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Introduction

This is the ninth book containing examples from the Theory of Complexr Functions. We shall here
treat the important Argument Principle, which e.g. is applied in connection with Criteria of Stability
in Cybernetics. Finally, we shall also consider the Many-valued functions and their pitfalls.

Even if T have tried to be careful about this text, it is impossible to avoid errors, in particular in the
first edition. It is my hope that the reader will show some understanding of my situation.

Leif Mejlbro
27th June 2008
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1 Some theoretical background

1.1 The argument principle
Let f: M € C be a function defined on a set M. We define arg f as any function on M, which for

every t € M is one of the values from the set arg f(¢). Then

Theorem 1.1 Let [ : [a,b] — C\ {0} be a continuous continuous complex function on an interval
[a,b], which is different from zero. Then f has a continuous argument function arg f.

Clearly, we get all continuous argument functions from one continuous argument function 6 = arg f
by an addition of a multiple of 27. It follows that the difference

(1) arg f(b) — arg f(a)

has the same value for every continuous argument function arg f. This difference (1) is called the
argument variation of f on the interval [a, b].

In particular, if f(a) = f(b), then the continuous curve with the parametric description z = f(t),
t € [a,b], is a closed curve, which does not pass through 0, and the argument variation is a multiple
of 2m,

arg f(b) — arg f(a) = 2nm, for some n € Z.

Today’s job market values ambitious, innovative, perceptive team players. Swedish
universities foster these qualities through a forward-thinking culture where you’re
close to the latest ideas and global trends.
Whatever your career goals may be, studying in Sweden will give you valuable
Swedish Institute ~~ skills and a competitive advantage for your future. www.studyinsweden.se
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This number n € Z is only defined for closed curves. It is called the winding number around 0 of
the curve or the function. It is geometrically interpreted as the number of times (with respect to the
orientation of the plane), which the curve winds around 0, where negative windings of course cancel
positive windings.

The importance of the winding number around 0 is shown by the following theorem:

Theorem 1.2 Let f : [a,b] — C\ {0} and g : [a,b] — C be two given continuous complex functions,
for which f(a) = f(b) and g(a) = g(b). Assume that we have for every t € [a,b] that

lg(®)] < 1f ()]
Then the two functions f and f + g have the same winding number n around 0.
According to this theorem one may allow small perturbations a closed curves without changing the

winding number.

Definition 1.1 Given an analytic function f : Q — C, which only has poles as its singularities, and
which is not the zero function. We define the logarithmic derivative of f as the uniquely determined
analytic function

f’(z)’ defined in {z € | f(z) # 0}.
f(z)

We see that if Log f(z) is defined, then
d _f'(®)

f'(2)

It is well-known that Log f(z) needs not be defined globally, while 5

if only f(2) # 0.

We have the following important result, which in particular is used in the applications of Cybernetics.

is always uniquely defined,

Theorem 1.3 THE ARGUMENT PRINCIPLE. Given an open domain Q S C and an analytic function
f:Q — C, which is not the zero function, and which only has poles in Q) as its singularities. Let C'
be a simple closed curve in 2, which does not pass through any zero or pole of f, and let w C C be the
bounded domain lying inside the curve C. The total number of zeros of f in w is denoted N, and the
total number of poles of [ in w is denoted P, all counted by multiplicity. Then the winding number
around 0 for the closed curve f(C) in the w-plane is equal to the difference N — P, i.e.

17 f(z)
2mi Jo f(2)

dz = N — P = winding number of f(C) around wy = 0.

When we combine the argument principle with the previous theorem, we get
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Theorem 1.4 ROUCHE’S THEOREM. Given an open domain Q@ S C, and given two analytic functions
f,9:Q—C. Let C be a simple closed curve in ), and assume that neither f nor g have singularities
inside C'. Assume that we have the estimate

lf(2)] > |g9(=)] for every z on the curve C.

Then the two functions f and g have the same number of zeros (counted by multiplicity) inside the
curve C'.

1.2 Stability criteria

Considering the question of stability of mechanical or electrical systems with respect to oscillations, it
is of great importance to decide if all zeros of some polynomial lie in a left half plane. This polynomial
is typically the numerator of the so-called transfer function. This polynomial P(z) will usually have
complex coefficients. However, if we instead consider the polynomial P(z)P(z), where the coefficients
of the latter factor are the complex conjugated of the coefficients of the former factor, then this new
factor will have the complex conjugated roots of the roots of P(z). We see that all roots of P(z) lie in
the left half plane, if and only if all roots of the polynomial P(z)P(z) with real coefficients also lie in
the left half plane. We can therefore in the following restrict ourselves to only considering polynomials

of real coefficients.

We now introduce the following:

Definition 1.2 We call a polynomial P(z) of real coefficients a Hurwitz-polynomial, if all its zeros
lie in the open left half plane.

Concerning Hurwitz-polynomials we have the following simple result:
Theorem 1.5 A necessary condition for a polynomial
P(2) —ap2"ta 2"V Han_1 2+ ay

of real coefficients to be a Hurwitz-polynomsial is that all its coefficients aq, ... , a, have the same sign.
In case of n =1 or n =2 this condition is also sufficient.

In general this only gives us a mecessary condition, which is not sufficient. This follows from the
example

1 1
162% 4+ 827 + 92 + 17 = (2 + 1) <Z_Z_i> (Z_Z”)
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We can do better with

Theorem 1.6 A polynomial P(z) of real coefficients is a Hurwitz-polynomial, if and only if
|P(z)] > |P(—=2)] for Re z > 0,

P(iy) #0 for every y € R.

The standard method for proving that a given polynomial with real coefficients is a Hurwitz-polynomial,
is the following

Theorem 1.7 HURWITZ’S CRITERION (1895). Given a polynomial
Plz)=agz"4+a1 2" ' 4+ Fan_12+ay

with positive coefficient. Then P(z) is a Hurwitz-polynomial, if and only if the following determinant
inequalities are all fulfilled,

aq aq 0
ay ao
Di=a; >0, Dy = > 0, D3 =| as as a; | >0, s
as as
as aq as
aq aq 0 R 0
as a9 al e 0
D, = > 0,
a2n—1 a2n—2 Qa2n—3 T Qn

where we put ai = 0 for k > n.

Clearly, this criterion may in practice be rather difficult to use, when the degree of the polynomial
is large. Fortunately we have an alternative criterion, by which on by iteration is able to reduce the
degree with (at least) 1 in every step:

Theorem 1.8 SCHUR’S CRITERION. A polynomial P(z) with real coefficients is a Hurwitz-polynomial,
if and only if its coefficients all have the same sign, and the polynomial
P(1)P(z) = P(=1)P(—=)

z+1

Qz) =

is also a Hurwitz-polynomaial.

We shall finally mention
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Theorem 1.9 NYQUIST’S CRITERION (1932). Given a rational function H(z), where H(iy) # 1 on

the imaginary azis. We denote by P the number of poles for 1 in the right half plane (counted

+ H(z)
by the multiplicity). Then the control system, which corresponds to the transfer function

_ _H(z)
f(z)_TH(z)’

1
is stable, if and only if T H G has the winding number a P around the point w = 1, when z runs

H(z)
through the imaginary axis.

supplied with

Theorem 1.10 NYQUIST-MICHAILOW’S CRITERION. Given a rational function G(z) with no zeros
on the imaginary axis and with N zeros in the right half plane. Let K be a so-called amplification
factor.

Then the control system, which corresponds to the transfer function

1
f(2)2m+17

1
is stable, if and only if w has the winding number N around the point w = —K, when z runs
z
through the imaginary axis from —ico to +ico. Here, N denotes the number of zeros of G(z) in the
right half plane.

www.job.oticon.dk
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1.3 Inverse functions

Given an analytic function f(z) in an open domain 2, and assume that f : Q — f(Q) is one-to-one.
Although it is far from trivial, one can then prove that f’(z) # 0 everywhere in {2, so the inverse map
exists and is an analytic function with the derivative

4
dw

o
frifeHw))

Clearly, one can then always locally determine the inverse f°~!(w) of an analytic function f(z) in a
neighbourhood of any point, in which f/(z) # 0. Then question is now, when these local inverses can
be glued together to a global analytic function. We know already from the example of the many-valued
function log w that this is not always possible.

7ot w) =

Since the topic here is the inverse function, we shall for convenience interchange the variables z and
w. An obvious definition is

Definition 1.3 Let f : Q — C be analytic in an open domain ) in the w-plane. A point wg € Q is
said to be a singular point of the function f(w), if ' (wo) = 0.

When wo € Q is a singular point, we call the image zo = f (wg) a branch point of the corresponding
Riemann-surface.

Another type of branch points are the logarithmic branch points.

Definition 1.4 We say that a point zo is a logarithmic branch point of the function f(w), defined
on the open set ), if the following two conditions hold,

1) The point zq is isolated in C\ f(£2).

2) There does not exist any larger open domain Q1 D Q with corresponding analytic function fy :
Q1 — C, such that

fi(w) = f(w) forw € Q, and z0 € f1(Q1).

Condition 2) above can also be expressed in the following way:
2a) For given any open set 7 D  and any analytic function f; : Q@ — C we have that either f is
not an analytic extension of f, or —if it is — then the point zg ¢ f1 (€1).
Then we can describe the following procedure for determining the inverse function, i.e. for solving the
equation
z = f(w), w e Q.
1) First find the singular points wq € €2, i.e. the solutions of the equation

f'(w) = 0.

2) Then for every solution wq of this equation, the image zo = f (wg) is a branch point, where we do
not have any one-to-one connection between any of the neighbourhoods of wy and z.
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3) Then check the image f(Q) for the possibility of one (or more) branch points).

4) When we have found the image f(2), then we shall find the largest possible open domain w C €,
for which f : w — f(w) is one-to-one. We call any such maximum open domain a fundamental
domain.

5) If the boundary of a fundamental domain w is composed of piecewise differentiable curves contained
in , then the boundary of f(Q) \ f(w) is consisting of curves between the branch points. We
notice that these can be ordinary branch points or logarithmic branch points. We call any such
curve in the z-plane a branch cut, and the uniquely determined inverse map f°~!: f(w) — w onto
the image of a fundamental domain is called a branch of the inverse map f°~!.

6) Whenever possible we try directly to find an expression in €2 of the many-valued function f°~1(z).

7) By means of the fundamental domains, the branch cuts, some pieces of paper, a pair of scissors,
some glue or tape, and possibly also some patience it is possible to construct a model of the
corresponding Riemann-surface.

Remark 1.1 Contrarily to the branch points, the fundamental domains, the branch cuts and the
branches are not uniquely determined. ¢

Even if the Riemann-surfaces in general are difficult to handle, they have nevertheless found their way
into the theory of Stability.

Assume that f(z) is a polynomial or a rational function. Then there exists a Riemann-surface R,
corresponding to f(z), such that f maps the z-plane onto the Riemann-surface R. The criterion of
stability can then be reduced to the condition that the image f (Q) of the closed right half plane

Q={2€C|Rez>0}

does not contain points which lie above the point w = 0. If the image f (ﬁ) of the right half plane
into the Riemann-surface R is bounded by a curve T’ (where T' is the image of the imaginary axis),
then we get the following stability criterion:

Theorem 1.11 If the domain f(Q) to the right of the curve T' on the corresponding Riemann-surface
R does not contain any point above w = 0 (and the curve T' does not pass through such a point), then
f(2) is the transfer function for a stable system. If these conditions are not satisfied, then the system
is unstable.

It is of course in practice very difficult to investigate I' on the Riemann-surface R itself. Instead
we consider the projection v of I' onto the w-plane. We obtain a parametric description by putting
z = iy into the expression of f(z) and then separate the real and the imaginary part. Then we get
the parametric description:

& u = u(y), v=1v(y), yeR.

We lose some information by this projection and the condition that the point w = 0 must not lie to
the right of the curve =, is then only necessary and not sufficient, which is illustrated by the example

flz) =222 +22-3.

The coefficients have different signs, so the corresponding system cannot be stable. On the other
hand, it is easy to prove that w = 0 does not lie to the right of the curve 7, demonstrating that the
condition is not sufficient.
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2 The argument variation

Example 2.1 Prove that the polynomial 2™ — a has n roots in the unit disc for every fived a € C,
where 0 < |a| < 1.

We put f(z) = 2™ and g(z) = —a and let C' denote the unit circle |z| = 1 run through in the positive
sense. On C' we have the following estimate

[fR) =" =1>lal = [g(z)|  for |2 =1,

so it follows from Rouché’s theorem that f(z) = 2™ and f(z) + g(z) = 2™ — a have the same number
of zeros inside C, i.e. n. According to the solution formula for the binomial equation z™ = a, which
also could have been applied here, all n roots are different, when 0 < |z| < 1, so they are all simple.
In particular we see that by adding any small constant a # 0 to f(z) = 2™ the n identical roots z = 0
are branching away in n different directions.

Example 2.2 Compute the line integral

1
1 10z° 4+ 25sinh z + = exp (E) exp (exp (f))
o 2 2 2 dz.
210 Jjz)=2 210 + 25 cosh 2 + exp (exp (g))

This example shall only demonstrate how one may use the argument principle to calculate “impossible”
line integrals of the type

1 [ H(2)

— dz.
2mt Jo h(z) :

Clearly, the usual method of inserting some parametric description is doomed to fail.

Instead we put

1
h(z) = 2'9425 cosh z+exp (exp (g)) , where B'(z) = 102425 sinh z—|—§ exp (%) exp (exp (g)) .

Thus the integral is of the form

e
27t Jo h(z)

dZ:Nh—Ph:Nh,

where we immediately see that h(z) does not have any poles, so P, = 0.
We shall only find the number of zeros of h(z) inside |z| = 2.

In order to get an idea of what to do we estimate each term of the denominator h(z) along the circle
|z| = 2. This gives

|20 = 2" = 1024,

|25 cosh z| = 25 ‘% {e# +e77}| < 2—25 -2 |e?] < 200,

Download free books at BookBooN.com
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and
z e 3
‘exp (exp (§)>’ <e® <3 =27
We see that the first estimate will give the biggest number, so if we put
f(z) =210 and g(z) = 25 cosh z + exp (eXp (%)) ,
then it follows for |z| = 2 that
|f(2)] = |2"°] = 1024 > 200 + 27 > |25 cosh z| + ‘exp (exp (g))‘ > 1g(2)|.

Then Rouché’s theorem implies that f(z) and f(z) + g(z) = h(z) have the same number of zeros
insider |z| = 2, i.e.

Ny = Ny =10.
Then
9 . 1 z z
1 102" 4+ 25sinh z + — exp (—) exp (exp (—))
— 2 2 > 277 4z =10
21 J)z1=2 210 + 25 cosh z + exp (exp (5))
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Example 2.3 Find the number of zeros of the analytic function

2% 4+ 5 sinz in the rectangle {z:x+iy|—g<x<gand—1<y<1}.

Clearly, z = 0 is a simple zero, so there exist zeros in this open set. The question is, if there are
others.

We have in general,
|sin z|? = sin® z 4 sinh? y,
from which we get the estimate

| sin z| > ‘sin (:I:g)‘ =1,

on the vertical segments :l:g +iy, —1 <y < 1 of the rectangle. On the horizontal segments, x + i,

™ . .
lz| < 5> 80 here we have with y = pm1 the estimate

|sinz| > sinh1 > 1.
Choosing f(z) = 5sin z, estimating downwards we get on the boundary C' of the rectangle that

|f(z)] =1|5sinz| >5 for z € C.

2

Then the remaining term ¢(z) = z¢ is estimated upwards on the boundary curve C, i.e. by a small

geometric argument,
2 2 10
‘:W—+1<——|—1<5 for z € C.

4 4
Then it follows by Rouché’s theorem that f(z) = 5sinz and f(2) + g(z) = 22 + 5sin z have the same
number of zeros in the open rectangle. Since f(z) = 5sinz only has the simple zeros {p7 | p € Z} i
C, we conclude that z = 0 is the only possible zero for 22 + 5sin z inside C.

l9() = 22| < |5 +i

Example 2.4 Give a coarse estimate of where the roots of the polynomial
23 422 — 502 + 100
are lying with respect to origo.
We first notice that the polynomial has degree three, so it follows from the Fundamental Theorem of

Algebra that the polynomial has three zeros in all of C. The question here is how close they are to
the origo.

We shall first prove that all zeros lie inside the circle |z| = 9. Choosing
fi(z) =23 and g1(2) = 22% — 50z + 100,
we get the estimates

If1(2) =93 =729 and |[g1(2)] <2-9>4+50-9+100 =712 < |f1(2)| for |z| =9,
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so we conclude from Rouché’s theorem that there are three zeros (and hence all of them) inside |z| = 9.

Then we prove that we inside |z| = 4 only have one zero. In this case we choose
fa(z) = =50z og g2(2) = 23 + 222 + 100,
and we get the estimates
|f2(2)| = |-502] =200 and |g2(z)| = |2° + 227 + 100| < 64+32+100 = 196 < | f2(2)| for |z| =4,

so fa(z) is dominating, what the number of zeros is concerned. Since —50z has just one zero inside
|z| = 4 (this zero is 0), the polynomial has also just one zero inside |z| = 4. Notice, however, that
this zero does not lie in the “neighbourhood” of 0. We shall namely prove at last that there is no zero

inside the circle |z| = g
Choosing

fs(z) =100 and  gs(z) = 2* + 22° — 50z,
we get the estimate

7 7\? 7 1549 7 17
3 2
= +22° =50z < (24 — -] +50-— = —-—+—--50 —+ —]-50 =100 =
195 (2)] ’Z : Z|_< 4) (4) 4 4 16 4 <<4 4) [fs(2)]

7 7
for |z] = T Hence, the polynomial f5(z) + g3(z) has the same number of zeros inside |z| = 1 than

the constant 100, i.e. none.

As a control we also find the roots of the polynomial 23 4+ 222 — 50z 4 100 by either using Cardano’s
formula or by using a pocket calculator. Approximative values are

—8,880794306,  2,658473477,  4,231320828.

