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Prologue

Ayons cependant le courage de ressasser des faits
connus; ils le sont souvent moins qu’on ne croit.

Marguerite Yourcenar, Sous bénéfice d’inventaire,
(149, p. 61].

Prologue

The topic of this book is the theory of complex-valued functions of a complex
variable, which are defined on an open subset € of the complex plane C and admit
a derivative at every point zg € Q:
Vo€, 3lm &) T
z—20 zZ— 29

Such functions bear various names: They are said to be holomorphic in 2, or
analytic in €); the terms differentiable, C-differentiable and regular are also used.
A key result in the theory is the equivalence between C-differentiability in an
open set ) and analyticity of the function, that is, the existence of a power series
expansion

F(2) =" fulz = 2)" (0.0.1)
n=0

in a neighborhood of every point zy € Q. In the first chapters we will make a
distinction between the terms holomorphic and analytic. After the discussion of
Cauchy’s theorem we will use these terms interchangeably, and mostly use the
term analytic. We also use mainly the term analytic in the discussion below.

The audience we have in mind consists of undergraduate students from math-
ematics and electrical engineering, with an eye on advanced students from both
tracks. Analytic functions are the bread and butter of mathematicians. For engi-
neers, analytic functions appear everywhere, in particular in the theory of linear
dynamical systems, signal processing, circuit theory, sampling theorems, optimal
control, to name a few. For instance, a motivation for an engineering student would
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be to know that transfer functions of discrete-time shift-invariant dissipative lin-
ear systems are functions analytic in the open unit disk, or in a half-plane, and
bounded by one in modulus there (the celebrated Schur functions); see for instance
the book [5]. Unfortunately, most, if not all, electrical engineering students do not
know what a transfer function is when they begin studying the theory of analytic
functions. For the convenience of engineering students we give, in the second part
of this prologue, a short discussion of time-invariant linear bounded systems, and
their connections to complex variables.

The book consists of four parts. The first two parts, respectively entitled
Complex numbers and Function of a complex variable, form the bulk of the book.
Most of the exercises presented in these two parts have been given in the past years
by the author in classes on Introduction to the theory of functions of a complex
variable for second year electrical engineering students, and Theory of functions of
a complex variable for mathematics students, at the department of mathematics
at Ben-Gurion University. The exercises rely only on classical real analysis, but
sometimes we use measure theory (mainly via the dominated convergence theo-
rem) to avoid lengthy arguments. Study of some special Hilbert spaces of analytic
functions is also scattered in the text, and requires some elementary functional
analysis. When studying a function analytic in a domain (for instance in the open
unit disk), we will usually (but not always) assume that it is analytic in a neigh-
borhood of this domain, to avoid problems with boundary values. The student will
in particular meet in this second part, in simplified forms, Bohr’s inequality and
the Herglotz integral representation of a function analytic in the open unit disk,
and with a real positive part there.

The third part, entitled Applications and more advanced topics, contains
more advanced material, which was taught by the author to graduate students
and also to undergraduate students from the double major program mathemat-
ics and electrical engineering at Ben-Gurion University. Topics include harmonic
functions, conformal mappings and a brief introduction to the theory of linear
systems. We hope to come back to these topics, and discuss other advanced topics
such as elliptic functions, various aspects of several complex variables and Riemann
surfaces in a sequel to the present book.

For the convenience of the reader, we give in the first three parts of the book a
number of reminders of known facts from complex analysis, mostly without proofs,
in the text. The solutions of most of the exercises are presented at the end of the
chapter where they are given.

The fourth part, entitled Advanced prerequisites, contains material from real
analysis, topology, functional analysis and measure theory, which are needed to
solve the exercises (and, in fact, to fully understand a first course on complex
variables). Since we mention in the text a number of Hilbert spaces of analytic
functions, we also have taken the liberty of mentioning the definition of a repro-
ducing kernel Hilbert space.
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In the first weeks of a first course on complex analysis, motivations and
applications of the theory are not apparent. Moreover, some results look like real
variable calculus. One of the difficulties for students who take a complex variable
course is that the complex derivative obeys the same rule as the familiar derivative
from real analysis. Moreover, the familiar power series of sinz,cosz,... pop up,
and it is not clear what the novelty is. After a number of weeks into the course, the
student finally sees the proof that a function which is C-differentiable in an open
subset of the complex plane admits derivatives of all order, and in fact, admits a
power series expansion around every point: The function is analytic in the given
open set. The student needs to be somewhat patient, to understand slowly the
differences between real and complex analysis.

To help the student cope with the difficulties mentioned in the previous
paragraph, one approach, sometimes taken by the author, is to skip most of the
preliminary material on complex numbers, discuss quickly the notions of continuity
and rush to the Cauchy-Riemann equations. One can then already define the
exponential function as

z

e® =e"(cosy +isiny), z=xz+iye€C,
and proceed.

In the present book, we have chosen a slower, and maybe non-standard path
for our exposition. We devote the three first chapters of the book to exercises
on complex numbers, or complex functions, but without mentioning analyticity.
There, the students already meet a variety of functions, such as Blaschke products,
the Weierstrass function, and the representation of sinz as an infinite product.
The definition and construction of these functions can be realized without using
analyticity. Later in the book, the student will see that these are key examples of
analytic functions. Of course, such an approach delays the exercises on analytic
functions per se, but we think this gives time to the students to absorb at their
own pace these difficult examples.

Trying to prove the following formulas using real analysis might provide a
student motivation to study complex analysis:

> rsin @
" sin(nf) = 1 feR
3:17’ sin(nf) L4172 — 9 cos 0’ rel0,1), ER,
n—1
2k+1
2n 2
1= -2 1
2% + klzlo(z 2 cos( o )+ 1),

9 71'

/Rcost dt = \/2,
()

e’} n 7

Z 7n = \/3

n=0
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All these formulas are readily proved using complex analysis methods: The first
identity is easily proved by a purely real analysis method (multiply both sides by
the denominator 1+ 72 — 2r cos @, and use a trigonometric identity). The second
identity could also, in principle, be directly proved without resorting to complex
numbers. See the discussion after the proof of Exercise 1.5.5, where one hints at
such a proof using the completing the square argument. On the other hand, these
two identities have very easy proofs using complex numbers. The proofs of the
other two identities use the theory of analytic functions, and in particular Cauchy’s
theorem (in its weak form), or as in [125, p. 103], the theory of power series, for
the integral and the residue theorem for the sum. See respectively Exercises 3.4.9,
1.5.5, 5.2.7 and 7.3.10. The third formula, called Fresnel’s integral, can also be
computed by real analysis methods. We recall the references at the appropriate
place in the text. Still, using complex analysis to compute this integral is, in our
opinion, a striking example of the strength of the methods involved.

Linear time-invariant systems

This very short discussion is intended in particular for electrical engineering stu-
dents, but should be of interest to mathematicians as well. We freely use notions
such as measures, positive definite functions, and stochastic processes in the dis-
cussion. Some of these notions are recalled later in the book, and we send the
reader to the index, to find the exact places where the definitions are given.

A discrete time system in engineering is often (but not always!) modeled by
an input-output relation

(un)n€N0 = (yn)n€N07

where 4 = (un)nen, is the input sequence and y = (Y, )nen, is the output sequence.
One writes this as
Tu =y,

where T is a possibly non-linear operator between spaces of sequences to be fixed
depending on the context. We take in this prologue the spaces of input sequences
and output sequences to be both equal to the space f5 of square summable se-
quences. Thus

oo oo
Z lun|* < oo and Z [yn|? < oo.
n=0 n=0

These sums can be interpreted as the energy of the signals, and the above inequal-
ities mean that v and y have finite energy.

We assume that the system is:
(1) Linear (that is the operator T is linear from ¢ into itself).

(2) Bounded (that is, T" is a bounded, or equivalently, continuous operator).
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(3) Time-invariant (we also say shift-invariant): If

(un)nENo — (yn)nENoa

then
(un—l)nENo = (yn—l)neNo y

where we set u_1; = y_1 = 0. In other words, if

(UO7U17U27 .. ) g (y07y17y27 <. ')7

then
(07u07u17u27 o ) = (07y07y17y27 .. )

It is proved, using functional analysis tools, that such a system is defined by a
convolution operator: There is a sequence (hg, b1, ho, ...) such that

n

Yn :Zhn_juj, n=20,1,.... (0.0.2)
§=0

The z-transform of the sequence (uy,)nen is by definition

o0
u(z) = Z Upz",
n=0

and is convergent in the open unit disk since > o |un|? < co. The sequence
(hn)nen, 1s called the impulse response of the system, and its z-transform h(z) =
oo o hnz™ is called its transfer function. Taking the z-transform of (0.0.2), we
obtain

y(2) = h(z)u(2).
The fact that the system is bounded (in the sense above) translates into the fact
that

sup |h(z)| < oo.

|z|]<1
The transfer function is a function analytic and bounded in modulus in the open
unit disk.

This is a first example where analytic functions, blended with appropriate
tools from functional analysis not detailed here, appear in electrical engineering.
The theory of complex variables allows us to study various problems related to
the transfer function (interpolation and approximation for instance), which in
counterpart allow us to approximate, or synthesize the system.

The second example we present is related to the theory of continuous time
second-order wide sense stationary processes. Such a process (z(t)):cr has a co-

variance function
E(a(t)a(s)) = r(t - 5),
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where E() denotes the expected value, which depends only on the difference ¢t — s.
Furthermore, the function r(t—s) is positive definite. Since, by the Cauchy-Schwarz
inequality,

[r(t)| < r(0), (0.0.3)
the function

o(\) = /000 ey (t)dt (0.0.4)

is well defined in the open upper half-plane C,. It is analytic and has a positive
real part there, as follows from the identity

SO(/\) +(w) = // eMe= W (t — 5)dtds, \w e Cy. (0.0.5)
7Z(>‘ - 'LU) [0,00) % [0,00)

The fact that the function ¢ has a positive real part in C; has a number
of key consequences. In particular, various interpolation problems, which have
applications to the prediction problem for the process, can be solved in an explicit
way. Furthermore, the Herglotz representation theorem asserts that one can write

1 [ du(t)
o=, [,
1 Jr t— A
where dy is a probability measure (a more general form of this formula appears
later in the book). When dy is absolutely continuous with respect to the Lebesgue
measure, its derivative is the spectral density of the process'. We note that discrete

counterparts of formulas (0.0.4) and (0.0.5) are given in the sequel. See (4.4.16)
and (4.4.17).

The third example we present here also pertains to the continuous time case:
A continuous signal (for instance, the voice) may be modeled by an expression of

the form
1

ft) = oF /[RF] e~ Mm(u)du, (0.0.6)

where the function m, say continuous in this prologue, denotes the spectrum. The
representation (0.0.6) expresses that the signal f is built from frequencies in a
limited band. The function f is analytic in the complex plane. Its special form
(0.0.6) allows us to prove the sampling theorem

Floy =3 p(y ),

Ft—nm
neZ

where the limit is pointwise (and in a Hilbert space norm too, as explained later in
the book). This formula should be a surprise to the students: How can one recover
a function of a continuous argument from a discrete number of its values? This

1One can, equivalently, also apply Bochner’s theorem directly to r to obtain these last results
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is possible because of the special properties of f as an analytic function (more
precisely, as an entire function of bounded exponential type).

These three examples should at least suggest to the student that the theory
of analytic functions has fruitful applications in electrical engineering and signal
processing.

Final remarks

The theory of functions of a complex variable is the topic of numerous excellent
books, of which we mention [4], [12], [28], [31], [91], [106], to name a few. Classics
such as [125] are worth being studied in detail. Interesting sources for exercises
are the book of Polya-Szegt [118], the Berkeley entrance exams book [39], and
the books of exercises [48] and [115]. Giving precise references to all exercises is a
Sisyphean task, and we apologize in advance for any omission.

Finally we conclude with some notation: We use N = {1,2,...,} for the
positive integers, and Ng = NU{0}. The integers are denoted by Z, and D denotes
the open unit disk. The unit circle is denoted by T, and C, stands for the open
right half-plane. The open upper half-plane is denoted by C,..

Acknowledgements. It is a pleasure to thank Haim Attia for a very careful reading
of various versions of this book. Comments of Sylvain Chevillard, Izchak Lewkow-
icz and Mamadou Mboup are also gratefully acknowledged.
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Complex Numbers



Chapter 1

Complex Numbers: Algebra

This first chapter has essentially an algebraic flavor. The exercises use elementary
properties of the complex numbers. A first definition of the exponential function is
given, and we also meet Blaschke factors. These will appear in a number of other
places in the book, and are key players in more advanced courses on complex
analysis. Almost no methods from real or complex analysis are involved in the
present chapter. Still, in Exercise 1.1.9 we already get a hint on difficulties which
arise with respect to continuity. The argument of a complex number z is defined
(modulo 27) for z € C\ {0}, but not for z = 0, and cannot be defined in a
continuous way in C\ {0}.

1.1 First properties of the complex numbers
There are various ways to build the field of complex numbers. For the present
purpose, the most appropriate seems to be the following:

Proposition 1.1.1. The set of matrices

;) o)

with the usual laws of addition and multiplication, is a field, which contains an
isomorphic copy of the field of real numbers R, and in which the equation z>+1 = 0
is solvable.

The isomorphism alluded to in the proposition is the map

xHT(x)—@ 2)

Setting

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_1, 11
© Springer Basel AG 2011
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we see that
z =71(x) + 1y,

which one writes as z = x + iy. Viewing a complex number as a matrix

z= (g _xy> (1.1.1)
=0 (COS@ - Sin@) (1.1.2)

sinf  cosé

gives a geometric interpretation of z # 0 as the composition of a homothety by
p= \/ 72 4+ 32 and of a rotation with matrix representation

(cosé' —sm0> 7 (1.13)

sinf@  cos@

where the angle 6 € [0, 27) is defined by

cosb = v and sinf = y

\/x2 + 42 \/x2 +y2.

This aspect will be of importance in the sequel. See the discussion after Theorem
4.2.3.

Exercise 1.1.2. Show that (1.1.3) is the matriz representation of the rotation by
the angle 6 € [0,2m).

Another construction of the field of complex numbers is by considering the
quotient space R[X]/(X? + 1). In this construction, i is the equivalence class of
the monomial X. We now set the notation, and recall some elementary definitions.
The field of complex numbers will be denoted by C. Let

z=x+ 1y, (1.1.4)

be a complex number, with real part = and imaginary part y. The expression

(1.1.4) is called the cartesian form of the complex number z. The number
z=x—1y

is called the conjugate of z, and the number z is called purely imaginary if its real

part is equal to 0. Recall that

zZ+z zZ—z
T = g and y = 9;
Thus:
Proposition 1.1.3. Let z € C. Then:
z 1s real if and only if z = z.

z is purely imaginary if and only if z = —z.
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Proof. Indeed, z = x + iy is real if and only if y = 0, that is, if and only if z = z.
Similarly, z € iR if and only if x = 0, that is, if and only if z = —z. O

The following properties of the conjugation are easily verified:

Proposition 1.1.4. Let z,z1 and zo be complex numbers. Then:

21+ 20 = 21 + 29, (1.1.5)
2129 = 21 * 29, (1.1.6)
z1/22 = z1/72, for z9 #0, (1.1.7)
z =z, (1.1.8)
2h=(2)", n€Z and z#0 if n<O. (1.1.9)

Partial proof. (1.1.5), (1.1.6) and (1.1.8) are direct computations and will be
skipped. Granting (1.1.6) we have for z # 0,

where we have used (1.1.6), and so
1
/2= . (1.1.10)
z
We conclude by using (1.1.10) and once more (1.1.6) to prove (1.1.7). Finally,

(1.1.9) is proved by induction for n > 0 and using (1.1.10) for n < 0. O
The positive number
|2 = Va2 + ¢
is called the modulus, or the absolute value, of the complex number z. Every
complex number z = x + iy different from 0 can be written as
z =|z|(cosf + isinb), (1.1.11)

where 6 is uniquely determined, modulo 27, by

cosf= " and sinf= 7.
|| ||
Formula (1.1.11) is a mere rewriting of (1.1.2), and is called the polar represen-
tation of z. One also says polar decomposition, and often uses the notation r or
p rather than |z| in the polar representation of z. The polar representation is
convenient to compute products and quotients of complex numbers:

Proposition 1.1.5. Let z1 and zo be two complex numbers different from 0, and
with polar representations

ze = pe(cosbp +isinby), (=1,2.
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Then
2122 = p1p2(cos(fr + 02) + isin(fy + 62)),
and .
U= P(cos(By — 0o) + isin(6; — 02)).
zZ2 P2

The claims are direct consequences of the trigonometric identities, and proofs
are omitted.

It follows from the preceding proposition that the n-th power of a complex
number z # 0 is easily computed when its polar representation

z = p(cos @ +isin0) (1.1.12)
is given. We have de Moivre’s formula
2" = p"(cos(nb) + isin(nd)), n € Z. (1.1.13)
Exercise 1.1.6. Compute (1 +14)".

The argument 6 in the polar representation is defined modulo 27, and this
is the key to the following classical result:

Theorem 1.1.7. Let z # 0 with polar representation (1.1.12). Then, for every
n € N, z has n roots of order n, i.e., n different numbers zg, ..., zn—1 such that

zi=z j=0,...,n—1

Proof. Clearly, any root of order n of z will be different from 0 since z # 0. Let
now w be a complex number different from 0, with polar decomposition

w = r(cost + isint).
The condition w™ = z leads to
r"(cosnt + isinnt) = p(cosd + isinf).

It follows that ™ = p and that nt = 6 (modulo 27). The first condition leads to
r = p*/™ while the second leads to

nt=0+2kw, keZ.

Thus,
0 2k
t= +°" kel
n n
The choices k =0, ...,n — 1 lead to n different values of ¢ (modulo 27) and hence

the roots of order n of 2z are

0+ 2k 0+ 2k
zp = pt/m (cos( +n 7r)—l—z’sin( Jrn 7T)) , k=0,...,n—1. (1.1.14)
]
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The numbers z; are called the roots of order n of z. See Exercise 2.1.1 for a
geometric interpretation of the roots of order n. We note that the sums

n—1

> a2, meN, (1.1.15)

7o
J=0

are computed in Exercise 1.2.3, and one has

n—1 k if —k k
ZZ;W _ Jnzt, ifm . n, k € Ny, (1.1.16)
= 0, otherwise.

The preceding discussion shows that (1.1.13) is multi-valued when n is re-
placed by a real (or even complex, but at this stage of the book, the functions
cos and sin are defined only for a real argument). When 6 is restricted to a semi-
open interval of length 27 (for instance (—, 7] or [0, 27)), and therefore uniquely
defined, the expression (1.1.13) is also uniquely defined (and therefore defines a
function, rather than a multi-valued expression) when n is allowed to be real (or
even complex). For instance, one can define square root functions

fi(2) = Vpleos ) +isin ), 0 (<7,

and

fa(z) = /p(cos g + i sin Z), 0 € (0, 2.

We have
h(2)? = fa(z)? =2, =zeC\{0}.

Note that f; is discontinuous along the negative axis, while fs is discontinuous
along the positive axis. Moreover,

fi(1) =1 while fo(1)=—1.

It is sometimes useful to have a formula for §. We denote by arctanz the
inverse of

tan : (—mw/2,7/2) — R.
Exercise 1.1.8. Prove that

foru >0,

1
arctanu + arctan = = (1.1.17)
u

T
27
T

< 0.
o’ for u
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Exercise 1.1.9. Let z = x + iy # 0. Then:
(a) The function 0 € (—m,m) given by the formulas
arctan(y/x), x>0,
O(z,y) = { 5 — arctan(z/y) y >0, (1.1.18)
—7 —arctan(z/y), y <0,
satisfies (1.1.11).

(b) The function 0 is continuous in R? \ (—oo, 0] and is discontinuous along the
negative aris.

(¢) The partial derivatives of 0 have continuous extensions (and in fact exten-
sions with partial derivatives of all orders) in R\ {(0,0)}.

In Exercise 4.1.10 it is shown that one cannot find a continuous function
O(z,y) defined in C\ {0} and satisfying (1.1.11).

We note that the functions
u(z,y) =Inv/22+32 and ov(z,y) =0(z,y)

satisfy in R? \ (—oo, 0] an important pair of partial differential equations, called
the Cauchy-Riemann equations. See Exercise 4.2.7.

We also note the following: The negative result in (¢) in the previous exercise
may seem paradoxical. It stems from the following fact: In R?, the existence of
a function with given partial derivatives in a given set depends not only on the
properties of the functions (local aspect of the problem) but on the properties of
the set (global aspect of the problem). See Section 5.7 for more on this question.

The following properties of the absolute value are easily verified, and proofs
are omitted.

Proposition 1.1.10. Let z,z, and zo be complex numbers. Then:

2" =1z|", ne€Z and z#0 if n<O, (1.1.19)
|2122] = |21 - |22], (1.1.20)
|21/ 20| = |21/ 1z2l,  for 22 #0. (1.1.21)
The formulas
2> =2z, z€C, (1.1.22)
1
= Z, 240, (1.1.23)

z [
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are useful to compute explicitly expressions involving absolute values and inverses.
See e.g. the solution of Exercise 4.4.3 for an illustration. With z = x4y the second

formula reads .
I ]
rHiy 2?4y’
For instance ) ¢ isint
cost — i sin
L. = . o, =cost—isint. (1.1.24)
cost+isint  cos?t + sin®t

Exercise 1.1.11. Write in cartesian and polar forms the complex number
1
z = .. [}
14 cost+¢sint
where t is real and not an odd multiple of .

Related to the preceding exercise, see also Exercise 3.1.1. The following ex-
ercise is related to Exercise 1.2.8.

Exercise 1.1.12. Let x and y be real numbers. Find necessary and sufficient con-
ditions for the complex number

cosx coshy — isinzsinhy (1.1.25)

to be different from 0. When these conditions hold, write in cartesian form the

complex number

sinx coshy + ¢ cos z sinh y (1.1.26)
cosx coshy — isinasinhy’ o

We note that the expression (1.1.26) reduces to tanx when y = 0 and to
itanhy when x = 0.

The formulas

|z +w|?* = |2]? + 2Re 2w + |w|?, (1.1.27)
= |2]* + 2Re 2w + |wl|?,
|z +w]* = |2]? + 2Re 2w + |w|?,
prove to be quite useful in computations. They imply the completing the square
formulas,
|2 4+ 2Re 2w = |z + w|? — |w|?,

1.1.28
|2 4+ 2Re 2w = |z + w|* — |w|?, ( )

which are also very useful. See the solutions of Exercise 2.2.1 (and in particular
equation (2.4.6)) and Exercise 2.3.14 for instance.

Exercise 1.1.13. Prove (1.1.27).
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The following identities are classical, and play also an important role in the
sequel, and in function theory in general. They appear in numerous places. See for
instance [48, Exercise 1.68, p. 19].

Exercise 1.1.14. Let z,w € C. Then:

|2+ w]® + [z = wf® = 2(|2* + [wl?), (1.1.29)
1+ 2w]? + ]2 —w]? = (1+ [2*) (1 + [w]?), (1.1.30)
1l — | = wf> = (1~ [s2)(1 ~ [uf?), (1.1.31)

|z — w]* — |z + w* = —4(Re 2)(Re w). (1.1.32)

We will focus on the geometric interpretation of the complex numbers in
the following chapter, but we mention here the following: When one identifies the
complex numbers and the plane R?, equation (1.1.29) has a nice geometric inter-
pretation: The complex numbers z and w are the sides of a (possibly degenerate)
parallelogram, with diagonals z+w and z —w, and (1.1.29) is then the well-known
relation between the lengths of the sides and of the diagonals of the parallelogram.
We also send the reader to Exercise 1.4.2 for another application of (1.1.29).

It is well to recall in this first chapter that
Re z <|z] and Im z<|z|, VzeC, (1.1.33)

and that there is equality in the first case if and only if z € Ry, while there is
equality in the second case if and only if z € iR,. These inequalities are really of
interest only for Re z > 0 and Im z > 0 respectively, and allow us to prove

|[21] = |22]| < |21 — 22| < |21] + |22]. (1.1.34)
For instance, the first inequality in (1.1.34) is equivalent to
|21)? 4 |22]? — 2|21] - |22] < |21]? + |22)* — 2Re 21 29, (1.1.35)
that is, since |z1] - |22] = |2122],
Re 2129 < |z129].
Exercise 1.1.15. When do equalities hold in (1.1.34)?

The first inequality in (1.1.34) is used over and over in the computations in
the sequel, in particular when |z1| > |22|. Then we have

|21] > |20 = 21| = |z2| <21 — 22, (1.1.36)

or, equivalently,
1 1

|z1] > |z2] = < .
|21 — 22| T 21| — |22

(1.1.37)
This is illustrated in the next exercise, and in its continuations, namely part (c) of
Exercise 1.1.22, and Exercise 3.3.1. See also (4.5.1) for another sample application.
The second inequality in (1.1.34) is called the triangle inequality.
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Exercise 1.1.16. Let z be in the open unit disk D. Show that

ZZn

2 4 2™ 4 257

|Z|2n

T 21— 2l)

(1.1.38)

The following important results follow from (1.1.31) and (1.1.32): Let z,w €
C. Then it holds that

2] <1 and |w|/<1 = ’ ‘<1, (1.1.39)
1—zw

Rez>0 and Rew >0 = ’Z_w‘<1. (1.1.40)
zZ 4w

The proofs of (1.1.39) and (1.1.40) form the topic of Exercise 1.1.18 below. In the
statements, recall that we denote by C,. the open right half-plane:

C,={2€C;Re z>0}. (1.1.41)
Functions of the form

by (2) = 12:2“; w e D, (1.1.42)
and

By(2) = z;z w e C,, (1.1.43)

possibly multiplied by a constant of modulus 1, are called Blaschke factors, asso-
ciated respectively to the open unit disk and to the open right half-plane. They
are special instances of Moebius maps. See Section 2.3 for more information. They
play an important role in conformal mapping and in various questions in the the-
ory of Hilbert spaces of analytic functions; see [124]. Finite products of terms of
the form (1.1.42) are called finite Blaschke products (associated to the open unit
disk). One defines similarly Blaschke products associated to C,. as a finite product
of terms of the form (1.1.43). One can also define Blaschke factors associated to
the open upper half-plane C; as terms of the form
z—w

By(z) = , (1.1.44)

z—w
where w € Cy.
As a first consequence of (1.1.39) we have:

Exercise 1.1.17. Let a and b be in the open unit disk. Show that

1—la®)b+ (1 —|b)a
oo o1 ) e

s also in the open unit disk.
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The expression (1.1.45) has a special meaning. Applying the Schur algorithm
to the degree two Blaschke product

z—a z—0b
1—z2al1-—2zb
.

5. See Section 11.5 for more information.

Exercise 1.1.18. Prove (1.1.39) and (1.1.40).

one obtains

We note the inequality
2(1 — [wl)
1—|z|

for w and z in the open unit disk, w being moreover different from 0. This inequality
is proved in the solution of Exercise 3.6.14. The reader might want to prove it
already now.

Similarly, we have the inequalities

lw + wl
1= Bu(z)l < . (1.1.46)
for z and w in the open right half-plane, and
w — wl
|1 — B, (2)] < Im » (1.1.47)

for z and w in the open upper half-plane.

These inequalities play an important role in the construction of infinite prod-

ucts with factors of the form ‘Zj‘ by (2), Bw(z) and B, (z) respectively. See Exercises
3.6.14 and 3.6.15 for the first and third cases.

Exercise 1.1.19. Prove (1.1.46).

The function b,, makes sense also for |w| > 1. For |w| = 1, it is equal to a
unitary constant (or more precisely, it can be continuously extended to a unitary
constant) since

Z—w zZ—w 1

1fzw:w(wfz):_w’ 27w

Formula (1.6.4) below,

e

which appears in the proof of (1.1.39), can be generalized as follows:
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Exercise 1.1.20. Let z,w,v € C be such that

l—z2w#0, 1—20#0 and 1—ovw#0. (1.1.48)
Show that
_ |2
L=bu(2)bulv) 1= o (1.1.49)
1—zv (1 —zw)(1 —vw)

Similarly, B,, makes sense for any complex number, and we have:

Exercise 1.1.21. Let z,w,v € C be such that

z+w#0, z4+v#0 and v+w#0. (1.1.50)
Show that
1 — By (2)Byw(v) _ 2Re w . (1.151)
z4+v (z +w)(v+w)

We note that, similarly, for z,w,v € C be such that
z—w#0, z—v#0 and v—w#0,

it holds that
1 — By(2) By (v) _ —2iIm w . (1.152)
z—v (z —w)(v—w)

A newcomer in complex analysis may see (1.1.49), (1.1.51) and (1.1.52) as
just curiosities. While keeping in mind that we have not encountered yet at this
stage the notion of analytic function, we will just mention that (1.1.51) has a far
reaching generalization to function theory on a compact Riemann surface, and is
basically equivalent there to an identity called Fay’s trisecant identity. See [51]
and [11] for more details.

We note that any finite product of functions of the form b,, (resp. By, %)
with |w| # 1 (resp. Re w # 0, Im w # 0), possibly multiplied by a constant
of modulus one, is a rational function which maps the unit circle T (resp. the
imaginary axis iR, the real axis) onto T. That these are the only rational functions
with these properties is the topic of Exercise 6.2.3 for the first case.

Finally, we note that the formula

1— ZN+1

1+Z+...+2Nf 1—y z;él, (1.1.53)

for summing a finite geometric series will be of much use in the sequel, and in
particular in Section 1.3. The proof is the same as for the real case.

Exercise 1.1.22. (a) Prove (1.1.53).
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(b) Prove that

2
|1+Z+...+ZN|<1_|Z|, for zeD. (1.1.54)
(¢c) Prove that
,2n 1 — |2[2N+2
< , e D.
}ZQ+ZTL+25”|_2(1*|Z|)2 fO’I" z

n=0

Note that the right side of (1.1.54) is independent of N.

Other exercises which involve only complex numbers but resort to more in-
volved methods include Exercise 3.2.5 and Exercise 3.3.3.

1.2 The exponential function

The exponential function of calculus can be defined in (at least) three equivalent
ways: As a power series

T - "
er = E ol r €R, (1.2.1)
n=0
as a limit
2\P
e’ = lim (1 + > z €R, (1.2.2)
p—+o0 p

where p € N, and as the unique solution of the differential equation

f@) = f(z), f0)=1 (z€R).

Formulas (1.2.1) and (1.2.2), of an analytic nature, still make sense when z is
replaced by a complex variable z = = + iy; see Exercise 3.4.13 in Section 3.4 for
the first formula and Section 12.7 for the second one. The definition in terms
of the differential equation admits also a counterpart here, but one needs first
to define the complex derivative. See Exercise 4.2.4. In this section we consider
another extension, more algebraic in nature: For z = x4y one defines the complex
exponential function e* as

z

e = e“(cosy + isiny). (1.2.3)

In particular, the complex exponential function coincides for real z with the ex-
ponential function of calculus. For a purely imaginary number z, z = iy, we have

e = cosy + isiny,

so that _ _ _ )
e +e W e —e W
cosy = and siny = 9; ,
1

R.
2 ye
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Thanks to the trigonometric formulas, we have
Y1 eiv2 — ei(y1+l/2)’ y1,y2 € R,
and in particular 4 4
(eW)P =, peZ,
which is a mere rewriting of de Moivre’s formula (1.1.13):
(cosy +isiny)” = cosny +isinny, neZ, y<R.
In particular, it holds that

e 1?2 = eFle® Yz 29 € C. (1.2.4)

Exercise 1.2.1. Show that
le*] = eRe # < ell. (1.2.5)

Alternative, and equivalent, ways to define the function e* are as a limit or
as a power series, as in the real case. More precisely:

Theorem 1.2.2. Let z = x + iy € C. Then,

X _n p
e®(cosy +isiny) = Z 2' = pli_)rgo (1 + Z) . (1.2.6)
n=0 peEN p

As already mentioned, see Section 3.4 for the first equality and Section 12.7
for the second one.

We have chosen to define the exponential function via (1.2.3) in order to
have already at hand a convenient notation, and also to compute sums as the ones
appearing in the following section. Note that we will also use the notation exp z
for e”.

The reader may be interested to know that de Moivre’s formula in its present
form is in fact due to Euler in 1748; de Moivre himself proved another version of
the formula (which we will not recall here) in 1730; see for instance [54, p. 51]. The
reader might also want to know that de Moivre is the creator of the Gaussian, or
normal, distribution of probability theory. See [94, p. 282] for further details on
this latter point.

Exercise 1.2.3. Let z be given by (1.1.12), and let zg,...,zn—1 be as in (1.1.14).

Compute for m € Ny the sum Y77~ 01 27"

The formulas
1— e = e®/2(e7 /2 _ gi2/2) = 24/ 5in g /2, (1.2.7)
1+ e = (3"’”/2(6_”/2 +e®/2) = 2¢/2 cos /2, (1.2.8)
_ pilntl)z 1 sin( (n+1)z)

n
k
Ze”” L = Sin(i) , (1.2.9)
=0

2
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where x is real and, in the third formula, is not a multiple of 27, are quite use-
ful. They are used in particular to obtain formulas for various sums of complex
numbers. Note that (1.2.9) is proved from the formula (1.1.53). Furthermore, it
follows from (1.2.9), see also (1.1.54), that

n

; 1
\Zd’“ﬂg |sin(2)] z e R\ {2mm, m € Z}. (1.2.10)
k=0 2

Inequality (1.2.10) is very useful when applying Abel’s theorem on conditionally
convergent series (see Theorem 3.3.5) to compute boundary values of power series.

Formulas (1.2.7) and (1.2.8) are used in the following exercise.

Exercise 1.2.4. ([96, Exercice S9-1-3, p. 188]). Let a = €'® and b = ¢ with a and
B real numbers. Show that

a—p

a+b__, ‘ a—pf d a—l—b_,COS 2
= —jco an 1fab_l, <a+ﬂ)'

sin 5

One defines the trigonometric functions and the hyperbolic functions for
every complex number in terms of the exponential function as follows:

When do the expressions make sense?

eiz +67iz
cosz = 5 )
eiz _ e—iz
sinz = . ,
2 (1.2.11)
ez _|’_€—Z
coshz = 5 ,
z —Zz
sinh z = ¢
2
Note that
sin(iz) =isinhz and cos(iz) = coshz, (1.2.12)
and similarly,
sinh(iz) =isinz and cosh(iz) = cos z. (1.2.13)

All polynomial identities involving the trigonometric functions and the hy-
perbolic functions proved in calculus on the real line still hold in the complex
plane. One way to see this is using the notion of analytic continuation, see Section
6.2, which is not yet available at this stage of the book. The other way, more direct
and elementary, consists in checking directly the presumed identity from the above
definitions of cos z and sin z in terms of e?#,
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eiz + e—iz eiz _ e—iz
, sinz= , ,
2 2
and the fact that the complex exponential function is multiplicative. For instance
to prove that

COS 2 =

sin(2z) = 2sin z cos z, (1.2.14)

one can do as follows:

9 sin 7 o8 7 — 2exp(iz) - .exp(fiz) ~exp(iz) + exp(—iz)
27 2
1
= {exp(iz) exp(iz) + exp(iz) exp(—iz)
i
—exp(—iz) exp(iz) — exp(—iz) exp(—iz)}
1
= (exp(2iz) +1 — 1 — exp(—2iz))
i
= sin(2z).
See also the discussion after the proof of the next exercise for another exam-
ple.
Exercise 1.2.5. Show that
€os z = cos x cosh y — i sin x sinh y, (1.2.15)
sin z = sin x cosh y + i cos x sinh y, (1.2.16)
| cos z|? = cos? 4 sinh? y,
|sin z|? = sin® z 4 sinh? y. (1.2.17)
Show directly (that is, without resorting to the mazimum principle) that | sin z| has

no local maximum.

