﬂ'Z) = 1627rixe27r(N+1/2) 1 and |COt(7TZ)| S m < 2,

where the last inequality holds for N large enough. (Note that we have used the triangle
inequality and the inverse triangle inequality in the numerator and the denominator to arrive
at the first upper bound on |cot(7z)|.) It is easy to obtain similar bounds on the other sides
of Ci, and we thus have sup,..  |cot(rz)| < 2. Consequently

z)cot(mz)dz| < 4(2N + 1) sup |f(z) cot(mz)| < 8(2N + 1) sup |f(2)].

zeCn z€Cn

However, for z € Cy we have |z| > N, and by the decay condition on f, |f(2)] < AN~ for
some A > 0 and o > 1. Therefore,

2N +1
f(z)cot(mz)dz| < 8A 1 0,
Cx “

as N — oo. This completes the proof. [l
Example 42. We want to calculate

=1

ﬁ.
n=1

According to the above formula, we have
1
22 Z — = —Res (W; cot(mz); 0) :
Ogmez !

To find the residue, we find the Laurent expansion of Wz% cot(mz) around the origin. First,
using the Taylor expansions of sin(z) and cos(z) around the origin, we get

2 4
cot(z)—cos(z)—1_%—‘_1_’_'”—1 1 1_2_2 2_4_...
Cosin(z) 242 . z1-oZ g2l 21 4l
o E T st
In order to expand the fraction 1=, a = ”:;’—T — ’;—T—k we use the geometric series 1 =

> nsoa”. Thus

1 2 4 4 2 4
COt(Z):;|:1+Z——Z'+ i +] {1_Z_+Z_+ 1

31 5 (312 o Tl
1. 1 11 11
= 1= 232 Sl [
z{ 37 7 (4! 2131 5!+(3!)2>+ ]
B 1 =z 1 3
I T
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We can now read off the residue, Res (%25”), O) = —%2. So we have
=1 2
2 6
—~n 6

™
sin(7z)

Next, consider the function ¢(z) = 7cse(nz) = ¢ has simple poles at n € Z (as

before), and

Res(p;n) = (z —n)p(n)|,_, = lim 7 = [cos(nm)]7" = (=1)".

z—n sin(mz)
% =1+ cot?(2), so csc?(z) is bounded for z € Cy;,
the square of the previous lemma, and we obtain the following result. If f has finitely many
singularities {23} |, then

Moreover, csc?(z) = sin™?(z) =

Y. (=D"f(z) = =) Res(mf(z) cse(2); z)-

neN, n¢{z,}

Example 43. We have

Y

neN, n#0

() = —
cse(mz) =
sin(mz)
B 1
B 047z — g (m2)? + -
1 1
1 2
= —+—z+
Tz b7
It follows that Res (ﬂcscz(—;rz); O> = g = %2, and hence
nz 12

n=1

We can evaluate sums involving binomial coefficients in the following way. Since C'(n, k) =
(7) is just the coefficient of z* in (1 + 2)", we have

1 (1+2)"
27l Jo 2k

C(n, k) =a, = dz,
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where C is a simple closed curve enclosing the origin. This relation may be used in estimates.
For example, taking C = {|z| = 1},

1 s (1+ei(p>2n o
C’(Zn,n) = %/ We <p1d(p

S0
C(2n,n) < 22" = 4",

Example 44. To evaluate Zo %, which converges since C'(2n,n) < 4", we write
iC’(an Z/ 1+22"dz
—~ " T 2mi

where C = {|z| = 1}. Since for |z] = 1 we have ‘(1(;5))5”% < (%)n, the series converges

uniformly on C by the Weierstrass M-test. Therefore,

n=0
1 1 dz
271 Jo 1 — (1;_2)2 z

= V5

We have used the Cauchy formula to evaluate the last integral: the contour contains the
singularity zy = (3—+/5)/2 and has thus the form 5 Je 1C) 4z, with f(z) = —5(z— %)*1

z—20

Example 45. To evaluate Y ,_, C(n, k)%, we note that C(n,k) is the coefficient of z* in
(14 2)™ and also the coefficient of z7* in (1+1)". So it follows that >";_ C(n, k)? must be
the constant term in (1 + 2)"(1 + 2)". Consequently, we have

n n 2n
ZC’(n, k)? = ! (14 2)" (1 + 1) 1dz = L Mdz,
k=0 ¢ &

~ 2ni z 27i Jo ozt

where C is a simple closed contour around the origin. The latter integral is also the coefficient
of the power 2" in the Taylor expansion of (1+2)** around the origin, hence it equals C'(2n,n).
So we have shown that

> C(n, k)’ = C(2n,n).
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4 Analytic Continuation

The identity theorem for analytic functions shows that an analytic function f on a domain
D is entirely determined by its values on any subdomain. How can we calculate the values
in the larger domain, starting from the knowledge of f on the smaller domain?