All three of them satisfy the estimates Z = 1,75 < z9 < 9, and only the middle one fulfils ; =1,75<
zp < 4.

Remark 2.1 If we instead had considered the polynomial 2% + 222 4+ 50z + 100 with the plus sign
everywhere, then — apart from the trivial change of sign — repeat the whole argument above, so the
zeros of this polynomial also lie in the same annuli. However, here we can make a shortcut and directly
find the zeros, because we have the splitting into factors

2% 4+ 227 + 50 + 100 = (2 + 2) (2* + 50) ,

proving that the roots are —2, 5v/2i and —5v/24. On a figure one may see that this change of sign
dramatically changes the placements of the roots, since we in the former case have three real roots,
and in the latter case two complex conjugated roots and one real root. ¢
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Example 2.5 Compute the line integral

f z—1 d
zZ.
lz]=1 e* — 3z

Putting f(z) = e® — 3z, it follows that

le*] <e<3=|3z] for |z| =1,

and we conclude from Rouché’s theorem that f(z) has only a simple zero zg inside |z| = 1. Then it is
obvious that

exp (20) = 320,
which we shall exploit in the following.
Then f'(z) = e* — 3, where

()] >3] >3—e>0, for |z| < 1.,
so f'(z) # 0 inside |z| = 1.

We proceed with a rather tricky argument,

1 1 e 1 f
j{ z i — 7{ z e 3dz=7{ z f(z)dz
|2|=1 €7 — 3z l2]=1 6" —3 e* =3z =1 €* =3 f(2)
z—1 f'(2) oz —1 o z0—1 2w
: a) =omi 2T =2
=3 o) i 20 i i

exp zo — 3 .320—3: 37
because it is easily proved that in general,

res (90(2) : %; Zo> = ¢ (20) - m,
(2)

= 2mires (

assuming that ¢(z) is analytic in a neighbourhood of zg and that f(z) has a zero of order m, if m > 0,
or a pole of order —m = |z|, if m < 0.

ALTERNATIVELY we may apply Rule II, because the solution zg of exp zg = 3zg in the unit disc is a
simple pole, hence

—1 -1 -1
% T 4 = 2mi-lim 2 —9m- lim =
|2|=1 €7 — 3% 2oz d o z—zo €% — 3
% {e —32’}
- 20— 1 o ozo—1 211
= 2mi = —

'exsz—SZ T "32%-3 3

Remark 2.2 It is remarkable that even if one cannot directly find the value of the integral by inserting
a parametric description, and even if one cannot explicitly find the pole zg, we are nevertheless able
to compute the line integral, because z; is cancelled in the calculations. ¢

Download free books at BookBooN.com

17



Please click the advert

Complex Functions Examples c-9 The argument variation

Example 2.6 Compute
22 228 +1 225 +1
a —— dz, b ———dz, c —dz.
(a) ]{4:3 23 —2 () j{d:Q 24422241 (c) fjd:Q 2442241

(a) Putting f(z) = 2% — 2, it is seen that f has three zeros inside |z| = 3 and no pole. Hence by the
argument principle,

22 1 ]{ 322 1 ]{ (2 27i
———dz == ———dz == dz=—(3—-0) = 2mi.
~7|{z|:3 23 -2 3 Jjzj=3 2% =2 3 Jizj=3 f(2) 3 ( )

ALTERNATIVELY, use the residuum at oo, because there is no pole for |z| > 3:

22 * 22 . 22 . ' .3 ‘
]I{2|=3 3 _9 dz = — 7&:3 P — dz = —2mires <m ; oo> = —2mi {_ZIEEO - 2} = 2mi.
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(b) Tt follows from 2% +222 +1 = (22 4 1)° that

2232 +1
24 +222 41

has two double poles inside |z| = 2 and no pole outside. We cannot directly apply the argument
principle. We have, however, a zero at oo, so by the residuum at co we get

% 22341 J ]{* 223+ 1 J o 223 41
——————— az = — — 5 a4z = —zmires | —(/———————— ; X
|z|=2 Z4+22’2+1 |z|=2 Z4+222+1 Z4+222+1

: . 22° 4+ 1 .
= —QWZ{—ZILHOIOZ' m} = 4.

(c) Put f(2) = 2* 4+ 22 + 1. We have on |z| = 2 the estimate
|Z*=2"=16>2-2+1=5>|22+1] for|z| =2,

so w = f(z) has the winding number 4 around 0 for |z| = 2. Then it follows from the argument
principle that

223 +1 1 1'(z) 1
———dz == dz = = - 2mwi - 4 = 4mi.
\ﬁzl_g A4+ 2241 *7 3 %2_1 f(z) FTgm m

ALTERNATIVELY we get

2z 41 <2r+1<r'=|2" for |z| =r > 2,
thus

|z4—|—2z+1’2|z4|—|22+1|>0 for |z| > 2.
Hence, the function

223 +1
A4+ 2241

does not have poles outside |z| = 2, and since oo is a simple zero, we get

% 22341 d j{* 22341 d - 22341
————dz = - ——————dz = 2mires | ————; @
l2|=2 2%+ 22+ 1 l2j=2 24 + 22+ 1 24 +22+17

223 +1
= 27~ —limw =271 - 2 = 4.
z—oo 24 42241
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Example 2.7 Compute the complex line integral

1 10z +e* 4+ cos z
— ——dz.

210 J|2j=1 52% + €7 +sinz

Put f(z) = 522 and g(z) = €* + sinz. We have for |z| = 1 the estimates
l9(2)] < |e"e™| + [sinz| < e’ 4+ coshl <e+2<5=|f(z)|

Hence
[f()] > g(z)]  for [z[ = 1.

Since f(z) and g(z) are analytic, we conclude from Rouché’s theorem that

1 10z + €* + cos z d 1 f'(z)+ 4 (=) 1 ()
—_— _—m A = —_— —_—mm z = —
210 J), =1 52% + €7 +sinz 2mi Ji=1 f(2) +9(2) 210 Jiu =1 f(2)
1 10 1 1
- =0 — Sdz=2.
27 Ji.1—1 D22 21t J . —q 2
[z|=1 |z|=1
ALTERNATIVELY,
1 !
e,
2mi |z|=1 f(Z)

is equal to the number of zeros counted by multiplicity of f(z) = 522 inside |z| = 1, where we use
that f(z) does not have poles. We immediately see that this number ie 2.

Example 2.8 Given a polynomial f(z). Prove that
1 !/
e

2mi J=r f(2) o

is the sum of all roots of f, when R is chosen sufficiently large.

Let zg denote any root of the polynomial of multiplicity ng, thus

f(z) = (z = 20)" P(2),
where P (zp) # 0. Then

f(z) g (zfzo)no_lP(z)er(zfzo)noP’(z).z:no. PG

f(2) == (2 —20)" P(2) (2 — 20)™ P(2) z—z0 P(2)
z—z20+2z20 P(2) Mo 2o o(2)

- z— 2z P(z) “z-—2z

where g(z) is analytic in a neighbourhood of zy. It follows that

(J;’(f)) s ) —
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This holds for every zero of the denominator, so if f(z) has the structure
f)=A(z—2)" (=)™,
and if R is chosen so large that all roots lie inside |z| = R, then

1 F'E . s (P Yy
7 o ) zdz-Zres<f(z) -z,zj> —jz:;njzj‘,

j=1

which is precisely the sum of all roots counted by multiplicity.
Example 2.9 Prove that the equation e* — 32" = 0 has seven zeros in the unit disc |z| < 1.

Put f(z) = —3z7 and g(z) = €. If |2| = 1, then we have the estimates
)] = |-327] = 327 =3,

and
9(2)] = |e%ei?] = ¢ < el < 3= |1(2)].

We conclude from Rouché’s theorem that
f(z) =—327 and f(2) +g(z) =e* — 327

have the same number of zeros inside |z| = 1.
Since f(z) = —3z" has the 7 identical roots lying in z = 0, we conclude that e* — 327 has 7 zeros
inside |z| = 1.

Figure 1: The graph of f(x) = e® — 327, 2 € [-1,1].

By considering the graph we conclude that the equation has precisely one real root. An approximative
value is

z=10,9837209.
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Example 2.10 Prove for a given a > e that the equation
z n

e =az

has n solutions in the unit disc.

Putting f(z) = az™ and g(z) = —e?, we get for |z| = 1 that
()| =lef| <e<a=laz"[=|f(z)],  for|z] =1,

and we conclude from Rouché’s theorem that
f(z)+g(z)=az"—¢€* and f(z)=az"

have the same number of zeros in the unit.

Since f(z) has an n-tuple zero at 0, this number is n. The claim follows from that a 2™ —e* = 0 is

equivalent to e* = a z".
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Example 2.11 Prove that the equation
et 2,7 =0

has no solution in the unit disc.

This example is trivial, because we have for |z| < 1,
e 12 —227| >el—2>0,
thus

222740  for every z where |2| < 1.

Example 2.12 Given A € R, A > 1. Prove that the equation z e*~* = 1 has precisely one root in the
unit disc |z| < 1. This root is real and positive.
When we multiply by e* # 0 and rearrange, we get the equation
zed —e* = 0.
When |z| = 1, we get the estimate
|ze>‘| =t >e> e =e”.
Hence we conclude by Rouché’s theorem that the functions

zed — ¢* and ze

A
have the same number of zeros in z in the unit disc |z| < 1, i.e. precisely one.
Now

f(O)=—=1 and f(1)=e*—e' >0,

where f(z) = ze* — € is analytic and in particular real and continuous, when z is real. Thus there

exists at least one real zero in the interval ]0,1[. On the other hand we have just proved above that
be have precisely one complex zero in the unit disc, and since we have found a real zero, this is the
only zero in the unit disc.

Example 2.13 Find the number of roots of the polynomial 1 + 422 4 2 inside the unit disc? Are
they real? Foes the polynomial have real roots?
Put f(z) =422 and g(z) = 1 + 25. If |2] = 1, then we get the estimate
lg(z)] = |1 +25| <l+1l1=2<4= |4z2| =|f(2)]-
Thus we conclude by Rouché’s theorem that

f(2)+g(z) =1+422+2° and f(z) = 42*
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Figure 2: The graph of f(z) =1 + 42? + 2°.

have the same number of zeros inside the unit disc, i.e. 2.
Then consider the real function
f(x) =1+42% +2°, z e [-1,1].
If x =0, then f(0) =1> 0, and if € [-1,1] \ {0}, then
flx)=1+42> +2°>14+0-1=0,
thus f(z) # 0 for x € [—1,1]. We therefore conclude that no zero in the unit disc is real.
Finally, consider
f(z) =14 4a? + 2°, for x € R.

Then clearly,

flx) = —o0 for x — —o0,
and
flx) — +o0 for z — +o00.

Since f(z) is real and continuous, f(xz) has (at least) one real zero.

Example 2.14 Prove for n > 2 that all roots of
42" — 22 —2—-1=0

lie in the unit disc.

Put f(z) = 42" and g(z) = —22 — 2 — 1. If |z| = 1, then we get the estimates

|g(z)|:|—z2—z—1|S1—|—1-|—1:3<4:|4z"|7
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and it follows from Rouché’s theorem that
f(2)+g(z)=42"—22—2-1 and f(z) = 42"

have the same number of zeros inside |z| = 1, i.e. n zeros.

Remark 2.3 The argument is unchanged for n = 2, 1 and 0, and the conclusion is in general that
we have n roots. It is, however, obvious in the latter three cases that we can reduce the equation, so
we do not have to use Rouché’s theorem in these cases.

Example 2.15 Find r > 0, such that the polynomial
22— 422 42— 4

has precisely two roots inside the circle |z| = r.

It follows by inspection that
P-4+ —4=(2—4)(*+1),

so the roots are 4 and =i, and it follows that every r €]1,4[ can be used.

o
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If we instead try to apply Rouché’s theorem, then it is natural to put
f(z) = —422 and g(z) =22+ 2 — 4.

We get the following estimates for |z| = r,
lg(z)| <r®+7r+4 and If(2)| = 4r2.

(Note the “change of sign” by the estimate of |g(z)]).

If we want to be absolutely certain that we have exactly two zeros inside |z| = r, then we shall choose
r, such that

3 4r 44 < 42,

Due to the terms 3 and 4 on the left hand side it is obvious that we must have r» < 4 and r > 1. If
we try r = 2, we get

P r+4=8+42+4=14<16 =412,

SO we may use r = 2.

Figure 3: The graph of 412 —r3 —r — 4.

Remark 2.4 If we try to find the zeros of 4r% — r3 — r — 4, then we have one in the interval |1, 2],
and one in |3,4[, cf. the figure. We cannot get the precise result r €]1,4[ by only using Rouché’s
theorem. This is due to the fact that we have estimated |g(z)| above, and we are no computing the
exact number. ¢
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Example 2.16 Find the number of roots of
28— 52t —22—1

inside |z| = 1.

Figure 4: The graph of 28 — 52° — 22 + 1 for z € [-1,1].

Since the boundary curve is given by |z| = 1, it is almost obvious that we shall seek the numerically
larger coefficient and isolate the corresponding term. Hence, we try to apply Rouché’s theorem on the
functions

f(z) = —52° and g(z) =28 —22+1,
where
f(2)+g(z) =2 —52° - 22+ 1.
If |z] = 1, then we have the estimates
f(2)] = |-52°| =5,
and
lg(2)| = |z8—2+1| <|zP 20zl +1=4<5=|f(2)

(Notice that we in the estimation of g(z) write plus everywhere between the terms.) This proves that
f(2) is dominating. Now, f(z) has a five-tuple zero at z = 0 and no other zero inside |z| = 1, so it
follows from Rouché’s theorem that at

22525 — 2241
has 5 roots inside |z| = 1.
Remark 2.5 The polynomial has real coefficients, so the non-real roots are pairwise complex conju-
gated. The unit disc {z € C | |z] < 1} is symmetric with respect to the z-axed, so it follows that we

must have 1, 3 or 5 roots inside |z| = 1. When we consider the graph of the restriction to the real
interval [—1,1], we see that we have precisely one root inside |z| = 1. ¢
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Example 2.17 Find the number of roots of the polynomial
28T +362°T + 712t + 28 — 2+ 1
(a) in the domain |z| < 1, (b) in the domain |z| < 2.

Remark 2.6 Due to the large exponents a graphical solution of the problem will be very difficult,
even in MAPLE. ¢

(a) Put
fi(z) = 712% and g1(2) = 287 +362°7 + 2% — 2 + 1.
If |z| = 1, then we get the estimate
91(2)| 1436+ 1+1+1=40<71=|f(z).

Using Rouché’s theorem we conclude that fi(z) and f1(z) + g1(2) have the same number of roots
inside |z| = 1. Since f1(z) = 71z only has the four-tuple root z = 0, we conclude that

AT 4362°T + 712+ 22— 2+ 1
has four roots in the set {z € C | |2] < 1}.
(b) Put
f2(2) = 2% andge(z) = 36257 + 712t + 23 — 2 4+ 1.,
If |z| = 2, then we have the estimates
lg2(2)] <36-257 +71-2* + 23 £ 241 < 64-257 =203 < 287 = | fo(2)],

so all roots lie inside |z| = 2. Hence the number of roots is 87.

Remark 2.7 Put
fa(z) =1 and g3 = 25T +362°7 + 712t + 2% — 2+ 1.
Then we prove in the same way that

l93(2)[ < |fs(2)| =1 for [2] = 0,3,

3
cf. the figure, thus f5(z) and f3(2) + g3(z) have the same number of roots inside |z| = 10’ i.e. no zero
at all. Hence there must lie 4 roots in the annulus
zeC 3 <l|z| <1
10 ’

Furthermore, all 87 roots lie inside |z| = 1,13 (which can even be improved to |z| = 1,1271 by using
a pocket calculator). In fact, if [z] = 1,13, then we have the estimates

|2%7| > 41400 > 40800,
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-02

-04]

Figure 5: The graph of 1 — {r87 + 36057 + 71rt + 3 4 4 1}.

and
362°7| 4 |712*| 4 |2°| 4 [2] +1 < 38800 4 116 + 2 + 1 + 1 < 40800,

and then we apply Rouché’s theorem as above. We see in particular that we have 87 — 4 = 83 roots
in the annulus

113
{ze(C ’ 1<|z<100}.
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If we consider f4(z) = 362°7 instead, then we prove in the same way that there are 57 roots in the
disc

111
C e
{ze |Z<100}7

so we have 57 — 4 = 53 roots in the annulus
111
{zE(C 1<|z<—},

and 87 — 57 = 30 roots in the annulus

cC 111 <2 < 113
z — <zl < —= .
100 100
There is only one real root, and one can with some difficulty prove that it is ~ —1,012. This example
shows that it is not an easy task to find the zeros of polynomials of a large degree. There exists,

however, a method, by which one can separate roots which lie close to each other and then find the
roots. However, this lies beyond the scope of these notes. ¢

Example 2.18 Find the number of zeros of the polynomial
225 — 622 +2+1

in the closed annulus 1 < |z] < 2.

First consider the boundary |z| = 2. We put
fi(z) =22° and g1(2) = =622 + 2 + 1,
and find that
lg1(2)] <6-44+2+1=27<64=|fi(2), for |z| = 2.

Using Rouché’s theorem we see that 22° — 622 + 2+ 1 and f1(2) = 225 must have the same number of
zeros inside |z| = 2, thus 22° — 622 4 2 + 1 has all its five zeros lying inside the disc {z € C | |z| < 2}.

Then we consider |z| = 1. Here we put
fa(z) = =622 and  go(2) =225 + 2+ 1.
Then we have the estimates
lg2(2)| <24 14+1=4<6=|f2(2)], for |z| = 1.

An application of Rouché’s theorem gives that 22° — 622 + 2 + 1 and fo(z) = —622 have the same
number of zeros inside |z| = 1, hence 22° — 62 4+ z 4 1 has two zeroes lying in {z € C | |z| < 1}.