It is clear from the previous exercise that | cos z| and | sin z| are not bounded
in the plane (the knowledgeable student will recognize that cosz and sinz are
non-constant entire functions, and, by Liouville’s theorem, cannot be bounded in
modulus in the plane).

Exercise 1.2.6. Let z1 and zo be complex numbers. Show that

21 = 29 + 2k, for some k € Z, or

sinzp = sinzy <
214 22 = (2k+ 1)m, for some k € Z.

Exercise 1.2.7. Solve the equations
(a) cosz =0,
(b) sinz =5,
(c) sinz=a+1ib, a,beR.
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From (c) follows that the range of sin is all of C. It is clearly not one-to-one,
because of the 2m-periodicity.

(d) Show that sin z is one-to-one from the strip
L={(z.y);z € (—m/2,m/2) and yeR}

onto the set
C\{z=2z,2z€eR and |z|>1}.

The functions tan and tanh are defined as in the real case by

sin z sinh z
tanz = and tanhz = .
CcoS z cosh z

In view of Exercise 1.2.5 we see that tan z is given by (1.1.26),

sinx cosh y + i cos z sinh y

t = .
ane cosx coshy — isinz sinhy
Exercise 1.2.8. (a) Show that

sin(2z)  sinh(2y) (1.2.18)

t = .
anz cos(2x) + cosh(2y) Z005(236) + cosh(2y)

(b) What is the image of the strip
L={(z,y);x € (—7/2,7/2) and y€ER}
under the function tan?
(c) What is the image of the strip
Li={(z,y);z € (—n/4,7/4) and y€R}

under the function tan?

See also Exercises 5.7.3 and 9.1.6 in connection with the previous exercise.

1.3 Computing some sums

The following exercise is taken from [69, p. 515]. It also appears as [14, §5.5.
Problem 1, p. 214].

Exercise 1.3.1. Prove that

7r+ 37T+ 57r+ 77r+ 97r_1 (131)
cos11 cos11 cos11 cos11 C0811—2. 3.
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Hint. Let C' denote the sum to be computed, and let

g LT L 3 . 57 L T .
= sin sin sin sin sin
11 11 11 11

11°
Using de Moivre’s formula, compute C' + ¢.S.
More generally than (1.3.1), we have:
Exercise 1.3.2. Show that, for a,b € R (b # 0 mod )
:Z: cos(a + (2k + 1)b) = @ tif:(lg)sm(b") . (1.3.2)

What does this formula become when b = mm for some m € Z. What does this
formula become when a and b are assumed to be in C? Using (1.3.2), prove that
for every real u different from 0,
i, cosh(nu) sinh(nu)

> cosh(2k + 1)u = <iuh(u) . (1.3.3)
k=0

Exercise 1.3.1 corresponds to the case

a=0, b= 1771, and n =25,
in (1.3.2). As a check, we see that

cos(5m/11)sin(57/11) _ 1sin(107/11) 1

Cs = sin(r/11) T2 sin(r/11) 2’

as claimed in Exercise 1.3.1. In the same vein, we have the following result, taken
in part from [121, p. 59]. For the second formula with a = 0, see also [143, p. 171].

Exercise 1.3.3. Show that

. nb
n—1 sin( ) b
Z cos(a + kb) = % -cos(a+ (n—1) 2), (1.3.4)
k=0 sin
2
n n " b n nb
Z I cos(a + kb) = 2" | cos 5 cos(a + 5 ), (1.3.5)

k=0

where a,b € R and where, in the first formula, b # 0 (mod 27 ). What happens in
the first formula when b =0 (mod 27)? What do these formulas become when a
and b are assumed to be in C?
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When one sets a = b =0 and @ = 0, b = 7 in formula (1.3.5) one recovers

the well-known formulas
n n .
>(5)-2

i(—l)’“( . ) =0,

which also follow from Newton’s binomial formula

n

(a+B)" Z ( ) a*gr Tk, a,BeC, (1.3.6)

applied to
(I+1)" and (1-1)"

respectively.
For the next exercise, see [96, S9-1-6, p. 191].
Exercise 1.3.4. Show that

[n/2]
_1\k n — on/2 nm
z_:( 1) ( o) ) 2 cos( 4 ), (1.3.7)
[(n—1)/2]
_1\k n _on/2 nm
Y (- <2k+1)2 Sm(4>. (1.3.8)

k=0

In the same vein, and a bit more difficult is the following exercise, taken
from the same book ([96, p. 79]). See also [141, p. 238], and [82, pp. 203-205] for
a related discussion.

Exercise 1.3.5. Let n € N and
an ={ke€Ny; 0<3k<n},
b, ={keNy; 0<(3k+1)<n},
cn={keNy; 0<(3k+2) <n}.

Show that
n 2" 4+ 2(=1)" COS(Q"“)
> ( 2k ) = 3 37 (1.3.9)
k€any
n 2" 4+ 2(—1)" cos(2("'§1)”)
> shi1 )= 3 : (1.3.10)
ke€by
n 27 + 2(—1)" cos(*" ™)
> sht2 )= 3 : (1.3.11)
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1.4 Confinement lemma and other bounds

Exercise 1.4.1 is taken from [60, p. 39]. The result is called a confinement lemma.

Exercise 1.4.1. Given complex numbers z1, . .., z, in the open unit disk, show that
there exist numbers ep = +1, £ =1,...,n such that
m
1> ezl V3, m=1,...,n. (1.4.1)
=1

We first give as exercises two easy results which enter in the proof of the
confinement lemma.

Exercise 1.4.2. Let z1 and z2 be in the closed unit disk and such that
|Zl — 22| Z 1.

Show that
|Z1 + ZQ| < \/3.

Exercise 1.4.3. Let 21,22 and z3 be three pairwise different points in the closed
unit disk. Show that there is a pair £,k € {1,2,3} such that £ # k and

|z —zi| <1 or |ze+zk <1.

We now present another kind of bounds on complex numbers:

Exercise 1.4.4. Given n complex numbers z1, . .., zn, all different from 0, show that
there exists J C {1,...,n} such that

1 n
1>zl > e ; |4 (1.4.2)

leJ

In connection with this section, see also Exercise 6.3.1.

1.5 Polynomials

At this first stage, we do not assume known the fundamental theorem of algebra
which states that every polynomial of degree n has n roots (counting multiplic-
ity). In the framework of the theory of analytic functions this key theorem is a
consequence of Liouville’s theorem. It admits quite a number of other different
proofs; see e.g. [103, p.8] for a method using differential geometry. We present an
elementary proof (but which uses notions from plane topology) in Section 13.6.
Still we do know the following: If p(z) is a polynomial and if p(zo9) = 0, then we
can factor out (z — zp) from p(z), that is, we can write

p(2) = (2 — 20)q(2), (1.5.1)
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where ¢(z) is a polynomial of degree n — 1. This is called the factor theorem. See
[101, Theorem 6.4 p. 11]. In particular, if we know that zg, ..., z,—1 are the roots
of p(z) (say, all different, for the present applications below), then

n—1

p(z) = an [] (= — ).

k=0
where a,, # 0 is the coefficient of z™ in p(z).
Exercise 1.5.1. Prove the factor theorem, that is, check (1.5.1).
Exercise 1.5.2. Solve the following equations:
1—324—24—26:0,
l+z+-+27 =0,
(1=2)"=01+2)",
(I—2)"=2"
We refer to [98, Exercise 4.5 p. 42] for the last equation in the last exercise.
In the previous exercises the non-real roots of the various polynomial equations

appear in conjugate pairs. If zg is a root so is zg. This is because the coefficients
of the polynomials are real. The next result asserts that this is a general fact.

Exercise 1.5.3. (a) Let p(2) = anz™ + - -+ ag with the a; € R. Then:
p(20) =0 < p(z0) =0. (1.5.2)
In particular non-real Toots (if any) appear in conjugate pairs.
(b) Check that z = 2 + 3i is a solution of the equation
24— 523 4+1822 — 172+ 13 =0,
and find all the roots of this equation.
Exercise 1.5.4. Let a € R. Show that the polynomial
2% —2zcosa+ 1 (1.5.3)
divides the polynomials
pn(z) = 2" sina — zsin(na) +sin((n — 1)a), n=2,3,.... (1.5.4)
What happens for complex values of a?

It will follow from the fundamental theorem of algebra that any non-constant
polynomial with real coefficients can be factored as a product of terms of the form
(z —r) with r € R, and factors of the form

(z — 20)(2 — 20) = 2% — 22Re 20 + |20|>, 20 € C\R.



1.5. Polynomials 31

These last factors are called irreducible. They cannot be factored as products of
polynomials with real coefficient. The following exercise illustrates these facts for
some important polynomials. Formulas (1.5.7) and (1.5.5) are used in particular in
the sequel to prove the following infinite product representations of sinh z, cosh z,
sinz and cosz. See formulas (3.6.23), (3.6.24), (3.6.25), (3.6.26), and Exercise
3.6.18:

o0
sinh z = z H k27r2
422
hz = 1
cosh z kl_[O( + (2% + 1)27r2)’
sinz =z H(l k;271'2)’
k=1
S 422
Cosz = ]g)( (2](3 + 1)2772)7

for z € C.

Exercise 1.5.5. (See for instance [98, pp. 43-44]) Prove the following classical
factorizations:

n—1
2k+1
2n 2
1: — ..
2"+ H(z 2z cos( on )+ 1), (1.5.5)
k=0
. 2k: 1
241 = (2 41) -2 B 1 1.5.6
+ (z + kl;[lz 2z Cos 2n+17r)+ ), ( )
n—1 k
2n 2
—-1= 1)(z—1 -2 1 1.5.7
z (z+1)(z )kl;[l(z zeos( m) +1), (1.5.7)
. 2k
2n+1
—1) -2 1). 1.5.8
z (z 1;[ z z cos 2n+1ﬂ')+ ) ( )

Using the third identity, decompose the polynomial p(z) = >_}_, 322’“ into irre-
ducible factors and prove the identity

n—1

.k Vn

11 sin(,, )= gy (1.5.9)
k=1

Still using the third identity, prove (see [98, p. 44]) that

. n—1
sinnt km
=29on-! t— ) 1.5.1
H(cos cos n) (1.5.10)
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We note that setting z =1 in (1.5.5) leads to the identity

2k + 1)m

N (1.5.11)

n—1 (
2 =9n1 H(l — cos(
k=0

which will be useful in the proof of Exercise 3.6.18.
Exercise 1.5.6. Prove that all roots of the equation
2 +32+45
have modulus strictly bigger than 1.
The following exercise is taken from [105, Lemma 3 p. 6].

Exercise 1.5.7. Given complex numbers cq,...,c, not all equal to 0, show that
1

e e, =0 = |z <2 _max |cj|j.
j=l..,n

For another exercise related to polynomials, see Exercise 3.1.8.

1.6 Solutions

Solution of Evercise 1.1.2. Let (u,v) # (0,0) € R? let r = Vu2+v? and let
¥ € [0,2m) be determined by

u i v
cosyy =, and siny= .
r r

cos —sinf\ fu\ [cosf —sinf\ (rcosy
sinf  cos6) v)  \sinf cos6) rsiny
. <cos 0 cos ) — sin f sin w>

sin @ cos ¢ + cos O sin ¢

(). "

Then,

Solution of Exercise 1.1.6. We have
2 2
1+i:\/2(‘/ —H'\/ )
2 2
= V/2(cos Z + isin Z),
and so, using (1.1.13), we obtain

(1+i)" = 25 (cos "4” +isin T). (1.6.1)
O
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Remark. It is of course possible to try and solve the previous exercise using New-
ton’s binomial formula (1.3.6)

(a+B)" =Y ( . ) afprt.
k=0

We then obtain

(1+i)" = zk< Z)
k=0

= cr(3)e S or(y)

P

5112011 that such that

p<n 2p+1<n

Comparing with (1.6.1) we get the formulas

_ne{ ™) 293 nw 1\ n ano.nm
Z (-1) (2]))22(:os4 and Z (-1) <2p+1)228m4’

p p
such that such that
2p<n 2p+1<n

and this gives in fact a proof of Exercise 1.3.4.

Solution of Ezxercise 1.1.8. Since

darctanu 1 q darctanl/u 1 1 1
= an = — = — 5
du u? +1 du u? 1 u? +1
, +1
u
we have J )
t t
(arctanu + arctan 1/u) —0. w0,
du
Thus the function arctanu + arctanl/u is constant on (—oo,0) and (0, 00). Its
value on each of these intervals is computed with the choices u = +1. O

Solution of FEzercise 1.1.9. (a) The formula for 6 follows from the definition of
arctan.

(b) The continuity of 6 in R? \ (—oo, 0] follows from formula (1.1.17). Using
the formula for 6, we have, for any given zy < 0,

lim 6(zg,y) =7 and lim O(zg,y) = —,
y—0 y—0
y>0 y<O0

and hence @ is discontinuous along the negative axis.
(c) Finally, in > 0, y > 0 and in > 0, y < 0 we have

89__ Y and 00 x
or a2 +y? oy a2 +y?’

and so these functions admit continuous extensions to R? \ {(0,0)}. O
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Solution of Ezercise 1.1.11. Using (1.1.23) we have

1 1+ cost—isint
14 cost+isint (14 cost)? +sin’t
_ 1+4cost —usint
2(1 + cost)
sint
—1 .
2 2(1+ cost)

—_

Thus, for ¢t # n (mod 27) we have

1 1 1

1
Re L. = and Im — tan
1+ cost+1sint 2

1+ cost+1sint - 2

As for the polar decomposition, recall the formulas
1 +cost =2cos?(t/2) and sint = 2cos(t/2)sin(t/2).
Thus, using (1.1.24) and for ¢ not an odd multiple of = we have

1 1

1 ..
z= cos(t/2) cos(t/2) +isin(t/2) ~ cos(t/2) (cos(t/2) — isin(¢/2)).

For ¢t € (0,7) U (3w,4m) (mod 4r), we have cos(t/2) > 0 and the polar representa-
tion of z is

1 .
= cos(t/2) (cos(t/2) — isin(t/2)).

For t € (m,37) (mod 4), we have cos(t/2) < 0 and the polar representation of z
is

— cos(t/2) (cos((t/2) + m) — isin((t/2) + 7). O

Solution of Exercise 1.1.12. The number (1.1.25) vanishes if and only if
cost =0 and sinhy =0,

that is, if and only if

2k+1
T = ( ;r )W, with k € Z, and y=0.
When this condition does not hold, the number (1.1.26) is well defined and we
have
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sinx coshy + ¢ cos z sinh y
cosxcosy — isinxsinhy
(sinz coshy + i cos z sinh y)(cos x cosh y + i sin z sinh y)

(cos z coshy)? + (sin z sinh y)?
_ sinzcos x(cosh? y — sinh? ) 4 i(cos 22 + sin? ) sinh y cosh y
(cos z coshy)? + (sin z sinh y)?
sin(2x) + i sinh(2y)

2 ((cos z coshy)2 + (sin z sinh y)2)
_ sin(2z) + i sinh(2y)
(1 + cos(2z)) cosh® y + (1 — cos(2z)) sinh? y

sin(2zx) + ¢ sinh(2y)

= . O
cos(2x) + cosh(2y)
Solution of Exercise 1.1.13. We have
2+ w|* = (2 + w)(z + w)
=(z+w)(z +w)
= |2]* + 2w + wz + |w|?
= |2|> + 2Re (zw) + |w|*.
The second formula follows since
Re (zw) = = —; '~ Re (zw).
To get the third formula replace w by w. O

Of course one obtains other useful formulas by replacing w by —w or the like.
For instance

|z —w|* = |2]? — 2Re 2w + |w|?, (1.6.2)

and
|z + iw|* = |2|* 4+ 2Im 2w + |w|?.

To obtain the latter, note that

Re (—izw) = Im (zw).

More generally, we have for any finite number of complex numbers z1, ..., zy,
N N N
|ZZg|2 = Z |2¢[* 4+ 2Re ( Z 202k (1.6.3)
(=1 (=1 0,k=1
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Solution of Ezercise 1.1.14. The first identity is proved by considering (1.1.27) for
w and —w and adding both identities. To prove the following two identities, one
proceeds as follows: We have

11+ zw|? = (14 zw)(1 4 zw)

=1+ 2w+ 2w + |z*wl|?,

11— zw|? = (1 — zw)(1 — zw)

=1— 2w — 2w+ |z)*|w|?,

and
|z —w|® = (z —w)(z — w)
= |2|* — 2w — wz + |w|?.
Thus
1+ zw]? + |z —w* = 14 2w + 2w + |2]2|w]* + |2 = 2w — wz + |w|?
=1+ [2/|w]* + [2]* + w]?
= (L4 1)+ |w]),
and

11— zw]® = |z —w|* =1 — 2w — 2w + |2]2|w|* — (|2]* — 2w — wz + |w|?)
=1+ 2P’ = [2* - Jw]®
= (1= [ = |w]).

Finally, the fourth equality is proved as follows:

|z — w|2 — |z = w|2 = |Z|2 —2Re (zw) + |w|2 — (|:<:|2 + 2Re (zw) + |w|2)
= —2Re (z(w + w))
= —4(Re z)(Re w). O

Solution of Exercise 1.1.15. Tt follows from (1.1.35) that the first equality holds if
and only if 2129 € R,. Similarly, the second inequality in (1.1.34) is equivalent to

|21 + |22]* — 2Re (2122) < |z1]? + |22 + 2|21 ] - |z2),
and we see that there will be equality if and only if
—z129 = | — z122],

that is, if and only if —z129 € R5.. O
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Solution of Ezercise 1.1.16. We have
|24+ 2" + 2% > |2 — |2 + 2°"|.
For |z| < 1 we have
2" 4+ 2% < 2]2] < 2,
and so
2= o7+ 27| = 2= [+ 4+ 277 22— 2fe] = 2(1  [2]),
and hence the result. O
Solution of Exercise 1.1.17. We have

(1 —lal®)[o] + (1 — [b]*)]al
1—ab|?
_ la[ 4 [b] = [ab|(la| + [b])
1 — |abl?

(lal + [b[)(1 — |ad])

(1 + |ab|)(1 — [abl)
Jal+ b

1+ |al - 0]
<1,

lef <

thanks to (1.1.39) with z = |a| and w = —|b|. O

Solution of Ezxercise 1.1.18. Let z,w € D. Then, |zw| < 1, and thus, by (1.1.36)
with z; = 1 and z9 = zw we have

[1—zw| >1— |zw| > 0.
Recall (1.1.31):
11— zw]® = |z —wf* = (1 —|2*)(1 - |w]*), Vz,weC.
Dividing both sides of this equality by |1 — zw|? we obtain

1— 2% = wl?)

(
17|bw(z)|2: |1—ZU)|2

, (1.6.4)
which is strictly positive since z and w are in D, and hence (1.1.39) holds. To prove
the second claim we note the following: For z and w in C,.,

Re (z+w) =Re (z+w) >0, andthus z+w #0.
Dividing both sides of (1.1.32) by |z + w|? we obtain

— w2
‘z w 71:7(2Re z)(Re w) <o (1.6.5)
z4w |z + w|?
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Solution of Ezercise 1.1.19. We have

z—w|_ |w + w]

|1 = By(z)| =[1- = ot

zZ+w
Since w is in the open right half-plane, Re w > 0, and we have
Re (z +w) > Re z,

and hence the result since (use the second inequality in (1.1.33) with z+ w instead
of 2)
|z 4+ w| > Re (z +w) > Re z. O

Solution of Ezxercise 1.1.20. We have

(2 — w)(v — w)
(1 - 2zw)(1 —ovw)

(1 -zw)(1 —vw) — (z —w)(v —w)

(1 - zw)(1 —ovw)

_ (=20 = Juwf)

)

(1= zw)(1—vw)’

1= by(2)byw(v)=1—

and hence we obtain the required identity. O

Note that (1.1.48) will hold in particular when z,v and w belong to D. It
allows us then to show:

Example 1.6.1. Let w € D. The function

1 — by(2)by (v)
1—2z2v

is positive definite in QQ = D.
Solution of Ezercise 1.1.21. We have

(z —w)(v —w)
(z4+w)(v+w)
_ Etrw)v+w) = (z-w)(v-w)
(z +w)(v+w)
2(z +v)(Re w)
(z+w)(v+w)’

1—By(2)By(v) =1-—

and hence
1 — By(2)By(v) 2Re w 0
z+v C zHw) (vt w)

Here too we have an example of positive definite kernel:



1.6. Solutions

Example 1.6.2. Let w be in the open right half-plane C,.. The function

1 — By(2)Byw(v)
Z+v

is positive definite in C,.

Solution of Exercise 1.1.22. (a) It suffices to compute

(Itzt-+2M)1-2)=1+z+ - +2N —(z+22+ -+ =1
(b) From (1.1.37) we have

1 1

< fi c D.
=z 1=z O °

Still for z in the open unit disk,
11— 2N <2

and inequality (1.1.54) follows.
(¢) We use (1.1.38) and (1.1.53) to obtain

N 2n N 2n
DI =D P
24 zn 4 25| — 24 zn 4 257
n=0 n=0

<
2 o(1  |2)
1— |Z|2N+2

S 21— 2 = [2?)
and hence the result since

1 1

< , zeD.
=22 = 1—)2) ©

Solution of Exercise 1.2.1. This follows directly from (1.2.3):

|e®| = |e®(cosy + isiny)]
= |e*| - | cosy + isiny|

— ¥

—Z

39

N+1
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Solution of Ezxercise 1.2.3. We write

i0 1/n i0+2md .
z = pe and zj:p/e no j=0,...,n—1.
Thus
n—1 n—1 n—1
. mO+2mmj - Om . 2mmj
§ Z;’L — pm/n § et i — pm/nez n § et
Jj=0 Jj=0 j=0

First assume that m is a multiple of n: m = kn for some k € Ny. Then,

j2mmi

et = ez27rjk — 1’

j=0,...,n—1,

and the sum is equal to nz*. On the other hand, when m is not a multiple of n,
we have

eV £,
and formula (1.1.53) for the sum of a geometric series leads to
n—1 i
o 1— eszm
Zezsz = j2mm =0,
pary 1—¢e'n
and so the sum is equal to 0. O

Solution of Exercise 1.2.4. The first expression will make sense if and only if a # b,
i.e., if and only if a # 8 (mod 27). When this condition is in force we have

a—b eilath)/2(gila=P)/2 | ¢i(B—0)/2) _ 2cos((a—B)/2)
a+b  eilatB)/2(ei(a=B)/2 _ ¢i(B=)/2) T 2isin((a — B)/2)’
and hence the result.

The second expression makes sense when ab # 1, that is, when a + 3 # 0
(mod 27). Then we have

a+b  eOtA2(gia=B)/2 | i(B=)/2) cos((o — B)/2)

1—ab  eilatB)/2(e=ila+B)/2 _ ¢i(B+a)/2) — _2isin((a + B)/2)’
and hence the result. O

Solution of Ezercise 1.2.5. Using the formula for the cosine of a sum (which is still
valid for complex numbers) and (1.2.12), and recalling that

cos(iy) = cosh(y) and sin(iy) = isinh(y),
we have

cos z = cos(z + 1y)
= cosx cos(iy) — sin z sin(iy)

= cosx coshy — isinz sinh y.
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Therefore

cos? x cosh? y + sin? z sinh? y

(cos? z)(1 4 sinh? y) + (1 — cos? z)(sinh? y)

| cos z|?

= cos? z + sinh? Y.

We now prove that | cos z|? has no local maximum. Let (x,) be a local maximum.
Then
dlcosz|>  O|cosz|®

Ox Oy 0,

that is
coszsinz =0 and sinhy=0.

If cosz = 0 then cosz = 0 and we have a minimum. So sinz = 0 and cos?z = 1.
The Hessian at such points is equal to

8% cos z|? 82| cos z|?
_ oz2 Oz dy
H= 8% cosz|? 9% cosz|?
Oz dy 0y?

_ [—2(cos® x —sin® z) 0
N 0 2(sinh? i + cosh? )

(-2 0
~\0 2)’
since sinz = sinhy = 0, and we have a saddle point. The formulas for sin z and

|sin z|? and the fact that |sinz| has no local maximum are proved in much the
same way. O

We note that |sin z|? can be computed also as follows. First remark that
sin(z) = sin z.
Then, write

sin z 2= sin z sin 2z
| |
1

=, (cos(z — z) — cos(z + 2))

; (cos(2iy) = cos(2z))

cosh(2y) — cos(2x)
2 )

which coincides with (1.2.17).
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Solution of Ezxercise 1.2.6. We have

. . z1 + 22 . 21 — %9
sin z; — sin zo = 2 cos 5 sin 5

zZ1+22 T
52 €5 +mk, or
Z1—Z2
5?2 enl. 0

and hence

Sin z; = sinzg <= {

Solution of Ezercise 1.2.7. (a) Set z = = + iy. By Exercise 1.2.5,
cos z = cos x coshy — i sinx sinh y.

Hence we have
coszcoshy =0 and sinzsinhy = 0. (1.6.6)

The function coshy has no real roots, and therefore we have cosz = 0, and thus
sinz = £1. Therefore the second equation in (1.6.6) leads to sinhy = 0. Thus,

2k +1
T = N m, ke€Z, and y=0.

(b) Still by Exercise 1.2.5 we have
sinzcoshy =5 and coszsinhy = 0.

In the second equation, y = 0 would lead to sinx = 5, which cannot hold for real
x. Therefore, x = 7/2 + 2knw (k € Z), and y = arcosh 5.
(c) The best procedure is to solve the equation
e — e % = 2iz;, where we have set zy = a + ib.

This is equivalent to . .
(e%)? — 2izpe™* — 1 =0.

Hence
X 2izo £ A/—422 +4
iz = <170 \/2 S :izoi\/lfzg.

izoi\/l—zg

is always different from 0, and thus one can then find z, for instance in terms of
the polar representation of izg £+ \/ 122

(d) We have seen in (¢) above that the range of sinz is C. Because of the
periodicity and of Exercise 1.2.6, it is enough to restrict sin to the closed strip

We note that the number

L={(z,y);z € [-n/2,w/2] and ye R}
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to obtain all of C as range. From Exercise 1.2.5 we have

sin(z + iy) = sinx coshy + i cos x sinh y,

and hence the image of the line 2 = —7 (resp. x = 7) is the line (—oo, —1) (resp.

(1,00)). Note that sin z is not one-to-one on these lines. We now show that sin z is
one-to-one and onto between the asserted domains. In view of Exercise 1.2.6, the
function sin z is one-to-one in the open strip

L={(z,y);x € (—7/2,7/2) and yeR}.

In view of the discussion at the beginning of the proof, the image of this open strip
is exactly C from which the lines (—oo, —1) and (1, 00) have been removed. O

Solution of Exercise 1.2.8. Using (1.2.12), we have

sin x cos(iy) + cos x sin(iy)
tanz = . . N
cos z cos(iy) — sin z sin(iy)
sinx cosh y + i cos z sinh y

cosx coshy — isinxsinhy’
and the computation is finished as in Exercise 1.1.12 to obtain (1.2.18):

sin(2x) , sinh(2y)

t = .
anz cos(2x) + cosh(2y) Zcos(29v) + cosh(2y)

We now consider the second question, and show that
tan(L) =C\{z=it,teR and |[t| > 1}.
The function tan z is well defined in L. Furthermore, for z € L,
tanz € {z=1it,t € R and [t >1}
(note the inequality > and not >) if and only if z = 0 and

sinh 2
| .

> 1.
1 4 cosh 2y

This inequality never holds for real y. Finally the points £i correspond to the limit
of tan(+iy) as y — +oo. This shows that the image of L under tan is included in
the set C\{z =it,t € R and [|t| > 1}. To show that equality holds, we use the
fact that the function sin z has range the whole complex plane (see the previous
exercise). More precisely, let u € C\ {z =it,t € R and |[¢f| > 1}. Then

2
tanz = +u <= sin’z=u%(1 —sin?2) <= sin’z= .
1+u
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The number z € ig + iR if and only if 11; is real and of modulus greater than
1, that is, if and only if u = it with ¢ € R and [¢t| > 1. Thus we can always solve
2 u?

sin“z= ¥, in L.

We now turn to the third question. Let z € L;. We have

|tan z| <1 <= sin?(2z) + sinh?(2y) < cos®(2x) + cosh?(2y) + 2 cos(2z) cosh(2y)
= 1 —cos?(2x) + cosh?(2y) — 1 < cos?(2z) + cosh?(2y)
+ 2 cos(2x) cosh(2y)
<= 0 < 2cos(2z)(cos(2x) + cosh(2y)).

This last equality is automatically met when x € (=7, 7), and therefore the image
of L1 under tan is the open unit disk. O

As a complement, we now compute the image of the boundary of the strip
L,. For x = w/4 we have in view of (1.2.12),
. 1 + i sinh(2y)
tan(iy + = 1.6.7
(iy 4) cosh(2y) ( )
which is of course of modulus 1. When y goes through R, equation (1.6.7) is a
parametrization of the part of the unit circle in the right half-plane. The case
x = —m/4 gives the other half of the circle. The points +i correspond to y going
to infinity. We note an important difference between the behavior of tanz in L
and Li. In the first case, tan z is not one-to-one onto its range, while it is in the
second case.

Solution of Ezercise 1.3.1. Denote by C the left side of (1.3.1), by S the analogous
sum with sin instead of cos, i.e.,

g — i T . 3w . om LT .
= sin 11 —+ sin 11 + sin 11 —+ sin 11 + sin 1’
and set
™ L. i i
€ = cos 1 +28In 1 =el1,
Then, e'! = —1. Using (1.1.53) we have

4 4 1_(62)5
Cris=Yy e =y @r =T
n=0 n=0

1—610

:61—62

e (ll

T1_e

e+1

1—e€2
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- 1
C1l—c¢
_ 1—c¢€
_(1*6)(1*6)
T LT
_ l-e :(1fcosll)+zsm11-
2(1—Ree) 2(1 — cos 4 )
11
Hence
.om
1 S1n 1
C = and S = 117r = cotﬂ. O
2 2(1fcos11) 2 22

Solution of Exercise 1.3.2. We set C,, to be the sum to be computed and

n—1

Sy = Z sin(a + (2k 4+ 1)b).
k=0

Since b # 0 (mod 7) we have that €?®® # 1 and we can write

n—1
Cn + ZSn = Z €i(a+(2k+1)b)
k=0
n—1

_ ei(a+b) E (e2ib)k
k=0
2ibn
_ (el e
=e )
1 — e2ib
ibn ,—ibn ibn
- i(a+b) e e — e
=€ b p—ib _ gib
e’L e 0 __ e’L
bn o3
_i(atb) €7 sinbn
=e b
e sinb
_ pila+np) SID bn
sinb

Thus taking real and imaginary parts on both sides, we get the required formula
for C), and also
sin(a + bn) sin(bn)

S =
" sinb

(1.6.8)

Assume now that b = mmx for some m € Z. We have
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n—1
Co iy = 3 elorahaw
k=0

n—1

— ei(a—i—b) Z(e%b)k
k=0

— n(_l)meia

and hence
Cpn=(-1)"ncosa and S, =(—1)"sina. (1.6.9)

It is readily seen that formulas (1.3.2) and (1.6.8) reduce to the formulas in (1.6.9)
when b = 0 (mod 7). More precisely,

. cos(a + bn)sin(bn) . cos(a+bn) bbli(;:;)
lim . = lim )
b—mm s1n(b) b—mm ;:n(b)

cos(a + mnm)n cos(nmm)

cos(mm)

= (—=1)"ncos(a).

When a and b are assumed complex, the previous computations still make sense,
and we still have

_ inb
Cyu + 1S, = ilatmb) S;?n : . (1.6.10)

It is not true anymore that

and one cannot take real and imaginary parts to prove the asserted formula. One
obtains the result by remarking that

Cn(a7b) = Cn(fav 7b) and Sn(a7b) = 7Sn(7a7 7b)7

and identify odd and even parts on both sides of (1.6.10). One could also use
analytic continuation, but this is beyond the scope of the present chapter.

Taking into account the relationships (1.2.12), the choice a = 0 and b = iu
in (1.3.2) leads to (1.3.3). O

We note that (1.3.3) can also be proved directly as follows: Set

n—1 n—1
Ch,, = Z cosh(2k+1)u and Sh, = Z sinh(2k + 1)u.
k=0 k=0
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Then, since coshz + sinhz = e* for x € R (or more generally, for a complex
argument), we have

n—1

Chy + Shy, =) ePFH1

2un
1€
1—e2v

un —un

e —e
eu — e—u
un SINh(nw)

sinh(u)

One obtains formulas for Ch,, and Sh,, by taking the even and odd parts of this
expression, that is

sinh(nu)
sinh(u)

sinh(nu)

Chy, = cosh(nu) sinh (1)

and Shy = sinh(nu)
Solution of Exercise 1.3.3. For the first formula, and assuming b # 0 (mod 27),
we compute

(Z cos(a + kb) ) (Z sin(a + kb) ) Ti(cos(a + kb) + isin(a + kb))
k=0

_ Z ei(a+kb)
k=0

1— einb
1—ei

. einQb e_zn;, _ einb

ia

By taking real parts on both sides, we obtain (1.3.4). When b = 0 (mod 27), the
sum Y, ! cos(a + kb) is clearly equal to ncosa, and this is also the limit

s (nb
sin b cos
lim ( H ) ~cosla+(n—1)_) = 21 pRU cos(a + (n — 1)mm)
b=2mm sin 2 2 2 COS 2 |b=2m7r
—1)m
= n( ) (—1)(”71)’” cosa

(=pm

= ncosa.
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To prove the second formula, we use Newton’s binomial formula (1.3.6)

(a+®”§:<z>a%"ﬂ
k=0
which for 8 =1 leads to
) o
To compute the sum (1.3.5) we write
(Z ( Z ) cos(a + kb)) +1 (Z ( Z > sin(a + kb))
k=0 k=0

_ Z( Z )ei(a+kb)

o (50)~)

_ eia<1+eib)n

. bn b b\
— et (e 12+612)

i(a+nb) ( b)n
= e 2 20052

= 2" (cos b> ety
2

and hence we obtain (1.3.5) by taking real parts of both sides. The case of possibly
complex numbers a and b is treated as in Exercise 1.3.2. O

(a+n”7L<Z

k=0

We note that the proof of the preceding exercise also leads to the formulas

nol ) Sin(gb) ) n—1
Z sin(a +0bk) = % sin(a + b) (1.6.11)
sin 2
k=0 2
and N
Z ( Z ) sin(a + kb) = 2" cos” g sin(a + T;b), (1.6.12)

k=0
as is seen by taking imaginary parts rather than real parts in the arguments.