Example 46. The series

(o] . 1
;Z :1—2

converges for |z| < 1. It defines an analytic function f(z) in the open unit disk. For |z| > 1,
1

the series does not converge. Nevertheless, g(z) := = is analytic everywhere except at

z =1 (simple pole). We call g an analytic continuation of f.

Theorem 32. Let Dy, Dy be two domains such that Dy Dy # (. Suppose that fi is analytic
in Dy, fo is analytic in Dy, and that fi(z) = fa(z) for all z € Dy N Dy. Then there exists a
unique function F(z) that is analytic in D1 U Dy, and that coincides with fi(z) on D;.

Proof. Set F(z) = fi(z) for z € Dy, and F(2) = fa(2) for z € Dy. Since fi1(z) = fa(z) for
z € DN Dsy, F is well defined. Moreover, F'is analytic or D; U Dy. By the identity theorem,
F' is the only analytic function in Dy U Dy with F(z) = fi(z) for z € D;. O

The function F' is called an analytic continuation of f; (into the domain Ds). How can we
obtain construct the values of an analytic extension? Since the function to be extended is
determined by its Taylor series, and since the analytic extension is unique, this extension
must be determined by the Taylor coefficient of the function to be extended. Let

fi(z) = an(z — 2)"

n=0

be the Taylor expansion of f, convergent for |z — zy| < R. Let z; be such that |z; — 29| < R.
Then f is analytic at z;, and can thus be expanded as

fu(z) = balz —20)",

at least for z such that |z — 2| < R — |21 — 2|
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L (n)
b, = —
e (zl>

1 oo
= mZamm(m—l)---(m—n%—l)(zl—zo)m_"
= Z C(m,n)an(z1 — z0)™ "

We know that the above series with coefficients b,, converges for |z — 21| < R — |21 — 2|, but
it may well be that it converges in a bigger disk B(z1, R1), with Ry > R — |z — z|. If this
happens, then we have an extension fy of f; into the region B(zg, R) U B(z1, R;). Now we
can continue this procedure, pick a point z5 in B(z;, R;) and expand around z, etc. In this
way we may obtain a chain of circles, each center lying inside the previous circle in the chain.

One may extend a function along a given curve. Let C be a curve linking o € C to 3 € C.
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The function f is given by its Taylor series, in a disk By centered at a. Going along the
curve C, starting at a, we may be able to find a point z; € C so that the piece («,z;) on C
lies entirely in By, and so that the Taylor series of f at z; converges in a disk B; that goes
beyond Bj. Then we have an analytic continuation of f into B;. We continue the process:
we may be able to find a zo € By NC, such that the piece (z1,22) on C lies entirely inside By,
and such that the Taylor expansion of f at 2z, converges in some disk B, going beyond By;
then f is extended to Bs. If we can continue the procedure until we reach a point z, € C
such that the Taylor series of f at z, converges in a disk containing the point 3, then we
have extended f from « to 3, along the curve C. This extension is independent of the choice
of intermediate points z1,..., z,. Indeed, let F' and G be two such extensions, defined and
analytic on domains D and D’ (consisting of unions of circles), respectively. Then, since F’
and G coincide in a neighbourhood of «, they coincide on all points D N D’. In particular,

F(z) = G(z) for all z € C. Thus F(B3) = G(5).

Theorem 33. Let Dy, Dy be domains with Dy N Dy # (. Suppose that fy is analytic in Dy,
and that fs is an analytic continuation of f1 into Dy. Let o € Dy and € Do, and let C be
a contour from « to 3, so that C C Dy U Dy. Then fo() can be calculated via an extension
by a circle chain along C.

O

Proof. We need to find intermediate points z1, ..., 2, and disks By, ..., B, having the prop-
erties of the corresponding quantities in the circle chain extension. First assume that C is
a curve given by z(t), 0 < t < 1, which is an arc equivalent, continuous and simple with
2(0) = a, z(1) = . Since C is a compact set in the open set Dy U Do, we can find a radius
r > 0 such that all balls with centers on C and radius r still belong to Dy U D (e.g., take
r = imin{|z — (| : z € C,{ € C\(Dy U Ds)}). Since z(¢) is continuous on the compact
interval [0, 1], it is uniformly continuous. This means that there is a § > 0 such that if
[t —¢'| <9, then |z(t) — 2(t)| < 7.
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Let us now divide the interval 0 < ¢t < 1 into n equal parts of length %, with n so large
that % < 0, and call the corresponding points in the partition 0 = tg < t; < -+ < t,,_1 <
t, = 1. Let z; = z(t) be the corresponding points on C, zp = «, z, = . Now we have
|zk41 — 2k = |2(tkg1) — 2(tk)| < 7, since |tg41 — tx| < 6. Therefore, 2, € B(zx—1,7) and the
B(zg,7), k =0,...,n, form a circle chain lying inside D; U Dy and covering C. Moreover,
the piece (2—1,2;) on C lies inside B(zx_1,7) and so we have found a circle chain linking «
to 3, along C.