Summing up it follows from the above that 22° — 622 4+ z+1 has 5 — 2 = 3 zeros in the closed annulus

{zeC|1<|z| <2}

Download free books at BookBooN.com

30



Complex Functions Examples c-9 The argument variation

Remark 2.8 The degree of the polynomial is so small that modern computers easily can find the
roots. We have approximatively the roots

—0,33172, 0,51413, 1, 32755, —0,75498 £ 1, 27999.

3
We see that all roots lie inside |z| = 3" By an elaboration of the estimate above it is possible by

. 16 . .
Rouché’s theorem to prove that all roots satisfy |z| < 10’ but one cannot derive in this way that even

o < 3
zl < -
’ 3
An analogous argument shows that there are no root inside |z| = —. ¢

10

Example 2.19 Prove that the equation e = 2z + 1 has precisely one solution in the disc |z| < 1.

Figure 6: The graph of 22+ 1 — e” for z € [—1, 1].

Clearly, z = 0 is a solution. Then it follows by the figure that this is the only real solution in the
interval [—1,1], i.e. in the unit disc. We shall prove that there does not exist any other complex
solution.

Put
fz)=2z+1 andg(z) = —e”.

The idea is of course to apply Rouché’s theorem to prove that
f)+g(z)=2241-¢° and f(z)=2z+1

have the same number of zeros inside |z| = 1, i.e. one. Now,
[f() =22 -1=1 and  |g(z)] <e,

so it is not possible to use the usual trick. Instead we are forced to the following pointwise estimate.
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Let |z| =1, i.e. 22 + y?> = 1. Then
g(z)| =€, x € [-1,1],
and
1F(2)] = 1224+ 1] =2z +1)2 +4y2 = /422 + 4o + 1 + 4y?
= VA(z2+92) +4x+1 =05+ 4da, for 2% 4+ y* = 1.
The claim will be proved, if we can prove that
e <Vb+dx  forxe[-1,1],

or, in an equivalent formulation,

e* < 5+4da for x € [—1,1].

Figure 7: The graph of o(z) =5 + 42 — €2*, z € [-1,1].

)

Put

o(r) =5+ 4z — >, for z € [-1,1].
Then

P(z)=4—2€e* =2(2—€*),

and we conclude that ¢(x) is increasing in [—1, % 1112[ and decreasing in ] % In2, 1]. We conclude
from
o(—1)01 —e 2 >0 and (1) =9 —e? >0,
that ¢(«) > 0. This implies that
e*® < 5+ 4z, for x € [-1,1],
as wanted. Then by the results above,
F@ > lg()  for |2l =1,

and it follows from Rouché’s theorem that the equation e* = 2z + 1 has precisely one solution in the
open unit disc |z| < 1.
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Example 2.20 Given an analytic function f which maps the closed unit disc |z| < 1 onto a set D,
which is contained in the interior of this disc. Prove that f has precisely one fix point in |z| < 1,
which means that there exists precisely one z, |z| < 1, such that f(z) = z.

I
[

Figure 8: An example of D.

Consider the function

9(z) = 2 — f(2).

Since boundary is mapped into boundary, we have |f(z)| < 1 for |z| = 1, and the winding number
for g(z) around 0 is therefore by the argument principle and Rouché’s theorem equal to the winding
number of z around 0 along |z] = 1, i.e. is is 1.

Since g(z) does not have poles in the unit disc, there must be precisely one zero of g(z) in the unit
disc |z| <1, i.e. there exists exactly one <o where |zo| < 1, such that

9(20) = 20 — [ (20) =0,
hence by a rearrangement,
[ (20) = 2o,
and zq is a fix point of f(z).

Example 2.21 Find the location of the zeros of the polynomial z* — z + 5.

The polynomial z* — z 4+ 5 has real coefficients, so its roots are either real or pairwise complex
conjugated. It is seen from the graph that the polynomial cannot have real roots in the interval
[—2,2].

If |z| = 1, then we choose f(z) =5 and g(z) = z* — z. Then we get the estimate
g(z)\:|z4—z|§2<5:|f(z)| for |z] = 1.

Since f(z) = 5 does not have zeros, we conclude from Rouché’s theorem that z* — z + 5 does not have
any zero in the unit disc {z € C | |z| <}.
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-2 -1 0 1 2

Figure 9: The graph of z* — 2 +5 for z € [-2,2].

If |z| = 2, we instead choose f(z) = 2% and g(2) = —2 + 5. Then we get the estimate
lg(2)| =] =245 <|—2|+5=T<16=21=|f(z)] for |z| =2.

Hence, by Rouché’s theorem, all four roots lie inside |z| = 2. By an elaboration of the estimate one
can show that all roots lie inside |z| =1, 7.

Summing up the results above we conclude that all roots lie in the annulus
{zeC|1< ]z <1,T},

and that they are pairwise complex conjugated.
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Example 2.22 Apply Rouché’s theorem to find the quadrants, in which the zeros of z* +i 2% +2 are
lying, and find the number of zeros which lie inside circles of centrum 0 and various radii.
We may check our results by finding the roots directly.

Remark 2.9 The main purpose of this example is of course to show a new technique. Therefore, we
have chosen an example, which can be solved explicitly, so one may check the results. ¢

Figure 10: The closed curve Cpr for RH = 2.

Consider the first quadrant. Let C'g be the closed curve, which is sketched on the figure with R = 2.
It z = it runs through the vertical segment from i R to 0, this curve is mapped into the graph of

fit) = t* —it?> + 2, t€[0,R].,

i.e. into a parabola.
If z = t runs through the real interval [0, R], the image curve is the graph of

fO)=t*+it>+2,  tel0,R]

i.e. a parabola.

If z=Re'? 6 c [0, g}, runs throught the circular arc, then the image curve is the graph of
f (Reie) — R4€4i9 +,L'R2€2i9 + 2’

where
Im{f (Re'?)} = R*sin40 + R? cos 20 = (2 R*sin26 + 1) R? cos 20,

which is only zero for § = g This corresponds to

f(Rexp(i%)) :R4e”+iR2exp<ig>+2:2—R2—R4<0 for R > 1.

Now sin 20 > 0 for 6 € ]0, g [, so this is the only crossing of the real axis for R > 1, and it follows by
the figure that the winding number around 0 is 1, when R > 1.
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Figure 11: The image curve f (Cg) for R = 2.

) - ]
w 3

-0.2

1
Figure 12: The image curve f (Cg) for R = 3

An analogous analysis shows that the winding number is 0 around 0, when R < 1, cf. the figure.
Summing up we conclude from Rouché’s theorem that there is precisely one zero in the first quadrant,

and that it is even given by |z| =1 and Arg z = %, ie.

S BT

V2

In the second quadrant we consider the curve Cr as shown on the figure for R = 2. The axes are
mapped into the same curves as above, only taken in the opposite direction.
On the circular arc we also get as before,

F(Re®) = RAeH0 1 B2 4 R26%0 1 2, 0 c F’W}'
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0.5

-15

Figure 13: The curve Cg in the second quadrant for R = 2.

Here

Im {f (R eig)} = (2R2 sin 260 + 1) R? cos 26

3
is equal to 0, if either 6§ = —W, or sin 20 = —

Figure 14: The image curve f (Cg) of the curve in the second quadrant for R = 2 >

1
2R?’

for R > i

V2

If § = 31, and R > /2, then

4

3 . -
f(ReXp Gf)) = RY¥3 ™ L iR%*: +2=—-R*+ R*+2<0.

If R > /2 and sin 20 = —

Im{f (Re”)} =0,

1
2R%’

then

1
75.
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hence
f(Re®) = Re{f(Re”)} =R'cosd0 — R*sin20 +2 = R* (1 — 2 sin®20) — R?sin 26 + 2
2 1 11
fr 4 —_— - —_—— —_— 2.— = 4———— = 4
= 3{1 2 434} R o5 +2=R'— 5 -5 +2=R'+1

A sketch of the image curve for R > v/2 is given on the figure with R = 2 The winding number is 1,
so we have one root in the second quadrant for |z| > v/2.

0.2

0.1

1
Figure 15: The image curve f (Cr) of the curve in the second quadrant for R = 3 < V2.

" as and global trends.
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Download free books at BookBooN.com

38


http://bookboon.com/count/pdf/364502/38

Complex Functions Examples c-9 The argument variation

An analogous analysis shows that if 0 < R < v/2, then the winding number is 1 around 0. Hence we
conclude that there is precisely one root in the second quadrant, and it fulfils |z| = /2. The argument

37
variation shows that the zero must satisfy Arc z = R so we have even found the root

z:\@~ei%:fl+i.

0.5

Figure 16: The curve Cg in the third quadrant for R = 2.

In the third quadrant the images of the axes are the usual parabolic arcs where the direction is as in
the first quadrant. It follows from

f(Re?) = R**? 4 i R?e*? + 2, 0 c [w, 32”] ,

and
Im {f (Re”)} = (2R?sin 26 + 1) R? cos 26,
where sin 20 > 0, that the image is the same as in the first quadrant, so there is only one zero in the

3T
third quadrant, and it lies on the circle |z| = 1 and satisfies Arg z = %0

1
V2 V2

Finally, the discussion of the fourth quadrant is identical with the discussion of the second quadrant,

z =

so we have here precisely one root which lies on the circle |z| = v/2 and satisfies Arg z = —%, thus
z=1—1.

Remark 2.10 Finally, we solve the equation completely by noting that it is an equation of second

order in 22,

A4i24o= (22)2+i(22) +2=0.
Hence

o TiEVET-8  —iE3i b
- 5 -—===-
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The solutions are then

1
z=+—(1+1 and z==2(1—1),
250+ (1-9)

i.e. the same results as found previously in a somewhat harder way.

Remark 2.11 Even if this method is a little difficult, it may be successful in cases, when one cannot
find the exact solutions. It is of course a coincidence that we here can find the roots by either of the
two methods. ¢

Example 2.23 Find the number of zeros of
AP 4522 42244

in the first quadrant.

HiNT: Use the argument principle on a curve Cr, which is composed of the line segments from i R to
0, from 0 to R and the circular arc Re'?, 0 < 0 < g, for R sufficiently large.

Figure 17: The closed curve Cg in the first quadrant for R = 3.

We shall find the winding number around 0 for the image curve f (Cg).

We have on the real axis,
f@)=t*+3+5t2+2t+4>0  forte[0,R).

Then we get on the circular arc z = Re, 0 [07 g}, when R is sufficiently large, i.e. when
R+ 5R?2+2R+4 < R*,

e.g. when R = 3, that the curve f (R eia) is a perturbation of the curve

(Re)* = Rie ", ge 0. 7],
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thus f (R e“’) starts at a point on R, proceeds into the first quadrant, through the second quad-
rant and further through the third quadrant, and it ends in the fourth quadrant (possibly with a
continuation into the first quadrant).

Finally,
flit) = (i) + (it)® + 5(it)* + 2it + 4 = t* =52 + 4+ it (2—t*),  t€[0,R],

so it follows that f(it) = 0 for t = 0 or t = /2. Hence, if R > /2, then f(it) is real at an interior
point of |0, R[ only when R = /2, corresponding to the intersection point

f(z'\@):(ﬂ)475(\/§)2+4:475~2+4:72

on the real axis.

100

50

Figure 19: That part of the curve f (Cg) for R = 3, which lies in the neighbourhood of 0.

Since f (CRr) is a closed curve, it is in principle like the sketch on the figure for R = 3. We see that
it is difficult to see what happens in a neighbourhood of 0, so we also give a closeup of the curve in a
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neighbourhood of 0. It is seen that the winding number around 0 is 0, no matter how big R is. We

therefore conclude that the polynomial does not have roots in the first quadrant.

Remark 2.12 If we apply Hurwitz’s criterion on the problem,

1 ] 1 ] 0 ] 0
- | |
a a0 0 2 5 0] 1 | 1
az ax a1 ao |_ |~ |
0 a4y a3z a2 ’
0 0 0 a o e 20
0 0 0 4
then
1 1 0
Di=1>0, Dy=5-2=3>0, D3=|2 5 1|=2>0,
0 4 2

and Dy = 8 > 0, and we conclude that all roots lie in the left half plane.

This also follows from that there are no roots in the first quadrant. In fact, since the polynomial has
real coefficients, it follows by a conjugation that there are no root in the fourth quadrant either, so

all roots must lie in the left half plane. ¢
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Example 2.24 Prove that the equation z + e=% = X has precisely one solution (which of course is
real) in the right half plane, when \ > 1.
HiNT: Consider a half circle in the right half plan of centrum at 0 and radius R > XA+ 1.

Figure 20: The graph of ¢(x) =z + e ® with A =2 and A = 3.

The real function
plx)=x+e ", reRy,
has the derivative
Pr)y=1—e7">0, for z € Ry,

so ¢ is increasing on Ry. Now, ¢(0) = 1 and p(z) — 4oo for # — 400, so it follows from the
continuity of ¢ that every value A €]1, +o0] is attained exactly once on R.
Then we shall prove that there do not exist any other complex solutions for Re(z) > 0.

Figure 21: The curve Cg for R = 4.

Put f(z) = z+ e * — A\, where A > 1, and denote by Cr the boundary of the half disc in the right
half plane of centrum 0 and radius R, where R > A + 1, cf. the figure with R = 4.
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The image curve of the vertical line segment of the parametric description
z(t) =i(R —t), t€[0,2R],
is
fa(R—1) =i(R—t)+e " F) _X=cos(R—t)—A+i{R—t—sin(R—1t)}, te[0,2R].

It follows from A > 1 > cos(R — t), that Re{f(i(R —t))} < 0, so the image curve lies in the left half
plane.

The image curve of the circular arc of the parametric description

20)=Rre?,  oe[-2. 7],

where R > A\ + 1, is given by
f (Rew) = Re' + exp(—R{cosf +i sinf}) — \.

Figure 22: The image curve f (Cg) for A =2 and R = 4.

The intersection points with the z-axis are given by
Im { f (Rew)} = R-sinf — e =% gin(R-sinf) =0,
with the trivial solution # = 0. Since

|R-sind| > |sin(R - sin6)| > ’e_R st . sin(R - sin 0)

)

when 1 6 € ]—g, %[ \ {0}, it follows that Im { f (Re’ ""**)} has the same sign as R -sin6, 6 €
}—g , g { Hence, 6 = 0 gives us the only intersection point with the z-axis. This is given by

f(R)I=R+e B AX>R+1-X>0,

so the figure gives with A = 2 and R = 4 the principal picture of the image curve f (Cr). We conclude
that f(Cg) for R > XA+ 1 has the winding number 1 around 0. Then it follows from the argument
principle that z + e~* = X has precisely one solution in the right half plane, and the claim is proved.
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Example 2.25 Prove that
f(z)=a—82+ 2+ 7 for a € [1,400],

has precisely two zeros in the right half plane.

Figure 23: The closed curve Cr in the right half plane for R = 4.

Let C'r denote the closed curve in the right half plane consisting of a half circle of centrum at 0 and
radius R, and a line segment on the imaginary axis. Then a parametric description of the line segment
on the imaginary axis is given by

flit)=a+8+t*+e " =8+ a+t* +cost — i sint, t € [-R, R],
(but of course run through in the opposite direction).
Since Re{f(it)} =8+ a +t* + cost > 0, this curve segment lies entirely in the right half plane.

Then consider the circular arc of the parametric description

2(0) = Re", 0e [—g, g]’

where R is chosen large. It follows from

f (Rew) —q— 8R262i0 + R4641'0 4 B_R cos0—i R sinG7

T .

that we have for 0 € }75 ' g [, where cosf > 0, the estimates

R' = ’R4e4i9‘ >a+ 8R4 e F

_ |a78R2e2i0+67R00597iRsin9 ,

for R sufficiently large.
We conclude that f (R eia) for R “large” can be considered as a small perturbation of
71' 77}

0\ _ pd_4i0 T
f1(Re)—Re , 96[ 57 3
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300

Figure 24: The image curve f (Cg) for a = 1 and R = 4.

It follows from

40 € [-27, 27] = 2 [—m, 7] for 0 [—g, g} ,
that the latter curve has the winding number 2 around 0. Hence, the same is true for f (R ew). We
conclude that 822 + 2% + ¢~* has precisely two zeros in the right half plane for a € [1,+o0].
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Example 2.26 Find the number of zeros in the right half plane of the polynomial

14 22— 23,

1

2

Figure 25: The graph of 1 + 2% — 23, x € [0, 2].

There is of course nothing wrong in first make a real analysis of the function. We see that we have a
real root in the right half plane ~ 1,5. Then let C'g denote the curve, which is indicated on the figure

in the special case R = 4.

Figure 26: The closed curve C'g in the right half plane for R = 4.

The task is to find the winding number of the image curve f (Cr) around 0 when R is large.
If z=it, t € [~ R, R], then
flit)y=1—1>+it?, t € [-R, R].

Now, |2|> > 1+ |2|? for |z| = R large, so the image curve by f of Re' is a perturbation of

_R3e3i0 0 [_ﬁ Z}_
e, S 59
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Figure 27: The image curve f (Cr) for R = 2.

A principal sketch of the image curve f (Cg) is given on the figure as an example, where R = 2. This
curve has the winding number 1 around 0, so we have only one zero in the right half plane. The
polynomial has real coefficients and it is of odd degree, so this zero is real, and we have already found
it on the graph in the beginning of the example.
Example 2.27 1) Prove that all roots of the polynomial
P(z)=(1+2i)2* —i23 +32+4+3i
belong the the open disc |z| < 2.

2) Prove that both the real and the imaginary part of P(z) are positive on both the x and the y axes,
where z =x +1y.

3) Prove that P(z) has a root in each of the quadrants of the z-plane.

1) Put
f(z) = (1 +2i)2* and g(z) = —i2° + 32+ 4+ 3i.
If |z| = 2, then
1f(2) =1 +2i)* = V5.2t =16V5, 2| =2,
and
lg(2)] < |[=i2°| + 32| +4+ (3| =8+ 6 + 4+ 3 =21 < 32 < 16V5 = | f(z)].

Then it follows from Rouché’s theorem that f(z) and P(z) = f(z) + g(z) have the same number
of zeros inside the circle |z] = 2, i.e. four zeros. Then by the Fundamental theorem of Algebra all
roots of the polynomial lie in the disc |z| < 2.
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N

-15 -1 0.5 0 0.5 1

Figure 28: The graph of ¢(z) = % + 3z + 4.