Solution of Exercise 1.3.4. On the one hand, we have 1 +i = v/2¢!™/* and so

(14 4)" = 2n/2¢inm/4 — gn/2 (cos (”I) +sin ("4”)) . (1.6.13)
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On the other hand,

k=0
DEI AN G .
_ -k -2k+1
= ’(2k>+2’ <2k+1>
k=0 k=0
[n

/2] n [(n—1)/2] n
k . k
(o)) il o ()
k=0 k=0

The result follows by comparing real and imaginary parts of this last expression
with the real and imaginary parts of (1 +14)" as given by (1.6.13). O

Solution of Exercise 1.3.5. Let us denote by A,,, B,, and C, respectively the sums
in (1.3.9)—(1.3.11). Clearly

Ay +Bn+C,=(1+1)"=2" (1.6.14)

Let j = exp(2im/3). We have j2 = 1 and 1 + j + j2 = 0, and so with ¢ = 3k + 1:

=1 if keay,
jt=4 if keby,
it =42 if keec,.
Thus
AT n . n .2 n _ . .2
(1+7) _g; < % >+Jk§ < 341 >+J ; < 3k 4 2 )—AnﬂBnﬂ Ch.
On the other hand
(1+3)" = (=)
= (—1)"exp(4min/3) = (—1)" exp(—2min/3).
Similarly,
2\n n .2 n . n _ .2 .
1+ _g‘; < 3k >+7 k%: < 3k +1 >+3k§ < 3k + 2 >—A”+J BntiCn,

and on the other hand
(145"

()" = (-1
(—1)" exp(2min/3)
(—=1)"(cos(2mn/3) 4 isin(27n/3)).
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We have thus the system of equations

An + B, +C, =2",
Ay 4 jBy 4 j2Cn = (—1)" exp(—27in/3), (1.6.15)
Ap +52B, + jC, = (—1)" exp(2min/3).

Note that the third equation is in fact the conjugate of the second one since j = j2.
Adding the three equations together we obtain (since 1 + j + j2 = 0)

3A, =2" +2(—1)" cos(2mwin/3),

and hence we obtain (1.3.9). To obtain (1.3.10) first multiply the second equation
in (1.6.15) by j2 and the third one by j, and then add up the three equations. To
obtain (1.3.11), first multiply the second equation in (1.6.15) by j and the third
one by j2, and then add up the three equations. O

The reader will have remarked the following: To compute only one of the
sums (1.3.7) or (1.3.8) in Exercise 1.3.4, or only one of the sums (1.3.9)—(1.3.11)
in Exercise 1.3.5, and using only real analysis, seems to be a difficult task. To
compute simultaneously the two sums (for Exercise 1.3.4), or the three sums (for
Exercise 1.3.5), and going via the complex domain, is a much easier task. For a
problem similar in spirit, see Exercise 3.3.4. The same method also allows us to
compute the sums

n n .. — 9n—2 n/2—1 nmw
<0>+(4>+ 2" 42 cos( 4 ),
n n . _ on—=2 nj2—1 (VT
<1> + (5> +.o=2"""42 sin( 4 ),
() (st
n n .. _9on=2_on/2—1 nm
<3> + (7> + 2 2 sin( 4 )

See [143, pp. 51-52].
Solution of Exercise 1.4.2. We use (1.1.29)

|21 + 222 + |21 — 22 = 2(|21]? + |22|?) < 4,

and so
|21+ 22| <4 — |21 — 202 < 3,
since |z1 — 22| > 1. O

We note that one can put strict inequalities in the above exercise, and the
proof goes in the same way.
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Solution of Exercise 1.4.3. Assume by contradiction that
|ze £ 25| > 1 (1.6.16)

for all £,k € {1,2,3}, with £ # k. Then the numbers z; are in particular different
from 0. We claim that, furthermore,

4R, for (#E.
Zk

Indeed, assume by contradiction that for some pair (zy, zx), with £ # k we have
ze/z € R. By interchanging ¢ and k we may assume that |z¢/z;| < 1. Then from

ze

2
=" =] (1= ) > 1,

foul - J1 = =l (0= )

ze ze
lzel -1+ =Tzl - (14 ) >1

Zk Zk

we get
2|Zk|>27

contradicting the fact that |z| < 1. We set
{wi,...,we} = {£21, +29, L2} .

The lines defined by the intervals [0,w;], j = 1,...6, divide the plane into six
angular sectors. At least one of these sectors is defined by an angle less than or
equal to 7/3. Let w, and w be the points which define this sector, and let 6 be
its angle. We have cosf > 1/2; and the distance between w, and wy is less than
or equal to 1 since

|we — wb|2 = |wa|2 + |wb|2 — 2|wg||wp| cos
< Jwa|® + [wp]? = |wa] ws|

<1

To check this last inequality, one can proceed as follows: For u,v € [0,1] the

function u? —uv +v? isequal tov®> <1 foru=0and to 1 +v?> —v <1 for u = 1.
2

Furthermore, its minimum is at the point © = v/2 and is equal to 3Z < 1.

We obtain a contradiction since |w, — wp| > 1 in view of (1.6.16). O

The above argument appears in [60, p. 40]. We note that one cannot replace
the inequalities by strict inequalities in the statement of the exercise, as is seen
for instance by the choice z; = 1,29 = 0 and z3 arbitrary in . Then,

|Zl iz2| =1.
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Solution of Ezercise 1.4.1 (confinement lemma). The proof follows closely the one
given in [60]. Using Exercise 1.4.2, one sees that the result is true for n = 2 (a
different argument would lead in fact to the bound /2 rather than v/3). We proceed
by induction. Assume the result true for n, and let z1,...,z,4+1 be n + 1 points
in the closed unit disk. If |21 + 22| < 1 or |21 — 23] < 1, the induction hypothesis
allows us to proceed with the points (if, say, |21 + 22| < 1),

z1+ 29 and  z3,...,Zp41.

Assume now |z; £ 23| > 1. By Exercise 1.4.2, |z + 23| < v/3, and by the preceding
exercise, one of the points z; 4+ z3 and z5 £ 23 is in the closed unit disk. The
induction hypothesis allows us to proceed with the points (if, say, |21 + 23| < 1),

Z1 + 23,22, 24,25, . - -, Zn41- O

Solution of Exercise 1.4.4. Without loss of generality we assume that the z, # 0
do not lie on the lines z =y = 0. This last condition can be insured by multiplying
all the zy by a common number of modulus 1. This will not change condition
(1.4.2). We set
Ay = {z:eriy, with # > 0, y > 0 and 2 <y2}
= {z = pe?? with p >0, and —7/2 < 6 < 7r/2},

and

AjZEQAo, ]:1,2,3
We have

3

el =2 | 2 Jel

=1 =0 \tea;
and so there is jo € {0, 1, 2,3} such that

n

)CIESO ! (1.6.17)

jeAj, =1
Without loss of generality we assume that jo = 0 (if jo # 0, a rotation of all the
z¢ by a multiple of 7/2 will reduce the situation to this case). In Ay we have

2> = 2? +y* < 297,
and so

|z| < V2y, thatis, y> (1.6.18)

L
V2

DIFTED RS WEE 4;2;%

LeNg leAg leAg
where we first used (1.6.18) and then (1.6.17). O

Thus
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The same exercise, but with the weaker requirement
DILIE Z Kl
LeJ
appears in [123, p. 114]. It is much more difficult to prove that there exists J such

that
1 n
DN
(=1

Led
See [26, Exercice 1, §3, p. TGVIIL.26], [60, Exercise 1.17, p. 34] for the latter.

Solution of Ezercise 1.5.1. Let p(z) = >_;'_, arz". Since p(z9) = 0 we have

p(2) = p(2) = p(20)

ar(z¥ — 2F)  (the term with index k = 0 vanishes)

—

p

[
M:

=~
3l
—

N

k=1

where we have used the equality

m—1
™ —b™ = (a—b) (Z aébm_é> (1.6.19)

£=0

valid for every a,b € C and m € N. Thus we have p(z) = (z — 20)q(z) with

n (=k—1 n—1
(=S a ( ) N g
¢ =0

with

The function ¢(z) is indeed a polynomial; its degree is n — 1 since ¢,—1 = a, #
0. O

Formula (1.6.19) is trivial when ¢ = b. When a # b, (1.6.19) is a mere
rewriting of the formula (1.1.53)

1+Z+...+2m*1:

for a geometric progression with z = a/b.
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Solution of Exercise 1.5.2. To solve the first equation write
1—22 420 =25 =0=1-224+221-2%) = (1-22)(1+ 2.
Thus the solutions are z = +1 and the four roots of order 4 of —1, that is

2%
zmM{WZ>W} k=0,1,2,3.

To solve the second equation we first note that z = 1 is not a solution of it. Thus

l4z44+2"=0+= (1+2+---4+2)1—-2)=0 and z#1
— 1-2=0 and z#1,

where we have used (1.6.19). Hence, the solutions are

2k
z:expi{ 877}’ k=1,...7, (k=0 would correspond to z=1).

Thus the equation has seven roots, which are

s=—1, z=4i, z=+ 1" and =+ "
V2 V2
We now turn to the third equation. If we know the fundamental theorem of algebra
we may already note that the cases n odd and n even will lead to a different number
of solutions, since the equation is of degree n — 1 when n is even and of degree n
when n is odd. We will recover directly this fact in the proof. The number z = 1
is not a solution of the equation to be solved, and so z is a solution of

1-2)"=014+2)" (1.6.20)
if and only if
1 n
z#1 and (+Z> =1,
1—-2
that is, if and only if
1 ™
z#1 and +Z:e2nk, k=0,...,n—1.
1-2
Thus 2mik 2mik
z(1+en )=en —1, k=0,...,n—1.
We have
2mik
en +1=0
if and only if
2mki
™ (mod 27),

n
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that is, if and only if 2k = n  (mod 2), or equivalently, if and only if n is even.
Hence the roots of (1.6.20) are

2wik

en —1
Zk:€27:jk+1a
where k = 0,...n—1 for odd n while k =0,..., 5 -1, +1,...,n—1 for n even.

To solve the fourth equation, we first note that z = 0 is not a solution of the
equation, and so a number z solves

(1—2z)"=2" (1.6.21)

if and only if (1 — z)/z is a n-th root of unity, that is if and only if
17212627jk, k=0,...,n—1,
that is, if and only if
2mik

l=z(14+e¢ "), k=0,...,n—1. (1.6.22)

If n is odd, 27:’“ will never be an odd multiple of 7 and so

2wik

l1+4e» #£0, k=0,...,n—1.

The equation has thus n roots, namely

1
omin s k=0,...,n—1

z =
14+en

If n is even, say n = 2p, the index k = p corresponds to 2% = ir, and thus

(1.6.22) has no solution for k = p. Equation (1.6.21) has then n — 1 solutions,
given by

1
z= ey k=0,...,p—1p+1....2p—1 O
1+evr

Solution of Exercise 1.5.3. (a) Let zo be a root of p. We have

n
p(z0) =0 <= Zagzg =0
=0

n
— Z apzf =0
=0

n

<= Zagzoe =0, since the a, are real,
£=0

< p(z0) =0.
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(b) Since the polynomial 2* — 523 + 1822 — 17z + 13 has real coefficients, it
also vanishes at z = 2 — 3i and hence is divisible by
(z—(2+30)(z — (2—3i)) = 22 — 42+ 13.
Doing the division leads to
2t 5241827 — 1Tz +13 = (2% — 424+ 13) (2% — 2+ 1)
and hence the other two zeroes of the equation are

1+4v3
Z = .
2

Solution of Fxercise 1.5.4. Note that p1(z) = 0, and so we begin with n > 2. We
have

O

2?2 —2zcosa+1=(z—e)(z—e ).
Since the polynomial p,, has real coefficients, it is enough to check that it vanishes
for z = €'*. We have

P () = €™ sina — e sin(na) + sin((n — 1)a),

that is

—ia . eina _ p—ina ei(n—l)a _ e—i(n—l)a

eia _ eina —eta
Pale™) 2i 2 2i
But it is clear that this last expression vanishes.

The proof is almost the same for complex values of a. The fact that p,, (e?®) =
0 does not imply automatically that p,(e~*®) = 0. This last fact, that is

ela _ p—ia _ glina _ p—ina ez(n—l)a _ e—z(n—l)a

—ia) _ ,—ina _ —ta =0
pale™) = e 2i ‘ 2 2i ’
is readily checked. Thus, p is divisible by (z —e%®)(z —e™%) = 22 —2zcosa+1. O
Solution of Erercise 1.5.5. The idea behind the four factorizations is that the
polynomials are real, and hence their non-real roots appear in pairs, which lead
to second-degree real polynomials:

(z — 20) (2 — 20) = 2% — 2(Re 20)z + | 20| (1.6.23)

We focus on the first and third equalities, and leave to the reader the proofs of
the other two.

The roots of the polynomial 22" + 1 are z;, = €', with

k
b= " + " k=0,....2n—1.
2n n
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The roots corresponding to k = 0, ...,n—1 are not conjugate to each other; indeed

a pair of indices (k, k') corresponds to conjugate roots if

T km T k'm
-7 P
2n + n 2n n (mod 2r),

that is
1 k+F
+

n n
which cannot hold if both k£ and k' are between 0 and n — 1.

Thus

=0 (mod 2),

2n—1 n—1
22M 1= H (z —2k) = H(zfzk)(zfzk).
k=0 k=0
But
(z— zp) (2 — 21) = 22 — 2zcos by, + 1,

which concludes the proof of the first equality since

(2k + 1)7r> |

cos 8, = cos (
2n

We now prove the third equality. The roots of order 2n of the unity are

2km km

2r = €expi =expi , k=0,...,2n—1.
2n n

We have zy = 1 and z, = —1. The other roots are not real, and appear in pairs
since p(z) = 22" — 1 has real coefficients (and thus, p(w) = 0 = p(w) = 0; see
Exercise 1.5.3). The roots from k = 1 to k = n — 1 are all different and so the

roots of p(z) are, besides 1 and —1,
zr and zx, k=1,...,n—1.

Thus
n—1

p(z) =+ D=1 [z = 21)(z — z1)

=1

3
|

=(z+1)(z-1) 1_[(,22 —2zRe 2z, + 1)
k=1

which concludes the proof of the third equality since Re z, = cos(

Using formula (1.1.53) for the sum of a geometric series we obtain

2n
2k_l—z

pz) = = L2
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and hence, using the previous arguments to prove the third equality and also using
the third equality itself we have

n—1 . . n—1
p(z) = [J(z = exp Z];W)(z — exp _Zn]m) =[] (2* — 22Re 2 + 1).
k=0 k=1

We now prove (1.5.9). Setting z = 1 in the above equality we have

n—1

km
n= H(QfQCos( n ).
k=1
Recall that L
T
1- = 2sin?(_ ).
cos( ) sin <2n)
Hence
n—1 kr
n= H(272cos( " )
k=1
n—1
km
= | 4sin®
H sin (2 )
k=1
n—1 -
_4n 1 2
kl;[lsm (2n)

and hence the result by taking the square root of both sides since the numbers

k
sin(;r) >0for k=1,...,n— 1. In view of the proof of Exercise 3.6.18 we note
n
the formula
n—1
n km
on—1 = H(l — cos( n ), (1.6.24)
k=1

which follows from the previous arguments. Finally, we prove (1.5.10). We set
z = €' in (1.5.7) to obtain

n—1
_ _ . . _ -
2int it it 21t it
-1= 1 -1 -2
e (e" +1)(e ) I | (e e" cos( " )

k=1

+1).

Thus,
eint(eint 7 efint) _ eit/2(eit/2 +efit/2)eit/2(eit/2 7 efit/2)

f= km
% it(git | =it _ o _
kl_ll et (e +e cos( n )
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Dividing both sides by 2ie‘™ we obtain

sin(nt) = 2 cos(t/2) sin(t/2) 1:[ (2cost — 2 cos(k;)),
k=1

and hence the result. O

One can also try to prove these equalities using only real analysis. For in-
stance, completing the square, we have

241 =2+ V22+1)(22 —V22+1)

and

Brl=0" V22 1) - V2R 4 1)
(z +1)2 2(2—\/2)) ((z2+1)2—z2(2+\/2))

( 2 Z\/Q\/2+1) <z +Z\/2\/2+1>
x <222\/2+¢2+1> <22+Z\/Q+\/2+1).

Still, the complex variable arguments above give more insight as to the factors
themselves.

Solution of Exercise 1.5.6. Assume that the equation has a solution zg with |zg| <
1. Then 5 = —2z3 — 3z, and so

b=~ 25 — 32| < |z20f” +3|20| < 4,
which is a contradiction. O

Solution of Exercise 1.5.7. Let ¢ = max;=1, . n |cj|; By hypothesis ¢ > 0. Let z
be a root of the polynomial equation

2 4 clzn—l 4+ 4c, =0, (1_6.25)
and let u = " Dividing both sides of (1.6.25) by ¢ we obtain
c

Ayn=ly... 4 = (1.6.26)

n
u+
c cn

By definition of ¢ we have |c;| < ¢/. Therefore, (1.6.26) leads to

lul™ < Ju" "t 44 1 (1.6.27)
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Assume that |u| > 2. Then 1/|u| < 1/2. Dividing both sides of (1.6.27) by |u|™
leads to

1 1
1< "4t
|ul |ul
<ty !
< o
<1,

which is a contradiction. Thus |u| < 2, that is |z] < 2max;j—1,..» |cj|; O



Chapter 2

Complex Numbers: Geometry

As is well known, the complex field can be identified with R? via the map
z=x+iy— (x,y).

An important new feature with respect to real analysis is the introduction of the
point at infinity, which leads to the compactification of C. These various aspects,
and some others, such as Moebius maps, are considered in this chapter.

2.1 (Geometric interpretation

Exercise 2.1.1. Describe the geometric object whose vertices are defined by the
roots of order n of unity.

To have a good understanding of some forthcoming notions (for instance,
limit at infinity, or the notion of pole of an analytic function), it is better to be
able to leave the complex plane, and go one step further and add a point, called
infinity, and denoted by the symbol oo (without sign, in opposition to real analysis,
where you have £00), in such a way that the extended complex plane C U {oco} is
compact. The set

CuU {0}

is called the extended complex plane. See Section 13.1 for a reminder of the notion
of compactness. For the topological details of the construction, see Section 13.4. In
the next exercise we discuss the geometric interpretation of the point at infinity,
by identifying the extended complex plane with the Riemann sphere

Sz = {<$1>$27$3) cR3 ;m%+mg+$§ — 1}_

Exercise 2.1.2. For (z1,%2,23) € S2 \ {(0,0,1)}, define ¢(z1,x2,x3) to be the in-
tersection of the line defined by the points (0,0,1) and (x1, x2, x3) with the complex

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_2, 61
© Springer Basel AG 2011
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plane. Show that
T + 129

2.1.1
L, (2.1.1)

SD(I'17 T2, 1'3) =
and that ¢ is a bijection between Sy \ {(0,0,1)} and C, with inverse given by

. 2u 2v w402 -1
o H(u+iv) = ( .

2.1.2
w2+ w2402 4+1"u2+02+1 ( )

Setting z = u + iv, (2.1.2) may be rewritten as
4 z+z z—z |2]*-1
SO (Z) = 2 . 2 b 2 .

[z2+17i(]z]24+ 1) |2]2+ 1

The map (2.1.1) is called the stereographic projection.
The geometrical interpretation of the point at infinity is as follows: The map

© is extended to the point (0,0,1) by

©(0,0,1) = oo, (2.1.3)

and going to oo on the complex plane means going to (0,0,1) on the Riemann
sphere. More precisely, recall that, by definition, a sequence of complex numbers
(zn)nen tends to infinity if

lim |z,| = 400, (2.1.4)
n—oo
that is, if and only if
lim © 1 (zn) = (0,0,1), (2.1.5)

where this last limit can be understood in two equivalent ways: The first, and
simplest, is just to say that the limit is coordinate-wise in R3. The second is to
view So as a topological manifold, and see the limit in the corresponding topology.
See also Exercise 13.1.5, where ¢ allows us to define a metric on the Riemann
sphere, called the stereographic metric.

The intersection of Sy with a (non-tangent) plane is a circle. Note that the
projection of a circle of the Riemann sphere on the plane will not be a circle in
general. For instance the projection of the circle

€Tl = T3,
ot 4ai=1
onto the plane is the ellipse 227 + 23 = 1. But we have:
Exercise 2.1.3. (see [18, Exercise 19, pp. 16-17]).

(a) There is a one-to-one correspondence between circles on the Riemann sphere
and lines or circles on the plane.
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(b) Let S be a circle on the Riemann sphere. Then, (S \ {(0,0,1)}) is a circle
on the plane if and only if (0,0,1) € S and is a line otherwise.

To summarize, via the map ¢~ the point at infinity in the extended complex
plane should be seen as any other point of the complex plane. Furthermore, there
is no difference between lines and circles in the extended complex plane. A line is
a circle whose image under ¢! goes via the point (0,0, 1).

The notion of simply-connected set is central in complex function theory. In
[13, Theorem 4.1], eleven equivalent definitions for an open connected set to be
simply-connected are given. See also [28, Theorem 4.65, p. 113] for a similar result.
In this book, we focus most of the time on the much simpler notion of star-shaped
set, but we will give a number of equivalent characterizations of simply-connected
sets. Recall first:

Definition 2.1.4. A set Q2 C C is called star-shaped if there is a point zg € € such
that, for every z € , the interval

[20,2] = {tz0 + (1 — t)z, t € [0,1]}

lies in €.

The point zg need not be unique. For instance, a convex set is star-shaped
with respect to each of its points.

Theorem 2.1.5. An open star-shaped subset of C is simply-connected.

The first definition of a simply-connected set, which is condition (d) in [13,
Theorem 4.1], is as follows:

Definition 2.1.6. A connected open subset ) of the complex plane is simply-
connected if the set Sp \ p~1(A) is connected (in the topology of Sa).

It is enough to check that Sy \ ¢~ 1(A) is arc-connected.
Exercise 2.1.7. (a) Show that the punctured plane C\{0} is not simply-connected.
(b) Show that the set

Q=C\{{z eRjfz| 2 1} U {iy;y € R, [y| > 1}}

s simply-connected.

The Riemann sphere can also be identified with the projective line. This last
object is introduced in the next exercise:

Exercise 2.1.8. In C2\ {(0,0)} define the equivalence relation:
(z1,22) ~ (w1, w2) <= (z1,22) = c(wy,ws) (2.1.6)

for some non-zero complex number c.
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(1) Show that ~ indeed defines an equivalence relation. We denote by 2 the equiv-
alence class of (z1,22) € C? and by P the set of the equivalence classes.

o

(2) Let (z1,22)€ P. Show that the elements in the equivalence class have all at
the same time either non-zero second component or zero second component.

We denote by A (A stands for affine) the set of equivalence classes for which the
second component in any of its representative is non-zero. Show that the map

22

is a one-to-one correspondence from A onto C, and that its inverse is given by

v (u) =(u.1) ueC. (2.1.7)

The projective line P is the set of the equivalence classes of ~.

Exercise 2.1.9. Prove the claim made in the proof of Ezercise 2.1.3 on the in-
tersection of the plane and S, that is, prove that equation (2.4.2) in Section 2.4
below is a necessary and sufficient condition for the plane and the Riemann sphere
to intersect, and that the plane is tangent to the Riemann sphere if and only if
equality holds in (2.4.2).

2.2 Circles and lines and geometric sets

We recall now the formulas for equations of lines and circles in the complex plane.
In the plane R?, a line is the set of points M = (x,y) such that

ax +by+c=0,

where (a,b,c) € R® and (a,b) # (0,0). Setting

Z+z Z—z
T = and y= .
2 21
we get
az+az+ =0, (2.2.1)
with

a=a—-bieC\{0} and B=2ceR

Conversely, any expression (2.2.1) with («, 8) € (C\ {0}) x R is the equation of a
real line.

Similarly, a circle in R? is the set of points M = (z,y) such that

22 4+ y% —2ax — 2by +c =0,
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where a, b, ¢ are real and such that a? + b? — ¢ > 0. The center of the circle is the
point (a,b) and its radius is v/a2 + b2 — c. In the complex plane we obtain

|2 —a(z + 2) +ib(z — 2) + ¢ =0,
that is,
|2|> = z(a — ib) — z(a +ib) + ¢ = 0,

that is, using (1.6.2),
|z = (a+ib)?=a® +b* ¢

We have just seen two analytic expressions, one for lines and one for circles. There
is an alternative way to write the equations of lines and circles in a unified manner
as

|z — 20| = Az — 1],

where zg # z1 and A > 0. This expression describes a circle when \ # 1, this is an
Apollonius circle, and a line when \ = 1.

Exercise 2.2.1. Show that the set of points
|z — 20| = M|z — z1] (2.2.2)

where A > 0, A # 1 and zg # z1 1s the circle with center and radius

20 — A2z
Y and |1_/\2||20le|

respectively. Show that, conversely, a line or a circle is of the form (2.2.2) for
some choice of A and of zg, 21.
Exercise 2.2.2. Characterize and draw the sets of points in the plane R? such that:

(a) [z —141i]=1.

(b) 22+ 22 =2.

(©) |z =il = [z +1l.
(d) 12> +32+32+10=0.
(e) 2> +32+2+5=0.
(f) 22+32+32+5=0.

) |z] > 1—Re z.

) Re (:(1—3)) < V2.

For a question similar to the last one, see [48, p. 13].

(g
(h
The following is the last exercise of the book [98].

Exercise 2.2.3. Find the image of the unit circle under the map z — w(z) =
z—2z"/n wheren =23, ...
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2.3 Moebius maps

Recall that a Moebius map is a transformation of the form

az+b

p(2) = x4 d

with ad — be # 0. Such transformations are also called linear fractional transfor-
mations, and linear transformations in the older literature. See for instance Ford’s
book [58]. We recall that the image under a Moebius map of a line or a circle in
the complex plane is still a line or a circle. We have already met a special case of
Moebius maps in Section 1.1, namely the Blaschke factors; see (1.1.42), (1.1.43)
and (1.1.44). Finite or infinite products of Blaschke factors (of the same kind) are
considered in Exercise 3.6.14.

The formula
(ad — be)(z — w)

P(2) = plw) = (cz+d)(cw+d)’ (2.3.1)
that is, for z # w,
p(z) —p(w) _ (ad —be)
z—w  (cz+d)(cw+d)’

will prove useful in the sequel.

The first exercise expresses the fact that Moebius maps form a group isomor-
phic to the group GL(C,2)/(C \ {0}) of 2 x 2 invertible matrices with complex
entries factored out by the invertible numbers.

Exercise 2.3.1. Let
agz + by

) ‘€:1727
cez + dy

pu(z) =
be two Moebius transforms. Show that

az+b

pilp(2) = o (2.3.2)

a b\ (a1 b1\ (a2 be
(C d) - (q dl) <C2 dz) | (233)
Sometimes it is convenient to use the following notation: Setting
a b
= e )

aw+b
cw+d

where

we define for w € C

Ty (w) = (2.3.4)
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Equation (2.3.2) can be then rewritten as
Tar, (o, (w)) = Thay aa, (W) (2.3.5)

This equation suggests that infinite products of matrices should be considered,
when infinite compositions of Moebius transforms come into play. See Theorem
3.6.2 for the first issue and Section 11.5 for the second one. The matrices in these
products are usually normalized. Indeed we have:

Exercise 2.3.2. Let ¢ be a possibly degenerate Moebius map, and let
(a1 b1 (a2 b2
M1 = <Cl d1> and M2 = <02 d2>

SO(Z) =Tm, (Z) = TM2(Z)7

for every z in their common domain of definition. Show that there is a complex
number XA # 0 such that

be such that

My = AM;.

Using (2.3.3) we can study in particular the compositions of Blaschke factors
of the form (1.1.42).

Exercise 2.3.3. Let u and v be in the open unit disk . Show that

u—+v
= D 2.3.6
YTt w €5 ( )
and that L+
uv
(bu(2) = | bu(2) (2.3.7)

In Exercise 2.3.13 we compute the n-th iterate of a Blaschke factor of the
form (1.1.42).

Exercise 2.3.4. (1) Let w € D (resp. w € C,.). Prove that b, (resp. By) is a
one-to-one map from D (resp. C,.) onto D.

(2) What happens if lw| > 1 in the first case and Re w < 0 in the second case?

Exercise 2.3.5. (see [120, p. 25], [48, Exercice 33.15, p. 301]). Given two triples of
complex numbers (z1, z2, z3) and (w1, ws, w3) such that

Z[#Z] and wé#wja fOT eaj:1a273a g#]a

show that the map z — w defined by
'LU*U)l.’U)g*'LUQ:Z*Zl.Z;;*ZQ (238)
w— Wy Wz — Wi Z—Z2 Z3—Z1 o

is a Moebius map such that w(z¢) = we for £ =1,2,3.
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Suitably interpreted, the formula (2.3.8) still makes sense when one of the
w; or/and one of the z; is equal to co. For instance, when w; = 22 = 0o we have

w3 — W2 z— 2z

w—wy 23—z
that is
(w3 — w2)(23 — 21)

w = w2 + .
zZ— 2z

Exercise 2.3.6. Show that four points are on the same complex circle (or on the
same complex line) if and only if the number

(21— 22)
(Ezl N 233) (2.3.9)
( )

18 real.

The number (2.3.9) is called the cross-ratio. See for instance [131, Theorem
2, p. 3].

Hint to the solution. Consider the case of a circle.
(1) Prove that the result is true for the unit circle.

(2) Prove that any circle can be mapped onto the unit circle by an appropriate
Moebius map.

(3) Prove that (2.3.9) is invariant under Moebius transforms.

Exercise 2.3.7. For which k € R is the image of the circle |z — 1| = k under the

Moebius map f(z) = lz _23 a line? Find the equation of the line.
-2z

The next result appears in [99]; see also [83, Theorem 7, p. 67]. A natural
approach would be to use the Schur algorithm. See (6.4.6). This approach does
not seem to lead anywhere, and the pedestrian approach leads to a quite short
proof.

b
Exercise 2.3.8. Show that the non-trivial Moebius map p(z) = azid maps the
cz
open unit disk into itself if and only if
lac — bd| + |ad — be| < |d* —|c|*. (2.3.10)

We note the following: For the Blaschke factor (1.1.42), we have
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and inequality (2.3.10) reads as
| = 1(w) + wl| + 1 = [wf’] <1 - Jwf?,

and thus becomes an equality. We note that equality in (2.3.10) may hold even
when the image of the open unit disk is included in, but different from, the open
unit disk. For instance, take the function

z+1
—-z+3’
which appears in the solution of Exercise 6.4.6.
We send the reader to Exercise 14.3.10 for a related exercise. As suggested
by our colleague Dr Izchak Lewkowicz, we propose:
az+b

Exercise 2.3.9. Let ¢(z) = d be a non-trivial Moebius map. Find necessary
cz

and sufficient conditions on a,b,c,d for ¢ to map the open left half-plane into
itself.

Exercise 2.3.10. For which values of zy does the function

z—1
2) =
plz) = _ 0
map the open unit disk into itself?
. az+b - .
Exercise 2.3.11. Let p(z) = d be a non-trivial Moebius map, and assume that
cz

the equation ¢(z) = z has two distinct solutions z1 and z.

(a) Prove that there is a number k € C such that

plz) =z g 2—a (2.3.11)
o(z) — 22 z— 2o

(b) Give a formula for the n-th iterate

powpo---p.
~ ~ -
n—times
(¢) Compute the n-th iterate of
1-3z
plz)= -

Remark 2.3.12. The number k is called the multiplier of ¢ (see [58, (12), p. 10]. For
relations and applications to the theory of automorphic functions, see for instance
[58].
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We now look at the special case where ¢(z) = by, (z), where by, is the Blaschke
factor (1.1.42).

Exercise 2.3.13. (a) Compute the n-th iterate of the Blaschke factor (1.1.42).
(b) What is

lim b,o0b,0---0by.
n—00 ~ -
n-times
In relation with the following exercise, see the Herglotz formula for functions
holomorphic in the open upper half-plane, and with a positive real part there; see
formula (5.5.21).

Exercise 2.3.14. Let w € C\ R. What is the image of the real line under the

Moebius transform *+1¢
z—w

2.4 Solutions

Solution of Ezercise 2.1.1. By formula (1.1.14) with p =1 and 6 = 0 we see that
the roots of order n of unity are

2k 2k
z = cos( 7T)Jrz'sin( 7T), k=0,....,n—1.
n n
The points My, = (COS(QZ”), sin(”ff)), k=0,...,n—1, are on the unit circle, and
are the vertices of a regular polygon of order n, the first vertex being the point
(1,0). O

Solution of Erercise 2.1.2. The equation of the line passing through the points
(0,0,1) and (x1,xe,z3) is

(u,v,w) = (0,0,1) + t(z1, 22,23 — 1) tER.

We want w = 0, and thus

1

1+t(z3—1)=0, thatis, t= .
+t(xs—1) at is .

The result follows. The map is clearly one-to-one. To show that it is onto, let
u+iv € C be given. A point (21, z2,23) € S2\{(0,0,1)} is such that ¢(z1, z2,z3) =
u + v if and only if

x1=u(l —z3) and z9=0v(1— x3).

Thus ) ) )
Wl 4ot = ri+ry 1— x5 :1—1—353_
(1 7£3)2 (1 7£3)2 1 — X3
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Thus
w402 -1
T3 = .
ST 2241
So,
1 _ 2
3= 2 +0v2 41’
and the formulas for z; and zo follow. O

Solution of Ezxercise 2.1.3. Let
ary + bryg +crs =d
be the equation of a plane P in R?. Note that (0,0,1) € P if and only if
c=d. (2.4.1)

Using elementary analytic geometry one sees that the plane intersects the Riemann
sphere if and only if
a? +b? +c* > d?, (2.4.2)

and that it is non-tangent if and only if the inequality is strict in (2.4.2):
a? +b* 42 > d>. (2.4.3)

These facts are proved in Exercise 2.1.9 at the end of this section. Consider now
the image of SN P under ¢:

(u,v) € (SN P) <= ¢ Y(u,v) € SNP,
that is, if and only if it holds that
2au + 2bv 4 c(u? +v? — 1) = d(u® +0v? + 1),
that is, if and only if
(c — d)(u® + ) + 2au + 2bv = c + d. (2.4.4)
If ¢ = d we obtain the equation of a line. If ¢ # d, we rewrite (2.4.4) as

b c+d a? b2 a? 4+ >+ —d?

(wt ot = gt e T emde T emap

c—
which is the equation of a circle since (2.4.3) is in force.

The converse direction is done as follows: Given a line

au+bv =e,
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we consider the plane
ari + bro + exz = e.

Given a circle
(u — a0)2 + (’U — b0)2 = RQ,

we may assume that ¢ —d = 1 in the equation of the plane, and take the plane
apx1 + boxs + crz =d,
where ¢ and d satisfy
c—d=1 and R?>—a2—-bi=c+d O
Solution of Ezercise 2.1.7. (a) The set
S2\ o {C\ {0}}

consists of two points, namely (0,0,—1) and (0,0, 1), and therefore is not con-
nected.
(b) Consider the points

~1(1,0) = (1,0,0),
~1(=1,0) = (~1,0,0),
~1(0,1) = (0,1,0),

~H(0,-1) = (0,-1,0)

H
‘6‘6‘6‘6

in S;. With Q as in the statement of the exercise, ¢~1(Q) consists of the point
(0,0,1) and of four non-intersecting lines which link the points each of the point
A; to (0,0,1). O

We note that the above set is in fact star-shaped with respect to the origin.
In this book, we concentrate almost uniquely on star-shaped sets, and therefore
have given a somewhat informal proof of the above exercise.