Finally, if C is an arbitrary contour, then it is a finite composition of arcs, and one
proceeds on each arc as above. [l

The last result shows that if f; has an analytic continuation from a domain D, into a domain
D5, then the continuation can be obtained using the circle chain procedure along an arbitrary
curve C inside Dy U Dsy. Is the converse true as well? Suppose that f; is analytic in a domain
Dy, and that there is a domain D, s.t. D; N Dy # (), with the property that we can extend
f1 along any arbitrary curve C C DU D5 into D; U D5. Do we thus get an analytic extension
of f1 into Dy U Dy? The answer is no, in general, since the value of an extension along one
curve may not coincide with that one along another curve.

Im

—1+1

Example 47. The principal value square root, fi(z) = P.V. 22 = ealos(® g analytic on
Dy = C\(—00,0]. Let zy = —1+ 1. The function f; has the Taylor series expansion

(n)
fi(z) =327 yan(z — z4)" around 2z, with a, = flT(,z*) For n > 2, we have

fln)(z) = z%_”% (_%) (_g) .. (% —n+ 1) — (_1>n+11 -3 52n(2n - S)Z%_n7

where the root is the principal one. Let ¢, be the principal argument of z,. Then

We thus have

filz) = (?) e 14 %e_i‘” — 22(—1)”1 3 n('Qn —3) (z \_/§+) e—in<p+] .
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We now calculate the radius of convergence of the last series. Since

1-3-5--(2(n+1) —3) n! 2n+1) — 3 nooo
= —)27
(n+1)! 1-3-5---(2n — 3) n+1

we see from the ratio test that the series converges for |z — z,| < v/5/2. It is clear that the
radius of convergence cannot exceed v/5/2, since this is the distance from the centre z, of the
series to the origin, which is a singularity of f;. However, note that points of non-analyticity
of P.V.22 on the negative axis (—oo, 0) lie inside the disk of convergence of the power series
for fi.

We have therefore constructed f,, an analytic continuation of f, into Dy U B(z,,v/5/2).
The extension f, is given by f. = f; on Dy, and it is defined by the power series above for
2 € B(zy,v/5/2). In particular, the point z = —1 is in the domain of analyticity of f.. By

the identity theorem, the continuation of f; along any contour C C D U B(z,, */75) from z,
to —1 will coincide with f.
Next we consider z_ = —1— %, and we expand f; around z_. It is by now easy to see that

f1 is given by a Taylor series centered at z_, and that this series has radius of convergence
V/5/2. In particular, this gives an analytic extension f_ of f; into D; U B(z_,+v/5/2). The

point z = —1 is in the domain of analyticity of f_.
We have thus two analytic continuations of f;, denoted f. and f_, both defined and
analytic at the point z = —1. Since fi are analytic in the disks B(z, \/75), they are in

particular continuous, so

ol

fr(=1) = lim f(e!*) = lim e2208(") = Jim e2478(@) — ¢ —j,
alm afm alm

and

—im

fo(=1) = lim f(e*) =e2 = —i.

al—m

Therefore, the two extensions do not coincide !
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C_

The above example shows that we can start with f; defined on B(0,1) and extend f; in
two ways, along C, and C_, into domains containing —1. However, the two continuations
do not coincide at the endpoint —1. Under what conditions can one guarantee uniqueness
(single-valuedness) of analytic extensions? Note that in the above example, C =C, U (—C_)
encloses a singularity of the function fi(z) = z2. As we shall see, this is the origin of non-
uniqueness of analytic continuations.

Let o, 8 € C be fixed and consider two contours Cy, C; linking a to . We say that Cy
can be deformed continuously into C; if there is a continuous map z : [0,1] x [0,1] — C,
(s,t) — z(s,t) such that z(0,t) is a parametrization of Cy, z(1,t) is a parametrization of C;
(in particular, z(0,0) = 2(1,0) = «, 2(0,1) = 2(1,1) = (), and such that ¢t — z(s,t) defines
a contour Cy linking a to 3, for each 0 < s < 1. The curves Cy and C; are then also called
homotopically equivalent.