2) By a computation we get for z =z € R that

P(z) = (1+2i)z* —ia® + 3w+ 44 3i = {a* + 3z + 4} +i {22* —2° + 3} .
Clearly,
4 4
plr)=2"+3x4+4>0 foer—g.

Since

4\° 4
<p’(x):4x3+3§—4-<§) +3<0 forxg—g,

4
the function is decreasing for x < —3 so we conclude that ¢(z) > 0 on R.

Clearly,

P(z) =22t — 2> +3>0 for z < V/3.
If v > \3/3, then

Y(x) = 2320 — 1) +3 > 0.

Hence, we conclude that Re{P(x)} and Im{P(z)} both are positive, when = € R, so the curve
P(R) lies in the first quadrant.

If z =4y, y € R, then
Pliy) = 1+ 2i)y* —i(iy)® +3iy+4+3i = {y*' —y* +4} +i {2y" + 3y + 3}.
We have

ply) =y' =y’ +4>0  for |yl > 1,
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because y* > |y|? for |y| > 1. Furthermore,
p(y) >0 forfy[ <1,

because |y|> < 4 for |y| < 1.

If we put ¥(y) = 2y* + 3y + 3, then ¥/(y) = 8y® + 3, and we have locally (actually globally) a

minimum corresponding to

yz—i/ge]—l,l[.

Now

3
G) =2 43 +1) >0 fory=—{/c.

so we conclude that ¥(y) > 0 for every y € R.
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Summing up we get that Re{P(iy)} and Im{P(iy)} are both positive for y € R, so the curve P(iR)
lies in the first quadrant.

Figure 29: The closed curve C.

3) Since P(z) = f(z) + g(z), where |g(z)| < |f(2)| on |z| = 2, we see that P(z) is only a perturbation
of f(2) = (1 + 2i)z* along |z| = 2. In particular, if C' denotes the boundary of the quarter disc
|z| < 2,2 >0,y >0, then P(z) taken along |z| = 2 starts in the first quadrant, goes once through
the second, the third and the fourth quadrant, and finally ends in the first quadrant. Then it
follows from (2) that the images of the line segments on the axes lie in the first quadrant. We
conclude that the winding number is 1 around 0, so there is precisely one root in the first quadrant
according to the argument principle.

Since the investigations in all the other quadrants are the same, we conclude that there lies one
root in each quadrant.

Example 2.28 Compute — possible by using Rouché’s theorem — the complex line integral
j{ 322 +4+¢*
= 4z
|z|=1 2° + 4z +€*

If we put h(z) = 23 + 4z + €7, then h(z) is analytic in C, and h'(z) = 32% + 4 + €*. Then

2 4 z h
% 35—’_—% dz = ]{ (2) dz = 2mi{number of zeros of h(z) in |z| < 1}.
l2)=1 2° + 4z + €* zj=1 h(2)

Then put f(z) = 4z and g(z) = 23 + ¢*. We have the following estimates on |z| = 1,
9@ <P +lef| < 1t+e<d=4z=f(2)], || =1

Hence, we conclude from Rouché’s theorem that h(z) and f(z) have the same number of zeros inside
|z| = 1.

Since f(z) = 4z has only the simple zero z = 0 inside |z| = 1, we conclude that this number is 1, so

32244+ ¢
% SR ATC L om
|2|=1 22 + 42 + €7
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Figure 30: The graph of 23 + 4z + €*, x € [-1,1]

Remark 2.13 It follows by considering the graph that the zero of the denominator inside |z] =1 is
real. The approximate

zo ~ —0,2021726

is then found by means of a pocket calculator. ¢

Example 2.29 Compute — possible by using Rouché’s theorem — the complex line integral

% 15z2+22+lfsinzd
z
|2j=1 923 + 22 + 2+ cosz

The integral is of the type

W)
ﬁa_l nz) ©

and since h(z) = 523 + 2% 4+ 2z + cos 2 is analytic everywhere, the value of the line integral is according
the argument principle equal to 27i times the number of zeros of h(z) inside |z| = 1.

In order to find this number we apply Rouché’s theorem with
f(z) =523 and g(2) = 2% + 2+ cos 2.
When |z| =1, then |f(z)| = 5 and
lg(z)] <1414 |cosz| <2+coshl <2+2=4<5=]f(2),
where we have used the estimate |cosz| < cosh1 for |z| < 1.

By Rouché’s theorem, the number of zeros of h(z) = f(z) 4+ g(2) inside |z| = 1 is equal to the number
of zeros (counted by multiplicity) of f(z) = 522 inside |z| = 1, thus equal to 3. Hence by insertion,

j{ 1522 +224+1—sinz
|

- dz = 2mi - 3 = 6mi.
=1 523+ 22+ 2+ cosz FTem m
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Figure 31: The graph of 52% + 2% + x + cosz, x € [-1,1].

Remark 2.14 It is seen by considering the graph that only one of the three roots inside |z| = 1 is
real. O

Example 2.30 Given the polynomial
P(2) = 2% + 6iz — 3.

(a) Sketch the image of the y-axis by the map P and find the increase of the argument of P(z) on the
y-azis, when this is run through from ico to —ioco.

(b) Let Cr denote the half circle of the parametric description

; T ™
2(0) = Re", —— <6< -,
() 2= T2
and let Ap arg P denote the increase of the argument of P(z), when z runs through the half circle
from the point corresponding to the parameter 8 = —g to the point corresponding to the parameter
T
0= —. Find
2
lim A P.
i, Aners

(c) The equation P(z) = 0 has three complex roots. Use the argument principle to find the number of
roots of positive real part — i.e. the number of roots lying in the right half plane.

(a) A parametric description of the imaginary axis run through from i oo to —i oo, is e.g. given by
2(t) = —it, teR.
We get by insertion,

w = u+iv = P(—it) = (—it)® + 6i(—it) — 3 = it’ + 6t — 3,
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0.5

—0.5

Figure 32: The image of the imaginary axis.

thus

(2) u(t)=6t—3 and

, and therefore

v u+3 3
= 5 .

u
hence t = ——
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The direction of the curve is given by (2), i.e. we start in the third quadrant, continue through the
second quadrant and end in the first quadrant. Notice in particular that 0 lies below the curve.

200

—200] -100 100 200

Figure 33: The image of the half circle Cg.

(b) If Ris large, then z° dominates in P(z), so the curve starts at P(—iR) in the first quadrant, follows
R3¢*? one and a half times around 0, and ends at P(iR) in the third quadrant. In particular,

61 3
. f _ . j 3 _ . f 3 _
RLIJroo Rarg 7= RE+00 Rars (Z {1 22 2 }) o R£+oo r (%) = 3m.

(¢) When the two curves are put together, and since the image of the imaginary axis lies above 0,
the winding number around 0 must be 1, when R is sufficiently large. We therefore conclude from
the argument principle that there is one root in the right half plane.

Remark 2.15 The roots of
3 . .3
24+ 6iz —3=2"+pz+q,

can in principle be found by Cardano’s formula, where p = 6i and ¢ = —3. In fact,

2 3 2 3
3/ ¢ q D 3| g q D 53 1 - 43 1 .
=\/—=+1/=+= —L =2+ 2V9-32 Z_2y9-32
2 \/2+ 4+27+\/2 \/4+27 \/2+2 i+ 573 i,

where the cubic roots are chosen, such that

31 31
§/§+§\/9—32i-{’/5—5\/9—322':—2@'.

In practice this solution formula is usually inappropriate, because for example,
V1105 49 V1105 -9
V9 —32i=+ —1
! \/ 2 ! 2

This shows why one in practice should avoid the application of Cardano’s formula. ¢
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Example 2.31 Given
o(z) = e* —32°.

Prove that ¢(z) has two zeros z1 and zo in the domain {z € C | |z| < 1}, and prove that z; and z3 are
both simple and real. (The exact values of z1 and z2 are not required).
Compute the values of

2(z = 2) .
T€S<m;2j>, j:l, 2,

by eliminating z; by means of the equation ¢ (z;) = 0.
Finally, compute the complex line integral

2(z = 2)
ﬁ.d_l Py dz.

Figure 34: The graph of p(x) = e* — 322, 2 € [-1,1].

1) We first apply Rouché’s theorem. The functions
f(z) = =322 and g(z) =¢€*
are both analytic in C. We get for |z| = 1 the estimates,
lg(2) =le*] =€ < et <3=|f(x)l, 2] =1,

and then it follows from Rouché’s theorem that f(z) = —32% and ¢(z) = €* — 322 have the same
number of zeros inside |z| = 1, i.e. 2.

When we consider the graph. we see that p(x) = e* — 32? = 0 for two different real values in
] —1,1], and since we according to the above have precisely two zeros inside |z| = 1, the roots are
real and simple.

Remark 2.16 One can approximately find the numerical values

z1 ~ —0,4590 og 29 = 0,9100. O
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Remark 2.17 It is not so important for the rest of the example that the zeros are real. The
important thing is that they are simple, so ¢’ (z9) # 0, when ¢ (z9) = 0. Thus, we assume

@ (20) = €™ — 323 =0,
and we find
¢ (20) = €% — 620 = (e* — 3z) + (325 — 620) = 32 (20 — 2).

Therefore, if both ¢ (z9) = 0 and ¢’ (29) = 0, then we necessarily have either zo = 0 (which is not
possible) or zp = 2 (which is not possible either), because it is easily shown that

00)=1#0 and  p(2)=e?—-12#£0.

Hence we conclude that ¢(z) and ¢’(z) are never zero simultaneously, and it follows that every
zero of p(z) is simple. ¢

2) Since p(z) only has simple zeros z;, and since we in each of these have
e =3 z?,
we conclude from RULE II that

-2 -2 (2 —2 22— 2z, 22 —2z; 1
es(M'zl):res<7z(z );Zj>=ZJ(ZJ ) _ F I Z J_

er — 322" ©(2) @' (z) e —6z; 3z2—06z 3

3) Finally, it follows from Cauchy’s integral formula that
z2(z —2) , 2(z—2) 2(z—2) (1 1 4mi
le_l m dZ = 2’/TZ {res <m ;21 + res m y 22 = 27T’L g —+ g = ?

Example 2.32 Let K denote the square with the corners
141, -1+, —1—1, 1—1,

run through in this sequence.

1) Prove the estimate |22 + Sinz| <4 forze K.

2) Compute — e.g. by an application of Rouché’s theorem — the complex line integral

% 16z3+22+coszd
z
K 424 422 +sinz

1) Tt follows from
sin z = sin(x + 4y) = sinx coshy + i cos z sinh y,
that
|sin z|? = sin’x cosh? y + cos? zsinh? y = cosh® y — cos® z,
hence
|22 +sinz| < |z|> + | sin z| < 2 + coshl < 4

for every z € K, and the estimate is proved.
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The argument variation

2) If we put f(z) = 4z* and g(z) = 22 + sin 2, then
|f(x)] >4 and lg(2)| < 4 for z € K.

Thus by Rouché’s theorem,

162° + 2z +cosz | f(2)+4d(2) , 'z 4 .
f} 4z% + 22 +sinz dz*fi f(2) +9(2) dsz;( f(2) dz*é(zd’z*&ﬂ'
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3 Stability criteria

Example 3.1 Check if P(z) = 23 + 22% + 32 + 1 is a Hurwitz polynomial.

By using Schur’s criterion we get the polynomial of second degree,
1
Q) = 7{7(z" +227 +32+1) = (-1) (=2° + 22" =32+ 1)} = 62" + 10z + 8,
z

Since Q(z) is a polynomial of second degree, it is a Hurwitz polynomial, because all its coefficients
are positive. Since P(z) also has only positive coefficients, it follows from Schur’s criterion that P(z)
is a Hurwitz polynomial.

If we instead apply Hurwitz’s criterion, then we get the determinants

2 1 0
2 1
Dy =2,  Dy= =5  Dy=|1 3 2|[=5
1 3
0 0 1

All these determinants are positive, so we conclude that the polynomial is a Hurwitz polynomial, and
all its roots lie in the left half plane.

Example 3.2 Check if the polynomial P(z) = 2z + 22% + 2z + 3 is a Hurwitz polynomial.

When we apply Schur’s criterion, we get

1 - .
Q) = 77 {7(*+22°+2+43) —3(—2*+2 - 32+ 1)} = 102> — 2z + 12.
z
Here (z) has terms of both positive and negative coefficients, so Q(z) is not a Hurwitz polynomial.
We therefore conclude that P(z) is not a Hurwitz polynomial.

If we instead apply Hurwitz’s criterion, we immediately get that

2 1
Dy = =-1<0.
301

Hence there is at least one root in the closed right half plane Re z > 0.

When we insert the parametric description z = iy of the imaginary axis, then
P(iy) = (3 —2y%) +iy (1 —*),

which is not zero for any y € R. Therefore, there is at least one root in the open right half plane.
Clearly, such a root cannot be real, and since the coefficients of the polynomial are real, the complex
conjugated of the root must also be a root. By using a pocket calculator we find the approximate
values

—2,17455941  og  0,0872797+1,17131213.
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Example 3.3 Find the set of values of the parameter ¢, such that the polynomial
fz) =2 +22 4322+ 42+ ¢

has only roots in the left half plane.

‘We shall use Hurwitz’s criterion. It follows from
a0:17 a1:27 a2:3a aa3:47 a4 = C,

that Dy is given by

ap ay 0 0 21 0 0

D, — az a2 aip Qo o 4 3 2 1
Y710 a4 as as| |0 ¢ 4 3
0 0 0 a4 0 0 0 c

It follows easily that
D =2>0, Dy=2-3—-1-4=2>0, Dy=c- Ds.

When we apply Hurwitz’s criterion, it follows that f(z) has its roots in the left half plane, if and only
if ¢ > 0 and D3 > 0. Since

2 1
Dy=|34 3
0 ¢

=24—16—4dc=8 —dc=4(2 — ¢),

=N O

the condition becomes ¢ €10, 2[.

Remark 3.1 Of continuity reasons two of the roots for ¢ = 2 must lie on the imaginary axis. When
c =2, we get more specifically,

2423 4322 F 442 = (24—1—22'34—22) + (2z2+4z+4)
=("+2)(P+22+1) = (z—zx/i) (z—l—zﬁ) (z41)?,
and the claim follows.
ALTERNATIVELY we put z =i\, A € R, and separate into the real and the imaginary part,
(A +2(i0)% + 3(A)% + 4(N) +2 = A" —3X2 + 24+ 2i (—A\* +2)) .
This expression is zero, if and only if
M=3\+2=0 and A(N?-2)=0,
thus if and only if A = 2, hence A = +v/2. Then we conclude that
(z—zx/ﬁ) (z—i—zx/i) =22 42

is a divisor, and it is easy to find all roots. ¢
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Example 3.4 Find the set of parameters c, for which the polynomial
f(z) =322 +222+24¢

has only roots in the left half plane.

We shall use Hurwitz’s criterion where

CLQ:3, a1=2, agzl, as = C.

Then
a; Qo 0 2 3 0
D3 = as az ap = c 1 2 =C- D2.
0 0 a3 0 0 ¢

It follows from

2
D;=2>0 and D2:2—3$>0f0rc<§,

that f(z) has all its roots lying in the left half plane, if and only if ¢ € }0,

[SCRN )

.

2
Remark 3.2 When ¢ = 3’ then by the continuity at least one root must lie on the imaginary axis.

Now

3z2+2z2+z+§ = (32> +2) +2 <22+§> =(32+2) <22+§>’
2 .
so when ¢ = 3 all roots are given by

z:il.

3’ V3
ALTERNATIVELY, put z =i\, A € R into the polynomial to get
2 2
3(iN)2 + 2(iN)2 + i\ + 3= —2)% 4 3 HiA (1-3)7).

This expression is zero, if and only if both

2)% = % and A (1-3X\%) =0,

1 1 )

thus if and only if A2 = =, hence A = +——, and the roots on the imaginary axis are :N:L. If we then
3 V3 V3

divide by

) Ce)- s

we get the real root z = —

|
<
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Example 3.5 Find the set of the parameters a and b, such that the polynomial
f() =42 + 22+ 22 4az+b

has only roots in the left half plane. Sketch the solution set in the (a,b)-plane.

It follows from

that
ap a 0 0 1 4 0 0
D az ay ay ag | _|a 1 1 4
Y710 ag ag ax| |0 b oa 1
0 0 0 ag 0 0 0 b

According to Hurwitz’s criterion we get the conditions

Dy =1>0, Dy=1—4a>0, Dy=0b-D3>0,

and
1 4 0
Di=|a 1 1 |=a—-b—4a®>0.
0 b a
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1
These requirements are fulfilled, if and only if a, b > 0 and a < i and

b<a—4a® = a(l - 4a).

Figure 35: The domain of stability in the (a, b)-plane.

It follows from the inequalities above that the domain of stability in the (a, b)-plane is given by

{wn

which is bounded by the parabola b = a — 4a? and the a-axis.

1
ae]O,Z[,0<b<a—4a2},

Remark 3.3 When (a, b) lies on the boundary b = a — 4a?, then by the continuity at least one of the
roots must lie on the imaginary axis. It follows by a reduction that
42 + 23 + 2% +az + a — 4d® :4(z4fa2) + (ZSJraz) + (Z2+1)
:4(22+a) (2271) +z(zz+a) + (z2+a) = (z2+a) (422 74a+z+1)
= (22+a) (422+z+174a),
hence the roots are

—14++/1-16(1 — 4a) _ —1++64a—15

z iva and z 3 3

¢
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Example 3.6 Prove that
P2+ B-)22+(5-20)z+3—i

has all its roots lying in the left half plane.