Solution of Ezercise 2.1.8. Let z€ P and (21, 22) and (w1, ws) be two elements in

2. Since z1 = cw; for ¢ # 0, we see that z; and w; are simultaneously both zero or
both non-zero. The map ¢ is well defined; indeed, let (21, 22) and (w1, w2) be two

elements in 2. If 2, = 0, then w1 = 0 and ¢(§) = 0. On the other hand, if z; # 0,
then w;y # 0 and it follows from (2.1.6) that

22 w2

21 w1

and so 9 is well defined. The map is one-to-one. Indeed, let 2 and © be two
elements of P, and assume that z#w. Let (z1,22) €2 and (wy,ws) €w. Then, if
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z1 = 0 we have that w; # 0 and so w(g) #+ 1/)(1?)) If both z; and w; are different

from 0,
22

and in this case too, w(g) # w(t%) Finally, the formula (2.1.7) follows from the
fact that u €(u, 1). O

Solution of Exercise 2.1.9. The point with coordinates

( ) da db dc
X Z =
0, Y0, 20 a2+b2+02’a2+b2+02’a2+b2+02

d

= a2+b2+c2(a/,b,c)

belongs to the plane. Let u and v be a pair of unit and orthogonal vectors in R3,
which are moreover orthogonal to (a,b,c). A point (x,y, z) is in PNS, if and only
if

x2+y2+22=1
and

(xr — o,y — Yo,z — 20) = tu+ sv for some t,s € R.

Equivalently,
d

a2+b2+c2(a,b,c)+tu+sv,

(2,y,2) =
and therefore, taking norms of both sides of this equality,

d2 2 2
1= t .
a2 th2eztTE

Thus ) ) ) )

a+b"+c°—d 9 9
=t . 2.4.5
a? + b2 + 2 *e ( )

Thus, the intersection will be non-empty if and only if (2.4.2) is in force, and
reduced to a point if and only if

a®?+v>+ 2 =d2%

Assume now that (2.4.3) holds, and let

R¢&+N+§£
N a? +b%2+c2
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It follows from (2.4.5) that there exists 6 € [0, 27) such that
s=Rcosf and t= Rsind.

It follows that the intersection of the plane P and of the Riemann sphere is the

(a7 b7 C) and radiuS R = \/a2+b2+02—d2 . |:|

circle with center a2 4b2 1 c2

d
a?+b2+c2
Solution of Exercise 2.2.1. Equality (2.2.2) is equivalent to

|2 + |20)% — 2Re 220 = A*(|2]2 + |21|> — 2Re 221),
that is, since A > 0 and A # 1,
20 — A2z A2\ 21| — |20|?
|z|> = 2Re 2z 0 = 21" — Jzol
1-— )2 1— )2

Completing the square we obtain

’z— 20 7)\221’2 B <|zo )\221|>2 Nz = 20

1—X2 1— A2 I D T (2.4.6)

and hence we get the circle of center Z%?;“ and radius R defined by

2 20,12 2 2
2 |20 — A2z | Nz]? = z0|* A B
R ( 1—x )T e Tyl al)

We now study the converse, and focus only on the case of a circle. Let
[z—Q|=R

be the circle of center (2 and radius R > 0. We are looking for A > 0 and zg,2; € C
(with zg # z1) such that

Zo—/\221
Q:
1—-X2 7
A
R = |1_)\2||zole.

From the first equation we get
20 = (1= A2)Q 4 N2z

Plugging this expression in the second equation we obtain

R = >\|Q - Zl|.
We take B
z1=Q+ A\
Then

20=(1=A)Q+NQ+ AR =Q+ )R,
which ends the proof. O
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Solution of Exercise 2.2.2. For (a) we have the circle with center (1,—1) and ra-
dius 1. Equation (b) can be rewritten as % —y? = 1, and so we obtain an hyperbole.
Case (c) is the line orthogonal to the interval (0,1) and (0,—1) and passing by
the middle of this interval, i.e., it is just the real line. More misleading are (d), (e)
and (f). The equations look like the equation of a circle but this is not the case.
For (d) we have the empty set. Indeed, we have

|22 +324+32410=0 < [2+324+10-9=0
— |[z+37+1=0.

Equation (e) becomes in cartesian coordinates
2?4y +dr+y+5+iy=0.
Equating real and imaginary parts to 0 we obtain
4y’ +4r+y+5=0 and y=0.

The equation 22 + 4z + 5 = 0 has no real solution, and so (e) also corresponds to
the empty set. We leave (g) and (h) to the student, and turn to (f). Condition (f)
is equivalent to

Va2 +y2>1—u. (2.4.7)

If 2 > 1, every y meets this condition. Assume now that x < 1. Equation (2.4.7)
is then equivalent to
22+ 9% > (1—x)?,
that is, to
y? > 12z (2.4.8)

We already know that x < 1. If x € (% , 1), every y meets this condition. If z < ;,
we get the points strictly outside the parabola defined by (2.4.8) and for which
x < 1/2. All together, the set is the complement of the points inside or on the
parabola 3% = 1 — 2. O

Solution of Exercise 2.2.3. Write z(t) = €', with t € [0,27], and w(t) = z(t) +
iy(t). We obtain

1

x(t) = cost — N cos(N't),
1

y(t) = sint — N sin(N't).

These are the parametric equations of an epicycloid, described by a point on a
circle of radius ,, rolling over a circle of radius 1 — L. See also for instance [108,
Exercise 7, p. 421]. O
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Solution of Ezxercise 2.3.1. Indeed,

a1p2(z) + b1
c1o2(z) + dy
asz + bay
a1022+d2 + b1
asz + ba
“ oz + do
a1 ((IQZ + bg) + by (CQZ + dg)
c1(a2z + ba) + di(caz + da)
(arag + b1ca)z + a1be + bids
(Clag —+ dlcg)z + ¢1bo + di1d2
az+b
cz+d’

a b\ _ far b1\ (az bo
Cd_01d1 ngg.

P1(p2(2)) =

+dy

where

O

Solution of Ezxercise 2.3.2. We have for all z € C where both functions are defined:

a1z+b1  asz+ by

SO(Z) - c1z +dp - CQZ"’dQ'

Hence,

22(a102 — azcl) + Z(Cbldg — aody + caby — bzcl) + bidy — body = 0.

(2.4.9)

One can proceed by remarking that the coeflicients of the above polynomial are all
equal to 0, and then by distinguishing various cases. We will chose another avenue
to solve the problem (we will make use of limit at infinity; technically speaking,

we will see this notion really only in the next chapter). With

_012+d1
_022+d2’

and taking into account (2.4.9) we have

(5 &) () = esemn (V)
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Take now two points u and v, with u # v, at which all the expressions make sense.
We have

a1 b u v\ _ faz by uX(u) vX(v)

C1 d1 1 1 B C2 d2 X(u) X(’U) ’
Thus

()= ) ) Gw) e

a b uX (u)—vX () wu(X(v)—X(u))
_ 2 2 u—v u—v (2 4 11)
co dg X(u):X(v) uX('u):vX(u) . cE

It will appear from the proof that X (z) is a constant, but we do not know this at
this stage. Without loss of generality, we may assume that

lim X (z) # oc.
Z—00

Indeed, if
lim X(z) = oo,
Z— 00

then
e I

and replacing X by 1/X amounts to interchange the indices ; and ,. Letting
u — 00, and then v — oo in (2.4.11) we obtain

a1 by - az b
(o B)=xeo ()
Hence, X (00) # 0 (otherwise, ¢ will not be defined) and we obtain the result by

setting A = X(loo). O

Solution of Exercise 2.3.3. It suffices to note that

1 —u 1 —v\ (14w —(u+v)
—u 1 —v 1) \=(u+v) 14w J°
Then, the associated transformation is

(1+uv)z—(u+v):1+uvbw(2). 0
—z(u+v)+14+uv 14wou

Solution of Exercise 2.3.4. It follows from (1.1.49) with z = v that b,, sends the
open unit disk into itself. It follows from (2.3.6) and (2.3.7) that
bu (b-w(z))
bow(buw(z))

2,
2,
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for z € D. The first equation shows that b,, is onto and the second equation shows
that b,, is one-to-one.

When |w| > 1, the map b, is one-to-one from D\ { | } onto {z;|z| > 1}. The

limiting case w = oo corresponds to b(z) = l, which is a one-to-one map from
D\ {0} onto {z;|z| > 1}.

The case of B,, is treated in a similar way. O

Solution of Exercise 2.3.5. Solving w in function of z in the above expression leads
to

Z— 21 Z3 — 29 W3 — W
w1 — wWa . .
w(z): Z—Z9 23— Z1 W3— W2
1 Z—2Z1 23— Z2 W3 — W1
Z— 22 23— Z1 W3 — Wy
23 —R2 W3 — W
(z — z9)wy — wa(z — 21) - .
23 — 21 W3 — w2
23 — 29 W3 — W1 :
(z—2z2) — (2 —21) .
Z3 — 21 W3 — W2

Hence, z — w(z) is indeed a Moebius map. One checks that w(zy) = z, for
{=1,2,3 by direct computation:

Z3 — 2o W3 — Wi
(21 — z2)w1 —wa(z1 — 21) - :

_ Z3 —Z1 W3 — W2
wz) = Z3 —Z2 W3 —wi
(21—2’2)—(21—21)~ .

Z3 — 21 W3 — W2z
_ (51— z)un
(21 — 22)
= wW1.
23— R2 W3 —w
(22 - Zz)wl - w2(22 - 2’1) . :

(Z)Z 23 — 21 W3 — w2
wiz2 23 — 29 W3 — W
(22722)7(22721)~ .

Z3 —Z1 W3 — Wy
zZ3 — 22 W3 — W1
—wy (22 — 21) - .
— 23 — 21 W3 — W2
- zZ3 — 29 W3 — W1
7(22721). .
Z3 —Z1 W3 — W2
= W2.
zZ3 — 29 W3 — W1
(23722)w17w2(23721)~z e —w
’LU(Zg): 3 1 3 2

Z3 — k9 W3 — W
(23722)7(23721)~ .
Z3 —Z1 W3 — Wy
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w3 — W1
_(2’3 Zz)wl w2(23 2’2) ws — we
- w3 — W1
23 — 22) — (23 — 29) -
(2 = 22) = (3 = 22)- =
w3 — W1
wp — w2 -
— w3 — w2
1_w3_w1
w3 — W2

wy (w3 — w2) — wa(wz — wy)
w3 — Wg — W3 + Wi
U}3(’u}1 —wz)
w1 — w2
= ws. O

Solution of Ezxercise 2.3.6. We follow the hints given after the exercice, and focus
on the case of a circle. We first assume that the four points are on a common
circle. For the unit circle, we can always assume that one of the points is z; = 1,
and so we have to check that for any t2,t3 and ¢4 in (0, 27),

(1 _ eitz)(eitg _ eit4)
(]_ _ eitg)(eitg _ eit4)

is real, that is, to check that

(1 _ eit2)<eit3 _ eit4) (1 _ e—itz)(e—itg _ e—it4)

(1 _ eitg)(eitg _ eit4) (1 _ efitg)(ef’itg _ ef’it4) :

This is checked by multiplying both the numerator and denominator of the right
side by e®2eitseits,

Let now |z — 29| = R be the equation of another circle. The Moebius map

¢(z) = *;° maps this circle onto the unit circle. We now check the invariance of

the cross ratio using (2.3.1). Indeed using this equation we have
p(21) — p(22) =
p(21) — p(z3) =
p(22) — p(za) =
p(z3) — p(z4) =

and hence the result by a direct computation.



80 Chapter 2. Complex Numbers: Geometry

Still for the case of a circle, we consider the converse statement: Let there
be therefore four pairwise points for which (2.3.9) is real. The first three points
determine uniquely a circle, which we move, via a Moebius map, to be the unit
circle. The corresponding quotient (2.3.9) does not change. So we are left with the
following question: Given four pairwise different points for which the quotient is
real, three of them being on the unit circle, show that the fourth is also on the
unit circle. We set z; = €1 29 = €92 23 = €% where 01,0,05 € [0,27) are
pairwise different. We have thus:

(efwl _ efwg)(efwl _ ef’ieg) (ewl _ ei92)(ei91 _ eieg)

(e~ — e=ifa)(e=i0s — z;) (il — ifa)(eifs — z;) °
Applying the previous exercise with the Moebius map ¢(z) = 1/z we see that

ple) =e %, j=1,23,

and so z4 = p(z4), i.e., |z4] = 1. This concludes the proof. O
-3 3
Solution of Exercise 2.3.7. Set w = “ . Then, z = W . The condition
1—-2z 142w
w+ 3

|z — 1| = k becomes thus
1+ 2w

— 1' =k, ie.,

|lw+ 3 — (1+2w)| = k|1 + 2w,
which can be rewritten as

1
2—w| = 2kfw+ |

1
Hence, we obtain a line if and only if k& = 5 The equation of the line is |2 — w| =
3
4
If one wants only the value of k but not the equation of the line, a shorter
way is as follows: We know that the image of the circle is either a line or a circle.

1 .
|w + 2|, ie,x =

It will be a line if and only if it is not a bounded set, i.e., if and only if z =
1
o

2
1
belongs to the circle [z — 1| = k, i.e., |2 — 1] = k. Hence k = O

Solution of Ezxercise 2.3.8. By hypothesis, ad — bc # 0 and thus the map z — w
is invertible, and its inverse is given by

wd — b

Z = .
a — cw
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We know that |z| < 1 and want to find a necessary and sufficient condition for the
set of images w to be in the open unit disk. We have

2] <1 <= 2> <1

— |wd —b* < |a — we|?

2.4.12
< |w|?|d* + |b|* — 2Re (bdw) < |w|*|c|* + |a]* — 2Re (acw) ( )
<~ |wl*(|d]* = |c|*) — 2Re {(bd — ac)w} + [b]* —|a|* < 0.
At this stage we pause and remark that, necessarily, |c| < |d|. Indeed, if |d| = ||,
the above can be rewritten as
—2Re {(bd — ac)w} + [b]* — |a|* < 0, (2.4.13)

which is an unbounded set (in fact, a half-plane). Note that necessarily
(bd — ac) # 0.

If it is equal to 0, then on the one hand (2.4.13) leads to |b| < |a| and on the other
hand we have

bd — ac = 0 = |b||d| = |al|c|
|al

= ldl = Iel

which together with |d| = |¢| leads to |a| = |b|.

d
If |¢| > |d|, the point — is in D, and ¢ has a pole at this point. Thus the
c

image of D by ¢ cannot be bounded. So |c| < |d|. We divide both sides of (2.4.12)
by |d|? — |c|? and obtain

< 0.

_ 2|12
wl? — 2Re { bd — ac } [6]* — |a]

df? = e S T JdP — [P
Completing the square we obtain

bd — ac ?

Jd? el

7|b|27 |a|? bd — ac
|d? = lel* ~ |1d]? —[ef?

@
We have

7|b|2 — |a? bd — ac
|d? = lel* ~ |1d]* —[ef?

(bl — lal)(JdP ~ [e?) + [bd — acf?
(d]? — |e]?)2

~ ad — bef?
(ldP* = le[*)*
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Thus the image of the open unit disk is the open disk of center

S bd — ac
O dP — Jef?
and radius
— |ad — be]
DT dP — e

This open disk will be included in the open unit disk if and only if
|wo| + 7o <1,
which can be rewritten as
|bd — ac] |ad — be|
<1.
e N e

Multiplying both sides by the strictly positive number |d|?—|c|* we obtain (2.3.10).
]
Solution of Ezxercise 2.3.9. The map

1—=2

z = @o(z) = 1tz

is one-to-one and onto from the open unit disk onto the open left half-plane, and

b
is equal to its inverse. Therefore the map ¢(z) = azi  maps the open left half-
cz

plane into itself if and only if g o ¢ o0 ¢y maps the open unit disk into itself. In
view of (2.3.3) the coefficients of ¢g o ¢ o g can be chosen to be

-1 1\ fa b\ (-1 1\ (—-a—-b—c+d —-a—b+c+d

1 1)\c d 1 1) \-a+b—c+d a+bt+c+d )’
Applying (2.3.10), we obtain the condition
[(b—d)(a+c)+ (a—c)(b+d)|+2lad—bc| < (a+c)(b+d)+ (a+c)(b+d). (2.4.14)

We note that, in (2.4.14), equality will hold in particular for

1

= d =
) =z+w and p(z)= .

where w + w > 0. O

Solution of Exercise 2.3.10. Of course, from (2.3.10) with

a=1, b=-1, c¢=1, and d= —z,
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we know that the condition is
211 — 20| < |20)* — 1. (2.4.15)

We reproduce this result directly as follows: Set

z—1
w = .
zZ— 20
Then
1 —wzg
z = ,
1—w

and the condition |z| < 1 becomes
|1 —wz| < |1 —w|, thatis, |1 —wzl*<|l—w|*.
This in turn can be rewritten as
lw|?|20> — 2Re (wzp) + 1 < |w|*> — 2Re (w) + 1,

ie.,
lw|?(|z0|* = 1) — 2Re w(zp — 1) < 0. (2.4.16)

Now, if |z9| = 1 the above inequality defines a half-plane, and cannot be inside
the unit disk. Assume now that |zo| > 1. Then (2.4.16) becomes

2 Zo—l
— 2R <0,
et ‘”UQmPl)

ie.,

zZ0 — 1 2 zZ0 — 1

20> =1 20> =1
Thus the image of the open unit disk is the open disk with center C' = |ZZ()‘)|;E1
and radius R = | ‘ZZOO‘;_ll |. This disk will be inside the open unit disk if and only if

|C]+ R < 1, that is
|20 — 1]

2
2012 — 1

<1,

which is (2.4.15) since |zo| > 1.

Assume now |z| < 1. Then (2.4.16) becomes

2 20—1
|w|® — 2Re (w (|Zo|2 1)) > 0.

This can be rewritten as




84 Chapter 2. Complex Numbers: Geometry

and thus defines an unbounded set, and cannot be in the open unit disk. Thus
zp cannot be of modulus strictly less than 1, and the necessary and sufficient
condition is (2.4.15). O

Solution of Exercise 2.3.11. (a) In view of formula (2.3.1) we have

p(z) =21 p(2) —o(
p(z) =22 p(2) — p(22)

(z — z1)(ad — be)

~ (ez+d)(cz1 +d)

(2 — z2)(ad — be)
(cz+d)(cza +d)

o zZ—z1

h kz — Z9

with rd

CZ9

= . 2.4.1
cz1+d ( 7)

(b) Denote by ¢°"(z) the n-th iterate of . Iterating (2.3.11) we have

©°"(z) — =1 z— 2z
on(e) — = (2.4.18)
and hence
Z21— 2 k”z A
on(3) = 1 2 z—zy _ z1(z — z9) — 22k™(z — z1)
v 1_pn? A z—za—k"(z—z1)
z— Z9
Thus ( - (1)
21— 29k™)z — (1 — k™) z129
on = 2.4.19
o) (1 —k")z — (22 — 21k™) ( )
(¢) When ¢(z) = (1 — 32)/(z — 3) the equation
p(z) =2
has two distinct roots, namely z; =1 and 20 = —1. We have c =1, d = —3 and
ezt d _
ez +d 7
Therefore, from (2.4.19) we have
1+27 1-2"

(1-2"z+1+427"
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We note the following: When |k| > 1, equation (2.4.18) implies that, for
z # 21,

lim ¢°"(z) = 22,
n—oo

while we have
lim ¢°"(2) = =1
n— oo
for z # zo when |k| < 1.
Solution of Fxercise 2.3.13. We use the preceding exercise. For w # 0 (which is
the only case of interest), the equation

bw(2) = z,

that is,

z—w:z—zzw

has two distinct solutions, say z; and z3. Set w = pe*?. Then
0 i0

z1=¢€Y and z9 = —e

The multiplier & is given by formula (2.4.17), and hence equal to

_—w22+1_1—|—p
C—wn+1 1-p

In particular, we see that k is real and belongs to (1, +00). Formula (2.4.19) gives

z—w
by 0byo---0by(z) = "
N ~ - 1—zw,
n-times
where I
w, =€ .
" kn+1
(b) We have
lim w, =%,
n—o0
and thus _
lim by 0by 0 0by(2) = e'?.
n—00 ~ -
n-times
In particular the limit is independent of z € D. O

Solution of Erercise 2.3.14. Let A = Zzw_ful. Then z = )S\w_ful. The number z is real
if and only if it holds that
Aw+1  Aw+1
A—w  A-w

)
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which can be rewritten as
A2 = Xa—Xa+1=0,
with
w]? +1
o= .
w— w

Completing the square we get
IA—al?=]a)* - 1.

It is readily checked that

and we get a circle of center o and radius

B |w? + 1]

R = .
w —wl

The circle reduces to a point when w = =+i. O



Chapter 3

Complex Numbers and Analysis

We begin by discussing complex-valued functions of a real variable. This gives
us more freedom for exercises in the sequel of the chapter. We discuss series and
power series, and introduce the exponential function and the various trigonometric
functions. Infinite products are also discussed. At the end of this chapter, we
therefore will have a number of examples of functions, some highly non-trivial,
which will be shown in subsequent chapters to be instances of analytic functions.

3.1 Complex-valued functions defined on an interval

Let
ft) = u(t) +iv(t) (3.1.1)

where ¢ belongs to an interval I (which can be open, closed, or half-closed), be a
complex-valued function. We recall that f has a limit at the point ty € I if and
only both v and v have limits at the point ty3. The function f is continuous at tg
(resp. in I) if and only if both w and v are continuous at ¢y (resp. in I).

Exercise 3.1.1. Give an example of a map t — z(t) from an open interval (a,b) C R
into C such that lim;_,;, z(t) does not exist, but lim;_,, Re z(t) exists.

Exercise 3.1.2. Let ay,...,a, be arbitrary complex numbers. Show that there is at
least one t € [0,1] such that

n
|1 _ ZakGQﬂikq Z 1.
k=1

The function 172;5:1 are®™*t in the previous exercise is periodic. The result
itself can be extended to the almost-periodic case, as is illustrated in the following
exercise:

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5 3, 87
© Springer Basel AG 2011
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Exercise 3.1.3. Let aq, ..., a, be real pairwise different numbers, all different from
0, and let ay,...,a, be complex numbers. Show that
n .
Vee (0,1), FHeR suchthat |1-— Zakem’“t| > €. (3.1.2)
k=1

Hint. Compute

T—o0

I =
: o ot |2
lim T/o 11 kE:1ake |“dt. (3.1.3)

The function (3.1.1) has a derivative in the given interval if both u and v
have derivatives there, and then

F(t) = o' () + ' (2).

The various formulas of derivation for sum, product and quotient still hold for
complex-valued functions. For instance, for a € R,

(e') = (cosat + isinat)’ = —asinat + i cosat = iae"*.
Exercise 3.1.4. Check that for any zo € C,
(eZQt)/ _ Zoezot.

Differentiation allows us to obtain new and non-trivial formulas from known
ones, as illustrated in the next exercises.

Exercise 3.1.5. Compute for n > 2 in closed form the sums

n—1 n—1
Z kcos(a + bk) and Z ksin(a + bk)
k=1 k=1

Exercise 3.1.6. Compute in closed form

Integration of a complex-valued function along a path in the complex plane
is one of the keystones of complex analysis. In the present section we consider a
preliminary, and much easier notion, namely the integral of a (say continuous)
function of a real variable, but with values in C. We recall the definition of this
integral: If f(¢) = u(t) 4 iv(t) is a continuous function from the compact interval
[a,b] C R into C, one has

/ab F(t)dt < /abu(t)dt +i /abv(t)dt.
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A key property is that
b b
[ sl < [ il (3.1.4)
a a
For instance, the sequence
1 .
/ e™eldt, neN,
0
is bounded. In fact, an easy integration by part shows that it goes to 0 as n goes

to infinity.

It is also well to have in mind the Cauchy-Schwarz inequality in this setting

b b b
| / Fg(t)de? < ( / FOdb) / lo(t) Pdt),

where f and g are continuous on [a,b]. Equality holds if and only if f and ¢ are
linearly dependent, that is,

f&)=0 or g(t)=Af(t) for some complex number .

Exercise 3.1.7. (a) Compute f02 " cos?P tdt.

(b) Using (a), show that
<2p)
im 2/ =o. (3.1.5)

p—oo  22P
The next result would be a direct consequence of Cauchy’s integral formula.
At this stage, the exercise is to be proved from first principles. The exercise is
taken from [36], where it is used as an intermediate tool to prove, without inte-
gration theory, that a complex-valued function which admits a complex derivative
everywhere in an open set {2 admits a power series expansion at every point of .

Exercise 3.1.8. Let p(z) = ZZ:O pezt be a polynomial bounded by 1 in modulus in
the closed unit disk. Show that all |pe] <1 for £=0,...,n.

It is an interesting problem to find necessary and sufficient conditions on
the coefficients py for |p(z)| < 1 to hold for all z in the closed unit disk. This
question is beyond the scope of the present book, but let us briefly discuss it. Let

a(z) = >,y awz’, with ag, ..., a, arbitrary complex numbers. Writing
1 27 ) 1 2 )
it it it
dt < dt
o [, ettt <, [ (e P

we obtain that

n n

n
a0 D pupuk | <D |l

£,k=0 u=max{¢,k} £=0
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which implies the matrix inequality

*

Do 0 0 -+ 0 Do 0 0 0

P11 Do o - 0 P11 Do 0 0
0 0| <In41, (3.1.6)
0 0

Pn Pn—1 Pn-2 - Do Pn Pn—1 Pn-2 - Do

where I, 11 denotes the (n 4 1) x (n 4+ 1) identity matrix, and where M* denotes
the complex conjugate of a matrix M. The above inequality means that

*

Do 0 0 0 Do 0 0 0
P1 Po 0 0 P1 Po 0 0
Lny1 — 0 0]>0
0 0
Pn Pn—-1 Pn-2 - Do Pn Pn—-1 Pn-2 - Do

See Definition 14.3.1 for the definition of a positive matrix, if need be. This in-
equality is not a sufficient condition for p to be bounded in modulus by 1 in the
closed unit disk, but is equivalent to the existence of a power series bounded by 1
in D and which begins with p. The result in the preceding exercise is still true for
infinite power series. This is presented in Exercise 3.4.11. Inequality (3.1.6) is still
true, and expresses that a certain lower triangular operator is a contraction from
£y into itself. See Exercise 14.1.5 for the definition of the Hilbert space £s.

The integrals in the exercises above were on a bounded interval. The following
exercises are related to functions defined on an unbounded interval. If f(t) =
u(t) + iv(t) is a continuous complex-valued function of the real variable t, we say

that the integral
/ F(t)dt
R

/Ru(t)dt and /Rv(t)dt

/0 a1
o t=2)2 2

A follow up of the next exercise is Exercise 5.5.22.

exists if both integrals

converge.

Exercise 3.1.9. Show that

for all z € C\ (—00,0].

Exercise 3.1.10. Let m be a continuous positive function on the real line, subject
to
m(t)dt

3.1.7
R1t2+1<OO ( )
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Show that the integral

Fnl(z) = fz'/R {tiz - i 1}m(t)dt, (3.1.8)

makes sense for z off the real line. Compute Re f,(2).

In preparation to the next exercise, we mention that positive definite func-
tions and kernels are defined in Section 14.3; see Definition 14.3.5.

Exercise 3.1.11. (1) Let w be in the right open half plane C,. (that is, Re w > 0).

Compute
o0
/ et dt.
0

1
24w

(2) Show that the function
(3.1.9)

is a positive definite kernel in C,..

In Exercise 6.5.7 we will see that the function I' defined in the following
exercise is in fact analytic in Re z > 0 (and in fact by analytic continuation,
in C\ {0,—1,-2,...}. In the present exercise, only the proof of convergence is
required. The function I'; called the Gamma function, is a special case of the
Mellin transform. This latter is defined as follows for appropriate functions f
defined on (0, 00):

oo
(NG = [ e (3.1.10)
0
Some aspects of this transform are studied in Exercise 5.3.6.

Exercise 3.1.12. Fort > 0 and z € C we set

7 = ezlnt.

Show that the integral
I'(z) = / t*~te~tdt (3.1.11)
0
converges for every z such that Re z > 0. Show that, for real x > 0, it holds that
I(z+1) =2l (x). (3.1.12)

For a follow-up of this exercise, see Exercise 3.4.14.
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3.2 Sequences of complex numbers
Recall that a sequence (2z,,)nen of complex numbers converges to a number z if?
Ve>0 3N, n>N = |z—2z,|<e.

The number z is unique, and is called the limit of the sequence.

Exercise 3.2.1. Compute, fort € R,

. 1+€it+"'+eint
lim .

n—00 n

With the preceding exercise at hand we will now give an indirect proof that,
for any ¢ # 0 (mod 27), the sequence n +— €™ has no limit. The first item is a
well-known result in calculus and the proof is the same in the complex case.

Exercise 3.2.2. (a) Assume that the sequence (up)nen has a limit £ € C. Show

that the sequence

n n
tends to £ too.
(b) Using (a), show that n +— €™ has no limit for t # 0 (mod 2m).

Exercise 3.2.3. Study the convergence of the sequences

B 2221 kezkt
Zn =
n
and
n )
- kezkt
Wy = -
n2

We make now some remarks: Quite often it is difficult, or even impossible,
to guess what the limit is. A more abstract criterion to study the existence of a
limit is as follows: The sequence (zy)nen converges if and only if it is a Cauchy
sequence, that is, if and only if

Ye>0 3IN, nm>N = |z, — 2| <e.

Most of the methods taught in calculus for real sequences can be seen to hold in
the case of complex sequences, by looking separately at the real and imaginary
part. For instance, if f is a complex-valued function continuous on [0, 1], then

lim 22207{<k/n) Z/lf(t)dt. (3.2.1)

n—oo

IRecall also that if, in a definition, always means if and only if.
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Exercise 3.2.4. Study the convergence of the sequence

n 2nik/n
_ D ko ke

Zn 9

n

The following exercise is easily proved using the notion of radius of conver-

gence of power series; see Exercise 5.6.3 in Section 5.6. The reader should consult
[39] for a direct proof.

Exercise 3.2.5. Let z1, ..., zy be compler numbers different from 0. Show that
m
lim sup | Z MY = max |z (3.2.2)
n—oo T (=1,...,

In particular we have the non-trivial fact: Given any m real numbers ¢4, ...,
t,, we have

m
limsup | Zei"tql/" =1.

n—oo =1

The following exercise is used in the proof of Exercise 3.4.14 to get a formula
for the Gamma function. The first claim is taken from [15, p. 119].

Exercise 3.2.6. (a) Show that

t n
(1— ) <e', telo,n].
n

(b) Show that, for t > 0 the sequence

is eventually increasing.

3.3 Series of complex numbers

We now consider series of complex numbers. See also Sections 4.4, and 5.6, where
various facts on power series are given as exercises. See for instance Exercises 4.4.7,
4.4.9 and 5.6.1 there.

The easiest criterium for convergence of a series with running term z,, is that
the series of positive number |z,| converges. The series is then called absolutely
convergent, and is in particular convergent. For example:

Exercise 3.3.1. Show that the series

& 2n

POPI
2427 4 257

n=1

converges in the open unit disk.



94 Chapter 3. Complex Numbers and Analysis

Exercise 3.3.2. Show that the series
> 1 1
> +
z—mn n
n=1

converges for every z ¢ N. Show that the convergence is uniform on any compact
set which does not intersect N.

The next exercise is taken from [98]; see Exercise 4.19, p. 49 there. In the
proof, one needs the formula of the partial fraction expansion

n—1 n—-1

nz 1
= ) 3.3.1
2" —1 g Z— 2y ( )
where zq, ..., z,_1 are the roots of unity of order n. The proof of this simple result

is postponed to Exercise 7.3.3.
Exercise 3.3.3. Let zg,...,zn—1 be the roots of order n of the unity. Show that

n
Zz}”:O, m=1,...,n— 1.
=0

The next exercise is yet another example of solving a problem in real analysis
by going via the complex domain. But first some preliminary discussion: To find
a closed formula for the sum

— 1
Z (40 + 1)

£=0
or, more generally for the sums
> 1
AL = k=0,1,2,3
k 2(464*]{)') s Ly 4y Iy

one needs only to know the power series expansion of the real functions coshz,
cosz, sinhz and sinz. It is readily seen that

cosh1 + cos1 sinh1 +sinl
0 — 9 ) 1= 9 )
Ay = cosh 12— cos1 and Ay = sinh 12— sin1

(see for instance [141, p. 238] for the computation of A;). Such a simple approach
does not seem to help for computing the sums in the next exercise:
Exercise 3.3.4. Let m,n € N be such that 0 < n < m. Compute in closed form

o0

1

A =
mn (ml +n)!’

~

=0
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For the following exercise you need Abel’s theorem on alternating series:

Theorem 3.3.5. Let (an)nen and (bp)nen be two sequences, of complex and real
numbers respectively, and assume that:

(1) The b, > 0 and the sequence b,, decreases to 0.

(2) There is a number M such that all the partial sums
1> arl < M.
=1

Then the series Zzozl anby, converges.
For the next exercise, we will need inequality (1.2.9).

Exercise 3.3.6. For which real 6 does the sum

0o s
eznG

>
n=1
converge?

The books of Polya and Szegt [118, 119] are a mine of exercises, most of
them quite challenging; here are some of them (see [118, Exercises 36, 37, 38 p.
110)).

Exercise 3.3.7. Assume that the complex numbers z,,n = 1,2,... are in the right
half-plane and that both the series > - | zn, and Y .o, 2% converge. Show that the
series > oo |zn|? converges. Give a counterezample when the z, are not restricted
to the right half-plane.
Exercise 3.3.8. Find a sequence of complexr numbers such that all the series
o2, 2k converge but all the series > o | |2n|* diverge, k =1,2,....
Exercise 3.3.9. Let 0 < a < m/2 and let z, = ppe’®», n = 1,2,..., be a sequence
of complex numbers all different from 0 and such that

—-a <6, <a.

Show that the series Y | zn and Y., |z converge or diverge at the same time.

3.4 Power series and elementary functions

As in the real case, a power series is an expression of the form

Z an(z — 20)",

n=0
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where now zg and the a,, are complex numbers. One now speaks of a disk of con-
vergence rather than of an interval of convergence, and the proof of the following
result is the same as in the real case.

Theorem 3.4.1. The power series
Z an(z — z0)" (34.1)
n=0

converges absolutely for |z| < R with

if imsup,,_, |an|1/" >0,

1
R= {limsupn_,oo lan|t/n? (342)

00, if limsup,, _, o |an |/ = 0.

It diverges for all |z| > R.