Co 8

Ci

Theorem 34 (Monodromy Theorem). Let Cy and Cy be two contours linking v to 3. Suppose
f is analytic at o and suppose we can deform Cy continuously into Cy in such a way that f
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can be continued along any intermediate contour Cy,. Then the continuation along Cy and Cq
coincide at (3.

In the example above, the hypothesis of the theorem is not satisfied, since one has to
sweep the curve C, continuously onto C_. So for some value of s, the intermediate curve Cj
has to pass through the origin, which is a singularity of f;. For this value of s, one cannot,
of course, perform an analytic continuation from a = +1 to a = —1 along Cs;.

Proof. Consider 0 < sp < 1. We can extend f from « to 3 along Cs,, via a chain of circles.
The union of those circles defines an open set U, containing Cs,, and we have an analytic
function Fy,(z) on Us,.

There exists a § > 0 such that if |s — so| < §, then C; C U,,. This follows from the
continuity of the map z : [0,1] x [0,1] — C. Indeed, by the uniform continuity of this
map, we have that for every e > 0 there exists 6 > 0 such that ||(so,t9) — (s,)]] < 6 =
|2(s0,t0) — 2(s,t)| < e. (Here, ||(z,y)| = \/2% + y? denotes the Euclidean norm of R2.) In
particular, if ||(so,t) — (s,t)]| = [so — s| < 0, then |z(s,t) — 2(s,t)] < € (for all ¢). Thus
|sg — s| < & implies that max,cp 1) |2(s0,t) — 2(s,t)| < e. Thus C; lies in an e-neighbourhood
of Cyy, if |59 — s| < 6. It suffices to take € = 1dist(Cy,, C\Us,), then C; C Uy, for all s such
that [so — s| < 0.

Now for each s such that |sg — s| < §, we get an analytic function z — Fy(2) in some
neighbourhood Uy of C,, again by the circle chain procedure. The identity theorem gives
F;, = F,. Hence, for any sy € [0, 1], we find a ds, > 0 such that the extension along all
curves Cs, |s — so| < ds,, yield the same analytic function at . Since [0, 1] is compact,
we can find finitely many such sy, ..., s, and é,,...,d, such that U7_, B(s;,d;) covers [0, 1].
Therefore, the extensions along Cy and C; yield the same value at 3.

Actually, this proof shows that if a point ( € C belongs to the domain of any two analytic
functions F, Fy, obtained in this procedure, then F(() = F5((), so the extension yields a
single-valued analytic function between Cy and C;. m

4.1 Extension of real functions to analytic ones

Suppose f : I = [a,b] — R is a real function. When can we find a complex domain D
containing I, an a function F': D — C, analytic on D, such that F(z) = f(x), for all z € I?
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If such an extension exists, it must be unique: Suppose F, Fy and D;, Dy do the job. Then
DN Dy contains I, and F} and F, must coincide on I. By the identity theorem, Fj coincides
with FQ on all of D1 N DQ.

Of course, if f is not infinitely many times differentiable, then one cannot find a complex
analytic extension (since if it existed, the function F', restricted to I, would have to be
infinitely many times differentiable). However, f € C*° (I) does not guarantee the existence
of a complex analytic extension.

Theorem 35. Let I C R be an interval, f: I — R. Then there exists a complex domain D
and an extension F of f, analytic on D, if any only if f(x) can be expanded in a real power
series around any point x € I.

Proof. (<) Suppose we have, for any xy € I fixed, an expansion

@)= anle — o)™,

for some a, € R, with radius of convergence ry > 0. Then define
F(z):= Z an(z — xo)".
n=0

This series converges for |z — x| < ry. Indeed, the radius convergence is Ry = 1/Lg, where
Ly = limsup]an]% = 1/ro. Now set D = U,,erB(xo,70) C C. D is a domain. By the
identity theorem, F is well defined and analytic on D, and by construction, F'(z) = f(x) for
all z € 1.

(=) Suppose we have a complex domain D containing I, and a function F' analytic on
D, such that F(z) = f(z) for all x € I. Let xy € I be fixed. Since F' is analytic at x, if has
a Taylor expansion

F(z) = Z an(x — x0)",

convergent for |x — xo| < 9. Thus f has a power series expansion around any xy € I. To
complete the proof we just have to show that the coefficients a, are real. We know that
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an, = L F™(x4). Now
d"F O"F o
FO ) = S0 (o) = 0 (a0) = 9 L (20) = (o),
since F and f coincide on I. Thus a, = % f™(z0) € R. O

Example 48. The trigonometric functions

sin(x):nzzo(—l)”m and cos(x):nzzo(—l)” én)!

have unique complex (entire) extensions. (Just replace x by z in the Taylor series.)
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