Since the polynomial has complex coeflicients, we cannot apply Hurwitz’s criterion directly. However,

since the conjugated polynomial has the complex conjugated roots, the polynomial
P(2)P(z) = {22+(3—i)22+(5-2i)2+3—i} {z*+(3+1)2*+(5+2i)2+3i}
= 2046254+ (10+9+1)2*+{6+2Re{(3—i)(5+2i)}}2*
+2{2Re{(3—i)(3+14)} +254+4} 22 +2Re{(5—2i)(3+i) }2+9+1
= 25462° 42024 {6+2(15+2)} 23 +{2 - 10+29} 22 +2(15+2)2+10
= 20462°4+202" +402°+492° + 342410
must have its roots lying in the left half plane, if and only if
P(z)=2>+(3—i)22 +(5—2i)z+3 —i
has its roots lying in the left half plane. Hence we can ALTERNATIVELY check
f(2) = 2% 4+ 62° + 202* 4+ 4023 4 4922 + 342 + 10,

where

agp =1, a1 =6, as = 20, ag = 40, ay = 49, a5 = 34, ag = 10.

Here we have a couple of possible solutions, of which we start with Hurwitz’s criterion, which gives a

lot of computation, because the determinants are so large.

Hurwitz’s criterion. First we write down

ag a 0 0 0 O 6 1 0 0 0 O

a3 a2 ai; Qo 0 0 40 20 6 1 0 0

D as a4y az az ay ag | | 34 49 40 20 6 1
710 as as ay az ay | | O 10 34 49 40 20 |’

0 0 0 ag as ay 0 0 0 10 34 49

0 0 0 0 0 ag 0O 0 0O 0 0 10

where we shall find the signs of all the minorants. It follows immediately that
D1=67 D2:120—40:80 and D6=10'D57
so it “only” remains to check that both

D3 >0, Dy>0 and Ds5 > 0.

We get by a computation,

6 1 0 3 1 0 3 1 0 3 1
D3 = 40 20 6 |=4|10 10 3 |=4]10 10 3 |=8|10 10
34 49 40 17 49 40 14 48 40 7T 24
3 1 0 3 10
= 8|10 10 3 |=40| 10 10 3 |=40(12046—40—45) =40-41 > 0.
10 25 20 2 5 4

w
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Furthermore,

6 1 0 0 3 1 0 0 3 1 0 0
D, — 40 20 6 1 4 20 20 3 1 _4 20 30 20 50
- 34 49 40 20 | 17 49 20 20 | 20 50 20 20
0 10 34 49 0 10 17 49 0 10 17 49

310 25| (2 o2 s

= 400 9 5 2 9 =400<¢3| 5 2 2|—|2 2 2

0 10 17 49 10 17 49 0 17 49

2 2 5

= 400¢3(6-49+40+25-17—-100—-490—-102)—| 0 0 -3

0 17 49

= 400{3(294 + 40 + 425 — 100 — 490 — 102) — 2 -3 - 17}

= 1200{759 — 692 — 34} = 1200 - 33 > 0.

Finally,

6 1 0 0 O 31 0 0 O
40 20 6 1 O 20 20 3 1 0
D;s = 34 49 40 20 6 |=8| 17 49 20 20 3
0 10 34 49 40 0 10 17 49 20
0 0 0 10 34 0o 0 0 10 17

3 1 0 0 O 31 0 0 0

20 20 3 1 O 20 20 3 1 0

= 8|20 50 20 20 3 |=80| 20 50 20 30 20

20 30 20 50 20 2 3 2 5 2

0O 0 0 10 17 0 0 0 10 17

310 0 O 3 1.0 0 O

20 20 3 1 O 20 20 3 1 0

= 80| 2 5 2 3 2|=80| 0 2 0 -2 0],
2 3 2 5 2 2 3 2 5 2
0O 0 0 10 17 0O 0 0 10 17
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hence
3 1 0 0 O 3 1 0 0 O
20 20 3 1 0 20 21 3 1 0
Ds = 1600 0 1 0 -1 O0|=1600f O O O -1 O
2 3 2 5 2 2 8 2 5 2
0O o0 0 10 17 0 10 0 10 17
3 1 0 0 3 1 0 0
20 21 3 O 20 21 3 O
= 1600 5 8 2 92 |% 3200 1 41 1
0 10 0 17 0 10 0 17
21 3 0 20 3 0
= 3200¢3| 4 1 1|1—-1f 1 1 1
10 0 17 0 0 17
7 1 0 7 1 0
= 3200¢9| 4 1 1]1-172%=3200<{9| =3 0 1 |—289
10 0 17 10 0 17
= 3200 {9 - (=1) ‘ Eg 1; — 289} = 3200{9(51 + 10) — 289)} = 3200 - 260 > 0,

and we have D5 > 0. Since this implies that Dg > 0, we have proved that all minorants are
positive, and it follows from Hurwitz’s criterion that all roots are lying in the open left half plane.
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Schur’s criterion. ALTERNATIVELY we apply Schur’s criterion on the polynomial
f(z) = 25+ 62° + 202" + 402° + 4927 + 34z + 10.

Since all coeflicients are positive, this polynomial is a Hurwitz polynomial, if and only if

f)f(z) = fF(=1)f(==2)
z+1

is a Hurwitz polynomial. A computation gives

. 1
f(2) = 25+ 62° + 202" + 4023 + 4922 + 342 +10 = —— {160 f(2) —0- f(—2)} = 160 - /() ,
z+1 z+1
so z = —1 is a root. Using division by polynomials we get
% = 2%+ 52% +152° + 252° + 242 + 10.
Since f(z) = P(2)P(z), we again obtain z = —1 as a root, so by another division by polynomials,
f(2) 4 3 2

Since all coefficients are positive, and f1(1) = 40 and f;(—1) = 4, it follows that f(z) is a Hurwitz
polynomial, if and only if fo(z) is a Hurwitz polynomial, where

1 —f=Df(= 4
ey~ N >f1<z>z+f1< )/ Z):Z+1{10f1(2)*f1(72)}
- zi_l {1024 +402° +1102% +1402+100— 2* +42° — 1122+ 142~ 10}
4

= {92* + 442% + 992% + 1542 4+ 90} = 4 {92° 4 352 4 642 + 90} .
z+1

Putting
f3(2) = 923 + 3522 + 642 + 90,
we get f3(1) =198 and f3(—1) = 52, so fa(z) and f3(z) are Hurwitz polynomials, if and only if

_ o BMWfs() = fas(=1)fs(=2) 2
falz) = P =T {99/3(2) — 26 f3(—2)}
2
= o {99 (92°+352>+642490) —26 (—92°+352>—642+90) }
2
= Z+1{125~9z3+73~35z2+125~64z+73-90}
10
= {9-252% 4 7-732° + 25 - 642 + 18 - 73}
z+1
10
= {2252 4+ 5112 4+ 1600z + 1314} = 10 {2252% + 2862 + 1314}

is a Hurwitz polynomial. Since f4(z) is a polynomial of second degree of positive coefficients, it is
a Hurwitz polynomial, and we conclude that the original polynomial

B+ (3-i)2+(5—-2i)2+3—1

has all its roots lying in the open left half plane.
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Remark 3.4 By chance we found by Schur’s criterion that z = —1 is a root. Then by division by a
polynomial,

P+ B-0)+(5-2)z+3—i=(2+1)(+(2-9)z+3—1).
The roots of 2% + (2 — i)z + 3 — i are given by

L 72+i:|:\/(*2+i)274(37i) _ 241+t 3—4i— 12+ 44 _ —24+1++/-9 . 241+ 3
N 2 - 2 - 2 - 2 )

hence 23 + (3 — i)2% + (5 — 2i)z + 3 — i has the three roots
1, 142 and —1-—i

which all lie in the left half plane. ¢

2

-1
Example 3.7 Given the transfer function f(z) = ;2—5 of a control system. Check if the control
22
system is stable.
H
We shall first put f(z) on the form T ](;22), ie.
22 -1
H(2) T9.2 5 —22 41 —224+1  22-1
zZ) = = = - .
22 -1 1 22—-1-22245 —22+44 224
222 -5
By Nyquist’s criterion we shall then consider
1 B 1 B 22— 4 B 22 —4
L+ H(z) 221 22-4+422-1 222-5

1
+22—4

5
The poles of this function are i\/; , of which only one lies in the right half plane, i.e. P = 1.

Then let z = it, t € R, run through the imaginary axis. Then

1 1 1

T 1+ H@G 21 2+1
e I+t =2 1+t214

w

teR,

1 4
so the image curve runs through the interval } 3 S] twice, when z = it runs through the imaginary

axis. In particular, the winding number is 0 # 1 around w = 1, so the control system is unstable.
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Example 3.8 Find the set of a € Ry, for which the polynomial
P(z)=az*+42%+322 +22+1

has all its roots in the open left half plane.
Find an a € R, such that P(z) = 0 has a solution on the imaginary azis, and then find in this case
all its roots.

1) We note that it is given that a > 0. We shall use Hurwitz’s criterion, where
apg=a, a1 =4, ay=3, az3=2, ag=1.
It follows that

a1 Qg 0 0
Qa, a ap a
D4 _ 3 0 —

0 a4 a3z a2

0 0 0 a

O O N
O = W e
O N = O
= wa O

Hence, D1, =4 > 0,
Dy =12—-2a>0 for a < 6,
and
D3=24—-—4a—-16=8—4a >0 for a < 2,
and Dy =1- D3 > 0 for a < 2. Summing up, the condition is that a €]0,2].
2) Assume that z = iy, y € R, is a root. Then we get by insertion,
Piy) =ay* —4iy® —3y> +2iy+ 1= {ay* —3y* + 1} +2iy {-2y> + 1} = 0.
When we separate the real and the imaginary part, we get for the imaginary part the possibilities

y = 0 (which must be rejected, because the real part then is 1 # 0) and y? = 7 When we put

1
y? = 3 into the condition for the real part, then

0O=ay* -3 2—|—1—1a—3 1—l—l—la—1
Sy TR T T 2 Ty
so a = 2, which we also could have obtained by the continuity, because the roots are lying in the
open left half plane, if and only if a €]0, a].

When we insert this a-value, we get after a reduction that

P(z)=22" 442 +322+ 224 1= (222 +1) (z* + 22+ 1) = (22 + 1) (2 + 1)%,

1
so the roots are z = —1 (a double root) and z = +i —.
V2
ALTERNATIVELY, both z = iy and z = —iy are simultaneously roots, because the polynomial has

real coefficients. This means that

(z —iy)(z +iy) = 2* + ¢
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must be a divisor in the polynomial. We get by the division,
azt +422 4322+ 22 +1 = (22+y2) (a22+4z+ (SfayQ)) + (274y2)z+ (ay4 73y2+1).
Since the remainder part must be 0 for every z € C, when £y are roots, we conclude that

1 3
Y= and ay4—3y2+1:a'1—§+1:0,

so we get again a = 2, and then we proceed as above.

Example 3.9 Given
Py(2) = 2" + 423 + 822 + Az + 12

Find the largest possible open interval |a,b[, S R, for which all roots of Px(z) lie in the open left half
plane, when X €la, b.
Then find all roots of P,(2).

We must obviously require that A > 0. We shall apply Hurwitz’s criterion. We first identify the
coefficients,

PA(Z):1-z4+4-z3+8~z2+)\-z+12=aoz4+a123+a2z2+a3z+a4.
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Then
a; Qo 0 0 4 1 0 0
D, — as a a1 Qo o A 8 4 1
4= 0 [e7} as a9 o O 12 )\ 8
0 0 0 ag 0 0 0 12
The minorants are then computed
41 4 1 0
D, =4, Dgz‘A 8’:32—& Dy=| XA 8 4 |=32\—)\%—-192,
0 12 X

and Dy =12+ D3, so Dy > 0, if and only if D3 > 0. It is trivial that D; > 0. Furthermore,
Dy =32—-X>0 for A < 32,
and
D3=-XA+320-192=—-(A—8)(A—24) >0  for A\ €]8,24].
Summing up we see that all roots of Py(z) lie in the open left half plane for
A €18, 24[ =8, 24].
Then we shall find all roots of P,(z) = Ps(z). We get by some small rearrangements,
Py(z) = 2*+428+822+82+12=42 (2> +2) +2* + 822 + 12
4z (22 4+2) + (2° +2) (2 +6) = (2 +2) (2 + 42 +6)
= (22+1) ({z+2}2+1),
which shows that the roots are

2=4ivV2 and 2= -2+iV2

ALTERNATIVELY, A = 8 is a limiting case, so at least one root must lie on the imaginary axis. If we
put z = 7y, then

Ps(iy) = y*—4diy® —8y® + 8iy + 12 = (y* — 8y?) — 4iy (v* — 2)
= (y¥*-2)(v*—6) —diy (v* —2) = (v* —2) {y* — 6+ iy},
and we conclude that y = +v/2, thus z = +4/2, is a solution, and we get by a division by
(z —iV2)(z 4+ iV2) = 2% + 2

the remaining roots z = —2 + V2.

Remark 3.5 For completeness we also compute Pay(z). We get
Pou(z) = 2" +42°+82°+242+12= (2" +82>+12) +4(2* +6) 2
= (z2—|—2) (z2—|—6) +4z(z2+6) = (22+6) (z2+4z+2)
(z —iV6)(z +iV6) ({z +2}2 - 2),

so the roots are

2= +iV6 and 2= —24+2. O
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Example 3.10 Given the polynomial
Po(z)=2"+223 + A2+ puz+1
which depends on the parameters \, p € Ry.
(a) For every fized p € Ry, find the largest possible open half line
Ja(p), +oo[ & Ry,

such that all the roots of Py, (2) are lying in the open left half plane Re(z) < 0, when
A €la(p), o0l

(b) We define by the above a function a(p), p € Ry. Prove that a(p) has a minimum for some
o € Ry, and then find puyo.

(c) Solve the equation

Pa(uo),uo(z) =0.

Clearly, this example is inviting an application of Routh-Hurwitz’s criterion. Let p € R4 be fixed.
Putting

PML(Z):1~z4+2~z3+)\~z2+y~z+1:aoz4+a123+a222+a32+a4,

we see that the corresponding matrix is

ap a 0 0 2 1 0 0
as as ap ag _ oA 2 1
0 agy a3 ao | | O 1 p X
0 0 0 ay 0 0 0 1

(a) Since all coefficients have the same sign, it follows from the above that

2 1
D1 =2>0, DQ—‘M A‘—Q)\—/J, D4—D3,

and
2 10
Ds=|p XN 2| =2 \u—4— 4%
0 1 u
It follows from Dy, ..., D4y > 0, that the conditions are

% B2 %
A> B AsHEy 2 (—)
>3 og >2+M >3

Then, by Routh-Hurwitz’s criterion,

_k 2
a(,u) - 9 + /1/7
and we see that all roots lie in the open left half plane, if

2
)\E]g—&-—,-i-oo[.
2 p
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(b) Putting t = g € Ry, and considering the function

1
go(t):t—i—z for t € Ry,
it follows that
o(t) = 400 for t = 0+ and for t — +o0,

and
1

go’(t):l—t—2:0 only for t =1 € Ry.
The corresponding point must then be a minimum,
o = 2 and a(po) =a(2) =2.
(¢) Tt follows by inspection that if pg = 2 and a (up) = 2 then
Poo(z) = 2422422 +2241= (2" +2"+2%) + (P +22+1)
= (P41)(P+22+1)=(z+1)* (2 +1).
This polynomial is 0 for z = —1 (a double root) and for z = %i (simple roots).
ALTERNATIVELY we guess that we must have roots on the imaginary axis. Hence, if we put z = iy,
y € R, then
Pap =yt —2iy® — 2% +2iy+ 1= (y* —2y° + 1) —2iy (y* — 1) = (y* — 1) {* — 2iy — 1} =0,

which for y € R only is fulfilled for y = £1, thus z = +i. When we divide by 22 + 1 we get
22 + 2z + 1, which has z = —1 as a double root.

Remark 3.6 It is here possible in general to find the roots of P, ,(2), # € Ry. The calculations
are easy,

2 2 2
Poyulz) = Z4+22’3+{EM+%}22+M75+1={22+22+;}22+g{22+22+;}

= (2e2a2)(241).
n 2

Since p > 0, we always get to imaginary roots,

m
i B
“W 2

If 1 €]0, u[, then we furthermore get the two complex conjugated roots

2
p=—1+iy/= -1, pelo2f
I

If 4 = 2, then we get the double root z = —1 (cf. the above).

When p > 2, we have the additional two real roots

2
z=—-1=+ 1—;, €12, +ool. O
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Example 3.11 Find the largest open interval |a, b, such that
24428 +822 + Az + 15

is a Hurwitz polynomial for every A €]a,bl.

A necessary condition is of course that A > 0. We derive from
Py(z) = 1.2 442248224 X 2415 = apz* + a12° + a2z + asz + au,

the corresponding matrix

ag ap 0 0 4 1 0 O
as a a1 Qo o A 8 4 1
0 a4 a3 as |~ | O 15 X 8
0 0 0 aa 0 0 0 15
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close to the latest ideas and glob
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Then by Hurwitz’s criterion,
Di=4>0, Dy=32-X>0, D3=322—-X—16-15>0, Dy=15-D5> 0.

(The latter condition is fulfilled if only D3 > 0, so we may neglect it). It follows from Do > 0 that
A < 32, and then we conclude from

A2 4320 —16-15= —(A — 16)* + 16 = —(\ — 12)(\ — 20),
that D3 > 0, if and only if A €]12,20].
Summing up we get

Ja, b[=]12,20].

ALTERNATIVELY, though not very smart in this case, we apply Schur’s criterion twice. The details
are left to the reader.

Remark 3.7 When A = a = 12, we get the factorization,
24423 4822+ 122415 = (22+3) (22—1—4;2—1—5)7
which shows that the roots are
z=+iV3 and z=—-2=+1.
If A =b= 20, then we get the factorization
2+ 42% 4827 + 202415 = (2° +5) (2 + 42+ 3),
showing that the roots are

2= 4iV3 og z = -3, z=—1. O
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4 The infinitely-valued function log 2z

Example 4.1 Compute all complex values of 17, z = x + iy.

It follows from log 1 = 0 + 2ip7, p € Z, that

17 = exp({z-0—y-2pr}+i{z-2pm +y-0})
= e 2™ . {cos(2xm) + i - sin(2xpm)}, p € Z.