Proof. For simplicity, we set zg = 0. We assume that the series converges for some
w # 0. Then, the sequence of numbers (a,w™)nen, goes to 0 and in particular is
bounded in absolute value by a finite positive number, say M. For |z| < |w| we

have Zn
anzn = anwn ( ) y
w
and so
n 12l \"
lanz"| < M wl) (3.4.3)

and the power series (3.4.1) converges absolutely for |z| < |w|. Furthermore, from
|anzn| <M,

we have for every n € N,
|an|1/n . |U}| < Ml/n)

and taking lim sup on both sides we get

lim sup |an|1/" Jw] < 1.
n—o0

It follows that w is arbitrary if limsup,,_, . |an|"/™ = 0 and

1
ol < limsup,, o |an|*/™
otherwise. It follows that the power series converges for every z of modulus strictly
less than R, where R is given by (3.4.2). Let now z be such that |z|] > R. By
definition of the limsup there exists an infinite subsequence of integers (ng)ken
such that |a,, |'/™|z| > 1. In particular |a,, 2™ | > 1 and the power series (3.4.1)
cannot converge. O
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Note that the theorem says nothing on the behaviour of the power series on
the circle |z — 29| = R. This is illustrated in various exercises in the section. See
Exercises 3.4.4 through 3.4.6. The number R is called the radius of convergence
of the power series. It may be equal to 0 (for instance, when a,, = n!), and then
the power series converges only for z = 0 and it may be equal to co (for instance,
when a,, = ﬁ! ), and then the power series converges for every complex number.

The following result is of special importance:

Corollary 3.4.2. Let (3.4.1) be a power series with strictly positive radius of con-
vergence R (possibly, R = oc0). Then, the power series converges uniformly and
absolutely in every closed disk |z — zo| < r with r € (0, R).

Often, and as in the real variable case, there are easier ways to compute the
radius of convergence of a given power series.

Proposition 3.4.3. Assume that

lim %+l (3.4.4)

n—00 |ay,|

exists. Then
— | |an+1|
R n—o00 |an| ’

Assume that
lim |a,|'/" (3.4.5)

n—oo

exists. Then,
L lim |a,|'/".
n—oo
Moreover, we make the following remark: It follows from the proof of Theorem
3.4.1 that R is the radius of the largest open disk with center zg within which the
powers series converges. This gives a geometric (or ”picturial”) way to compute

R. See Exercise 5.6.3.
On the circle |z| = R everything can happen. For instance the series

oo n

=37,

n=1

has radius of convergence R = 1 and converges for every z on the unit circle.
The convergence is moreover absolute and uniform. On the other hand, the power

series
o0
>
n=0

has the same radius of convergence, but converges for no z on the unit circle, since
the running term z" does not go to 0 when z is on the unit circle.
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Exercise 3.4.4. Find the radius of convergence of the power series

> e (3.4.6)
n=0

The topic of Exercise 5.7.5 is to compute in closed form the sum (3.4.6).

Exercise 3.4.5. Radius of convergence of the power series

i 2", (3.4.7)
n=0

Exercise 3.4.6. Radius of convergence of the power series

00
E 22 .
n=0

In the preceding two exercises, the unit circle is the natural boundary of
analyticity: The functions defined by the power series cannot be extended across
the unit circle. See Exercise 6.2.2.

We recall the following result, which states that multiplication of power series
corresponds to the convolution of the sequences of their coefficients.

Proposition 3.4.7. Let

oo

Z (z—20)" and g(z Zb (z — 2z0)"

n=0 n=0

be the two power series, centered at the same point zg, and with strictly positive
radiuses of convergence Ry and Rs respectively. Then, the product fg is a power
series centered at zg, with a strictly positive radius of convergence greater than or
equal to min(Ry, R2). Furthermore,

f(2)g() =Y (Z aébn—é> (z—20)" (3.4.8)
£=0

Proof. The result is really a particular case of Cauchy’s multiplication theorem;
see Section 12.2. Indeed, for z such that |z — 29| < min(R;, R2), both the series

ia(zfzo and Zb (z — 2z0)"

n=0
are absolutely convergent. Since

(z—20)" = (2 — zo)é(z - zo)”_é,

Cauchy’s multiplication theorem then implies that (3.4.8) holds. O
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Exercise 3.4.8. (a) Let (tp)nen, be a sequence of non-zero numbers. Show that

. 1
liminft, = 1
n—00 limsup,, , « ;

n

(b) Let R be the radius of convergence of the series

f(z) = Z anz",
n=0

and assume that a, # 0 for all n € Nyg. What can you say about the radius
of convergence of the series

1
g(z) = Z e
n=0 n
The following is a classical exercise (as most of the exercises presented in this
book); see e.g. [140, Exercice 200 p.75]. It corresponds to set @ = 0 and N — oo
in formulas (3.7.5).

Exercise 3.4.9. Compute, for r a real number of absolute value strictly less than 1
and 0 € R, the sums

S(r,0) = Z r" sin(nd)

and

C(r,0) = Z r" cos(nf).
n=0
On a similar vein, try the following ([140, Exercice 199 p. 75]):

= n (1 —r?)sing
nz::lnr sin(nf) = (1— 2rcosf +12)2° (3.4.9)

Hint. Recall that

z

2 3 _
21422432 +42°+---) = (1— 22

(3.4.10)

There are (at least) two ways to prove this formula. The easiest (but logically
not at this place in the book) is to resort to the general theorem on differentiation
of power series in their disk of convergence and to differentiate the power series of
1/(1 — z). The more direct one is as follows: Start from (1.1.53):

1+Z+-~-+ZN= 1—ZN+1
1—=2
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This is an identity between two rational functions, and we can differentiate to
obtain

1 N+ 1)zN(1 - N+l
142422+ 4 N2N"1 = {( D21 - 2) 2

(122" (1 2y } . (3.4.11)

You may also decide to prove the above formula by induction if you do not
want to allow differentiation of rational functions at this stage. Then multiply
both sides of (3.4.11) by z and let N — oo to obtain (3.4.10). This last equation
will be instrumental to compute (3.4.9). Exercise 4.4.3 is also connected to the
previous discussion.

Yet another way to find closed formulas for (3.4.9) and (4.4.7) is to differ-
entiate term by term the series defining C(r,0) and S(r,8) with respect to 6 or
r. This is legitimate because the derivatives converge uniformly on every closed
disk |z|] < R < 1. For instance, differentiating with respect to 6 both sides of the
formula giving C(r,#) we obtain (3.4.9).

We note that equation (3.4.11) can be generalized as follows; see [135, (3.14),
p. 11]:

E ) SO 0))
oy n 1=z 1—z|Z\ N+n 1—2
and moreover, for |z] < 1,
‘ 2N pz_f N+p-1 z \" ‘< (N +p—1)P7 12|V
Loz i\ Nan J\ =) fI7 =k

See [135, p. 12] for the latter.

As mentioned in [82, p. 205], the formulas of Exercise 1.3.5 can be generalized
as follows (see [125, Exercise 3, p. 127] for j = 0 and [81, p. 210], for the general
case).

Exercise 3.4.10. Let f(2) = > poarz” be a convergent power series with radius
of convergence R. Let n € N and j € {0,...,n — 1}. Show that, for |z| < R,

00 ) n—1__ju w

Sy it = om0 W (2] (3.412)
n

k=0

27

where w = exp "

Exercise 1.3.5 corresponds to f(z) = (1 + z)™. See also Exercise 6.2.9 for a
related question.

Exercise 3.4.11 below is [36, Lemma 4, p. 233]. See the discussion before
Exercise 3.1.8 for more on this exercise. Interestingly enough, the proof uses the
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finite case, i.e., Exercise 3.1.8. It is of course possible to give a direct proof for all
cases, for instance by computing

/% |f (re't)2dt (3.4.13)
0

for r € (0,1). See Exercise 5.6.11 in relation with (3.4.13).

Exercise 3.4.11. Let f(z) = Yo" janz" be a power series which converges in the
open unit disk and assume moreover that

f(z)| <1, VzeD. (3.4.14)
Show that
|an| <1, Vn € Ng.

Exercise 3.4.12. Let m be a continuous complex-valued function defined on the
interval [0,1]. Show that the expression

1
f(z):/o e*'m(t)dt

exists for every z € C and that

0o 1,y
fE =32 Jot Z(t)dt, vz e C. (3.4.15)

n=0
In connection with the previous exercise, see also Exercise 4.2.13.

We have defined the exponential function e* (which we also denote by exp z)
in Section 1.2 by the formula (1.2.3)

e® = e*(cosy +isiny).

As already reminded, one defines in elementary calculus the exponential function
e” in terms of a power series

x
T _
e 75 nl’ z eR.
n=0

In the next exercise we show that this last formula can still be used in the complex
case to define the exponential function.

Exercise 3.4.13. Let z = x + iy € C. Show that

o n

e”(cosy +isiny) = Z z

n=0

" (3.4.16)
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Now we therefore have (1.2.6)
0 L 2\ P
ex(cosy—i—isiny)zz = lim <1+ ) )
: p
n=0
Exercise 3.4.14. Let I denote the Gamma function defined by (3.1.11). Show that

nln®
T =1 R 0. 3.4.17
(Z) 7L1—>H;OZ(Z+1)(Z+TL)’ ¢z= ( )

Hint. (See for instance [15, Exercise 2.6.2, p. 119].) Apply the dominated conver-
gence theorem (see Theorem 15.5.2) to the series of functions

t n
fn(t) = 1p0,n)(t) (1 — ) =
n
where we have denoted by 1jy,)(t) the indicator function of the interval [0, n]:

1, ift € [0,n],
Lion(t) =
0. () {0, otherwise.

The following exercise has a much easier proof using complex integration, see
Exercise 5.2.6. At this stage, we give a proof based on the power series definition
of the exponential, and using real integration of a complex-valued function.

Exercise 3.4.15. Let z1 and zo be in the left closed half-plane. Show that
le*t —e®2| < |z — 22| (3.4.18)

Hint. Show that
1
e —1= z/ e'*dt. (3.4.19)
0
The next inequality plays an important role in certain infinite products; for

the proof, see the solutions of Exercises 3.6.8 and 3.6.10. We repeat the proof for
completeness.

Exercise 3.4.16. Prove that, for every z € D,
11— (1 —2)e?| < |2~ (3.4.20)

Finally, we recall the definitions of the trigonometric functions (1.2.11) in
terms of power series. These definitions are known from calculus classes, when
restricted to a real argument.
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e (_1)n22n+1

sinz = Z
' )
— (2n+1)!

o0
B (71)n22n
cosz = Z (2n)
n=0 (3.4.21)
i 220+l o
sinh z =
|7
= (2n+1)!
coshz =
|
“— (2n)

3.5 Summable families

Before trying to solve the exercises in this section, the reader may want to go to
Section 12.3, where the highlights on summable families are reviewed.

Exercise 3.5.1. Show that

o0

Zn i (71)(1771)21)
21+Z7L:Z 1— 2P ’ |Z|<1'
n=1

p=1
One more exercise related to elliptic functions; see [33, p. 235].

Exercise 3.5.2. Show that the family of functions indexed by 7>

! if (n,q) = (0,0)

qu(z) = 2% 1 B 1 f( )7& (0 0)
(- (p+ig)?  (p+ig2 TPV 7TE

is summable for every z € Z + iZ, and that its sum p(z) satisfies

p(z) = p(z +1) = p(z +1i).

3.6 Infinite products

Infinite products seem to first appear in 1579 in the work of Viete, who proved

2_\/1 1+1\/1 L1 1+1\/1
m V2y2 2V2\2 2y2 2V2

The first to have made a systematic development of infinite products is Euler. See
[122, p. 3] for these and more information.

Recall that the infinite product [];, b is said to converge if the sequence
k=0
[1—_o bx converges to a number different from 0. The infinite product is said to
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converge absolutely if the sequence HZ:O |b| converges to a number different from
0. One can find a number of approaches to infinite products in textbooks. One can
discuss them after developing function theory. In particular using the properties of
the function In(1 — z), results can be proved in a quite short way. See for instance
Lang’s book [90, p. 372]. One can also give conditions in terms of the arguments
of the elements of the products; see for instance [4, Theorem 6 p. 192]. Here, we
focus on the absolute convergence; see [33] and [50, p. 208-209], and mention the
following result:

Theorem 3.6.1. Let (a,)nen, be a sequence of numbers all different from —1, and
assume that

o0
D lan| < oo (3.6.1)
n=0

Then, the infinite product [])—,(1+ay) is absolutely convergent. Let P denote the
value of the infinite product. Then it holds that

oo

N
| [](+an) = P| < e2=n=olanl 3" q,,]. (3.6.2)
= n=N+1

The proof below appears for instance in [33], [50], [110, pp. 284-286]. It has
the advantage of being valid in much more general settings than the complex
numbers. It is important to master the details of the proof because of various
upper bounds which are derived in it.

Proof of Theorem 3.6.1.
STEP 1: It holds that

n

ITTa+a) -1 < {[Ta+la | -1 (3.6.3)
j=0

Jj=0

We proceed by induction: For n = 0 the inequality is trivial. Assume now that
(3.6.3) holds at rank n. Then we have

n+1 n
[TIa+ap) =1 =[{ [TO +a) | O+ ane1) ~1]
j=0 j=0
n
<| H1+aj — 1|+ lansa| | [T+ las])
j=0 j=0
n n
< TTO+1a) | =1 | +langal | T+ las)

J=0 Jj=0
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n
H L+ az]) | (14 |anta]) — 1

n+1

[T +1a) ] -1,

=0

where we have used the induction hypothesis to go from the second to the third
line.

Note that, replacing a; by a;+, we also get for m > n:

ﬁ (1+ap) —1| < ( ﬁ (1+|ak|)> ~ 1. (3.6.4)

k=n+1 k=n+1

STEP 2: We set

It holds that

n
< H elarl < eXkzolanl — K 0,

with K =377 o |ag|.
STEP 3: (bn)nen, s a Cauchy sequence.

Indeed, for m > n and using (3.6.4),

m — bn| = <H|1+ak|> H(1+ak)71|

geK{< 11 (1+|ak|)>1}.
k=n-+1

(3.6.5)

But, we have that
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m
( H (1+ |ak|)> —1 < eXimnplorl g
k=n+1
m
( > |ak|> eXk=n+1 laxl (3.6.6)

k=n+1

< ( Em: Iakl> e,

k=n+1

IN

where we have used the inequality
e <14ze®, x>0,
with z = ZZ;HH la|.
STEP 4: Let rg,71,... € (0,1) be such that Y, ori < 1. Then it holds that

n

n
[Ta-r)=1=-> ", n=0,1,.... (3.6.7)
k=0

k=0

We proceed by induction. For n = 0, (3.6.7) holds trivially. Assume that it holds
at rank n. Then

n+1 n
L0~ = (TTa=rw) a-ne
k=0 k=0

n
>(1- Zrk)(l — rnt1), (since (3.6.7) holds at rank n)
k=0

n
>1- (Zrk) — Tnil,
k=0

where we have used that (3.6.7) holds at rank 2 to go to the last line. This shows
that (3.6.7) holds at rank n + 1, and hence for every n € Ny.

STEP 5: limy_e0 by # 0.

Indeed, let N be such that Y ;- \ |ax| < 1/2. Using the preceding step we can
write for M > N,

[T +a)| = JTA = axh) 21> Jax| > 1-1/2=1/2.
k=N k=N k=N

Hence

[

(1+ar)| >1/2,

k=N
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and so

N e’} N 1
Tinn | = <H|1+ak|> ( 11 |1+ak|> > (H |1+ak|> (3) >0
k=1 k=N+1 k=1

STEP 6: The bound (3.6.2)

N o]
| TI +an) — P] < e2Eimolenl 3 |
n=0 n=N+1
is in force.
This follows directly from (3.6.5) and (3.6.6), and letting m — oo. O

Inequality (3.6.2) is of paramount importance in the study of the conver-
gence of the infinite product, in particular when the a,, are functions of the com-
plex variable. It then follows from (3.6.2) that uniform convergence of the series
>0 olan(2)| in some (usually compact) set K will imply uniform convergence
of the sequence of the partial products. See [12, Proposition 4.10.1, p. 157] for a
complete result related to products of functions, which uses in the proof estimates
on the logarithm function, and not the above estimates.

Theorem 3.6.1 is still valid in a (possibly non-commutative) Banach algebra
with identity, say B, with norm || - || such that

labl] < [lall - llo]],

but one loses a bit the specificity of complex numbers. The proof goes in the
same way, with absolute value replaced by the norm of B. Taking B = CN*¥
with the euclidean norm (or any other norm, since all norms are equivalent in a
finite dimensional vector space) we have the following result, which will play an
important role in Section 11.5.

Theorem 3.6.2. Let (A,)nen, be a sequence of matrices in CN*N such that
det(Iny + Ay,) #0 for all n € Ny and

[ee]
> 1 An] < oo
n=0

Then the sequence of matrices
Pn:(IN+A0)(IN+A1)-~-(IN+AH), n=20,1,...

converges to an invertible matrixz in the norm || - .
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The limit in the above theorem will be denoted by

&Y%
oo

II Un +A4n).

n=0

Because of the lack of commutativity, other choices of partial products are possible.
For instance one could take

Qn=0U~n+An) - (InN+A1)(IN+ A), n=0,1,....

The limit is then denoted by

89

(IN + An)

n=0

An analog of Theorem 3.6.1 does not hold when absolute convergence is not re-
quired, as one sees from the following classical counter-example (see for instance
[125, Exercise 6, p. 294], and [117, p. 43], [18, Exercise 4, p. 226] for item (a)).

Exercise 3.6.3. (a) Show that the infinite product
o0
—_1)"
11 (1 - (=) ) (3.6.8)
n=2 \/TL

diverges, while the series

i (;Tin (3.6.9)

n=2
converges.
(b) Let
1 1 1
Aop—1 = _\/n and ag, = Jn + n n=2,3,....
Then the series Y .-, an diverges and the infinite product [[,—,(1 + a,)
converges.

The next exercise, taken from [4, Exercise 1, p. 193], also deals with an infinite
product of real numbers.

Exercise 3.6.4. Compute, if it converges, the value of the infinite product
o0
1
11 (1 - n2) :
n=2

The following infinite products appear in the theory of fractals; see [84], [44].
It is set for a real variable ¢, but it can be also be chosen complex. For the case
p = 2, see Exercise 3.6.17.
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Exercise 3.6.5. Let p > 1 and t € R. Show that the infinite product

ﬁ cos (p’;) (3.6.10)

converges, with the exception of a countable number of values of t.

Exercise 3.6.6. Show that the infinite product [[;—, (1+ ZZ) converges in the closed
unit disk, with the exception of the point z = —1.

It is important to express analytic functions as infinite products. Exercise
3.6.13 deals with elliptic functions. See [71, Exercice 604 p. 91].

Exercise 3.6.7. Let 0 < |g| < 1. Show that the infinite product

oo

[T—-d")

{=1

converges in C for all z and that it vanishes only at the points z = ¢~¢, £ =0,1, .. ..
Show that the convergence is uniform in every set of the form |z| < r, where
r € (0,1), and that the limit satisfies the functional equation

f(z) = (1 - qz)f(qz). (3.6.11)

See Exercise 3.4.16 for a result related to the exercise below.

Exercise 3.6.8. Let ag, a1, a9, ... be a sequence of complex numbers such that ag =
a1 =1 and
o0
> ant1 — an| < oo. (3.6.12)
n=0

n

Show that the convergence radius of the power series f(z) = ZZOZO anz™ s at least

1. Assume that it is equal to infinity. Show that the infinite product
i z
IT(1-7)rem
n
n=2
converges in C, and that it vanishes only at the points z = 2,3, .. ..

Remark 3.6.9. Sequences which satisfy (3.6.12) are called of bounded variation.
Note that a decreasing sequence of positive numbers is always of bounded variation
since

0o N
Z |ant+1 —an| = lim Z |@nt1 — an
N —oc0
n=0 n=0
N
- Do
n=0

= lim agp—ani41
N —o00

S agp.
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11

y 95 35+ 18 of bounded variation.

For instance, the decreasing sequence 1

The following exercise is a special case of Exercise 3.6.8 and is related to
Euler products.

Exercise 3.6.10. Show that the product

oo

[Ta+ e

n=1
converges to a non-zero number for all z different from —1,-2,.. ..

The solution of the preceding exercise is based on the inequality (3.4.20)
I1—(1—2)e?| <|z[?, for |z]<1.

More generally, define for p € N,

Ey(z)=(1— DeleHa 7). (3.6.13)
The function E, is called a Weierstrass factor, and it holds that

1 —E,(2)| < |2PT, |2] < 1. (3.6.14)
This last inequality is the key to the Weierstrass product theorem.

Exercise 3.6.11. Prove (3.6.14).
Exercise 3.6.12. Show that the infinite product

ﬁ (1 - jn) e v (3.6.15)

n=1

converges to a function which vanishes at the points z = y/n, n = 1,2,..., and
only at these points.

The following exercise is taken from the book of Choquet on topology [32, p
315], [33, p. 299]. The purpose of the exercise is to build a meromorphic bi-periodic
function on C (thus it has a lattice of periods). Such functions are called elliptic.
For more on elliptic functions expressed as infinite products, see for instance [109,
pp- 286-290]. For other exercises on bi-periodic functions, see Exercises 3.6.13 and
7.2.15. See in particular Exercise 7.6.3 where an additive analog of (3.6.16) comes
into play. See equation (7.6.2) there.

Exercise 3.6.13. Let k € C with |k| > 1.
(a) Show that the infinite product

converges for all z # —kf, £ =1,2,....
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(b) Show that
P(kz) = (14 2)P(z).

(¢) Set S(z) = P(2)P(1/2)(1 + z). Show that S(kz) = kzS(z).
(d) Let ay,...,an,b1,...,by be distinct points in C such that

a1 ap = Dby by, (3.6.16)

S(ar1z)---S(anz) B
S(b1z)- - S(bnz) Show that M (kz) = M(2).

(e) Set G(z) = M(e*). What can we say about G ¢

and let M(z) =

The next exercise deals with a very important family of functions, called
Blaschke products.

Exercise 3.6.14. Let zp, z1,... be a sequence of numbers in the open unit disk,
different from 0 and such that

i 1 — |2n]) < o0. (3.6.17)

Show that the product
= (20| 20— 2
3.6.18
};[0 ( Zn 1 — 22, ( )

converges for z in the open unit disk and different from the points z = zp, n =
0,1,....

Exercise 3.6.15. Let zg,21,... be a sequence of numbers in the open upper half
plane, and such that
[e.e]
Z Im z, < 0. (3.6.19)
Show that the product
[ee]
|| (3.6.20)
0 T Zn

converges for z in the open upper half-plane and different from the points z = z,,
n=0,1,....

Remark 3.6.16. Blaschke products play an important role in complex analysis; see
for instance [43], [79], [124]. Blaschke products are examples of analytic functions;
see Exercise 6.6.1. We note that the case where condition (3.6.17) fails is of special
importance. The product diverges, but this means that there is uniqueness in some
underlying interpolation problem.
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You can find examples of infinite products appearing in the theory of wavelets
in [62, %4]. See also Exercise 4.2.9 below.

Exercise 3.6.17. (see for instance [135, Exercise 4 p. 66] for (3.6.21)).
(a) Show that
|2]?

|1 —cosz| < 5 el?l, (3.6.21)

(b) Show that the infinite product
I cos(z/2") (3.6.22)
n=0

converges for every complex number z such that cos(z/2™) # 0.
The following exercise comes from [75, p. 64].

Exercise 3.6.18. The purpose of the exercise is to show that

sinhz = z H k2712 (3.6.23)
ad 422

hz = 1 C. 3.6.24

cosh z ]};[0( + (2k+ 1)27r2)’ Z € ( )

(a) Using formulas (1.5.7), (1.5.9), and (12.7.1), show that for every z € C,

z 2n z 2n n—1 22 1 + COS
1 ) 7<L— ) -9 1 n
( * 2n 2n * H * 4n? km
k=1 1 — cos

(b) Prove (3.6.23) using Theorem 12.7.2.

(¢) Proceed in a similar way to prove (3.6.24), but now starting from (1.5.5).

We note that replacing z by iz in (3.6.23) and (3.6.24) respectively leads to
the formulas

sinz =z H k:271'2 (3.6.25)
S 422
cosz = H(l T (24 1)2772)’ (3.6.26)
k=0

where z € C.
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3.7 Solutions

Solution of Ezxercise 3.1.1. Consider the example of Exercise 1.1.11:

1
14 cost+isint’

z(t) =

where t is real and not an odd multiple of 7. Then,

0
does not exist, but
1
Re z(t) = 5 O

Solution of Ezercise 3.1.2. Using (1.6.3) we have

n n
|1 _ § :a e27rzlct 2 =14+ E |ak| § :ake27rilct . § :aeef%riét
k=1 =1
n E akaee%ri(kfé)t’

k=1
kL

and thus )
1 n ) n
w / 1= ape®™ ™ Pdt =1+ axl*. (3.7.1)
0 k=1 k=1

Note that (3.7.1) is just a particular case of Parseval’s equality. From (3.7.1) it
follows that )
1 Z” ;
1— 2mikt th >1
271'/0 | et ae b 2 1,

n

max |1 — ) ape™ | > 1. 3.7.2
te[0,1]| ; k | - ( )

and hence that

(Otherwise, the integral

L
|1 _ ake2m t|2dt
2m Jo pet

would be strictly less than 1). From (3.7.2) it follows that

n
|1 _ Zakezﬂikt| 2 1
k=1

for at least one value of ¢t € [0, 1]. (]
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Solution of Exercise 3.1.3. We first note that for any real number 5 # 0,
T iBT
1 / Gty — eBT —1
T Jo iBT
and thus
1T,
lim / ePtdt = 0. (3.7.3)
T—o00 T 0

A direct computation shows that
1 [T n . 1 [T n n )
o e me e = | {1 D lakf? = 3 age
0 k=1 0 k=1 k=1
n n
— Z ape K 4 Z akagei(o"“a")t}dt.
k=1

k,e=1
ke

In view of (3.7.3) with 8 = ay and 8 = a — ay, we obtain that

1 T n ] n
lim / 11— ape®™2dt =1+ Y |agp|* > 1. (3.7.4)
fm oy 2 2

Assume now that (3.1.2) was to fail, and let K = sup,cp |1 — > p_; are®*|. Then,
K <1 and we would have

1 (T n _ 1 (T
: _ agit)2 < 1 2 — 2
Tlgr;OT/O |1 kglake |“dt < Tll_{r;OT/O K K* <1,

contradicting (3.7.4). O
Solution of Exercise 3.1.4. Write zo = zg + iyo. We then have (in view of (1.2.4))
zot Qfoteiyot’

€ =€

and the rest is plain by using the usual formulas for computing derivatives:
zot\/ __ xot tyot\/ __ zot Jiyot 1xo (7 yot\ __ . zot
(%) = (e"0'e"0r) = gpe®0te™Or 4 "0 (jyge’¥0) = (xg + iyo)e*". O

Solution of Exercise 3.1.5. We consider the second sum. Differentiating formula
(1.3.4) with respect to the real variable b we obtain

Z_: ksin(a + bk) = -72117 {sin(;) (n Cos(nb)cos(a +(n-— 1)b)

— sin 2 2 2

n—1 . nb, . b
=, Sm(2)sm(a+(n1)2))
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1 b . nb b
—QCOSQSID( 5 )cos(a+(n—1)2)}
-1 . b (n—1 nb b
= n? b {sm(2) ( 5 (cos( 5 )cos(a+ (n — 1)2)
nb

— sin(

: b
5 )sin(a + (n — 1)2))>
+1 cos nb sin b_ cos b sin nb cos(a+ (n — 1)b)
2 2 2 2 2 2
sin "; beos(a + "51b) — (n— 1)sin 5 cos(a + (n — 3)b)
2sin®(})

The first identity is proved in much the same way using (1.3.5), and is left to the
reader. O

We note that the method and formulas are valid only for n > 2. As a verifi-
cation of the second formula, let us consider the case n = 2. On the left side the
sum reduces to sin(a + b), while the formula gives

sin ) cos(a + 3b) —sin b cos(a+ ) _ (sin b)2sin(a + b)sin §

2sin®(}) B 2sin®(})

= sin(a + b),

where we have used the formula
q—p
2 )

More generally, (see for instance [30, Exercice 4.7 p. 76]) one has for a,b,7 € R
and n a positive integer,

cosp — cosq = 2sin

("7 Mysin

nz_:lrk cos(a + kb) = cosa — rcos(a — b) — 7" cos(a + nb) + r" L cos(a + (n — 1)b)
1472 —2rcosb

k=0

TS ¥ sin(a + kb) = sina — rsin(a — b) — r"sin(a + nb) + r"*Lsin(a + (n — 1)b)

— 1472 —2rcosb

(3.7.5)
Solution of Ezercise 3.1.6. We have (see (1.2.9)),

n i(nt1)t

_ 1—
kt __
Zez - 1 — eit

k=0

Differentiating with respect to t both sides of this equality, we obtain:

n

Z . ikt —i(n + 1)€i(n+1)t<1 _ ez‘t) + ieit(l _ ei(n+1)t)
ke =

= (]_ _ eit)Z ’
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and so
n i(n+2)t _ i(n+1)t it
ikt Me (n+1)e +e
> ket = (1 eit)? : (3.7.6)
k=1
(]
it —it

Solution of Exercise 3.1.7. (a) We have cost = ¢ +2€ and so

27 27 it —it\ 2P
/ cos?P tdt = / (e te > dt
0 0 2

_ / (1)
), 2%ernit (3.7.7)

2
1 2p 2p 27 (5)
_ 2i(L—p)t 34
= 92 E ( ) /0 e dt = 2w ,

l 22p
=0
since

1 /% itt-pigs _ ) 0 LFp,
21 0 1

if £ =p.

(b) The dominated convergence theorem (see Theorem 15.5.2) implies that
2

lim cos?P tdt = 0,
p—o0 0

and hence the result. O

Remark. One could also prove (3.1.5) using Stirling’s formula on the asymptotic
behaviour of n! as n goes to infinity. Indeed, Stirling’s formula states in particular
that

n!
lim =1. 3.7.8
n—oo \/2rnn" ( )
en

See for instance [75, (10.17), p. 165] for the precise formula. Write

(22f> _ (2p)!

220 (pl)l4p
(2p)! 1 1 Vimp (2p)*
_ D): L e?r
 VAmp(2p) P 2oAr fomppr
|
6210 p- < ep )

V/2mpp?
ep
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@) 1 /1
 Vdmp (2p)3P) 2 \/ﬂp'

e2p p!

It then follows from (3.7.8) that

()
lim 2/ —o.

p—oo 22

We note that the result given using Stirling’s formula is more precise than the
proof using the dominated convergence theorem.

Solution of Erercise 3.1.8. We compute

n

1 27 i 1 27 )
dt = W=kt 3 dt
o [ et = o [ e

£,k=0

n

1 27 o
= o Z pgpk/o e =Rt gy

0,k=0
n

= Ipel*.
£=0

From the hypothesis, we have

1 27 -
MFdt <1
o | e,
and hence
n
Z |pé|2 S 17
£=0
which implies that each of the py is of modulus less than or equal to 1. O

Solution of Exercise 3.1.9. For a fixed z € C the complex-valued function of the
real variable t,

has derivative
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Let now z € (—00,0). The function f is then continuous on the negative axis, and
for every a € (—o0,0),

1 1

R
1

— as a — —oQ. O
z

Solution of Exercise 3.1.10. We rewrite f,, as (see also (5.5.21))
[ m(t)dt tz+1
fulz) = —i [ T

RZ+1 t—2z
By Exercise 2.3.14, the set
tz+1

t—z’
is a circle, and in particular is bounded, and so f,, is well defined. Furthermore,

, 1 t 1 ¢
Refm(z)__l/{tz_t2+1 _tz+t2+1}m(t)dt

= D
/ |t—z|2

Solution of Exercise 3.1.11. (1) Let w = a + b with a > 0. Then

teR,

7tw| — o ta

le e

and the integral fooo e~ dt converges absolutely. Moreover,
0 R
/ e "dt = lim e "dt =
0 R—o0 Jo

(2) If z and w are in C, so is z + w and so

o 1
/ eft(z+w) _ )
0 z+w

The above expression expresses Ziw as an inner product, and therefore defines

a positive definite kernel. More precisely, let N € N, wy,...,wy € C, and
c1,...,cy € C. We have

N
CypC; _ ]
7 / E cecje tlwetw;) gt
'LU@ + w] 0 ¢ j:1

o N
= / | Z cpe” e |2dt
0 =1

> 0. ]

Z,j 1
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Solution of Ezxercise 3.1.12. Let z = x + iy. We have

|tz71| _ e{(zfl)lnt} _ e(zfl) Int _ ey

The integral fol t*~1dt converges for z > 0, and so the integral fol t*~le~tdt con-
verges absolutely for Re z > 0. As for the convergence at infinity of the integral

(3.1.11)
/ t*~tetdt,
0

we proceed as follows (the same argument will be used later in the solution of
Exercise 6.5.7): Write
pr—lo—t _ e{((azfl)l’;tfl)t}'

For a given x > 0, there exists M > 0 such that

Int 1
t>M=|z-1) |<..
t 2
Then,
Int Int 1
(-1 —1<|@-1)" |-1<—,
t 2
and we have
/ t””*le*tdtg/ e 2dt < co.
M M
Finally, equation (3.1.12) is proved by integration by parts. O
Solution of Exercise 3.2.1. For t =0 (mod 27),
1+6it+~~~+€int B n+1
n oo
and the limit is 1. For ¢ # 0 (mod 27),
Lt et 4oy eint — 1 —ei(njﬁ-l)t)
1—e®
and so
) ) 1 — etnt1)t 2
1 it . nt| _ ) < .
T+e" 4+ +e™| = | it |_|1ien|,
and so
1 it . int 2
| +e ' +---te < 0
n n|l — eit|

as n goes to infinity. O
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To solve the preceding exercise, one could also have used formula (1.2.9)
Ltet 4. et = 2, t#0 (mod 2r).

Solution of Exercise 3.2.2. We recall the classical solution of (a). By hypothesis,
for every € > 0 there exists an integer N such that:

n>N = |u,—{ <¢/2.

For such an IV there exists N1, which can be assumed greater than or equal to N,
such that

— (N + 1)/
neN, = [T NG gy
n
Let n > N;. We have
uO+...+un77’L£
|'Un7£|:| |
n
_|uo+~-~+uN—Nf+ZZ:N+1<“j_£)|
- n
<|u0+~-~+UN*N£|+|ZZ=N+1(UJ.7£)|
= n+1 n
€ — N
<Cq o)
2 n+1 2
<e.