If we put y =0, i.e. z =z € R, we conclude from the above that
1% = cos(2zpr) + i - sin(2zpm) = 2P, D € Z.

Notice that if « is not rational, x € R\ Q, then one can prove that the symbol 1% represents a point
set which is dense on the unit circle.

1

Note, however, that if we choose x = —, n € N, then the expression is reduced to the usual n-th unit
n

roots.

Example 4.2 Compute all values of
(a) Log(1+9)%, (5 Log(1+)™, (c) loge, (d) Loge.
(a) We shall always compute from the inside to the outside,
Log(1+14)2 = Log 2i = In2+iArg(2i) = In2+1i g
(b) Here we first apply the definition of a®, and then we compute outwards from the inside,

Log(1+14)' = Log{exp(10i-log(1 +1))} = Log{exp@m'{%1“2””%(”“})}

o (101 {3 w215 -2)} )

5
Log{exp (—777 +20pm +1i-5 ln2)}.

There is a trap here, because

5In2~ 3,44 >,

so 5 In2 is not the principal argument. Hence we get

b

Log(1 + i)' = 5

+20pm 4+ i {5 In2 — 27}, p € ZL.
Remark 4.1 The example should be surprising for two reasons. First we shall find out, if 5 In2

is a principal value or not. (And it is not!) Secondly, we see that the principal logarithm of a
many-valued function again may be many-valued. ¢
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(c)

loge =Ine+1i arge = 1 + 2ipm, pE L.

(d)
Loge=Ine+iArge=1+4+i-0=1.

Example 4.3 Find all values of

(a) log?2, (b) logi, (¢) log(1l—1).

(a)
log2 =log {2 €*""} = In2 + 2ipm, p € 7.
(b)
. . . . (T
logi =1n \2|—|—z:au"gz:z(5—&—2]977)7 pEZ.
(c)

1
log(l—z’):ln|1—i|+iarg(1—i):§ln2+i(—%+2pﬂ'),

p € Z.

77
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5 The many-valued functions a* and 2z

Example 5.1 Compute all the complex values of z* for z € C \ {0}.

We get by insertion into the formula of the many-valued function z® for a = ¢ that
2t = exp(i{ln|z| +i(Arg z — 2pm)})
¢~ ALg z+2pm cot{cos(In |z|) + i - sin(In |z])}, p € Z.

We have here used that we also have arg = {Arg z — 2pm | p € Z} which give a nicer final result.

Example 5.2 Find all values of

(@) i, (b) 1, (c) 1V2

Here we shall stick very close to the definitions.
(a)
’ . . . 4T w
i* = exp(i logi) = exp (z {ln [i] + (5 — 2p7r> }) = exp (—5 + 2p7r) , p €7,

which is a sequence of real numbers!
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(b)
1" := exp(i log 1) = exp(i - {0 — 2ipr}) = €™, p €L,
which is also a sequence of real numbers.
(c)
1V2 = exp(V2-log 1) = exp(V2 - 2pmi) = cos(2V2 pr) + i sin(2V2 pr), p € L.
This set is dense on the unit circle.

Remark 5.1 The examples above show that concerning many-valued functions one cannot rely on
one’s intuition. ¢

Example 5.3 Given c € C\ {0} and z =z + iy € C.
(a) Find all values of log (¢?).
(b) Find all values of z log c.

(c) For which values of z and ¢ do we have log (¢*) = z logc?

(a) Let p, g € Z denote free parameters. Then

log (c*) = log (e*'°8) = z-log e+ 2ipm = (z + iy){In|c| + i Arg ¢ + 2igm} + 2ipm
= z Inlc|—yArge—2yqr+i{z Arge+y In|c|+2xgm+2pm}.
(b) It follows from the computation above that z - log ¢ is obtained by putting p = 0, thus

zloge =z In|c|—y Argc—2yqrn+i{z Argc + y In|c|+2zqr}, ¢ € Z.

(c) A necessary (though not sufficient) condition for
log (¢*) = z loge,
is that the sets
{2m(zq+p)|p, ¢ €Z}  and  {2maq|q€Z}

are identical.
Hence a necessary and sufficient condition is that

Z< {xq|qeZ}, thus z € Q.

If y # 0, then the real parts are identical, if and only if we choose the same ¢ € Z. Then,
concerning the imaginary parts, we are forced to choose p = 0, and p € Z is no longer a free
parameter. Therefore, y = 0.

When this is the case, i.e. z = x € Q, then

log (¢%) =2 In|e| + ifw Arg c + (2q +p) - 27}, p,q €L,
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and
xloge =z In|c| +i{zxArg c + zq - 27}, p € Z.

Since {xq + p | p, ¢ € Z} considered as a set (not counted by multiplicity) is identical with
{xq | q € Z}, the two expressions are identical, if and only if

z=x € Q,

while ¢ € C\ {0} can be chosen arbitrarily.

Example 5.4 Compute all values of

(@) log(1+)™,  (0) (=), (o) 37,  (d) 2™

(a) We first compute (1 + i)™. Here,

(1+4)™ = exp(milog(1+i)) = exp (m {% 2 i (% - QPW) })

2
= exp(—%+2p7r2+igln2>7 pEZ,
hence
N\ T 1 2 - 1
log(1+14)™ = (2 1) + i 51n2—|—2q , p, q € Z.

Remark 5.2 We see that we have two independent parameters p, ¢ € Z. ¢
(b) A computation gives here
(—i)~" exp(—i{ln| —i| + i arg(—i)}) = exp(—i - i - arg(—1))
= exp(arg(—i)) = exp <<2p — %) 7r) , pEL,

i.e. a set of real positive numbers.
(c) Here,
3™ = exp(m In3) = exp(n{ln3 + 2ipr}) = €™ {cos (2pr?) + i sin (2pr?) }, p € 7.

It is easily seen that this set is dense on the circle of centrum 0 and radius e™ 3.

(d) Here,
2™ = exp(mi log 2) = exp(mi{ln2 — 2ipr}) = 2’ {cos(m In2) + i sin(r In2)}, pE L,

which represent infinitely many numbers on the half line from 0 and forming the angle 7 In 2 with
the real axis.
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Figure 36: The points of (d) lie on a half line.

Example 5.5 Compute all values of

(@) A+, (0 A+)'A+)7, (o) &
(a) It follows from the definition and a computation that

(14 i)+ ::(Kp«1+j)bgﬂ—Fﬂ):emo(ﬂ+ﬁ)<%ln2+i{%—%%ﬂ}>)

1 1
= exp<§ ln2—%—2pw+i{§ln2+g+2pﬂ}>

T 1 T . 1 m
= V2 exp <_Z —2p7r) X {cos (2 In2 + 2) + 2 sin (2 In2+ 2)}
(b) By the definition,
(1+d)'(1+4)"" = exp(ilog(1l+1)) - exp(—i log(1+ 1))
1 (T (1 T
= exp (z{2 In2+14 <Z +2p7r)}> exp (—2{2 In2+4 (1 +2q7r)}>
T ! 1 T
= exp <2p7r+12 anfzi 1n2++2q7r)

4 4
= exp(2(q — p)w) = exp(2nm), n € Z.

(c) At this stage the reader should be suspicious concerning many-valued functions. Nevertheless,
this example should not give any problem,

2 =—1.
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Example 5.6 Compute all values of

(a)

(b)

(c)

(d)

(@) 2, (b) V16, (o) (V30"  (d) [(=1)].

2 := exp(i log2) = exp(i (In2 — 2ip7)) = e*™ {cos(In2) + i sin(In 2)}, p € Z.

™

1 1
V16 := exp (Z log 16) = exp <1 (4ln2+ 2ip7r)> = exp (1n2 +ip 5

) — {2, 2i, —2, —2i}.

(V3—i)' ;= exp(ilog(V3—1i)) =exp <z {1112 +1 (f% — 2ip7r> })

5 + 2p7r) -{cos(In2) + i sin(In2)}, p € Z.

= exp(

|(=1)"| = | exp(i{—im — 2ipn})| = |exp(m + 2p7)| = *PTVT peZ.

o
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Remark 5.3 The strange thing here is that also

(—1)% = exp(i{—im — 2ipm}) = exp(m + 2pr) = ZPFIT, p €7,

Example 5.7 Put z =re'’. Compute all values of
(a) Re(z'), (b) Im(z"), (c) |21’ .
It follows from

2" = exp(i{lnr + i — 2ipr}) = exp(—0 + 2p7 +i In7),

that
(a)

Re (2') = /T2 cos(In ), p € Z,
(b)

Im (zl) = e 02 gin(Inr), pEL,
(c)

‘z’| = e 0427 pE 7.
Example 5.8 Put z =z + iy. Compute all values of
(@) Re(@®),  (b) Im(i%),  (¢) [i*].

It follows from

* = exp(z-logi) =exp ((:c +iy)i {g + 2p7r}>

1 1
= exp(—u{§+2p>7r+ix(§+2p>7f>7 pE€Z,

that

(a)

Re (i) = exp (—yﬂ'{2p+ %}) - cos (m {2p+ %}) . pez,
Im (i*) = exp (—:wr {2p+ %}) sin (anr {2p+ %}) . pez,

(b)
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(c)

1
|i*| = exp <—y7r {2p+ 5}) , pEL.

Example 5.9 Find all the solutions of the following equations

(a) Log z = %m‘, (b) e* =1, (c) e =14iV3.

1
(a) We first note that — i lies in the image of the principal logarithm, so there exists a solution.
This is given by
1 1 1

z:eLng:exp(ig):ﬁﬁ-iT:—?(l—f—i).

[\)

(b)

zzlogizi{%—i—lmr}, p € Z.

(c)

z:log(l—l—i\/g):ln2+i{g+2pﬂ'}, p € L.

o
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6 The Arcus Functions and the Area Functions

Example 6.1 Find all solutions of the following equations,

(a) cosz =sinz, (b) sinz =2, (¢) sinz = cosh4.

(a) Tt follows by a rearrangement and a multiplication by

1 . T
— =sin — = cos —
V2 4 4
using the addition formula for sin z that
0 1. 1 . ( 7r)+ . ( 7r) . ( 7r)
= —sinz— — cosz=sinz-cos (—— cosz-sin(——) =sin(z——]).
V2 V2 4 4 4

The zeros of sinw are w = prw, p € Z, so the set of solutions is

0
z=—+pm, pEZ.

4
ALTERNATIVELY we get by Fuler’s formule,
1, . , 1 . )
5 (ezz + e—zz) — Z (ezz _ e—zz) .

A multiplication by 2ie* # 0 gives
i 4= et

thus
(1—10)e?™ =1+1,

and hence

G2z _ L+i  i(—=i+1)

B T I R

Taking the complex logarithm we get
%z = log i :zg +2ipr,  pez,
and the set of solutions is given by

z:g—i—pw, pEZ.

ALTERNATIVELY it follows from sin? z + cos? z = 1 that sin z = cos z # 0 for every solution of the
equation. Hence it is equivalent to the equation

tanz = 1.

Then finally,

1 1471 1 1 T T
z = arctan 5 Og(l—i) 5 ogi 5 124— ipT 4+p7T pe
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(b) The solution of the equation sin z = 2 is given by a solution formula,

z = arcsin2 = 10g(2z +vV1-4)= log( {2+V3})

%{ln(2i\/§)+i<§+2pﬂ)}=§+2P7T¢1n(2+\/§)a p €L

(c) The solution of sin z = cosh 4 is also given by a solution formula,

1
z = arcsin(cosh 4) = H log(i cosh4 4+ /1 — cosh? 4)
= log (z cosh4 + /—sinh? 4 ) = log(i cosh4 4 i sinh 4)

= - log(i{cosh4 + sinh 4}).
i

Now
cosh4 + sinh 4 = e* and cosh4 —sinh4 = ¢4,
hence by insertion,

1
v

1
:;log(iei4): {:I:4+z§+21p7r}:g+2p7ri|:4i, pE 7.
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Example 6.2 Find all values of

(a) arcsini, (b) arcsinl, (¢) arcsin 100.

(a) By insertion into the solution formula we get

1
arcsini = —log(—1++v1+1)= log( 1+2)
i
1
—{In(v2 — 1) + 2ipr} = 2pr+iln(vV24+1),
i

1
z {In(vV2+1)+i2p+ )7} = (2p+ )7 —iln(v2-1),
where p € Z.
(b) Here we get as expected,
. 1 ™ m
arcsin1 = log(z +V1i-1)= 1ogz = {z (5 + 2p7r>} =5 + 2pm, p € 7.

(c) By using the solution formula,

1 1
arcsin100 = H log(i - 100 £+ /1 —1002) = H log(i{100 + 3v1111} =
= i {ﬁ: In(100 + 3VI111) + i (g + 2p7r>}

_ g+2p7r2|2iln(100+3\/1111)a peZ

Example 6.3 Solve the equations

(a) cos®z=—1, (b) sinz -+ cosz =1, (¢) cosz=2.
Whenever one considers trigonometric equations one shall in general first try to reduce them as much
as possible.

(a) Here it is tempting first to find the square root, so we shall solve the equation cosz = +i. This
is of course possible, but we shall get some problems with the double +. Hence, it is easier first to
notice that

cos2z=2cos?’z—1=2-(-1)—1=-3.
Then we get directly by the solution formula,
1 1 . 1
z = 5 arccos(—3) = % log(—3 +iv1—9) = 5 log(—{3 £ 2v/2})
- —{ln(3i2\/_)+z (m+2pm)} = o { ( (V2+£1)? ) —|—i(ﬂ'+2p7r)}

= §+pﬂ'$zln(\/_—|—1, p € Z.
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(b) Since
. . m .
SInz + CosS 2 = \/i-sm (z+ Z) =1,

the equation is reduced to

sin(z—i—z) = L
4 V2

Then by a rearrangement of the solution formula and a reduction,
i 1 1 1
z = —%—i—arcsin(%):—%—i—;log(—ﬁi 1—|—§>

T 1 \/3—1 .
—— 4+ —=<1In <7> +22pﬂ'}
N I S EEVE AN 4 Z{ V2
= —Z+;og T =

T i V3D
4 V2
m T V341
= =—+4+2pn < - —iln| ——
4 2 V2
_f+77+2 T — 4 ln V3l
4 P V2
™

s 7
= Z+2pﬂi{§§ln(2+\/§)}, pEZ,

where we have used that

V3+1 1 i+l 1 4+2V3\ 1
In <7> =3 In <7> =5 In (T) :Eln(2+\/§).

(c) Tt follows directly by the solution formula that

1 1 1
z = arccos2= A log(2Fiv1—4) = A log(2 T V3) = A {F1n(2 + V/3) + 2ipr}
2pm + i In(2 + V/3), p € Z.
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Example 6.4 Solve the equations

(a) cosz=/3, (b) cosz =4, (¢) cosz=

)
+
U

(a) The solution is

z = arccosV3= % log(V3 +£iv/1—3) = % log(V3 T V2)

1
= - {(FIn(V3+V2) + 2ipr} = 2pr +i In(vV3+V2), peZ
(b) The solution is

1 1
z = arccosd = i log(4 £iv1 —16) = i log(4 ¥ V15)

1
= S {Fh@+ V15) + 2ipr} = 2pr +i In(4+V15),  peZ.

The solution is

1 3+i . (3+41)2
= log [ 2= +iy/1—
) Al 16

. o
\/16(91+6i)) Z1og(3+zii\/86i>

1
i 4 4
= llog(3+zi3(3—i)) :llog(ﬂil_F&
) 4
1
i

B |

4 4

|
—
o
o
—
—
_|_
~
=
I

1n2+z£ +2ip7r}

) {
1 1—14 1 1
- 10g< Z) = = {— ln2iz+2ip7r}
) 2 7 2
p

4

Example 6.5 Solve the equation

(1+iV3)cosz — (V3 —1i)sinz = 4e .

Using that
(14 iV3)cosz — (V3 —i)sinz = (1 4+iV3) {cosz +i sinz} = (1 +iv/3)e’*
the equation is reduced to

(1+iV3)e™* = 472,
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Hence, the equation is equivalent to

) 4 4 s
212: :—1— 3 :1— 3:2 —i =
‘ 14iv3 1+3( iv3) iV3 exp( 13)’

sa vi finder, at

2iz:log(2 exp(—ig)) :1n2—ig—|—2ip7r, pE L,
SO

1
z:pﬂ—%—i§1n2, p € Z.

.
s &
= F
| \" Y

27
(22277 & " a-;‘
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Example 6.6 Prove that the complex formula

1 1
(3) arccos z = = Log (z + i exp <§ Log (1 — 22)>)
i

for z=t €] —1,1[ is equal to the usual real function Arccos t.

Figure 37: The point on the circle is t +iv/1 — t2, t €] —1, 1], and the corresponding angle is Arccos t.

Let z =1t €] —1,1[. When we compute the right hand side of (3), we get
1 1 1
gLog (H—i exp{iLog(l—tQ)}> = ELog (t—l—i\/l—tQ)
1 (1
== {5 In (2 +1-¢?) +iArg(t+i\/1—t2)}

t
Ar (t + i1 — t2) = Arccos (7> = Arccos t,
& V2 +1—1t2

because V1 —t2 >0 fort €] — 1,1][.

Example 6.7 Solve the equations

(a) € =—-1+1, (b) tanz =1, (¢) cos?z = —9,

(a) The solution is

1 3
z:log(—1+z‘):§1n2+z'{f+2pw}, peZ.

(b) The set of solutions is empty, because tan z = ¢ implies that

5 =1+tan’z=1+i>=0,
cos? z

which is not possible for any z € C.
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(c) Using that
cos2z =2cos’z—1= —19,

we get the solution

. 1 tog (194 iy/T— (~19)7)

1 1
= 57 log(~19%iVT=361) = - log(~19 £ - 6i/10)
1 (3

= 2% log(—{19 £ 6v10}) = 2%{111(191 6v/10) + i(m + 2pm)}

™ 1 9
§+p7r+2—i ln<{\/mzt3} )

N =

1
5 arccos(—19) =

w
Il

g+p7r:Filn(3+\/E), p € 7.

Example 6.8 Solve the equations

tanz = 31 and tanh z = 3.

(a) The solution is

1 1-3 1 1
= t ) :—1 —_— :—1 _——
z arctan(37) 5; 108 <1 n 3) 5; 108 ( 2)
=l Cmotitropm)) = Tprtis 2 €z
= 5 m+2pm)} = oprtig In2, p € Z.

(b) The solution is

1 1+3 1
z = artanh?)filog <m>§log(2)
1 . 1 T
= 5{1n2+z(77—|—2p7r)}:§1n2+z{§+p7r}, p € Z.

Remark 6.1 It follows by a comparison that

arctan(3i) = 7artanh 3. O
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Example 6.9 Prove the complex formula

1 141 1 ) —
(4) Arctan z = %Log ( —l—zz) = —Log (Z Z)

1—1z

is equal to usual real function Arctan t.

Put z = ¢ € R. When we compute the right hand of formula (4), we get

1 1+t 1 1+4at| . 1+t 1 , (1 +it)?
L = |2 A =~ dlnl+iArg (0
2 Og(l—it) Zi{n‘l—it T rg(l—it)} Qi{n T rg( 1+ 2

1
= 3 Arg(1 +it)2.

-05

-1

Figure 38: The line of the parametric description 1+ it, t € R.

Since 1 + 4t lies in the right half plane, we have

Arg(l+it) € }—g, g{,

hence 2 Arg(1 + it(€] — m, [ is a principal value. Then we can continue in the following way,

1 1413t 1 1 t
% Log (1 J_r zt) =35 Arg(1 +it)? = 3 2 Arg(1 +it) = Arctan 1= Arctan t,

and the claim is proved.
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Example 6.10 Find all values of

(a) arctan(l + 2i), (b) arcosh(2i), (¢) artanh(1 — 7).

(a) We get by insertion into the formula and a computation that

i—1-2\ 1 (1-d) 1 (L) - 30)
it1+2) 2 B\143i) 20 ® 10

1
arctan(l + 2i) = 5 Lo
1
= 2—log<—{1+3+113 )
1 v
2
1
2i

log<—%(2—1): log %
(ngpsfes amn: ;>+2m}>

1
= f—Arctan§+2+p7r+4l nby, pE L.
(b) Here we get
(2+\/_)+z{ +2p7r}
Arcosh(2i) = log(2i+v/—4 — 1) = log(i{2+V5}) = p € L.
—In(2 4 /5) + {7+2p7r}

i .
S TR
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(c) Finally,

artanh(l —i) =

1+1-i\ 1. (2-i\ 1
log (') =21 = > log(—1—2i
Og(l——1+i) 2 Og( i > g losl 2

{In /5 + i(Arctan 2 + 7 + 2pm)}

N N NN

1
ln5+i{§Arctan2+g+p7r}, p € 7.

Example 6.11 Find all real numbers t € R for which the complex formula

z—1

1 .
(5) Arccot z = ZLog <Z+Z>

s equal to the usual real function Arccot t.

Put z = ¢ € R, and then compute the right hand side of formula (5),

1 t+i) 1 t+i tti 1 £t
SL = dm | i () L= .
2 %<t—J %{nh—i%ﬁ %(pw)} 2 rg<t—z‘>

0.5

05

Figure 39: The points t — ¢ and ¢ and the corresponding angles for t = —1, 5.

Since t is real, it follows by considering the figure that
Arg(t+1i) = — Arg(t — 1), t eR,

and it is tempting to expect that
Arg(t +14) = Arccot t.

However, this is not true for all £. In fact, it follows by a computation that

1 t+i 1 t+i 1 (t+1)? 1 ~2 1 5 .
S —-A — A = = Arg {(t = = Arg (2 — 1+ 2it).
2i °g<t—¢> 2 rg(t—¢> 2 rg{ gy = g Al )7) =g A (-1 2i)
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If t <0, then ¢2 — 1 + 2it lies in the lower half plane, so
1 9 . T
and since Arccot ¢ € ]0, [, this is not possible.
If t = 0, then of course
1
5 Arg(—-1) = g = Arccot 0.
If ¢t > 0, then both ¢t 4+ 4 and ¢ — 7 lie in the right half plane, so

1 t+1 1 t+1 1 . .
2—iLog (t—i) = §Arg <t+i> = §{Arg(t+z)— Arg(t —i)}

Arg(t+1i) = Arccot t.

Summing up we have

1 t+1
?Log <t+z,> = Arccot t for ¢ reel og t > 0.
1 —1

Example 6.12 Construct the Riemann surface of arctan z.

Figure 40: One branch with the branch cut along the imaginary axis from —i to .

It follows from

1 1+1iz
t =5 1 ’ eC ‘7_.7
arctan z = - log <1—iz> z \ {i, —i}

that the branch points are i and —i, and that they are both logarithmic.

The surface is obtained by cutting infinitely many planes along the line segment between —i and
i and then glue them together along the cut, such that the left hand edge (where Re(z) < 0 and
—1 <Im(z) < 1) is glued to the right edge (where Re(z) > 0 and —1 < Im(z) < 1) in the plane above
the first plane. Continue in this way infinitely often upwards as well as downwards.
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Example 6.13 Prove that the complex formula

1
(6) Arsinh z = Log (z + exp (5 Log (2% + 1)))

agrees with the usual real funktion Arsinh t for z =1t € R.

This is almost trivial, because we have for z =t € R,
1
Log (t + exp {5 Log (t* +1) }) Log (t + exp {ln V2 + 1}) = Log (t + V2 + 1)
= In (t + V12 + 1) = Arsinh ¢,

where the latter follows from the usual real analysis.

Example 6.14 Solve each of the equations

tanz = 2¢ and tanz =1 — 1.
(a) The solution is

1 1-2 1 1 1
z = arctan(2i) = % log <m> ax log <—§> =5 {—In3+i(r +2pm)}

= g—i—pw—I—%lnS, p € Z.

(b) The solution is

1 1+i+4+1 1 241 1
z = arctan(l —i) = % log (i> = — log ( +Z> =5 log(—1 + 2i)

1—i—1 21 —1i
1 1 1 1 ]
= —<{InvV5+i(Arccot [ —= | + 2pr = — Arccot | —= | + pm — E In5, pE L.
2i 2 2 2 4

Example 6.15 An ocean is considered as a plane of usual rectangular coordinates. A navigable ship
A, which sails with the constant speed a, receives at the position (xo,yo) the following SOS message:

“Ship B at the position (x1,y1). All instruments destroyed. We sail with the speed b along a straight
line though unknown direction.”

Assuming that a > b, prove that A can find B (i.e. sail in such a way that A at some later time is at
the same position as B).

Assume that (x1,y1) = 0. If ship A sails directly towards 0, then it will be at time ¢ at the distance
|z0] = t - a from 0. Hence, the two ships have the same distance from 0, when

lzo| = t-a=t-0,
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05

e =35 05 [

-05

Figure 41: B starts at 0 and then sails along a radius (above to the left). The distance between the
circles is b. Since a > b, then let A sail it a direction, such that A is always on the same circle as B.

|zo]

b|z
i.e. to time t = P where the distance to the centrum is 2]
a

b Then A changes its direction, such

a
that A and B always have the same distance to 0 (i.e. such that they always lie on the same circle of
centrum 0). Now, a > b, so A has a positive variation of the angle with respect to 0, and this variation
of the angle will eventually go through the whole interval [0, 27]. Since a > b, this is possible, when
A runs through some part of a logarithmic spiral. Since B has the variation of the angle 0, the points
A and B will eventually be at the same position, so it is actually possible for A to find B under the
given circumstances.
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Example 6.16 Prove the formula

arccos z = —i log (z +Vz2— 1) .

Put
z=cosw = E (ei“’ + e*i“’) .
2
When we multiply by 2™ # 0 and then rearrange the equation, we get
(eiw)z —2ze™ +1=0,
which is an equation of second degree in e?. The solution is

eV =24 /22 -1,

hence finally,

w:7i10g<z:t\/2271>.

Example 6.17 Prove the formula

arcosh z = log (z + V22— 1) .

Put

z = coshw = (ew + e_“’) .

DN | =

When we multiply by 2e™ and then rearrange the equation, we get
(e¥)? —2ze" +1=0,

which is an equation of second degree in ™. Its solution is
eV =z+ m ,

and hence

w = arcosh z = log (z:l:\/zz—l).
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Example 6.18 Prove the formula

arsinh z = log (z +Vz22+ 1) :

Put

z = sinhw =

N |

(e“’ — 67“’) .

When we multiply by 2e", and then rearrange, we get
(e¥)? —2ze” —1=0,

which is an equation of second degree in e™. Its solution is
e¥' =z+ 2241,

thus

w= arsinhz:log(zj: \/22+1).

Example 6.19 Prove the formula

i i+ z
arctan z = — log - .
2 P — 2z
Put
1 e?iw_l
z=tanw = - ———.
7 621w+1

When we solve this equation with respect to e?™, we get

—iz—1 i1— 2z
iz—1 i+ 2

627,10 _

and thus

; 11 i —z il 1+ 2z
=arctanz = — lo =—1lo .
v Ty % \0r) T2 \G 2
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Example 6.20 Prove the formula
z—1
Z+i

i
arccot z = 3 log

Put
ein +1

z=cotw =10 —F—.
e —1

Solving this with respect to e?¥

. .\ -1
62iw:z+z: zZ—1
z—i z+i ’

and thus
1 Z—1 7 zZ—1
w = arccot z = —— log - | = = log - ).
21 z4+1 2 z+1

Example 6.21 Prove the formula

gives

1 142
tanh z = = 1 .
artanh z = og 1>
Put
2w _ 1
z =tanhw = e_‘
2w +1
Solving this with respect to e?* gives
ow —2—1 1+z
(& = = 5
z—1 1—=2
hence
1 1
w = artanh z = — log +Z.
2 1—-2

Example 6.22 Prove the formula

1 1
arcothz:—logz+ .
2 z—1

Put
62u1+1
=cothw = —.
z=cothw = —o——

Solving this with respect to e?¥ gives

1
eQw z+ ,
z—1

thus

1 1
w:arcothz=—logz+ .
2 z—1
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Example 6.23 Find all complex numbers z € C, which satisfy the equation

2 cos2z—5cosz+2=0.

This is a complex trigonometric equation, which can be solved in various ways.
First variant. The equation is solved as a pure trigonometric equation by using the formula
cos2z =2 cos® z — 1,
which also holds for complex numbers. By putting this into the equation we get

0 = 20052z—5cosz+2=2{20052z—1}—5cosz+2:400322—5cosz

5
= 4 -5,
COS z {COSZ }

Thus we get the two equations

cosz =10 and cosz =

on =] ot

The solution of cos z = 0 is given by

T
Z:§—|—pﬂ', pEZ.
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5
The latter equation cosz = 1 does indeed makes sense in the Theory of Complex Functions.

According to a formula,

/ 2
5 1 5 5 1 5 / 25 1 5 9
z = arccosZZQIOg Zii 1_(Z> zzlog<1ii —1—>:;log<1ii —1—6>

1. (5 3\ 1. (5 3
= g2+ 2)=-log(2F2).
i 0g(4 ‘ 4) 5 °g<4$4)

It follows from

5 3 1 5 3
113 wdogtg=2
that
5 3 5 3
ID(Z—Z>——IH(Z+1>——1H2,
and

5 3 5 3
arg<1—1>arg<1+z>{2p7r|p€Z},

5 3 1 5 3 5 3 1
og(42|24) i{n(4$4>+zarg<4$4>} i{ZFn +1i2pm}

{:ti21n2+i2p7r}:2p7r:|:iln2, pE L.

S| = S| =

The complete solution is given by

g—l—pw, p € Z,
z =
2qm £i In 2, q € 7.

Second variant. ALTERNATIVELY we apply Fuler’s formule, i.e.
cosz = 1 {eiz + e_iz} .
2

This is the STANDARD METHOD, if the given equation already contains e??. Then substitute w = e'?,
and we get after a reduction an algebraic equation in w, which is then solved.

In the particular case we have
1 : Yy 1 1
cos 2z = 5 {62% Te 27,2} _ 5 {’U}2+ E}’
and

cosz = % {eiz + e*iz} =

DO | —
—
S
+
glr
—
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hence by insertion,
A )
0=2cos2z—-5cosz+2=2-;qw'+—,—50-- qu+—r+2
2 w 2
When we multiply by 2w? = 2% # 0, we get
0 = 2{w'+1} -5{w®+w}+ 4w’ =2{w" + 20> + 1} — 5w {w? + 1}
= 2(w?+1)" = 5w (w? +1) = (w? +1) {20 — 5w + 2}

This equation has the solutions w = +i and

2,
5452 -4.2.2 5+3
e 1 1 )1
5
Since w = e%*, we shall then solve the four equations
1
1) =i @) =i, () o2 @)=

iz_': I)
e ) exp(z2 ,

we get by the logarithm,

s
iz=i-§+2ip7r, pEZ,

hence

z:g+2p7r, p € Z.

ir _ _E)
e 1 exp(z2 ,

we get by the logarithm,

7
1z = —1i-— + 2ipm, p € Z,

2
hence
T
z:—§+2p7r, p € Z.
3) If
eiz —9 = eln2)

we get by the logarithm,
iz =1n2 + 2ipm, pEZ,
hence

z=2pm —1ilIn2, p € Z.
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4) I

we get by the logarithm,
1z = —1n2+ 2ipm, pEZ,
hence

z=2pr+iln2, p € Z.

Remark 6.2 Notice that an easier variant is to note in (1) that w? + 1 = 0 is equivalent to
e?* 41 =0, thus

2iz = log(—1) = im + 2ipm, pEZ,
and hence
z = g + pm, pE L. O
Example 6.24 Find all complex solutions of the equation

2¢%%(1 4 2 cos 22) sin z = —63i.

First method. We find by Euler’s formule,

—63i =2€¥7(1+2 cos2z)sinz = 2€%% (1+ € + ¢~ %) - E (e —e™"%),

24
hence by a multiplication by 1,
(7) 63 = e3iz (eQiz + 1 + e—21’z) (eiz _ e—iz) — {622'2 (eQiz + 1 + e—Ziz)} {eiz (eiz _ e—iz)}
(e4iz + 621',2 4 1) (621',2 o 1) _ eGiz o 1’

thus
(8) €% =63+1=064=2°
and by the logarithm,
6iz = log (2°) = 6 In2 + 2ipr, pEZ,
so the solution is

z:p~g—iln2, p € Z.

Remark 6.3 The computation (7) can be performed in many ways. The chosen one is neither
the longest nor the shortest one. ¢
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Second method. It is also possible to solve the equation by using some elementary trigonometry.
It follows from

cos2z-sinz = % sin 3z — % sin 2,
fas

(142 cos2z)sinz =sinz + sin3z — sin z = sin 3z,
that
(9) 2% .sin3z = —63i.

Then by FEuler’s formule,

263iz . i

o8 (eSiz o e—3iz) _

EN

(e°1% — 1) = —63i,
and we find again

% = 64.
Then proceed from (8) above.

Remark 6.4 Since z is complez, we no longer have that sin 3z is the imaginary part of €. (In spite

of its name the imaginary part is always real, while sin 3z is not real for all z € C). Hence we can no
longer immediately separate the original equation or equation (9) into its real and imaginary parts. ¢
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Example 6.25 Find all complex solutions of the equation

e*2(2 cos z — 3) +2e* — cos 2z = 2 (4+ sin? z).

By using Fuler’s formule we get the equation

. . 2
v v ' v 1 i 1 ) 1z —1z
6212 (ezz _3+e—zz) +2€1z o 56212 _ 56—27,2 =9 {4+ (i) } R

21

hence by a computation
iz 362z | iz | ggiz 1622'2 -~ le—ziz —9 {4 1 (e2iz_2+e—2iz)} ’
2 2 4
thus
iz 302z | iz ggiz %621'2 _ %ef2iz —8_ %eziz+1 _ %efm'z?
which is reduced to
(10) €3* —3¢e%* 43¢ — 1 =8.
This equation can also be written
(11) (e —1)" =22,
Remark 6.5 Since
—cos2z = 2sin?z — 1,
it is of course faster to get to (10) by adding
cos2z —1=—2sin’2
to the original equation. ¢
First variant. We solve (11) by taking its cubic root. We get the following three possibilities,
e —1=2,

By using the logarithm,

log 3 = In3+i2pm,
iz =1 log(i\/3) = % In3+1 (g + 2p7r) p € Z,
log(—iv3) = 1 3+i(-%+2pm),
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where the latter two families of solutions may be joined in
. 1 (T
zz:§1n3+z<§+p7r), pE L.

Hence, the solution is given by

2pm — 1 In 3,
z= 7r+ .113 p € Z.
g tpr—ig Ing,

Second variant. If one only derived (10) — and not (11) — then we may instead proceed in the

following way,

First put w = e* into (10) to get the polynomial of entire coefficients

w? =322 —3uw?+3w—-9=0.

Since the constant term is —9 and the coefficient of w? is 1, and since the polynomial has entire

coefficients, any possible rational root must belong to the set

{+1, +3, +9}.

A simple check shows that w = 3 is a root, and then we get by a simple division that

w® —32% = 3w’ + 3w — 9 = (w — 3) (w” 4 3) 0.
The problem is then reduced to solving the two equations
(a) w=¢e*=3 and (b) w? = e** = —3.

(a) We get by the logarithm,

1z=13+ 2ipr, dvs. z=2pm—1iln3, p € Z.

(b) We get by the logarithm,

%z = In3 +im + 2ipm, dvs. z:g+pw—%1n3,
Hence,
2pm — i In 3,
z= - 1 p € Z.
§+p7r—z§ln3,

pEZ.
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Example 6.26 Find all solutions z € C of the equation

21

cos2z —cosz = ie“**sin z.