We now turn to (b). Assume that the sequence has a limit. Then, this limit
has modulus 1. But the associated sequence v,, tends to 0, in view of the preceding
exercise, and we have a contradiction. O

Solution of Exercise 3.2.3. If t =0 (mod 27), then

n+1 n+1
Zp = 9 and w, = om

since l+---+n= n(";l). Thus

lim z, = +o0o and lim w, =
n—-+o0o n—-+o0o 2

Now assume that ¢ # 0 (mod 27). We use formula (3.7.6) to obtain

it _ (n+1)t it
e € +eint €

n = n(l — eit)?2 et —1°

Since e has no limit as n — +oo (see Exercise 3.2.2), it follows that the sequence
zn has no limit as n — oo. That same formula for z, also shows that |z,| is
uniformly bounded with respect to n, and hence w,, tends to 0 as n — +oc0. O
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Solution of Ezercise 3.2.4. It suffices to apply (3.2.1)

e Sy _ [
im ; /O Ft)dt

to f(t) = te®™ to obtain that

n—00 27

1 .
lim z, :/ te?™ it = — ' O
0

Solution of Exercise 3.2.5. As already mentioned we send the reader to [39] for a
direct proof. Another proof, using the notion of radius of convergence of power
series, is presented in Exercise 5.6.3 in Section 5.6. (]

Solution of Exercise 3.2.6. (a) For ¢ = 0 or ¢t = n the claim is trivial. For ¢t € (0,n),
we have t/n € (0,1) and we can take the logarithm on both sides. It is thus
equivalent to proving

t+nln(l— )<0, te(0,n).

t
n

Using the power expansion of In(1 — z),

4P
In(1 — z) Z (0,1),
p=1
this inequality is in turn equivalent to
t ot
t+n(— —_  —-)<o0.
+n n  2n?2 )=

This is turn is obvious.
(b) Given t > 0, we take n’s such that 0 < t/n < 1. Claim (b) is equivalent
to showing that the sequence

t
In(1 —
n — nln( n)

is increasing. Once more using the power expansion of In(1 — x), it is equivalent
to proving that

1P NP
—n (;pnf”> +(n+1) (;p(n-i- 1)p> <0.
This in turn is equivalent to checking that

S L)<

2op \mvrpt 1) S

But this is clear. O
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Solution of Ezercise 3.3.1. In view of (1.1.38)

Z2n |Z

|2n
<
2+z”+z5”| —2(1—z2])’

z €D,

2
the series with running term 2(‘f ‘_

hand converges absolutely. O

|T;|) converges for |z| < 1 and hence the series at

Solution of Ezxercise 3.3.2. For z = 0 the series trivially converges since every term
is then equal to 0. Write

Given any z € C there exists ng € N such that
n>ng — |z/n| <1/2.
For n > ng we have:

1 1 z |z] 2|z|
< < .

z—n n n(1—5)|_n2(1—|2|)— n2 (3.7.9)

Hence the series is absolutely convergent. Let now K be a compact set which does
not intersect N. It is included in a closed set of the form

Ko = {lz] < R}\U{|z = n| < ¢},

where we take R ¢ N, and where the n; are the elements of N (if any) such that
Inj| < R. The ¢; are small enough strictly positive numbers. We now take Ny such
that

R/NO < 1/27

and write
e’} N
Z 1 1 Z 1 1
z—n n z—m n
n=1 n=1
> 1 1
+ (n+n)

In this decomposition, we take N > Ny. The first sum, which is finite, is well
defined since the positive integers smaller than R do not belong to Ky. In view
of (3.7.9), the terms of the second sum are bounded by ff;, and hence the second
sum converges uniformly in Ky, and hence in K. O
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Solution of Ezxercise 3.3.3. We have

Zg:em"rtw, (=0,1,....,n—1,
and (3.3.1):
nzn—l S 1
2 —1 P!
But, for |z| < 1,
1 1 - m_—1l—m
= — = — z z .
z— 2 zo(1— 2z, mZ::O ¢

Thus, the m-th coefficient in the power series expansion of >

n—1

—1-m
E Zy .
£=0

The result follows by taking conjugates since

nz" 1 >
g =
k=0
Solution of Ezxercise 3.3.4. Let § € R, and set
X imld
Ammmzzgww+mw n=0,1,....,m—1.

We have

m—1

eeie _ Z €in9Am,n<9)-
n=0

Setting in (3.7.10)

ok
0 =" k=0,...,m—1,
m

we have A, »(0x) = A n. Therefore, we obtain from (3.7.11):
m—1
0 2mink

e " = e m Apn, k=01,...,m—1

n=0

n—1
=0 z—2z,

123

(3.7.10)

(3.7.11)

60 ; . . . . .
Set wy, = e * and zj, = €'%#. This system of equations can be rewritten in matrix

form as
wo 11 .. 1 Ampo
wl o 1 Zl e Zm—l Am,l
—1 m—1
1 m
Wm-—1 “1 “m—1 Amm-1

(3.7.12)
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Since
1+Z@+"'+Z;7171:0) 6:1,...,m—1,

multiplying both sides of (3.7.12) by the row vector
(1 1 .- 1) )

we obtain (since the A, ,,, and in particular A,, o, are real):

A = Ty e cos(sin(TH))
m,0 — .
m

More generally, one computes Ay, , by multiplying both sides of (3.7.12) by the

row vector
(]_ Zn e Z,'T‘il) y

> Lo kw
k=0 “n k
Am.n

and obtains

)

that is,
ZZL:—Ol ecos(?nF) COS(Sin(Q:);k) _ 27Tk)n)

Apn = m O

m
The formula above seems difficult to obtain using only real analysis.

Solution of Evercise 3.3.6. For § = 0 (mod 27) we have ¢ = 1 and the series
diverges. Let us now assume that 6 # 0 (mod 27). Then, we can apply (1.2.9).
More precisely, |1 — e®| > 0 and we have

m - 176im9
inf| __
> em=1
< P ey,
S e M

Thus, condition (2) in Abel’s theorem (Theorem 3.3.5) is met. The sequence
(\}n)neN decreases to 0, and so the first condition is also met, and the series
converges. O

Solution of Ezxercise 3.3.7. Let z, = x,, + iy,. By hypothesis x,, > 0 and so

Z:cn converges —> Zmi < 00 (3.7.13)
n=1

n=1

since 22 < z, <1 for n large enough. Since Y | 22 converges we have that the

series
oo

o0
(@5 —ya) = Rez
n=1

n=1
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converges, and hence so does the series

—Z(x yn +QZ$ Zm +y721):Z|Z7L|2'
n=1 n=1 n=1

Remark that (3.7.13) does not necessarily hold when the z, are not in the
(-1
Vn

(use Abel’s theorem), but > °° | 22 is the harmonic series and is divergent. More
generally, consider

right half-plane. Take for instance x, = . The series ZZO=1 T, converges

ezne

Vn
where 6 is a real number such that both 6 and 26 are not multiples of 27 (take for
instance 6 = 7/4). Here too, by Abel’s theorem, both the series > 7 | z, and

Zp = n=12,...

o0 o0 ;
) e2zn9

2 =2,

n
n=1 n=1

. . o 1 .

converge. But the series with term |z,|* = = diverges. (]

n

Solution of Exercise 3.3.8. (see [118, p. 306]). It suffices to take
627ri0n

= In(n+1)’
where 6 is irrational. (|
Solution of Ezercise 3.3.9. (see [118, p. 305]). Let z,, = x,, + iy,. By hypothesis

Iz <
COS &x

from which follows the result. O

Solution of Ezercise 3.4.4. For |z| > 1 the running term of the series diverges, and
so the radius of convergence is at most equal to 1. It is equal to 1 since the sums

(2p)(_1)2pz2p = Z 2p2°P (3.7.14)
p=0
and
oo 0 _9pt1
2 1( 1)2pHt 2p+l Z
p;) P+ ; 2+ 1

both converge there.
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Another, and quicker way, is of course to apply formula (3.4.2) with
ap = n(=",

Then,

limsup|an|1/" =1. O
n—0o0

The sum of the series in the above exercise is computed in closed form in
Exercise 5.7.5.

Solution of Ezercise 3.4.5. For |z| < 1 we have

[eS) [eS) ) 1
W ! _
PDEEED DT IE

n=0 n=0 p=0

Thus the series (3.4.7) converges absolutely for every z in the open unit disk. It
does not converge for |z| > 1. Indeed, the running term of a converging series goes
to 0, and this is not the case for the series with term

Zpa b= TL!,
Up = )
0, otherwise,

when |z| > 1. O

Solution of Erxercise 3.4.6. The proof is as in the previous exercise. The series
converges absolutely for every z in the open unit disk. It does not converge for
|z] > 1, since its running term does not go to 0 for |z| > 1. O

As mentioned after the statement of Exercise 3.4.6, much more is true: The
unit circle is the natural boundary of the two power series considered in Exercises
3.4.4 and 3.4.6. See Exercise 6.2.2.

Solution of Exercise 3.4.8. We skip the solution of (a). To prove (b), set R_; be
the radius of convergence of g. We have

1 ..
R_1=_. ;= liminf |an|1/”,
lim sup,, _, a1/ n—00

and this last limit is in general different from

lim sup |a,|"/™,

n— oo

so that, in general,

Roy# .
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To illustrate this, consider the sequence

2", if n is even,
Ay = _ . .
37", if n is odd.

We have
1
lim sup |an|1/" =2, liminf |an|1/” =
n—oo n—0o0 3
and
1
limsup|1/an|1/" =3, 1iminf|1/an|1/” = .
n— oo n—00 2

With this choice of a,,, the radius of convergence of the series Z?:o anz™ is equal
to 1/2, while the radius of convergence of the series > ° (1/a,)z" is 1/3.

We note that, in the general case, we will have R_; = 1/R if and only if the
sequence |a,|'/™ has a limit. O

Solution of Ezxercise 3.4.9. We have

C(r,0) +iS(r,0) =y rme™?

T 1 e
_ L—re”
1 —reif|?

1 —rcosf +irsinf
1412 —2rcosf

0

)

and so

1—1rcosf rsin @
C(r,0) = d S(r,0)= . 3.7.15
(r.9) 1472 —2rcosf an (r,6) 1472 —2rcosé ( D)

We refer the reader to formula (8.4.2) for a related computation.

Solution of Erercise 3.4.10. In the notation of the statement of the exercise, we
have:

Z:;é w—juf(wuz) B ZZ;(l) w I (Zi:o amwumzm)

n n

0 =1 u(m—j
- Z am 2™ (ZZ:Ow ( j)> :
n
m=0
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Recall that w = exp 2:?. Thus
s w(m—j) n, ifm—j€nZ,
S o
0, otherwise.
Since j € {0,...,n—1} and m € Ny, we see that in fact m — j € nN when

m — j € nZ. The result follows. O

Solution of Exercise 3.4.11. We follow the proof of Lemma 4 in [36]. Take r and
ro in (0, 1) such that r < 9. For z € D we have that |rz| < r and so (3.4.3) leads

to
r n
lanr"2"| < M( > ,
To

where M = sup,,cy, |an75|. Therefore, given r and e > 0 there exists Ny € N such
that

o0
N > Ny = | Z apr"2"| <,
n=N+1

and so, still for N > Ny and in view of (3.4.14),
N o] o]
| Z anrz"| = | Z anr’z" — Z a2 < 14e
n=0 n=0 n=N+1
Using Exercise 3.1.8 we get

lonl) <

=0,...N.
14 e n =20,

For a given choice of r and € we may let N — oo and then
lan] < (1+€)r", n e Np.
Letting r vary in (0,1) and € — 0 we get that |a,| <1 for all n € Ny. O

We remark the following: Computing (3.4.13) leads to the much stronger
statement
[e.e]
Z lan)? < 1.
n=0

From this last equality the following claim is quite clear: If |a,,| = 1 for some
ng € Ny then

f(z) = an,z"°.

We leave it to the industrious to find a direct proof of this fact.
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Solution of Evercise 3.4.12. Let M = max,¢[o,1) |m(t)|. For a given z € C, let

t"
falt) = ol m(t).
We have ]
z n
]l <M
Since

o n
z

E M| | < 00,
n!

n=0

Weierstrass theorem (see Theorem 12.4.1) insures that

! L& angn > [t (t)dt
/ e“im(t)dt = / (Z ? I; ) m(t)dt = Zz” Jo n?( ) . O
0 0 \,—o ™ =0 n:

Remark. The same result will hold if m is only measurable with respect to Lebesgue
measure, and f[o 1 |m(t)|dt < oo. One then has to resort to the dominated conver-

gence theorem. The same remark holds if we replace m(¢)dt by a general signed
measure du(t) for which f[o 1 dlpl(t) < oo

Solution of Fxercise 3.4.13. Let us denote by 1(z) the power series on the right
side of (3.4.16). Since the series

converges for every z € C, it follows that the series (3.4.16) converges absolutely
in C. We note that for real z, the function ¢(z) reduces to the usual exponential
function from calculus. On the other hand, for z = iy and using the known power
series expansions for siny and cosy for real y, we have

(iy)* | o (iy)*"*! (3.7.16)
>
= cosy + isiny.

We now show that for every pair of complex numbers z; and 29 it holds that

’L/)(Zl + 22) = 1&(21)1#(22) (3717)
To prove (3.7.17), we apply Cauchy’s multiplication theorem (see Theorem 12.2.1
below) to the sequences f,, = (2*/n!) and g,, = (25 /n!). Then,

n

n p_n—p n
27z 1 n! _ (z1 + 22)"
Fognn =3 = ST ,
p;) pIn—p pz:;)p!(n—p)! n!pzzgp!(n—p)! 1%2 nl
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and we obtain
Y(21)P(22) = (2) 2,) (2) jj) = Z;) (2 —;!22) = (21 + 22).

(3.4.16) will then follow with the choices z; = x and 2z = iy since

e”(cosy +isiny) = Y(x)Y(iy) = Y(x + iy) = Z (x J;l'zy)n .
n=0 '

Solution of Exercise 3.4.14. We follow [15, p. 119]. In view of (1.2.6), we have
that, for every t € [0, 00),

lim f,(t) = e 't" 1.

n—oo

Moreover, in view of item (a) in Exercise 3.2.6,

t n
|fn(t)] < <1 — ) t" T < et
n

The dominated convergence theorem (see Theorem 15.5.2) leads to

oo

nlglolo . fn<t)dt:/0 (nlgrolofn(t))dt
= / e Pt
0

=T(2).

It remains to show that

n n 1 2
/ (1 — t> t*ldt = w :
0 n z(z+1)---(z+n)

As suggested in [15] this is done by repeated integration by parts. Indeed, we have
n t\" n "
/ (1— ) tHdtzn/ (1— ) dt
0 n n Jo n z

_ n n—2 z+1
_ n(n—1) / . t t it
n? 0 n z(z+1)

nn—1)---2 /" =+ (n=1)
= dt
nn—1 0 2(z4+1)--(z4+n—-1)
n! n*tn
n"z(z+1)---(z+n—-1)(z+n)

nln
2(z4+1)---(z+n)’
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Solution of Ezxercise 3.4.15. Using Weierstrass’ theorem we can write for z € C,

n+1

oo 00 1 1 e
tn t"
= z”“/ dt:/ 2"t dt

n=0
1
ef—1= z/ et?dt.
0

1
e — 1] < |z|/ et(Re =) gy (3.7.18)
0

so that

Thus,

Let now z; and z; be in the closed left half-plane. Since the formula we want to
prove is symmetric in z; and 29, we can assume without loss of generality that

Re z9 < Re 2.
Then, using (3.7.18) with z = z9 — 21, we have

1
|€Z1 76z2| _ |€Z1| . |ezzfz1 7 1| < |Z2 721|/ et(Re za—Re Zl)dt < |Z2 721|,
0

since we assumed Re z9 < Re 2. O

Solution of Ezercise 3.4.16. We have

22 53
(1—2)"—1=-1+1-2)1+2z+ ol + 31 +--4)
141 5 (1 1 3 (1 1
S ) T s ) T
Therefore, for |z| < 1,
. 1. .1 1

P
e R I T
= |2|2. O

Solution of Ezercise 3.5.1. That the series is absolutely convergent for |z| < 1
follows from

L4zr! = 1—zI" = 1—|z|
Here we want to compute explicitly the sum. We consider the family

np = (—1)P2"HP) p e Nand p € Np.
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For |z] <7 < 1 we have

o0 oo oo 7"’” o0 r
sznﬂ Szl_rn <Zl_
n=1

n=1 p=0 n=1

and so the family (an_p)nen, is absolutely summable. We have
pENg

ZTL

0o 00 oo
’ 1 Zn
n=1p=0 n=1 +

and
(—=1)Pz(1+P)

ZZ“”P Z 1— ,(4p)

p=0n=1 p=0

and hence the result. (|
Solution of Erxercise 3.5.2. We follow the argument in the book of Choquet on
topology; see [32, 33]. For z & Z + iZ we have

‘ 1 1 |_| z2(z—2(p+1iq)) !

(z—(+i9)? (p+ig)?"  '(z—(p+ig)*(p +iq)?

|2[(l2] + 2\/2?2 +q%)
T2 = VPP )0+ P

Fix now R > 0. For (p,q) such that \/p2 4+ ¢2 > 2R and for |z| < R we have

2 2 2 2
2]+ 2vVP* + > <R+ 2P+ ¢* < \/p;q +2¢/p? +¢q% = 5\/p2+q ,
and
2 2 2 2
Izl = VP2 + 2| = VP2 + 2~ R= Vi + ¢ — \/p;q = \/p;q .
Hence,
| 1 _l 5R\/p? + ¢*
(z—(p+iq)* (p+ig)? — 2T (p2 4 g2)
_ 10R
(Vp* + )3

To conclude it remains to show that the family !
(Vr*+q 5
(p,a)€22\(0,0)
it is enough to show that the family

is summable. Since p? + ¢ > (|p|+2“1‘)2
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((lplj‘q‘)g, )(p.q)€z2\(0,0) is summable. It is enough in turn to check that the family
is summable for (p, ¢) both greater than or equal to 1. But, for p > 1,

- /°° dr 1
p+q o (p+xz)3  2p%

q=1

Thus

5 (S oo <=

and the summability follows from Theorem 12.3.1 of Section 12.3. (|

Solution of Ezercise 3.6.3. (a) Abel’s theorem on alternating series (see Theorem
3.3.5) insures that the series (3.6.9) converges. We now check that the infinite
product (3.6.8) diverges. Using Taylor’s formula with remainder we have

22 1 [T 2w —t)?
In(1 =z — dt -
n(l+z)==z 9 +2/0 (144 % x € (—1,1),

and so
2

In(l+2) =2 — 9; +t(z), ze(-1,1),
where, for |z| < 1/2,
8
t < .
i) < OO
Thus, for n > 4,

1n<1+ (?/172") _ (?/173" 721n+tn, Itn] < - i/z

It follows that the series > °C ,In (1 + \/) ) diverges to —oo, and so the infinite

product has limit 0.
(b) The series is divergent since

2p D

1
D=
n=3 n=2

As for the produCl, we have
1 " TL\/TL

and so the sequence of products P, = Hip: 3(1+ ay) converges since

2p

Py, = H(1+an) = H(1 — nbn).

n=3 n=2
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Furthermore, we have

1
P =P 1—
T ( ¢p+1)’

and so the sequence P11 converges to the same limit as the sequence P, and
hence the result. (|

Solution of Exercise 3.6.4. It is readily shown by induction that
ﬂ ( L] ) _N+1
- )= )
s n 2N
Thus the infinite product is convergent, and its value is 1/2. O

Solution of Erxercise 3.6.5. The infinite product will in particular diverge at the
points t where one of the factors vanishes, that is at those ¢ such that

t
cos< ):O
pn

t:gp”(QkJrl), neN, keZ.

Consider now a point different from those points. Since cos is an even function we
focus on t > 0. Since

for some n € N, that is

sinu <wu, u>0,

u u u2
1—COS’LL:/ sinvdvﬁ/ vdv = _
0 0 2

t t?
I—cos| < pan
p

Since p > 1 the series with running term pt;n converges and so the infinite product
also converges. O

we have

and therefore

Solution of Ezxercise 3.6.6. The series
o |2
> e
k=1

converges in the closed unit disk, and only there. Furthermore, the equation

ok

L+, =0

has a solution in the closed unit disk only for &k = 1; then z = —1. O
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Solution of Exercise 3.6.7. The series with running term ¢‘z converges absolutely
for every z € C. The infinite product converges thus to a function (which is entire)
that vanishes only at the point ¢~¢. Furthermore,

(1-q"2) = f(2). U

2

(1-g2)f(qz) = (1 -gz)

~
I

1

Solution of Exercise 3.6.8. We have for n > 2,

n
an = a1+ (a0 —ap1)

=2
and hence

n oo
Janl < las| + Y Jae — aga| < lar] + ) lae — a1
=2 =2

and so the sequence (|an|)nen, is bounded and thus the radius of convergence of
the power series Y.~ janz" is at least 1. Set g(z) = (1 — 2)f(z). We have, for
2] <1,

9(z) = (1= 2)(3_ anz")
n=0

=1+z2(-14a)+2%(-a1+a)+ -+ 2"(—an_1+an) +---.
Since a; = 1 we have
o0
g(z) =1+ Z 2" (—an—1+ an),
n=2

and so, for |z| < 1, we have:

9(2) =11 < > |2l = a1 + anl
n=2
. (3.7.19)
<23 .
n=2

We now assume that the radius of convergence is equal to infinity. Let z € C and
let ng € N be such that |z/ng| < 1. Using (3.7.19) we have

V4 2 e
oe/m) 11 < L (30— s+ al
n=2

for n > ng. By Theorem 3.6.1, the product converges and vanishes only at the
points z = 2,3, .. .. (|
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Solution of Ezercise 3.6.10. The sequence 1/n is decreasing, and in particular
of bounded variation, and hence the preceding exercise applies. More precisely,
(3.7.19) reads now

|1 —(1-2)e*| <|2|?, ze€D. (3.7.20)

Solution of Erercise 3.6.11. Recall that
22 e Zp
By(z) = (1 — m)elH 2 t47)
We note that
22 . zP . 22 2P
(1*Ep(2))':e<z+2+ +p) *(1*2)(14’24’"'4‘21)71)6( +5 + +p)

and therefore the coefficients in the power series expansion at the origin of the
function

(1= Ep(2))
are positive numbers. Thus there exist positive numbers b,, ,,n > p such that

o

1-Ep(z) = Z 2"bpp, 2| < 1.
n=p+1

The radius of convergence of this series is infinity. Setting z = 1 we obtain that

o0
> bap=1

n=p+1
Hence, for |z] <1,
[oe]
|1 —Ep(2)] = Z 2" b |
n=p+1
oo
< |Z|”“{ > IZI”“bn,p}
n=p+1
o0
<l1{ 3 oo
n=p-+1
= |2|PT. O

Solution of Exercise 3.6.12. The infinite product can be rewritten as

HEz(Z/\/n),

n=1
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where FEs is defined by (3.6.13) with p = 2. Let R > 0 and consider |z| < R. Take
no(R) € N such that R/+/ng(R) < 1. Then

|z/v/n| <1, V|z| <R and n>no(R).
For such z and n, the previous exercise gives us

R3
|1 — Es(zv/n)] < 32

Taking into account the bound (3.6.2) we see that the infinite product

[ E:(z/vn)

n=no(R)

(and hence the infinite product (3.6.11)) converges uniformly in |z| < R. The
claims on the analyticity of the infinite product and on its zeros follow. O

Solution of Exercise 3.6.13. Since |k| > 1 the series with general term z/k™ is
absolutely convergent for any z € C. Thus, by Theorem 3.6.1, the infinite prod-
uct converges for every z not equal to —k™, n = 1,2,... (and the corresponding
function, extended to be 0 at these points, is entire).

To prove (b) we write

P(kz) = [ (1 + 29 - T[a+ kn’:)

:L[O(l )
= (1 +2)P(2).

We now turn to (c). From (b) we have P(k/z) = (1 + 1/2)P(1/z), and
replacing z by kz in the above expression,

1 kz

Pl/z)=(1+ k:z)P(l/kZ) and hence P(1/kz) = - P(1/z).

Thus
S(kz) = P(kz)P(1/k2)(1 + k=)

(1+k2)

A+2)PE)PA/), 5
=(1+2)P(2)P(1/2)kz
= kzS(2).
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(d) Using (c) we have

S(arkz)---S(ankz)
S(bikz)---S(bpkz)

_ kayzS(a12) - --kanzS(anz)
~ kb12S(b12) - - - kbyzS(b,2)

a/l'.'a
:M<Z)b1-~-bn

M(kz) =

= M(z)

since we assumed aq ---a, = by - by.

(e) Let w € C be such that k = expw. Since |k| > 1 the numbers w and 277 are
linearly independent over Z. We cannot find m and n such that mw + 27win = 0.
Indeed, if there are such m and n, then e™ = e 2™ = 1 and so k™ = 1
contradicting the assumption |k| > 1. Moreover, we have

G(z 4+ mw + n2mi) = M (e#Tme 2Ty — M (e*tm9) = M (k™e?) = M(e*) = G(2)

where we used (d) with e in place of z. Thus, G(z) is bi-periodic since w and 27
are linearly independent over Z. O

Solution of Ezxercise 3.6.14. We write

|zn| 2n — 2
=14 a,(2).
zZn 1 — 22, n(2)

To prove the claim of the exercise it is enough to show that, for |z| < 1,

> lan(2)] < oo. (3.7.21)
n=0

We have

_en] zn—2
an(2) = Zn 1— 22z,
_ |2nl2n — |2n|z — 20 + |2n|?2

zn(1 — 22y)
(Iza] = D(lzn|z + 20)
zn(1 — 22y)

(zul = (2 2 )

n

(1—2z,)

Thus, for |z| < 1,
2
n <(1- n ’
lan(2)] < (1 -z |)1_|Z|

and (3.7.21) holds since (3.6.17) holds. O

(3.7.22)
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Solution of Exercise 3.6.15. It suffices to write

Z— zZpn Zn — Zn

=1+
Z— Zn Z— Zn

and take into account (3.6.19). O
Solution of Ezercise 3.6.17. (a) Using the power expansion for cos z we have

nz2n72

et £ O

2 s 2n—2
< || 'ZQ|Z| '
2 — (2n)!
|z|2§: 2 22 — 2! < (2m)!
< since, for n > 1, n —2)! < (2n)!,
2 £ (2n-2)!
2
< |22| el?l

(b) Take M > 0 and consider z such that |z| < M. In view of (a), we have

z M2e2n
)Is <1

|1 — cos (2" o2n+1

for n large enough (which depends on M), and hence the given infinite product
converges at those points z such that cos(z/2") # 0. O

Solution of Exercise 3.6.18. We begin with (3.6.23), and first replace z in (1.5.7)
by z/A to obtain the formula

n—1

km
2n _ \2n _ 2 2 2_2

z A (2 = X%) I |(z z A cos( n)

k=1

+A?).

Replacing z and A by (1 + z/2n) and (1 — z/2n) respectively we obtain

z \2n 2 \2n 22 22 22 km
1 ) . (1 - ) - P — 91—
( "o 2n n 1}:[1 ( T o2 ( 4n2)COS( n ))
n—1 n—1 1+ cos
2z km 22
= T —cos(C ")) L+,
k=1 k=1 1 — cos
n—1 n—1 1+ cos
2z .1 km 22
_n2n H(l—cos(n))H 1+4n2 &
k=1 k=1 1 — cos
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22 1+ cos

T
*QZH er ,

1fcos
n

where we have used (1.6.24) to go from the penultimate line to the last line. We
conclude using Theorem 12.7.2 since

km
2 1+ cos 2
lim “ no_
n—oo 4n2 km k272
— cos
n

The proof of (3.6.24) is done in much the same way. We now start from
(1.5.5) and, with the same change of variables as above, obtain

n—1
z\2n Z\2n 22 22 (Qk -+ 1)7T
1 ) (1 . ) - 2 91—
( Ton) T 2n kl:[() ( T on2 ( 4n2)COS( 2n )>

n—1 (2k+1 - 52 1+cos( k; m
= || 21— cos( H "
o o 1 cos (2+ Dknm
2n
2k +1
n—1 52 1+ cos ( 2—; )
=2]1 L g2 2k+ ) |’
k=0 1 —cos 9
n

where now we use (1.5.11) to go from the penultimate line to the last line. As
above, we conclude using Theorem 12.7.2 since

2k +1
22 1+ cos (2 + 1)m 42
li . O
300 4n? L ons (2K ¥ D~ (2 + 1)272
2n
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Chapter 4

Cauchy-Riemann Equations and
C-differentiable Functions

In this chapter we present exercises on C-differentiable functions and the Cauchy-
Riemann equations. We begin with exercises related to continuity in Section 4.1.
We then study derivatives. Recall that C-differentiability of a function f(z) =
u(x,y) +iv(z,y) at a given point zg = xg + yo implies the Cauchy-Riemann equa-
tions at that point. The converse in general does not hold. It will hold in particular
when the real and imaginary parts of f are differentiable (as real-valued functions
of two real variables) at (zq,yo0). Section 4.2 gives a geometric interpretation of
the lack of derivative at zp, when uw and v are differentiable at (xo,yo). In Sec-
tion 4.3 we present various counterexamples that exhibit functions which are not
C-differentiable, but for which the Cauchy-Riemann equations hold. Exercises re-
lated to analytic functions are given in Section 4.4. A complex-valued function f
continuous in an open set Q C C is called holomorphic if it has a derivative at
every point of 2. At this stage of the book, we do not know yet that a holomorphic
function has a power expansion in a neighborhood of every point of its domain
of definition (that is, is analytic) but we know that power series are examples of
analytic functions. Section 4.4 contains exercises on analyticity and power series.

4.1 Continuous functions
1l est naturellement génant de me pas pouvoir
définir dans le corps C une authentique fonction

continue \/z qui vérifirait (v/2)* = z.

Jean Dieudonné, [40, p. 202]

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_4, 143
© Springer Basel AG 2011
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Let us first review some definitions. Let f be a complex-valued function
defined in a neighborhood of a point zy € C. We will say that

lim f(z)

Z—rZ20

exists and is equal to ¢ € C if the following condition holds:
Ye>0, In>0: |z—2|<n=|f(2)—{| <e.

It is an easy exercise to check that the limit, if it exists, is unique. Furthermore,
we have:

Proposition 4.1.1. Let f be a complex-valued function defined in a neighborhood
of the point zy. Then,

lim,_,,, Re f(z) =Re ¢
ILm fk) =t = and
’ lim, ., Im f(z) = Im £.

The usual results on limits proved in calculus for functions of a real variable
still hold here, and we list them without proof.

Theorem 4.1.2. Let f and g be defined in a meighborhood of the point zg, and
admitting limits at zo. Then the functions af + bg (where a and b are arbitrary
points in C) and fg have a limit at zy, and we have

lim (af +bg) =a lim f+b lim g,
Z—r20 Z—rZ0

Z—r 20
lim (fg) = (lim f) (lim g) .
zZ—20 zZ—r20 Z—20

Assume moreover that lim,_, ., g is different from 0. Then lim,_,.,(f/g) exists and
it holds that )
i | ez f
im 7 = . )
z=z0 g limg g

Sometimes the function will be defined only in a punctured neighborhood
of zp. Then, the condition |z — 29| < 7 is replaced by 0 < |z — 29| < n and the
definition of the limit becomes

Ye>0, In>0: 0<|z—z]<n=|f(z)—{] <e.

The limit is then sometimes denoted by limz;zo f(2), but we will here mostly stick
ZFZ0

to the notation lim,_, ., f(z). The uniqueness of the limit and Theorem 4.1.2 still
hold in the case of punctured neighborhoods.
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Theorem 4.1.3. Let f and g be defined in a punctured neighborhood of the point
z0, and admitting limits at zo. Then the functions af + bg (where a and b are
arbitrary points in C) and fg have a limit at zo, and we have

lim (af +bg) =a lim f+b lim g,
Z—rZ20 Z—r 20

Z—r 20
lim (fg) = (lim f) (lim g) .
zZ—20 z—20 Z—20
Assume moreover that lim,_, ., g is different from 0. Then lim,_, ., (f/g) exists and
it holds that )
i f - hmz—>zo f
im * = . )
z—=z0 g hmz—>zo g

A new feature is that we may allow oo both as a limit point and at the point
where the limit is taken. Definitions are as follow:

Definition 4.1.4. Let f be a complex-valued function whose domain of definition
contains a set of the form |z| > Ry for some Ry > 0, and let £ € C. One says that

lim f(z)=1¢

Z—00
if
Ve>0, IR>0, |z|>R=|f(z)—{|<e.

One says that

le f(z) =00
if
| llim |f(2)] = +o0. (4.1.1)

Note that condition (4.1.1) can be rewritten as
VS >0, IR>0, |z|>R=|f(2)]>5.

Thus, for a complex-valued function f whose domain of definition contains a
set of the form |z| > Ry for some Ry > 0, and which does not vanish for |z| > Ry,
we have the equivalence

ZILIEO f(z)=00 <= ZILI{; f(lz) =0.

Definition 4.1.5. The function f defined in a neighborhood of the point zy € C is
said to be continuous at zg if

lim f(z) = f(z0).

Z—rZ20
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The definitions of limit and continuity depend really on the metric space
structure of C. All the usual results on continuity of sums, products, quotient and
composition still hold here, and we will not recall them. These are local properties.
The specific structure of C, or of its subsets, will come into play when one studies
the existence of a continuous function in a given set.

The following example is taken from [76, 14.2 p. 269].

Exercise 4.1.6. As usual, we set z = x + iy to be the cartesian representation of
the complex number z, and, for z # 0 we write re'®, where 6 € [—7,7) and r > 0
its polar representation. Let f be defined by

0, ifz=0,

flz) = ,
if z # 0.

r
9 )
(a) Show that f is continuous along every straight line passing through the origin.
(b) Show that f is not continuous at the origin.

The function (4.1.2) below is a special case of the functions defined in Exer-
cise 4.4.16, and is in fact analytic in C \ [0, 1]. In Exercise 4.1.7 we focus on the
continuity.

Exercise 4.1.7. (a) Show that the function

Flz) = /0 dt (4.1.2)

t—=z

is continuous in C\ [0, 1].

(b) Show that for s € (0,1) both the limits

Fi(s) = léif(()l F(s+ ie),

. _ (4.1.3)
F_(s) =lim F(s — ie)
el0
exist and are finite.
(c) Show that the limits
lig%) F(z) and ll—% F(z) (4.1.4)
2¢[0,1] z¢[0,1]

do not exist.

Roughly speaking, continuity creates no special problems when the function
is defined in an (open) simply-connected set. The precise definition of a simply-
connected set is somewhat beyond the level of a first course on complex variables.
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We will use here the notion of star-shaped sets. See Definition 2.1.4 above. These
sets are much easier to handle. For instance, C\ (—o0, 0] is star-shaped, but C\ {0}
is not. Any non-zero complex number z admits a logarithm, that is, there always
exists a number w such that z = expw. To see this write z = pexp(if). It suffices
to take

w = lnp+ 6.

On the other hand, it is false that there always exists a continuous logarithm
function on a given set 2. The same problem holds for continuous square root
functions. The following two exercises discuss the non-existence of a continuous
square root of the function f(z) = z.

Exercise 4.1.8. Show that there is no function f continuous on C\ {0} such that
f(2)? = z. To that purpose, let 2 = C\R_, and for z = pe'® € Q with § € (—m, ),
let fo(z) = \/peig, Assume by contradiction that f exists and consider the function

f(2)/ fo(z) for z € Q.

A pure topological proof of the previous exercise uses homotopy groups. An-
other very elementary approach to the same question is illustrated by the following
exercise, taken and from [63, p. 41], [64, p. 34]. See [28, Exercise 4.22, p. 93] for
a more general result. We also refer to [28, Theorem 4. 18, p. 92] for the abstract
monodromy theorem which characterizes when a continuous logarithm exists.