Putting w = e** # 0, it follows by Euler’s formle,

g Ll 1 1,1 _ 1 1
cos2z = —<w — CoSZ =W+ — sing=—<w——p.
2 w? |’ 2 w |’ 24 w

When these expressions are put into the equation, we get

1(, 1 1 1 o, 1 1
E{ME}‘E{“E}:W%{W‘@}'

Then multiply by 2w? # 0 to get
wi41—w—w=w’—w?

which is rearranged and reduced to
0=w’—w'+w—-1=(w-1)(v*+1) = (e —1) (" +1).

Hence the solution of the equation is given by

1 1
z=-logl = —-2ipr = 2pm, pEZL,
i i

and
1 1 ™ ™
= —log(—1)=—-(2 1)imr = — - = € 7.
z=log(=1) = - (2p+l)im=2+p 5, p
ALTERNATIVELY,
- 20z : 1 iz —iz - 2iz 1 iz —1z 1 iz —iz 3iz 1z
cosz+re”7sinz = E(e +e )—l—ze -Z(e —e ):i{e +e +e —e}
. 1 ) . )
— elz . § (8212 + 6—212) — ezz cos 22,

and we reformulate the equation in the following way
e® cos 2z — cos 2z = (eiz — 1) cos2z =0,

from which we get the two possibilities
e =1 or cos2z =0,

corresponding to the solutions

+p-—, peLZ.

e~
o] 3

z=2prm, pEL, or z=
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Example 6.27 Find all solutions of the equation

e¥cosz —4disinz +1=2e %,

It follows by FEuler’s formule that the equation is equivalent to

(eiz + e—iz) — 45 - % (eiz _ e—iz) + 1= 26—21’,27

iz

DN | =

€

hence by a multiplication by 2 €% (# 0 for all z € C) we get the equivalent equation
o2 (621'2 +1) - 462 (622'2 — 1)+ 9207 — 4.

Then by a reduction,
et — 4% 4 3% +4e”* —4=0.

Putting w = €’*, we obtain the equation of fourth degree,

0 = w4—4w3+3w2+4w—4=w4—4w3—0—(4w2—w2)+4w—4
= (w4—4w3+4w2)—(w2—4w+4):(w2—1)(w2—4w—|—4)
= (w—1)(w+1)(w—2)?

which has the simple roots —1 and 1, and the double root 2.
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ALTERNATIVELY one may also find the roots as one of the rational possibilities
{£1, £2, +4}.

This is left to the reader.

It follows from w = e%* that we have

1) the equation e** = 1, hence

1z = log 1 = 2ipm, or z=2prm, pEL,

2) the equation e = —1, hence

iz = log(—1) = im + 2ipm, or z=m+2pm, peEeZ,

3) the equation e?* = 2, hence

1z =log2 =1n2+ 2ipm, or z=2pr —iln2, peZ.

Summing up we see that the solution is given by

pT, p € Z,

2pm — i In 2, p € Z.
ALTERNATIVELY and with more calculations we see that the equation is equivalent to
0 = eFcosz—4isinzg+1—2e %
= (cosz+isinz)cosz —4isinz+1—2 cos2z+ 2i sin2z
= cos’z+isinz-cosz—4isinz+1—2 (1 — 2 sin? z) + 47 sinz - cos z
= 1—sin®z+4isinz{cosz —4+4cosz} +1—2+4sin’z
= 3sin?z+isinz{5bcosz —4} =isinz{—3isinz +5 cosz — 4}
. : 3 1z —iz ) iz —1iz
- - A2 _ 2 4
zsmz{ Zi(e e )+2(e +e )
3. 3 . 5 . 5 . .
= 4-sinz- {—56” + 56_” + 56“ + 56_” —4} =1i-sinz- {e“ —4—}—46_“}
= je Psinz- {(eiz)2 —4e* —1—4} =ie Psinz- {eiz — 2}2 .
This is 0, if either sinz = 0, or e’ = 2, hence the solutions are

sinz =0: z = pm,
. p €L,
e =2 1z =log2 =1n2 4+ 2ipm,

and the conclusion is

pm, p €7,

2pm — i In 2, pEL.
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Example 6.28 Find all solutions z € C of the equation

47 cosz —2e¥sinz+3i=ie **.

Apply Euler’s formle to get

0 = 4dicosz—2e¥sinz+3i—ie *=4i- % (eiz —&—e_iz) —2¢ . % (eiz —e_iz) +3i—ie
— 22 (6iz + 67752) +Z€22 (eiz o ef’iz) + 32 o ie*iz — Z‘efiz {262iz +2+63iz o e’iz + 3eiz o 1}
(12) = ie7={(e) 12 ()’ + 26 4 1) —ie (¢ 1) {(¢9)  + = 1]

Then either

e = —1,
ie.

iz =log(—1) = i(m + 2pm), pEZL,
and thus

z=m+2pm, p € Z,

or

b —lEyT—-4 —-1+iV3 27
e'* = 5 = 5 = exp :I:z? ,

ie.
2
Z:i§+2p7r, peZ.
Hence all solutions are real and given by

T+ 2pm,

27
z2= ?+2p7r, p € 7.

47
— +2
3+p7ﬂ

Notice that (12) can also be written

ol

0 = je ™ (eiz + 1) {(eiz)2 +e* 4+ 1} —jels (ei +e_’5) {e“ +1 —l—e_iz}

Sz 2 1
= 2iez2cos%~(1+2cosz):4iel2cos§-{cosz+§},

so we shall only solve

z
S — — 0
cos 5 ,
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which has the solutions g = g + pm, i.e.

z =7+ 2pm, pEZ,

and

1
cosz = ——,

which has the solutions
2
Z:i?ﬂ-—l-Qpﬂ', pEZ,
and we have found the same solutions as previously.

A THIRD VARIANT is given by the following,
0 = 4icosz—2e%sinz+3i—ie *

= 4icosz—2(cosz+isinz)sinz + 3i —i(cosz — i sin z)

= 4icosz—2coszsinz —2isin®z+2i 414 —1i cosz — sin z

= 4icosz+ 2i cos® 2z +i(1 — cosz) — sin z(1 + 2 cos z)

= i(20082z+3cosz+1)—sinz(1+2cosz)

= i(2cosz+1)(cosz+1)+i(l+2cosz)-isinz

= i(2cosz+1)(cosz+ 1+i-sinz)

= i(2cosz+1)(e” +1),

and the task is reduced to the solution of the two equations

1 .
= —— L —]_
CcoS z 5 or e ,
from which follows that
2
?ﬂ + 2pm,
4
z=4q 27 + 2p, peEZ
3
T+ 2pm,

Example 6.29 Find all solutions z € C of the equation
tan? z + (2 — 4i) tan z = 3 + 6i.
Clearly, this equation is an equation of second degree in tan z, so we get

tanz = —1+2i4++/(-1+20)2+3+6i=-1+2i++1—4—4i+3+6i

= 142+ V2i=-1+42i+/(1+i)2=-1+2i+(1+1)
—1+2i+1+1 = 3i

—14+21—-1—-9 = =2+1.
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We shall only solve the two equations

(a) tanz = 3i and (b) tanz = —2+1i.

It follows from the formula of arctan that

()
1 1-3 1 1 1
z arctan(3i) = 5 0g<1+3> 5; og< 2> 2Z,{ n2+i(m + 2pm)}
1
= g+p7r+i§ln2, p € Z,
(b)
1 1—-2i—1 1 —2i 1 -1 1—1
z = arctan(=2+i) = Og<1+2i+1> 2 0g<2+2¢> 2 Og(1+z‘ 1—@)

1 1 1 1 3 1 1 3
5 log<2{ z}) 5 log(\/§ exp(z 4)) 5 { 5 n2—|—l(4 +2p7r>}

3
= —7r+p7r+11n2, pEL.
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jnoindent Hence,

1
g+p7r—|—i§ln2, p € Z,
z =
3 1
g—&—pﬂ'—l—izlnl p € Z.

ALTERNATIVELY, the equation is written as an equation in w = e2**. It follows from

tan sin z 1 e?* -1 1 w—-1
= i . .2 -
cosz i er41 i w+1’
that
2
-1 1 -1
0 = tan?z+ (2—4i)tanz -3 —6i=— [ =~ ) +(2—4i) - - 36
w+ 1 i w41
1 . . .
= w12 {(w=1*=2—40)- (=i) - (w—1)(w+1) + (3+6i)(w+ 1)*}
1
= “wIe {(w=1)"+ (4 +2i) (w* — 1) + (3+6i)(w+1)*}
1
= “wiie {w? — 2w+ 1+ (4 + 2i)w? — 4 — 2i + (3 + 6i) (w? + 2w + 1)}
1
— _m{(1+42i+3+6z‘)w2+(—2+6+12i)w+(1—4—2i+3+6i)}
1
4
= “wIie {2(1+d)w® + (1 + 3w + i}
I 22w + (4 + 20w+ 1+4}
(w+1)2 1—14 ’
Since w = —1 is not a zero of the numerator, we shall only find the solutions of the equation of second
degree

4w’ 4+ (4+2)w+1+i=0.

These are given by the usual solution formula

2iz

42+ /(4-2)2 —4-401+1i) —4—2i+/16+ 16 —4— 16 — 16

(& =w =
8 8
1
—4-2i+ =4 —4-2+2% —2-i+i | 2
8 8 4 14
2 )
SO
(a)

1 1 1 1
Z=—.10g<——) :?{—ln2+i(7r+2p7r)}:g—i—pw—i—iiln2, pEZL,
i
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(b)

1 14i\ 1 1 3 L[ 1 3
= g () = Loy (exp (=25 ) ) = L i (=2 4o
ST Og( 2 ) 2i Og(\/ﬁeXp<Z4>> 2@{ 5 " J”( 4*“)}

3 .
= f§+pﬂ+%ln2, pE L.
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7 The inverse of an algebraic expression.
Example 7.1 Find w as a many-valued function of z, when
3wt — 4w — 6w? + 12w = 2.
This example illustrates in all details what may happen, when one tries to find the inverse many-valued

function.

We see that 2 = C and that the function f: Q — C is given by
f(w) = 3w* — 4w® — 6w? + 12w.

According to the Fundamental Theorem of Algebra the equation
f(w) = 3w — 4w — 6w? + 12w = 2

has four solutions wy, ws, ws, wy, and since these four solutions usually are different, the inverse
f°71(2) will in general be four-valued, and we conclude that the corresponding Riemann surface is
composed of four branches.

The we find the singular points in the w-plane, i.e. we shall find the points w, for which f’(w) = 0.
We get the equation

flw)=12(w* —w’ —w+1) =12 (v’ — 1) (w — 1) = 12(w — 1)*(w + 1) = 0.

It follows that the singular points are wy = 1 and wy = 2, corresponding to the branch points in the
z-plane

z1=f(w1)=5 and zo = f(wg) = —11.
We have in general that if wy € Q is a zero of order n — 1 of the derivative f'(w), i.e.

£ (wo) = fI7D) (wp)

is the first derivative, which is different from zero (note that the value of the function itself f (wg) here
is of no importance), then the structure of the Riemann surface is in a neighbourhood of the branch
point zp = f (wp) of the same structure as the Riemann surface of {/z — zg. Hence, we conclude that
we have a cubic root structure around the point z; = 5 and a square root structure around the point
Z9 = —11.

ALTERNATIVELY we may give the following direct proof: By definition, w = 1 is a root, so we get by
a factor expansion of

0=f(w) = f(w) = f(w) =5,
that
f(w) =5 =3w" —4w® — 6w? + 12w — 5 = (3w + 5)(w — 1)* = 0.

In a small neighbourhood of the point w; = 1 the factor 3w + 5 is very close to 8, so we conclude that
we must have a structure as a cubic root.
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Analogously we get for 0 = f(w) — f (w3) = f(w) 4+ 11 that
fw) +11 = 3w* — 4w® — 6w? + 12w + 11 = (3w® — 10w + 11) (w + 1),

and since the factor 3w? — 10w 4+ 11 is close to 24 in a small neighbourhood of wy = —1, the square
root structure follows.

Usually we start with the fundamental domains and then find the branch cuts from these. However,
since the structures of the square root and the cubic root are well-known, we shall instead fix the
branch cuts, i.e. | — 0o, —11] of the square root, and [5, 400 [ of the cubic root.

We have now four z-planes, which all must contain at least one branch cut. It follows by a small
analysis, that since we shall distribute 5 = 342 branch cuts among four planes, two of the planes
must only have the branch cut [5, +00]| of the cubic root, one plane must have the branch cut
] — oo, —11] from the square root, and finally, one z plane is equipped with both branch cuts. Then
we can use a pair of scissors, some paper and some glue to construct the Riemann surface (which of
course must have some self intersections).

We shall still find the fundamental domains in the w-plane. This must be bounded by curves, which
by the function z = f(w) is mapped either into the branch cut of the square root | — oo, —11] (this
is true for two curves from w = —1 to oo) or into the branch cut of the cubic root [5,+oo[. This is

true for three curves from w = +1 to oo, where the half tangents of these curves shall forme the angle

27
3 with respect to each other in a neighbourhood of w = 1, because we here have approximately the

same structure as the fundamental domains of (w — 1)% = a.

Let w = u+ v (= w(t)) be any such curve. Then f(w) is either contained in | — oo, —11] or in
[5, +00[. In particular, Im f(w) =0, so

0= Im{3w4 — 4w? — 6w® + 12w} = 4v{3u3 — 3uv? — 3u? + 0% — 3u—|—3}.

It follows immediately that v = 0. However, the interval | — 11,5 is not contained in the image, so
only the curve v = 0, u > +1, can be used, and this is mapped into [5, +o0[.

We shall now neglect this possibility, so we assume that v # 0 in the following. When we solve the
equation with respect to v2, then

3(u—1)%(u+1)

2 _
(13)7} - 3u—1 ) U?é

1
3
. . 1 . S
A routine check shows that if u = 3 then we only get the “solution” v = 0, which is rejected, because

1
we assumed that v # 0. Hence, none of the solution curves can intersect the line u = 3

An analysis of the sign of (13) shows that if v # 0, then we have the following possibilities:
1
1) we]l—o0, —1], 2) ue]g,l{, 3) uell, +ool.

It is easy to prove in 1) that the image curve is the branch cut | — co, —11[ in the z-plane.

Similarly, we get in case 2) that the image curve is the branch cut |5, +oo]|.
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In case 3), however, we get a “false solution”, because the image curve becomes | — oo, 5[, which has
not been defined as a branch cut.

By taking the square root of (13) we obtain the four remaining curves.

The only thing which is missing is to find the correspondence between the four planes with their
branch cuts and the fundamental domains. We shall first choose the z-plane, which has two branch
cuts, i.e. in which both w = —1 and w = +1 are branch points. Then put the other z-plane also
containing the square root branch cut below this plane and glue them together. Analogously, put the
latter two z-planes with only the branch cut of the cubic root above the chosen plane and glue them
together as a cubic root. Finally, if we abstract ourselves from the self intersections of this surface,
we have constructed the corresponding Riemann surface of the inverse map w = f°~1(z).
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8 Simple example of potential flows

We collect in this chapter the simplest examples of the potentials, which are met in the literature. In
the first three of them, the (source (and the drain), the curl and the curl source, the potential is a
many-valued function. Finally, the dipole, is here derived from the joint system of a source and a drai
of the same strength, followed by taking some limit. By this limit the potential of the dipole becomes
a usual analytic function.

Example 8.1 Sources and drains.

The potential of a source at z = 0 is a (many-valued) function of the type
N
F(z)zz—logz—i—c, z € C\ {0}, ceC,
T

where we call N € R\ {0} the strength of the source. If N < 0, the source is called a drain.
By separating F'(z) = ¢(z,y) + i - ¥(x,y) into its real and imaginary parts we get

N N
o(z,y) = o In|z|+c1,  Y(z,y) = 5. gzt co.

2
The equipotential curves p(x,y) = k are circles |z|] = C, where C' = exp (WW {k — cl}), and the

flow lines ¥ (x,t) = k are the half lines arg z = . We should of course here write « € arg z instead.
However, the not so correct notation will hardly cause any misunderstanding.

If N > 0, we interpret the model as the description of a point source at z = 0, from which there is
sent a radial flow. In instead N < 0, all flow arrows are pointing at z = 0, which explains why we
here call it a drain instead.

Example 8.2 Curls.

The potential of a curl around z = 0 is a (many-valued) function of the form
I
F(z):2—1ogz+c7 z € C\ {0}, ceC,
™

where the constant I' € R\ {0} is called the intensity of the curl. When we separate into the real and
imaginary parts we get

r r
o(x,y) = —g5- argz Y(x,y) = o In[z] + ca.

In this case the flow lines are the circles of centrum at z = 0, explaining why we call this a model of
a curl.

Example 8.3 Curl sources.
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By adding a source and a curl both centred at z = 0, we get a curl source of the complex potential

N4

F(z) o

log z + ¢, z € C\ {0}.
Its real potential is

©\r n|z arg z + ¢
Y 2 2 g 1

and the corresponding flow function is
T N
Y(z,y) = — In|z| + — argz + ca.
27 27
Then, by using polar coordinates we get more well-arranged that

1
U(z,y) = 5= (O Inr +nb) + s,

™

so the flow lines are in polar coordinates gives given by

N
TZC-GXp(—FQ).

It follows that the flow lines are logarithmic spirals. Then a small consideration shows that the
equipotential curves are also a system of logarithmic spirals, which are orthogonal to the system of
flow lines.

Example 8.4 Dipoles.

h N
For given h > 0 we consider a system consisting of a source at z; = —3 of strength 7 and a drain

h N
at zo = 5 of strength - The corresponding complex potential is chosen as

N h N h
Fh(z):ﬁLog(z—ki) —ﬁLog(z—§>.

We obtain by taking the limit h — 0+ the complex potential of the dipole

. N1 h h N 1
F(Z)_hlg(r)lJr%E {Log(z+§>— Log(z—§>}—%-;, z € C\ {0}.

When we separate into the real and the imaginary part, we see that the corresponding flow lines are
circular arcs of centrum at (0, y) on the y-axis and of the radius |y| > 0. By sketching these we obtain
the model of a dipole. We change the orientation of the dipole by also allowing N # 0 to be a complex
number.
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