Exercise 4.1.9. (a) Show that there is no function from C\ {0} into itself such
that

flzw) = f(2)f(w), f(z*) =2 (4.1.5)
for all z,w € C\ {0}.

(b) Show that there is no continuous function from C\ {0} into itself such that
P27 ==

(¢) Show that there is no continuous logarithm on C\ {0}.
(d) Show that there is a continuous logarithm on C\ R_. Ezplain.

Related to this exercise and the discussion preceding it, we mention that a
continuous function from the closed unit disk into the unit circle always has a
continuous logarithm. This can be seen from the above mentioned monodromy
theorem, or by direct arguments; see [59, Theorem 1, p. 372]. In this last work,
this result is used to prove Brouwer’s theorem, and as a consequence of the latter,
to prove the fundamental theorem of algebra.

As a corollary of Exercise 4.1.9 we have:

Exercise 4.1.10. Show that there is no continuous real-valued function 6 defined
on R%\ {(0,0)} and such that

2= /a2 + y2e0@Y),
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Indeed, should such a function exist, z would have a continuous square root
in C\ {0}.

We recall that in any star-shaped open set (or more generally, in any open
simply-connected domain) a non-vanishing holomorphic function (that is a func-
tion which has everywhere a derivative) has a holomorphic (and in particular
continuous) logarithm. We also recall that one can give necessary and sufficient
conditions in terms of integrals for a holomorphic logarithm to exist when the set
is not simply-connected.

Remark 4.1.11. By Exercise 4.2.17 below, any function f continuous in C\ {0}
such that f(z)? = z there, would be automatically holomorphic. One can then
proceed as in Exercise 7.2.20 to prove that no such function exists.

The following exercise has follow-up exercises. See Exercises 6.1.9 and 10.2.7.

Exercise 4.1.12. Let Q be a connected open subset of C and let a and b be continuous
functions in Q. Assume that the sets

Qp ={z€Q; b(2)| <la(z)]} and Q- ={z€Q;b(z)] > |a(2)]}
are both non-empty. Show that the set
Qo = {2z € Q; [b(z)| = |a(2)[}

s also non-empty.

4.2 Derivatives

The complex-valued function f(z) = u(x,y) + iv(x,y) defined in a neighborhood
of the point zg is said to have a derivative at zo (or to be differentiable at zg, or
to be C-differentiable at zp) if the limit

i )= f(z0)
ZZ;ZZS Z— 20

exists.
The various rules of derivations still hold in the present case.

Exercise 4.2.1. Let f and g be defined in an open set €2, and assume that they
have derivatives of order N at the point zg. Then, the product fg has a derivative
of order N at zy and we have

N
()™ (20) Z( )f““) (20)9 ™) (z0). (42.)

k=0
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Let f be a function C-differentiable at a point zy and not vanishing there.
The number ,
f'(20)

f(20)

is called its logarithmic derivative at the point zg.

L(f) =

Exercise 4.2.2. Let f1,..., fn,91,-..,9m be functions differentiable at the point
zo € C and assume moreover that fo(z0) # 0 for £ =1,...,n and g;(z9) # 0 for
j=1,...,m. Show that

fifn )’
(20) n m
<91 g & fi) N (=)
P BN T2 ) T g o) (4.2.2)
(Zo) /=1 j=1

gl...gm

As already mentioned, C-differentiability at a given point zg = xg+iyg implies
that the Cauchy-Riemann equations hold at the point (xg,yo). More precisely we
have (the notion of differentiability of a real-valued function of two real variables
has been recalled in Section 12.1).

Theorem 4.2.3. Let f(z) = u(z,y) + iv(x,y) be defined in a neighborhood of the
point zg = xg + tyg € C. Then, f is C-differentiable at the point zo if and only
if both the real part and the imaginary part of f are differentiable at the point
(z0,y0) and satisfy the Cauchy-Riemann equations

O (w0.10) = O (w0, 0)
o 0,Y%0) = Ay 0,Y0),
(4.2.3)
5‘u( ) _ 5‘1}( )
Ay Lo,Y0) = O Lo, Yo)-
Furthermore the following formula holds for the derivative at the point zy:
ou Ou
f'(z0) = o (z0,90) — Zay (20, Yo)- (4.2.4)

As mentioned in the statement of the theorem, the equations in (4.2.3) are
called the Cauchy-Riemann equations. Formula (4.2.4) for the derivative is of cen-
tral importance, and will be used over and over in the sequel. Using the previous
theorem we get the complex counterpart of the third definition of the function
exponential discussed at the beginning of Section 1.2, (and hence the fourth defi-
nition of e* that we have, including e* = e*(cosy + isiny)).

Exercise 4.2.4. Show that the function e* is the only function which admits a
derivative at every point in C and is such that

f'(z)=f(z), and f(0)=1.
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We now give a geometric interpretation of C-differentiability at a point. One
can view a complex-valued function of a complex variable as a map from an open
subset of R? into RZ:

r:(x,y) = (u(z,y),v(x,y)).

For the geometric discussion below it is better to view both the domain of r and
the range space as column vectors, that is

() G

When u and v are differentiable at the point (zg,y0), the Jacobian matrix of the
map r at the point (zg,yo) is equal to

dr _ (ox (@0, %0) 2Z(xo,yo)
(ro-w0) = g; (‘ranO) g; ('ranO) '

When the Cauchy-Riemann equations hold, this Jacobian becomes

Ou (o, y0)  2%(x0,10)
dr.. _ dxu ) az ) , 4.2.5
(rosue) <_gy (moayO) gaj (-I'O,QO) ( )

that is, in the notation (1.1.1),

fl(zo) = dr(moyyo)'

dr(zo,yo) is a rotation composed with a homothety; it is therefore a complex
number. This can be seen also as follows: The map r has an expansion of the form

h E(h, k)
r(xzo + h,yo + k) = r(x0,%0) + (dr(z0,40)) (k) + \/h2 + k2 (F(h, k)> 7
where the functions E and F tend to 0 as h and k£ go to 0. When the function

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

is C-differentiable at the point (xg,10), the Cauchy-Riemann equations hold at
that point, and the transformation

(1) = (1) = @ i)

, 0 .0 )
hy + ik = (aZ(fﬂo,yo) - Zaz(ﬂﬁo,yo))(h +ik).

can be rewritten as as

The transformation keeps angles invariant. It is said to be conformal at the point
(z0,Y0)-
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Exercise 4.2.5. At which points are the following functions C-differentiable?
(a) f(z) =2 +y? + 2izy.

(b) f(z) = zRez.
(c) f(z) =e* =e"(cosy +isiny).
(d) The function f defined by
52
flz)=1 27 if 2 # 0,
0, if z=0.

(e) The function f(z) =z
Compute their derivative at these points where they are C-differentiable.

Exercise 4.2.6. (see also Exercise 6.2.8). Let Q C C be symmetric with respect
to the real azis (that is, z € Q — z € Q). Assume that the pair of functions
(u(z,y),v(z,y)) defined in Q satisfy the Cauchy-Riemann equations at the point
(z0,Y0). Show that the pair of functions (U(x,y),V (x,y)) defined by

U(z,y) =u(z,~y) and V(x,y)=—v(z,—y)

satisfy the Cauchy-Riemann equations at the point (xo, —yo). Explain the result
when u and v are differentiable at the point (xo,yo).

For (x,y) € R?\ (—00, 0], define
Inz =1Inv/22+y2 +i6(z,y), (4.2.6)
where 0(z,y) is defined by (1.1.18).

Exercise 4.2.7. Let u(z,y) = In+/22 +y2. Show that for (z,y) € R?\ (—o0,0] it
holds that

du 0
or Oy’

oe 0 (4.2.7)
oy  Ox’

It follows from Theorem 4.2.3 that the function (4.2.6) is C-differentiable in
C\ (—00,0]. Formula (4.2.4) implies that

(Inz) =

In Exercise 4.2.5 we saw that the function e* is differentiable in the whole
complex plane (such functions are called entire functions) and is its own derivative.
Recall that the functions, sin z, cos z, sinh z and cosh z have been defined in (1.2.11)
in terms of e* (their definitions in terms of power series is recalled in (3.4.21)).
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Exercise 4.2.8. Show that

sin’(z) = cos z,
cos'(z) = —sinz
sinh’(z) = cosh 2
cosh’(z) = sinh 2
Exercise 4.2.9. Show that
9 sin z -
cos(z/2) cos(z/2%) - - -cos(z/2") = o sin(z/2n)’ =1,2,...,

and compute
lim cos(z/2) cos(z/2%) - - - cos(z/2").
n—oo

See also Exercise 3.6.17 in connection with the previous exercise.

Exercise 4.2.10. (see [139, p. 3]). Let f = wu + iv be differentiable in an open
connected set 2, and assume that the real and imaginary parts of f are related by

au(z,y) + bv(z,y) +c=0, (4.2.8)

where the numbers a, b, c are real, the numbers a and b not being simultaneously
0. Find f.

Let f(z) = u(x,y)+iv(x,y) be a complex-valued function defined in an open
set 2 and such that v and v admit first-order continuous partial derivatives in 2.

‘We introduce
of 1 Of__af of 1 /of  .of
0z 2 (ax Zay) and 0z 2 <3£E —Hay)' (4.2.9)

In other words,

8f_ ou 8u n 8v+i5‘v
0z or ay am ’

4.2.10
of 8u ( )
0z 2 ’

These operators will also be denoted by
0.f and O0.f (4.2.11)

respectively. Their significance is explained in the following exercise, taken from
[144, pp. 8-9].
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Exercise 4.2.11. Let u(x,y) and v(z,y) be real-valued and differentiable at the point
(x0,90). Let zg = xo + iyo. For z = x + iy in an open neighborhood Q of zg, let

f(2) = u(z,y) +iv(z,y).
Show that

fz) = flz0) = o |y, (2= 20) + g£| (z—z20)+0(2), z€Q, (4212

Z=Z0

where o(z) denotes an expression such that

Describe the set of limits

f(zn) — f(20)

lim ,

Zn =20 Zn — 20
as (zn)nen 18 a sequence which tends to zo. When is this set reduced to a single
element (that is, when is the limit independent of the given sequence)?

Exercise 4.2.12. Assume that the function f(z) admits a derivative at the point
zg. Show that

|z:z = f/<20),
0z #=%0 (4.2.13)
of
Oz '#=%0 '

Recall that a function which is C-differentiable in an open set 2 is called
holomorphic in €. It is called entire if it is holomorphic in 2 = C.

Exercise 4.2.13. Let m € Cy[0, 1], that is m is a (possibly complez-valued) contin-
uous function on the interval [0, 1]. From the definition of the derivative show that
the function

1
F(2) :/ et (t)dt
0
is entire and compute its derivative.

Exercise 4.2.14. Let m € Cy[1,2]. Show that the function
2
t)dt
F(z) = / milt)
1 (1)
is holomorphic in C\ [1,2] and show that

F'(z) = —2/1 (?@)gg’ Vze C\[1,2].



154 Chapter 4. C-differentiable Functions

The next exercise is taken from [28, Theorem 2.34 p. 48]. In the statement,
[0,1] can be replaced by any piecewise differentiable (and not necessarily con-
nected) path.

Exercise 4.2.15. Let m € Cy|0, 1]. Show that for every n > 1, the function

Y m(t)at
R = [,

is holomorphic in C\ [0,1] and that
F!(z) =nF,11(z), VzeC\][0,1]. (4.2.14)

For the next exercise, see [28, Exercise 3.41 p. 79]. The aim is to show that
a continuous logarithm on an open set is holomorphic.

Exercise 4.2.16. Let Q be an open set and let f be a function continuous on €2 and
such that

exp(f(z)) =2, z€Q.
Show that f is holomorphic in Q.

The following exercise is taken from [39, Exercise 5.7.9 p. 70]. For yet another
proof, which uses much deeper machinery, but allows f to vanish in 2, see Exercise
5.4.3.

Exercise 4.2.17. Let f be a function continuous in an open set  C C and assume
that 2 is holomorphic in ). Assume moreover that f does not vanish in €. Show
that f is holomorphic in 2.

We conclude this section with exercises on further properties of the operators
(4.2.9).

Exercise 4.2.18. Show that, for a complez-valued function with continuous second-
order derivatives,

0% f def. O (Of
020z 0z \ 0z

_ 5‘62 (g{:) (4.2.15)

1 82f+32f
4 \0x2  oy? )’

The operator
def. 82 82

A =
0x? + Oy?
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is called the Laplacian. Real-valued functions u such that
Au=0
in an open set € are called harmonic functions. See Chapter 9 for more on these
functions.
O and 2

Exercise 4.2.19. (i) Show that the operators ;. 5e
differentiation for a product and a quotient.

(ii) Show that for zy € C,

satisfy the usual rule of

) %)
( 9(2) ) _ 0z (4.2.16)

0z \ 2o — 2 20— 2

where g is in the domain of definition of 0,. More generally, show that, if
f(2) is C-differentiable,

o (=) = F2) ), (42.17

The function (4.2.18) which appears in the following exercise has been also
studied in Exercise 4.2.5.

0 0
Exercise 4.2.20. Compute 5‘£ and 8],2( for the function

2

z .
fy=4 ,» #2270 (4.2.18)
0, if z=0.
Exercise 4.2.21. (a) Compute
9lz[" 9|z[" _
92 and 9 =1,2,....
(b) Compute

Oln |z| and Oln|z|
0z 9z

It is well known that 1/z has no primitive in C\ {0}; see Exercise 5.2.3 below.
On the other hand from the previous exercise we see that
28ln |z _ 1-
0z z
We will not present a proof of the following exercise, adapted from [105,
Proposition 3, p. 22].

Exercise 4.2.22. Let f € C*>(D) be such that f vanishes on the unit circle. Show
that there is u € C>°(D) such that
Ou

0z =/
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4.3 Various counterexamples

The Cauchy—Riemann equations at a point do not imply differentiability at the
given point. The next three exercises illustrate this phenomenon. In all three exer-
cises, the point under consideration is z = 0. The first example is not very strong
since the function is not even continuous at the point where the Cauchy—Riemann
equations hold. The second is a bit more involved. The function is continuous, but
all radial derivatives at the origin (the point where the Cauchy—Riemann equations
holds)

lim fee) N f(O)) where 6 is fixed,

e—0 eet?
exist, but depend on the angle 6. In the last exercise, the function is continu-
ous, all radial derivatives are the same at the origin, but the function still is not
differentiable.

Without the continuity hypothesis, differentiability in an open set is not
insured even if one assumes that the Cauchy—Riemann equations hold in the given
open set. Still, it is well to recall the not-so-well-known Looman—Menchoff theorem
(see e.g. [106, Chapter I, §6]). If f is continuous in the open set  and if the
Cauchy-Riemann equations hold there, then f is analytic in Q2. One can weaken
the continuity hypothesis, and merely assume that f is bounded in 2. This is a
result, stated by Montel in 1913, and proved by G.P. Tolstov.

In the first example below, due to Montel, the Cauchy—Riemann equations
hold in the whole plane, but the function f is not bounded, and this shows that
the above mentioned result of Montel does not hold without the hypothesis of
boundedness. See the discussion in the introduction of [144] for more information.
The paper [72], with the suggestive title When is a function that satisfies the
Cauchy-Riemann equations analytic, is also recommended.

Exercise 4.3.1. (see [63, p. 66]). Let

1 )
o= o (i) vero
0, if 2 = 0.

(a) Where does f(z) have a derivative?

(b) Show that the Cauchy—-Riemann equations hold in C.
For the next exercise, see [37, Exercise 1, p. 50].
Exercise 4.3.2. Let Py — i)
fe) =4 iy D

0, if z=0.

(a) Show that f is continuous at the origin.
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(b) Show that lim, o ¢ ) ~ )

z
limits are equal to 0, but that f is not differentiable at the origin.

exists along any fixed direction, that all these

(¢) Show that the Cauchy—Riemann equations hold at the origin.

After these exercises, the second item in the following question is quite easy
(see [87, Exercise 1 p. 12]).

Exercise 4.3.3. (a) Can a function of a complex variable which is defined and
continuous for |z| < 1 be such that it is only differentiable at the origin?

(b) Can a function which is continuous in a region have a derivative only along
certain lines of that region?

4.4 Analytic functions

Recall that a continuous function f which is defined in an open set 2 C € is called
analytic if it admits at every point of €2 a power series expansion: For every zg € 2
there exists R > 0 such that

Z (z — 20)", Vz € B(zy, R), (4.4.1)

where B(zg, R) is defined by (13.3.1). The coefficients a,, of course depend on z.
The largest R for which (4.4.1) holds is called the radius of convergence of the
power series, and is given by the formula (3.4.2):

1
B hm Supnﬁoo |an|1/n .

Theorem 4.4.1. A power series is differentiable in its open disk of convergence.
The derivative of f defined by (4.4.1) is given by

'(z) = Z nan(z — 2)" L. (4.4.2)

Hence analytic functions are holomorphic. The converse is also true. This is
one of the keystones of the theory. See Chapter 5.

Formula (4.4.2) can be iterated, and we have:

o0

FP(2)=> nn—1)--(n—p+ an(z — 20)" 7. (4.4.3)

n=p
The simplest such power series is maybe the geometric series

o0

= Zz”, |z| < 1,
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for which R = 1. Its derivative is thus given by the formula
(1—2) an Lozl < 1 (4.4.4)

Exercise 4.4.2. Show that

i 271 =2, (4.4.5)

n=1

Exercise 4.4.3. Show that

— 2
n—2 __
D nn-1)2""2 = (1 2 2] <1, (4.4.6)
n=2
and find a closed-form formula for the sum

o0

Z n(n—1)r""2cos((n—2)8), H#eR, rel01). (4.4.7)

Exercise 4.4.4. Define for a € C,

- 1+Z ( a=n+l) . (4.4.8)

Show that fo is analytic in the open unit disk (and is a polynomial when « is a
natural number) and that the following formulas hold:

/ o afa(z)
faz) =10 (4.4.9)
fa(2)f8(2) = favs(z), |z] <1.

The function f;/, is used in particular in Exercise 7.3.9, where it is needed
to construct an analytic square root of 2% — 4z in |z| > 4.

Exercise 4.4.5. Let -
(—1) 2y
2= ( ) . (4.4.10)
12
= )2 \2
Show that Jy is an entire function. Show that

1 .
= PECOSU . 4.4.11
(2 = o /[0 e (4.4.11)

The function Jy is the Bessel function of order 0. It is one of the solutions of
the differential equation (called Bessel’s equation of order 0)

22y (@) + 2y (@) + 2%y () = 0.
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We also note that the function Jy(z) is positive definite (see Definition 14.3.5)
since

1

:27r

2m
Jo(z — w) / etFcostetwcosudy,
0

In connection with the following two exercises, see Exercise 7.2.19. The first
one, Exercise 4.4.6, is just a rewriting of Proposition 3.4.7, to which we send back
the reader if the proof has been skipped in a first reading.

Exercise 4.4.6. Let f(z) = Y02 janz" and g(z) = > oo bp2™ be two convergent
power series with radiuses of convergence Ry and Rg respectively.

(a) Show that the product fg is a convergent power series

(f9)(z) = cn2"

with radius of convergence bigger or equal to Min (Ry, Rs).

(b) Show that

=Y agbp_g, n=0,1,.... (4.4.12)
£=0

The sequence (c,)nen above is called the convolution, or Cauchy product,
of the sequences (an)nen and (by)nen. The convolution of two sequences plays an
important role in the theory of discrete signals. See Section 11.4 for more details.

Exercise 4.4.7. Given a sequence ag,? = 0,1,2,... of complex numbers such that
lim sup |a4+1|2i1 <1, let Sp =3 ,_oas. Show that

(o) 1 (o)
ZSnz” =, Zagze, |z| < 1.
n=0 =0

Exercise 4.4.8. Let f(z) = 300 “2" and g(2) = S0, 'n 2™ be two convergent
power series with radiuses of convergence Ry and Ro respectively. Show that the
product fg (which is a convergent power series by Exercise 4.4.6) can be written

as
o0

(fo)(z) =Y Tem

n!
n=0

where

" /n
cn:Z<£)a5bn_g, n=0,1,....

£=0
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Exercise 4.4.9 (Fibonacci numbers). Let a,,, n =0,1,... be defined by
apg = 1,
ay = 1, (4.4.13)

Gn+2 = Gp+1 1 Gn.

Show that
[ee]
n 1 V-1

The coefficients a,, in the previous exercise are called the Fibonacci numbers,
and can be computed as follows: Write

I | 1 1
1—2—22 2. —z  \z—2y 2z2—2_

= <z+<1 e —1Z/Z—>>
L

— Zzn (Z:n 1 Z;n 1)

Z4 — Z_
+ n=0

n+1 n+1
n? -zt
— Z S +
Zy — 22—
since z_zy = —1. It follows that
n+1 n+1
z z"
an = (-1 , n=0,1,
24 —Z—

Equations (4.4.13) can also be checked directly from this explicit expression.

n

Exercise 4.4.10. Define F(z) = = ;’;1(—1)”'2 . Show that F is analytic in the
n
open unit disk and that

expF(z)=1+2z2, for |z|<L.

The function F(z) is denoted by In(1+ z). It is the analytic extension to the
open unit disk of the function In(1 + z) of calculus defined on (—1, 1) by the same
power series. For another proof of Exercise 4.4.10 using analytic continuation, see
Exercise 6.2.1.

Exercise 4.4.11. (adapted from [134, p. 484]). Show that

-z (1) .,
L Z Z 2" |zl < 1L

n=1
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Is there a continuous function 1 such that

In(1 — (et
=z [Teend
1—2 o et—z

Exercise 4.4.12. Let F(z) =Y " ja,z™ be a convergent power series with conver-
gence radius greater than or equal to 1. Show that

F(z) = F(0)
/1F/<t2)dt= . ’ fOT’Z?éO,
0 F'(0), for z=0.

Exercise 4.4.13. Let F(z) = Y. anz" be a power series with radius of conver-
gence R (R may be infinite). Let a > 0, and let f be a continuous function from
[0, a] into C. Where is the function

Glz) = /0 Rt f(t)dt

analytic? Compute its derivative, both as power series and in closed form.

Same question for H(z fl (z/t) f(t)dt, where now a > 1 and f is con-
tinuous on [1,al.

Exercise 4.4.14. Let m be a continuous function in the interval [0,1]. Show that
the function

1
f(z) = / e#tm(t)dt (4.4.14)
0
is entire by computing its power series expansion centered at the origin, and com-
pute its derivative.
In connection with the previous exercise, see Exercises 3.4.12 and 4.2.13.

One way to solve the following exercise would be to use Theorem 12.5.3.
Here, we suggest a simpler, and more effective way: Show that ¢ has a power
series expansion centered at the origin, with radius of convergence equal to 1, and
show a symmetry property satisfied by ¢(z); see (4.5.8).

Exercise 4.4.15. Let t — m(t) be a complex-valued continuous function on the
closed interval [0,27]. Show that the function

et — z

21 it P
go(z):/o ¢ TE (4.4.15)

is analytic in C\ T.
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Food for thought. Here are some related additional questions.

(1) Show that
, 27 2€it
o' (z) = /0 (eit — 2)? m(t)dt, for |z|# 1.

(2) Assume that m vanishes on some closed arc of circle I . The function ¢ is
also analytic across the interior of I.

(3) Assume that the function m is real-valued and that moreover it takes positive
values: m(t) > 0 on [0, 1]. Show that

Re p(z) >0, for |z|<1.
See also Exercise 6.4.11 in Section 6.3.

Functions ¢ of the form (4.4.15) with a positive m(t) are called Carathéodory
functions. They play an important role in the prediction of stationary second-
order processes. Indeed, let (z,,)nen, be a, say real-valued, second-order stationary
process with covariance function

E(zpzm) =r(n—m), n,m € Ny,

where FE denotes expectation in the probability space. Then, by the Cauchy-
Schwartz inequality,

[r(n —m)| < v/r(0)/r(0) = r(0),

(see (0.0.3) for the analogous fact in the case of processes indexed by the R), and
the function

p(2) =r(0) +2)  2"r(n) (4.4.16)
n=1
is analytic in the open unit disk, and has a real positive part there. To check
this, we apply Theorem 12.3.1 to check that the family (2"w*"r(n —m))n men,
is absolutely summable for fixed z,w € D. That same theorem allows us to write
(see (12.3.1))

> 0 1
Z an*mT(’l’L _ m) — ’I“( ) T( )Z
= 1— zw* 1— zw*
r(=Dw | r(=2w? (4.4.17)
1— zw* 1— zw*
o) + plw)”
2(1 — zw*) ’

where one uses that r(—n) = r(n) (or, more generally, r(—n) = r(n) when the
process is complex-valued). By the Herglotz representation theorem (see the dis-
cussion after Exercise 5.5.9 for the statement), ¢ is of the form (4.4.15) (but with
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a positive finite measure dyu rather than a positive function m(t) in general). See
[5] for a survey. Note that (4.4.16) and (4.4.17) are the discrete counterparts of
(0.0.4) and (0.0.5).

Exercise 4.4.16. Let m(t) be a complex-valued continuous function defined in the
closed interval [0,1]. Show that the function

F(z) = /0 (T(t);;’; (4.4.18)

is analytic in C\ [0,1] and that

oo [T 2m(t)dt
F'(z) 7/0 (t— 2)3°

The Laurent expansion of the function (4.4.18) in |z| > 1 is considered in
Exercise 7.1.11.

4.5 Solutions

Solution of Ezxercise b. The function f is continuous at the origin on the real axis,
since
0, if x >0,
s =1%
o, itz <0.

Let us now consider another straight line, different from the real axis, and passing
through the origin. Its equation is

z=te', teR,
where 6y € (0, 7) is fixed, and different from 0 and 7. For ¢t < 0 we can write
tei@o — (7t)€7;(7ﬂ-+00),
and 7 + 6 € (—m,0). Hence, we have
! ift >0
_Joey 1 s
z) =
) {eo_tﬁ, if t < 0.

Hence, f is continuous at the origin on the given line.

To show that f is not continuous at the origin, it suffices to take, for n > 1,

i

en
Zn= .
n
Then
lim z, =0 while f(z,)=1. O

n—oo
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Solution of Exercise 4.1.7. (a) Let z € C\ [0,1], and let d be the distance from z
to [0, 1]:
d= min [t—z|

t€[0,1]
For h € C such that |h| < d/2 we have
1 1 1 2
< = . 4.5.1
t—z—h| S ft—z|—|h| Sd=d/2 " d (45.1)
Thus, for z and h as above, we have
1
hdt
o h)—F(z) = .
(z+h) = F(2) /0 (t—2)(t—z—h)
Inequalities (3.1.4) and (4.5.1) lead to
1
2dt  2|h
Fe+m-F@ <l [ 2 =20
0o d d
and the continuity of F' at the point z follows.
(b) Let s € (0,1) and € > 0. We have
1 1
, (t — s)dt , edt
Re F(s + ie) :/0 (t—s)?+ 2 and Im F(s+ie) = (st

These integrals are easily evaluated with the change of variable u = (t — s)/e:

/1 (t—s)dt /1 udu 1 ! (1—-8)2+¢€
= = n
o (t—5)2+¢€ s w2412 52 + €2 ’

€
1—s

/1 edt / c du ; 1-s + arct (5)
= = arctan arctan .
o (t—8)?+ €2 _sour+1 € €

The same computations hold for the real and imaginary parts of F(s — i¢), and
we obtain

F+(s):ln|1;s|+i7r,
F,(s):ln|1;S|fi7r.

(c) We show that the first limit does not exist. The other one is treated in
the same way. First let h be real and strictly negative. We have for z = re?, where
r>0and 6 € (0,27),

rdt

t —1rcosh)? + r2sin® 0

ReF(z)—sinH/Ol(

1/r du
= sin9/0 u? — 2ucosh 4 1 (change of variable t = ru).



4.5. Solutions 165
Thus, for fixed 6 € (0,27),

lim F( re —sm@/

r—0

4.5.2
—2u COSH +1° ( )

In Exercise 8.3.3 we will compute the integral appearing in (4.5.2) for every 6 €
(0,27) using residues, and it will follow from (8.5.12) that

smé'/ B 2ucos€+1 =60, 60¢e(0,2m).

Here it suffices to note that this integral is equal to 1 if # = 7 and to «/2 for
6 = /2 and hence the corresponding limits in (4.5.2) are then equal to 0 and 7/2.
Hence the first limit in (4.1.4) does not exist. As already mentioned, the second
limit is treated in much the same way. O

Solution of Erercise 4.1.8. Assume by contradiction that there is such a function
f, and consider fo(z) = \/peig in C\R_. In C\R_ we have (f(2)/fo(2))? =1,
so that the range of f/fo is included in {—1,4+1}. The continuous image of a
connected set is connected, see Theorem 13.1.2, and thus a continuous function
which takes a discrete set of values on a connected set is constant. Thus f(z) =
fo(z) or f(z) = —fo(z) in C\ R_. So fy would be equal in C\ R_ to a function
which is continuous on C \ {0}. This cannot be since fj is not continuous across
the negative axis. O

Solution of FExercise 4.1.9. (see also the remark after the proof).
(a) We assume by contradiction that such a function exists. Set in (4.1.5)
first z = w =1 and then z = w = —1. We get on the one hand

f)=f(1)* and f(1)*=1,
so that f(1) = f(1)? = 1. On the other hand
f1)=f(=1)* and f(-1)*=-1,

so that f(1) = f(—1)? = —1, which leads to a contradiction.
(b) We also proceed by contradiction. Assume that f exists. Let zg be in
f(202)

C\ {0} and define g(z) = .
Mo ©= s
f is continuous there and since f does not vanish on C\ {0} (recall that f(2)? = z).

Since

The function g is continuous in C\ {0} since

g( )2 _ f(ZOZ)2 _ 207 -1

 f(20)%f(2)2 202

we get that g(z) takes only the values 1 and —1. The open set C\ {0} is arc-
connected (see for instance Exercise 13.1.8), and therefore connected (see Lemma
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13.3.7). Since g is continuous and since the image of a connected set under a
continuous map is connected (see Theorem 13.1.2) we have

g(z)=1 or g(z)=-L1

In the first case g(z) = 1 implies that f(2)f(z0) = f(220), and in particular
f(z%) = (f(2))?, and so, since f(z)* = z,

f*) ==z

we obtain a contradiction with (a). In the second case it suffices to replace f by
—f to obtain a contradiction.

(¢) Assume that there is a function h(z) continuous on C \ {0} such that
exp(h(z)) = z for all z € C\ {0}. Set g(z) = exp(h(2)/2). Then h(z) is continuous
on C\ {0} and h(z)? = z, a contradiction with (b).

(d) The function

In z %< In p + 46,

where z = pexp(if) and where —7 < 6 < 7 is continuous (in fact differentiable,
with derivative 1/z) and satisfies exp(ln z) = z in C\ {0}. The difference between
(¢) and (d) is that the set C\ {0} is not simply-connected whereas C \ R_ is
simply-connected. O

We have divided the previous proof into two steps to help the student, but
a slightly quicker proof, based on the same arguments, goes as follows: Assume
a continuous function exists in C\ {0} such that f(z)? = z (it can be extended
continuously to z = 0, but we will not use this). Then,

(f(z%)* =2% VzeC\{0}.

Thus 9
T&) _ 1 veec {0y,

z

2
Using that (j ) is continuous on the connected set C\ {0} we have

fEH =z or f(z*)=-2
Taking z = +1 leads then to a contradiction.

Solution of Exercise 4.1.12. The set Z(a) of points in 2 where a vanishes is closed
since a is assumed continuous. The function

be)
7= )

is continuous in the open set 2\ Z(a), and therefore

Q+ = 0'_1(]]]))
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is open in Q\ Z(a), and therefore in € since Q) is open. A similar argument shows
that Q_ is open. If )y is empty, we will have

Q=0Q,UQ_,
which contradicts the connectedness of (). O

Solution of Ezxercise 4.2.4. That the function
e® = e cosy + ie”siny

satisfies the asserted conditions is clear, and is also checked in item (¢) of Exercise
4.2.5. We consider the converse statement, and set f(z) = u(z,y)+iv(z,y) to be a
function which admits a derivative at every point in C and such that f/'(z) = f(z)
and f(0) = 1. Formula (4.2.4) for the derivative implies that

ou
ax(w,y)==U(x,y%

_gZ(‘r’y) = U<$7y)'

In particular, u(z,y) = e*c(y) and (taking into account the second Cauchy-
Riemann equation) v(z,y) = e®s(y), for some functions ¢ and s of the variable y.
These functions admit first-order derivatives since u and v are differentiable, and
the Cauchy-Riemann equations lead to

d(y) =s(y) and s'(y) = —c(y).
It follows that c(y) = cosy and s(y) = siny and hence the result. O
Solution of Exercise 4.2.5. (a) We have f(z) = u(z,y) +iv(z, y) with

w(z,y) =2 +y*> and o(z,y) = 2my.

The functions u(x,y) and v(z,y) are polynomials and in particular differentiable
(in the sense of functions of two real variables) everywhere and so the Cauchy—
Riemann equations give a necessary and sufficient condition (as opposed to only
necessary in general) for f(z) to be differentiable (in the complex variable sense).
We have

ou
ax (xv y) - 21’?
ou
ay(ﬂc,y)IQ%
ov
5 (& Y) = 29,
v (z,y) = 2.
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Hence the Cauchy—Riemann equations are
2z =2z and 2y= —2y.

Thus y = 0 and « is arbitrary, and the Cauchy—-Riemann equations are satisfied
at any real point. The function f(z) is differentiable on the real line. By formula
(4.2.4) the derivative is given by

f(x) =2x —i2y =2z, since y = 0.

(b) Here u(z,y) = 2% and v(x,y) = zy, and as in the previous case, the
existence of a derivative at a given point is equivalent to the Cauchy—Riemann
equations being satisfied at that point. We have now

gz (2,y) = 2z,
gz (z,y) =0,
g; (,9) =y,
gz (z,y) = .

Hence the Cauchy—Riemann equations are
2c =2 and 0= —y.

Thus x = y = 0 and the Cauchy-Riemann equations are satisfied if and only if
z = 0. The function f(z) is differentiable if and only if z = 0. By formula (4.2.4)
we have for z = 0 that f'(0) = 0.

(c) The Cauchy-Riemann equations are satisfied at every point of R?, and
u(x,y) = e cosy and v(z,y) = e®siny are differentiable (as real-valued functions
of two real variables) in all of R?. Thus, e* is C-differentiable in C and, using once
more formula (4.2.4) we obtain

i ou .Ou
(6 )/ = 6x(m’y) - Zay(xvy)

=e"cosy +ie”siny
=e”.
(d) This is a standard counterexample. It can be found e.g. in [34, Exercise
7 p. 48]. See also Exercise 4.2.20. We will show that:
(i) f is continuous at the origin.

(ii) The Cauchy—Riemann equations hold at the origin.
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(iii) f is not differentiable at the origin.
(iv) f is not differentiable in C \ {0}.
(i) We have for z # 0,

and so we get that
lim [£(2) ~ £(0)] = lim || = 0.

z—0

Hence f is continuous at the origin.

(ii) Write
N2
1= — ey vt
Since
fe) == and fliy) =iy
we obtain

u(z,0) =2z, wv(x,0)=0, u(0,y)=0, and v(0,y) =y,
for x # 0 and y # 0. Moreover, since f(0) = 0, we have u(0,0) = v(0,0) = 0. Thus

u(xv 0) - U(O, 0) ’U(O, y) - ’U(O, 0)

lim =1 and lim =1
x—0 xX y—0 Yy
ou ov .
Thus P (0,0) and ay (0,0) exist and are equal to 1. Hence the first Cauchy—

Riemann equation holds at z = 0. The second one is proved in the same way, and

one has

ou v
0,0) = — 0,0) =0.
ay( Y ) 8.7)( Y )
(iii) We now prove that f is not differentiable at the origin. Write z = ee®.
Then,

FE) - 10) _ 2 _ e Ly,

. 52 €2¢2i0
Hence, for a fixed 6,
—4i0 _ 6_419.

=lime
e—0 z e—0
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f(z) = £(0)

Thus lim,_,g
f(z) = f(0)

z
(iv) One can check that the Cauchy-Riemann equations do not hold at points
different from the origin. One can also note that

zlwhenezoand:—lwhenﬁzZ.So

lim,_,q does not exist and f is not differentiable at the origin.

_ 2
1 1)) _
pE]RO Z — 20 20
p—1

while
2
z)— f(z z
N O N )
z=(141€)z0 Z— 20 20
e€eR
e—0
(e) The function f(z) = z is nowhere differentiable since the Cauchy-Riemann
equations do not hold at any point. As pointed out in various places (see for
instance [135, p. 21]), this is a very simple example of a continuous function which
is nowhere C-differentiable while the counterparts in real analysis are much more

difficult to obtain. O

Solution of Exercise 4.2.6. Using the chain rule for diffentiation and the fact that
the Cauchy-Riemann equations hold for the pair (u,v) at the point (xg,yo), we
obtain

oU 0
or (l‘O) _yO) = 85 (‘ranO)

0
- 8;]' (-rOa ZUO)

= % (0, —w0)
= o Zo, —Yo

and

Let f(2) = u(z,y) + tv(z,y). When the functions w and v are differentiable at
the point (zo, yo), the functions U and V are differentiable at the point (zo, —yo),
and the result expresses that the function f(z) is C-differentiable at the point
20 = Zo + tyo when the function f(z) is C-differentiable at the point zg. O
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Solution of Exercise 4.2.7. Although the computation is just an application of the
chain rule, we prove the first equation. We have

dln /22 +y2 1 20z
Ox 2 a2 gy? 22 g2
and, for = > 0,
Jdarctan(y/z) 1 1 =z
Ay SR

Therefore the first Cauchy-Riemann equation holds when x > 0. The other cases
are treated in the same way, and so is the second Cauchy-Riemann equation. [

Solution of Erercise 4.2.8. We will prove that the C-derivative of cos z is — sin z.
Recall that
cos z = cosx coshy — i sinx sinh y.

(See (1.2.15)). Thus Re cos z = cosz coshy. We use formula (4.2.4) and obtain
cos'(z) = —sinz coshy — i cosrsinhy = —sin 2,
where we have used (1.2.16). The other formulas are proved in the same way. O

Solution of Exercise 4.2.9. If z = 0, then f,,(0) = 1 for every n and so is the limit.
We now assume that z # 0. Set

fn(2) = cos(z/2) cos(z/2%) - - - cos(z/2").

We use the identity (1.2.14) to show by induction that

sin z
fn(2) = 27 sin(z/2m)"
For n = 1 the claim is true since
sin(z)
= 2 = .
J1(z) = cos(z/2) 2sin(z/2)

Assume the claim true at n. Then

sin(z/2" ) foy1(2) = fu(2)sin(z/2"1) cos(z/2™ 1)
:fn(z)sm(zQ/Q )
_ sin(z)  sin(z/2")
27 sin(z/2™) 2
_ sin(z)
on+1’
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where we have used (1.2.14) to go from the first line to the second and the induction
hypothesis to go from the second line to the third. Thus

sin(z) 1

2n+1 gin(z/27+1)’

and the induction hypothesis is true at rank n + 1. Since it holds at rank n = 1 it
holds for every positive integer.

Thus

fn+1(z) =

sin(z) (sin(z/2" )\ !

Z/2n+1 :
The function sin(z) is differentiable at every point z and its derivative is sin(z).
Thus, by definition of the derivative,

N s sin(z/2"+1)
WOy = aen

and so
sin(z)

nlggo fn(2) = 5 (z #0).

in(2) to be 1 at
z
the origin. O

The formula also holds for z = 0 when one extends the function >

For a (more complicated) proof using wavelets and Haar systems, see [62,
Exercise 5.4.3 p. 423].

Solution of Exercise 4.2.10. Since f is differentiable in €, the functions u and
v have first-order derivatives and the Cauchy-Riemann equations hold. We can
differentiate (4.2.8) with respect to x and y and obtain

ou v
b, =0
oz + Ox ’
ou v
b, =0.
aay + dy
These equations together with the Cauchy—Riemann equations can be written as
Ju
ox
1 oo -1\ |% 0
o1 1 o|[%]| [o
a 0 b 0 v - 0
0 a 0 b O 0
ov

dy
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We have
1 0 0 -1
01 1 0] _ o, .2
det c 0b 070 +b°>0
0 a 0 b
since a and b are not simultaneously equal to 0. It follows that
ou ou v

81'(x’y) = ay(‘r’y) = ) ($,y) = g:(x,y) =0,

x
and u and v are constant in €2 since €2 is connected. So f is a constant function. O

Solution of Exercise 4.2.11. We have, with x —xo = h and y —yo = k,

0
(o, y0) + K v

0
U(Z’,y) :u(x07y0)+h v ay

O (z0,90) + o(x),

0
’u(:c,y) - U(:EO,yO) +h !

0
P (20, %0) + k@: (%o, y0) + o(y),

where we denote by the same letter o expressions tending to 0 as (z,y) tends to
(z0,Y0). Since

z—z — — 20— 2 —
h— 0+ 22— 20 and k:Z 20 -z zO,
2 21

these expressions become

z— 20+ 22— 29 0u
2 Ox

z— 20— 2 — 29 Ou

’UJ(l‘, y) = u(x07 yO) + 2 ay

(w0, y0) + (70, %0)

+o(z),

z—20+2z—z9Ov
2 ox

z—20—2— 290V

'U(IE, y) = v(x07 yO) + 2 ay (iﬂo, yO)

(w0, 0) +
+ o(y).

We obtain the result by multiplying both sides of the second equality by ¢ and
adding the first and the second equality side by side.

From (4.2.12) we obtain
J(z) ~ fzo) _ 0f

of Ik I o(z)
z— 2 0z

=20 + 0z =20 z—2y 2—20

0
and hence the set of possible limits is the circle with center 5‘f |:=2, and radius
z
of
0z lo=z0-

This circle reduces to a single point if and only if the function f admits a
derivative at the point zg. O
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Solution of Ezxercise 4.2.12. The result is a direct consequence of the Cauchy-
Riemann equations and of (4.2.10). More precisely, assume that F' admits a deriva-
tive at the point zy = xg + 7yo. Then,

8F| N (u+iv)|
Oz 1z=20 2\ Oz dy T=T0,Y=Yo

1 5‘u+z_8v H_au B ov |
2 | 0x ox Oy 0Oy [ '#=z0.y=yo

1 8u_,8u+,8u_8u |
2| Oz Zay Z@y Oz [ lz=z0,y=v0
=0

where we have used the Cauchy—Riemann equations to go from the second to the
third equality. Similarly,

oF 1/0 .0 .
9z |z:z0 = 2\ oz - Zay (u + “})}z:xo,y:yo

1 5‘u+z_8v 7i8u+ ov |
2| Oz ox Oy Oy ] '==zoy=yo

1 8u7i8u7i8u+5‘u |

2] 0z dy Oy Oz | 'v=zo,y=yo
ou Ou

= O (w0,%0) — Zay (w0, %0),

and this last expression is exactly F”(z). O
Solution of Erxercise 4.2.13. We will show that
F h)—F Lo
lim TR~ F@) / ite' f(t)dt.
h—0 h 0

We note that, for |h| <1

eith — 1 ” et — 1 — jth
_itl =
h h
 hrnin
_ 22 n!
o h
<

s hn—2
DDSIEs
D

- |h|§: |h|n—2
5 (n—2)!

< |hle! < e|n|.
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Thus, for [h| <1, and with M = max;¢(o.1) [ f(t)|, we have
F(z+h)—F b Yletth —1
(z4h) = F(2) 7/ ite”zf(t)dt' _ / (e - z‘t> f(t)dt‘
h 0 0 h

1 eith _ 1
d
< / ()]t

< |hleM -0 ash— 0. O

— it

An alternative solution of this result uses Weierstrass’ theorem on interchang-
ing the order of summation and integration. We then have (in a way similar to
(3.4.15) in Exercise 3.4.12)

it (t)dt

ol , VzeC. (4.5.3)

fey =3 b

f of the form (4.4.14) can be seen as a signal with band limited spectrum m(t);
see Section 11.1. An interesting question is to recover m from f. The function f is,
up to normalization, equal to the Fourier transform of m, and one can of course
use the inverse Fourier transform. Another interesting way, when m(t) > 0, is to
view (4.5.3) as a moment problem:

1
/ t"m(t)dt =i " f™M(0), n=0,1,....
0
Solution of Ezxercise 4.2.14. Recall that the distance from a complex number z

to [1,2] is
dist (20, [1,2]) = Mingeq1,2) |20 — |-

Let z be such that d *2" dist (20,[0,1]) < 1. For z such that |z — zo| < d we have:
Fl) = /2 m(t)dt
1 (t—=2)?
e m(t)dt
_/1 (t =20 — (2= 20))*
[ m(t)dt
- /1 (t—20)2(1-3220)°

AT (i” (o5 )) “

n=1
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where we have used Weierstrass’ theorem (Theorem 12.4.1) to interchange sum-
mation and integration, and where we have defined

2

F—n / m(t)dt .

1 (E—zo)" !
Thus F is locally equal to a McLaurin series around every point zg € C\ [1, 2],
and hence is analytic there. O

Solution of Exercise 4.2.15. As in the previous exercise, we have

F,(2) — Fn(20) U om(t)dt
z— 29 B /0 (t — zo)t1
1
—2) (t—z)" n

S T (t— )t m(t)dt

(t—2)"(t — 20)"(2 — 20) (t — zp)7t1

{ .
_ k _ n—1—k _
{ [ 0 (t—2)"(t— 20) )(z — 20) n }m(t)dt
[ 0 (t— 2)k(t — zo)" 1K) B n m(t)dt
(t —2)"(t — 20)™ (t — zo)nH! '
We now note that, for every ¢ € [0,1],

3 e s B

z—z0 (t—2)"(t — 2z0)" (t — zp)t1 =0

With the notation as in the solution of the previous exercise, we have that, for
d(z) < d(z0)/2 and |z| < 2|z,

(Chso(t = 2)k(t —z)"17F) n
(t—2)"(t — z)" (= zo)n !
T2 27(1 + |20))" 1R (1 + 2)20))* n
% d(z0)*" TGz

we can conclude using the dominated convergence theorem. One can also avoid
this theorem and proceed in a direct way; see [28, p. 48-49]. O

Solution of Ezercise 4.2.16. Let z € Q and let (z,,)nen be a sequence of points in
Q converging to z. Since f is continuous, we have that

lim f(zn) = f(2).

n—oo
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We set f(zn) = wy and f(z) = w. We have
lim f(zn) = f(2) — lim f(zn) = f(2)

n—o00 Zn — % n—oo ef(zn) — ef(2)
. Wy, — W 1
= lim = . wn —ow
n—oo eWn —e?  lim, ewn_zj
1 1 1
Tew T ef® T g -
Solution of Exercise 4.2.17. Let 2,z € Q. We have:
f(2)? = f(20)* f(z) = f(z
Z— 20 Z— 20
2 _ 2
By hypothesis the limit lim, ., f(z)z £<ZO) exists and, in view of the conti-
— 20
nuity of f, the limit lim,_,., f(2) + f(z0) = 2f(20). Since f(zp) # 0 we have that
lim,_, ., 1(z) = f(20) exists, and is equal to
zZ— 20
2 _ 2
i TGP =10
zZ— 20 0
2f(20)
Solution of Exercise 4.2.18. Recall the notation (4.2.11). We have
170 0
0.(0,f) = o.f)—i_, (0
0:-5) =y (g @-0) i (@.1))
1[0 6f+l_(9f i o (0f +i8f
4\ 9z \dzx Oy Oy \ Oz Oy
1
= A
(A,
since
o*f  0°f
dxdy  Oydx’
due to the smoothness of the real and imaginary parts of f. O

Solution of Ezxercise 4.2.19. Let F1 = uy + ivy and Fy = us + ive where uq, vy, uso
and vy have smooth partial derivatives. We want to show that
8F1 FQ 8F1 aFQ

= F+ F
0z 0z 2+ Loz

and similarly for e?z' We have

8F1F2 8F1 aFQ
= Fy + F
ox or 2 th ox
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and OF\F,  OF OF
152 _Ofp | g 02
Ay dy dy
and the result follows by linearity. O

Solution of Erercise 4.2.20. At the origin, we have
of of

0,0) = 0,0)=1
82( »0) 5‘z< »0)
since 5 5
u u
0,0)=1 d 0,0) =0.
pr(0.0)=1 and (0.0
At a point z # 0 we have, using Exercise 4.2.19,
af 2\° af 2z
= — d = . ‘:l
0z (z) R z

In the previous exercise, the function f is continuous in all of C, and the real
and imaginary parts of f have partial derivatives of first order in all of R?. The
Cauchy-Riemann equations hold only at the origin. The function is not differen-
tiable at the origin. There is no contradiction with Theorems 4.2.3 and 12.1.3,
since the partial derivatives are not continuous at the origin.

Solution of Ezercise b. To prove (a), we first consider the case p = 1.

oz 1 (8\/m2+y2 +i5‘\/m2+y2>

0z 2 or dy
1 2z . 2y
= —+1
2\ 222 92 2¢/22 + 42
oz
2ol
Similarly,
0)z| z
= . 4.54
0z 2|7 ( )

For n = 2p we have
|2 = 2P2?,

and formula (4.2.17) leads to

0|z|?P
|8Z,|z =p2PPl = pz|z|2p*2.
For n = 2p + 1 we have
d|z|?p+1 0, 0l2|  O)z|? z 5 2p+1
= |z|*P + zl = (7 +p2)|z|?P7L = z|z|P L.
o =1 e = 4 o)l S el
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We now turn to (b).

dln|z| 1 (81n(x2+y2) +Z.81n(x2+y2))

0z 4 or oy
1 2x .2y
T4 <m2+y2 +Zx2+y2)
2z
4z
1
22

and

dlnlz| 1 (81n(x2 +y?) _,0ln(a’ +y2))

0z 4 or oy
1 2x . 2y
! (fﬂ“ry2 Z362+y2)
2z
 4e)?
1
T2y =

Solution of Ezercise 4.3.1. The function — _, is a rational function (quotient of
z

polynomials) and as such admits a derivative at all points where it is defined, that
is in C\ {0}. The function exp z admits a derivative at all points of (that is,
it is an entire function). By composition of differentiable functions the function
f(2) admits a derivative in all of C\ {0}, and in particular the Cauchy-Riemann
equations hold there.

The function f(z) is not continuous at the origin. Indeed, for z = x € R,

lim f(z) =0

z—0

1
while for z = pexp ZZ, f(z) =exp , and so
p

s
li 4) = 0.
lim f(pe 4 ) = oo
Since the function f is not continuous at the origin, it is in particular not
differentiable there. We show that the Cauchy—Riemann equations hold at z = 0.
Write
1

) = u(z,y) +iv(z,y).
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We have

lim u(z,0) = u(0,0) = lim 1 exp (— 14) =0,
T

z—0 x z—0 1
lim v(0,) = v(0,0) = lim 0-0 =0.
y—0 Yy y—0 Yy

ou ov
Thus P (0,0) and oy

Riemann equation holds at z = 0. The second one is proved in the same way. [

(0,0) exist and are equal to 0. Hence the first Cauchy—

Solution of Exercise 4.3.2. Recall that for any two real numbers a and b,
2|ab| < a® + b (4.5.5)

We have
#@ - o= M oz yyp < Ly gy

1.6+2

where we have used (4.5.5) with a = 23 and b = y. Thus

_ < 2 2
lll’% |f(z) — f(0)] lm%) 2\/1' +y Zhrr%) 5

=0.
Thus f is continuous at the origin. This proves (a). To prove (b) we compute with
0 fixed and z = ee? (so that z = ecosf and y = esinf):

f(z)— f(0) €®(cos® 0)(sin 0) (sin @ — i cos )

z (€5(cos 0)6 + €2(sin6)2)e(cos O + isinh)
Hence,

|f(z) — f(O)’ €2|(cos 6)3 sin 4|

z  e*(cos )6 + (sin )2’

If sin = 0, the function is identically equal to 0 and so is the limit. If sinf # 0
the limit is equal to 0 since the denominator tends to sin 6 > 0.
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We now show that f is not C-differentiable at the origin. Take z = t + it>.
Then
fz) = f(0) 3@ —it) 12—
z C28(t+it3) 21 +it2’
This expression tends to —i/2 when ¢ — 0 and so is different from the limit along
the rays and so f is not differentiable at the origin.

Finally, since the real and imaginary parts of f(z) are given by
232
z6 + y?

—aty

and v(x,y) = 26 4 42

u(z,y) =
we have
u(z,0) =v(0,y) =u(0,y) =v(xz,0) =0 for z#0 and y#0.

Hence the various partial derivatives of first order all exist at the origin and are
equal to 0, that is, the Cauchy—Riemann equations hold at the origin. (I

Solution of Exercise 4.3.3. (a) We have
Re f(2) =2? +4* and Im f(z)=0.

Since the real part and imaginary part of f are smooth, a necessary and sufficient
condition for f to be C-differentiable is that the Cauchy-Riemann equations hold
at that point. Here, these equations take the form

2¢=0 and 2y=0.

Therefore, f is differentiable only at the point 0.
(b) The function in the preceding exercise answers the question. O

Solution of Exercise 4.4.2. It suffices to look at the development (4.4.4) for z =
1/2:

1 _ i n
2 n—1"’
(1/2)2 = 22
so that
= n
4 =2
Z 2n’
n=1
and hence the result. O

As a matter of fact, since > 7, 1/2" =1, the sum (4.4.5) corresponds to an
entropy calculation; it appears in [89, p. 61].
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Solution of Ezercise 4.4.3. Applying formula (4.4.3) with p = 2 to the function

|}, we obtain (4.4.6):

2 o0
(1 ) = Zn(n —-1)2""% zeD.

n=2

We put z = re? and, taking the real part of both sides of (4.4.6), we obtain

T;n(n —1)r"2cos((n—2)f) =2-Re (1- iew)i‘

Re(1 — e707)3
(1 —2rcosf +1r2)3
1 — 3rcosf + 3r? cos(20) — r cos(3t9)

=2 i
(1 —2rcosf+1r2)3

=9.

Solution of Erxercise 4.4.4. If « is a natural integer, then f, is a polynomial, and
R = oc0. If a € N all the coefficients

ala=1)--(a—n+1)

Ap — )
n:

are non-zero. Since

[@n+1] = joc =7 —1 as n — o0,
|an] n+1

we have that R = 1. Using the result on the differentiation of a complex power

series we have
Zala—1)-(a—n+1) ,_
THEEDY (n 1) Eans
n=1 :
and
f: al@=1)---(a—n+1) ,

nfl)! o

n=1

and the coefficient of 2™ (n > 0) of (1+ 2)f.(2) is

ala—1)---(a=n) ala—1)---(a—n+1)
n! * (n—1)!
:a(a_l)”;l!(a_n—i—l)(a—n—i—n)

and hence the result. To prove the second equality, it suffices to differentiate the
function H = fofs — fa+s. By Proposition 3.4.7 the function H is defined by a
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power series, which is convergent in the open unit disk. Furthermore, H(0) = 0.
We have

H'(z) = fo(2)f5(2) + fa(2)f5(2) — foyp(2)

_ alfi(z) fa() + fﬂz)ﬁfﬁ@ _ (o +f¥2+ﬁ(2)
= (a+ ) ffi
from which it follows by induction that
H'(0)=---=0.

When checking the induction, formula (4.2.1) will prove useful. Since H is defined
by a power series, it vanishes identically. O

We see in particular that, for every N € N|
(finE)Y =142 z€D,

and special cases of « give the well-known power series expansions (see [136, p.
137], if need be)

12
2-4
1-3

1-3 .
2+ 23+...’

1 172 =1

(1+2) + 9.4.6

, 1:3-5
2.4-6

z —

(4.5.6)

N — N =

1+2)72=1- "2+ 24

92.4%

One uses the notation f,(z) = (1 4+ 2)® for @ € C. One should not forget
that, for a € 7Z, this is just a notation for the power series (4.4.8).

Solution of Ezxercise 4.4.5. It follows from the very rough estimate

BN
P < i'>

that the power series (4.4.10) converges for every z. We now prove (4.4.11). Using
Weierstrass’ theorem (Theorem 12.4.1) we have

X >, 2
/ ey = E | / cos” udu
[0,27] n—o v J[o,27]

o0

2p(_1)\p
= ( 1|) / cos?? udu,
n=0 (2p)! [0,27]

/ cos?Pt ydu = 0.

since
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See the discussion following the proof of Exercise 3.1.7 for the latter. The integrals

2p)122P
/ cos?? udu = 2 <2p> 22P — 27T( P) 2
[0,27] p (p!)

have been computed in Exercise 3.1.7. The result follows. (]

Solution of Exercise 4.4.7. Since 1/(1—2) =1+ 2+ 22+ -, the sequence (S,,) is
the convolution of the sequence identically equal to 1 with the sequence (a,). O

Solution of Exercise 4.4.8. From Exercise 4.4.6 (or from Proposition 3.4.7) the

sequence (“)nen, is the convolution of the sequences (%} )nen, and (1 )nen,,
that is

n
Cn ag by é o } :
nl E' (n—20)! n! ( )aébn_é' =

Solution of Erercise 4.4.9. The zeroes of the polynomlal 1—2z— 22 are

—1-+/5 145

Z_ = 9 and z4 = g

and therefore | ' , is analytic in the open disk |z| < min{|z_],|z4]} = |24].

Hence, there is a power series expansion

172722 Zanz |z] < |z—].
From the equality,

(1—2—27) (Zan )—1,

and comparing coefficients we then obtain (4.4.13). O

Solution of Exercise 4.4.10. The function F' is defined by a power series with ra-
dius of convergence equal to
1 1
R = = - 1.
|@nt1] . n+1

lim,, o0 |CL | limy, 00
n

Thus it is analytic in the open unit disk and

- 1
E’ — _ —1)" n—1 _ .
@=-X et

Set G(z) = (1 4 z) exp(—F(z)). The function G is analytic in the open unit disk
and we have

G'(z) =—(1+2)F'(2)exp(—F(z)) + exp(—F(2)) =0, |z| < 1.
Thus G(z) = G(0) =1 and exp(F(z)) = 1 + z in the open unit disk. O
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Solution of Fxercise 4.4.11. For every z € D we have

SEE))EE) - SE)

=1 {=1

Assume now that a function ¢ exists with the required property. Then, for |z| <
1, applying Weierstrass’ theorem on interchanging the order of summation and
integration (Theorem 12.4.1) we have

27 it 0
'd](e )dt — Z chn’

o et —z

1 27 . .
Cn = . / Y(et)e " HDE gt
0

27

where

Thus, by uniqueness of the coefficients of the power series expansion at the origin,

we would have
1

2 n
. ) 1
ity ,—i(n+1)t g0
i P(e)e dt ;_1 0

But the sequence on the left of this equality is bounded in modulus:

len| < H[%)agir“ (e’ )|a

while the sequence on the right is unbounded in modulus:

S
m Dy =

and this concludes the proof. O

Solution of Exercise 4.4.12. For |z| <1< R and t < 1 we have |2t| <1 < R and
so by the theorem on differentiability of a power series we have

o0
"(tz) = E na,t" 1z 1
n=1
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for |z| < 1. Set fn(t) = na,—1t" 12"~ and M,, = n|a,_1||2|" . Since the radius
of convergence of the series of the derivative is also R we have

> M, <oo for |z/<1<R.
n=1

Using Weierstrass’ theorem we then have

/ F'(tz)dt = / (Znant” L= 1) dt
0

= Znanznfl/ " Ldt
n=1 0
o0
1
= Z napz"""
n

n=1

oo
= E an2"

n=1
, if 2 #£0,
= F'(0), for z = 0.

Solution of Ezxercise 4.4.13. The idea is the same as in Exercise 4.4.12. We just
give the outline of the proof. For a fixed z we set f,,(t) = anz"t" f(t). Then with
M = maxycjo,q) | f(t)] we have

[fn(O)] < Mlan|laz]" = M.

By definition of the radius of convergence, > -  M,, < oo for |z| < R/a. For such
z one can apply Weierstrass’ theorem and write

a o0 [e’e]
= / (Z anz”t"> ft)ydt = Z 2" A,
0 n=0 n=0
where

A, =ay, /a " f(t)d.
0

Thus G has a development in power series in |z| < R/a and is analytic there. Its
derivative is (recall the theorem on differentiability of power series)

:inA 2"
n=1



4.5. Solutions 187

Another application of Weierstrass’ theorem leads to
a
G(z) = / LEY (o) £ (£)dt.
0

The arguments for the function H are similar. Set now f,(z) = ay i" f(@).

With M = max,c1,4) |f(t)] and since 1/a < 1/t <1 for 1 <t < a we have, for
z € C,
[fr(®)] < lanl|2|" M = M,,

and Y7 M, < oo for |z| < R. For such z one can apply Weierstrass’ theorem

and write
H(z) = / (Z a ;) fdt =S =" A,
1 n=0 n=0

_ “ )
A, = an/1 i dt.

Thus H has a development in power series in |z| < R and is analytic there. Its
derivative is (recall the theorem on differentiability of power series)

where

oo

H'(2) = Z nA,z"" L

n=1

Another application of Weierstrass’ theorem leads to
a
t
H(2) = _/ F'(2/t) ft(2)dt.
0

If R = oo the above arguments show that G and H are entire functions. [

Solution of Exercise 4.4.14. It follows from (3.4.15) in Exercise 3.4.12 that f is
equal to a power series centered at the origin, and convergent for every complex
number z. Thus f is analytic in C, that is, is an entire function. Its derivative is
equal to

f'(z):/o te'*m(t)dt

1
B inz”*lfo tmm(t)dt
- | )
n=1 n

The first formula is done by computing the limit

F4h) = f) _ 1 et —et Lot
= 1 dt = dt.
b /0 im m(t)dt /0 te**m(t)dt

fim h—0 h

h—0
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We justify the interchange of limit and integral in the above chain of equality
by using the dominated convergence theorem. Indeed, it is enough to consider a
sequence (hy,)nen with limit 0 to compute the limit. Let

falt) = b m(t), neN
n
For |h,| <1 we have
Lo et —1
[ fu(®)] =[] - | oo L m@)l
n
o0
p tPhi !
=l | ()]
= P
< tle¥?| - Im(t)] - | ,
<del - 32 L
and the function
= |t
t > tle®| - m(t)| -
-3

is continuous on [0,1] and in particular absolutely summable on [0,1]. The dom-
inated convergence theorem is therefore applicable, and we obtain a formula for
f/(2) in term of an integral. The expression of f’(z) as a power series is a direct
consequence of Theorem 4.4.1. O

We remark that the above argument, slightly adapted, also works if m is only
assumed to be in L1 (0, 1), and in particular in Lo (0, 1) since by Cauchy-Schwarz
inequality

L»(0,1) C Ly (0, 1).

The function

is not anymore continuous, but it is in L;(0,1), and the dominated convergence
theorem can still be applied.

Solution of Erercise 4.4.15. We first consider z in the open unit disk. The idea is
to show that ¢ is equal to a power series centered at the origin and with radius
of convergence at least 1 (in fact, for m not identically equal to 0, the radius of
convergence is exactly 1, but we will not prove it here). We then conclude with
the theorem on the analyticity of power series in their disk of convergence. The



4.5. Solutions 189

key is to use Weierstrass’ theorem to interchange integration and infinite sum at
an appropriate place of the argument. For |z| < 1 we can write

et vz et — 2422

et — z et — z
2z

:1+e“—z

=1+ 2z¢ " _
+aze 1 —e ity

=142z " (i(e‘“z)”)

n=0
[ee]
=1 + ) Z Z"+1€_i(n+1)t,
n=0

and so _
ezt +Z

et — z

m(t) = m(t) + Y fult),

n=0

where _
fult) = 22" e D) e Ny,

Then, f, is a continuous function of ¢ in the interval [0, 27] and
()] < Ml2|"*,

where M = sup,cg oq] [m(t)]. Set M,, = M|z|"**. We have

o0 oo
Z M, = MZ |2 < oo,
n=0

n=0

and so,

21 it P
oz) = / bt

o eit—z

- /027r (m(t) + ih(ﬂ) dt
- /027r m(t)dt + /O%(i fu(t))dt

n=0

where we have used Weierstrass’s theorem to go from the penultimate line to the
last line.
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By definition of f,, we have

2
frnoa(®)dt = 22"a,, n=12,...,
0

where
27 )
ay = / e "m(t)dt, n=0,1,...,
0

is called the n-th trigonometric moment. Then,

o(z) =ap+ 2 Z anz". (4.5.7)

n=1

The argument above was made for any |z| < 1. Thus (4.5.7) converges for all
|z| < 1 and by the theorem on the analyticity of convergent power series in their
disk of convergence, ¢ is analytic in the open unit disk.

The case of |z| > 1 is done by the change of variable z — 1/z. The function

2 it
1+ ze
o(1/2) = — / et = () (4.5.8)
o l—ze
is analytic in the open unit disk. Therefore ¢ is analytic in |z| > 1. O

Solution of Exercise 4.4.16. For zp and z in C )\ [0, 1], and since
(t—20)% — (t —2)* = (2t — 2 — 20) (2 — 20),
we have

F(z) — F(z) /1 2m(t)dt /1
0 0

z— 20 (t—20)3

B 1 (2t —Z — ZO) _ 2 .
= /0 (t—z)Q(t720)2 (tZO)S} (t)dt
0

(t—2)2(t — 20)3
For z € C, let d(z) be the distance from z to [0, 1]:

d(z) = tgféﬂ] [t — z|.

We have that d(z9) > 0. Moreover, for |z — zo| < d(z0)/2 we have

[t — 2| > |t = 20| — |2 — 20| > d(20) — d(20)/2 = d(20)/2,



4.5. Solutions 191

and so d(z) > d(z9)/2. Therefore,

F(z) — F(z0) / ‘_‘/ (2t — 2z — 2o (t—zo)—2(t—z)2m(t)dt
0 t—Zo

zZ— 20 (t — 2)2(t — 20)3
= d(zo)5 /o (2t — 2 — 20)(t — 20) — 2(t — 2)°| - [m(t)|dt.

To end the proof we show that

lim / [(2t — 2 — 20)(t — 20) — 2(t — 2)*| - |m(t)|dt = 0. (4.5.9)

Z—r20 0

But
(2t — 2 — 20)(t — 20) — 2(t — 2)? = (2 — 20) (3t — 29 — 22),

and so (say, for |z] < 2|zg]),

lim / |(2t — 2z — 20)(t — 20) — 2(t — 2)?| - |m(t)|dt <

Z—r20 0

1
< lim |zfzo|~(3+|zo|+2|z|)/ I (t)|dt
0

Z—Z20

1
< Jim |2~ 2] (3+5|zo|)/ I (t)|dt
0

Z—2

=0. (]
We note that, pointwise,

lim (2t — 2 — 20)(t — 20) — 2(t — 2)* = 0,

Z—r20

and one could also justify interchanging the integral and the limit in (4.5.9) using
the dominated convergence theorem (see Theorem 15.5.2) since (say, for |z| <

2|zo])
(2t — 2 = 20)(t — 20) = 2(t — 2)?| - [m(t)] < (2+ 3|20) (1 + [20]) +2(1 + 2|20])* - M

where M = max;c[o,1] |m(t)|. In the case at hand, this method is an overkill, but
there are cases where it will prove useful.



Chapter 5

Cauchy’s Theorem

In this chapter we need the simplest version of Cauchy’s theorem, and not the
homological or homotopic versions. Furthermore, in the computations of Section
5.1, the weaker form of Cauchy’s theorem proved using Green’s theorem is enough.

We begin with a couple of exercises on the computation of path integrals,
and then focus on exercises related to Cauchy’s theorem.

5.1 Line integrals

In topology, and in particular in algebraic topology, the emphasis is on continuous
rather than differentiable functions. A path (we will also say arc, or curve) will
be any subset of C homeomorphic to [0, 1], and a simple closed path, or Jordan
curve, will be any subset of C homeomorphic to the unit circle. See for instance
[78, p. 19]. In the setting of complex integration, we need to change a bit the above
definition of a path, and consider appropriate equivalent classes. Two continuous
complex-valued functions defined on compact intervals

Ye(t) = we(t) +iye(t), t € [ag, by

are called equivalent if there is an increasing homeomorphism ¢ of class C; from
[a1,b1] onto [az, be] such that

m(t) = 72(p(t), t€lar,bi]. (5.1.1)

An equivalence class of such functions will be called a continuous path (or arc, or
curve), and the elements of an equivalence class C' are called the parametrizations
of the arc; it will be called a smooth path when the components of one (and hence
all) of the elements in the equivalence class are continuously differentiable. All
the elements in a given equivalence class have the same geometric image in the
complex plane, but the path and its image are completely different objects. This
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is illustrated in the next examples, where the two given functions have for image
the unit circle, but are not equivalent.

Exercise 5.1.1. Prove that the smooth paths defined by the parametrizations
1) =€, telo,2n],

and _
Yo(t) =€, tel0,4n]

are not equivalent.

Let C be a smooth path. It is called closed if for one (and hence for every)
parametrization y(t),t € [a,b] of C, it holds that

It is called simple if one (and hence every) parametrization v of C' is one-to-one
onto its image. It is called simple and closed if

v(t) =~(s) < t,s € {a,b}.

Let C; and Cs be two smooth paths, with parametrizations v, (¢),t € [a1, b1] and
v1(t),t € [az,bs], and assume that

71(b1) = 12(az).
The concatenation of v; and 75 is the continuous arc with a parametrization given

by

Yo(t +ag —b1), t € [b1,b1 + b2 — asl,

5 = {%(t), € [ar, b1,

and will be denoted by C' = C1C5. We will usually use the simple representation
71(t), t€lar, b,
= (O telonn]
’)/Q(t), t e [ag,bg].

A piecewise smooth arc C' is given by the concatenation C' = C1Cs---Cpn of a
finite number of smooth arcs C1,Csy, ..., Cy such that

vi(0;) = vjr1(ajr1), j=1,...N—1

where v; : [aj,b;] — C is a parametrization of C;. We will call the piecewise
smooth arc closed if moreover,

N (by) = 71(a).

The closed piecewise smooth path will be called a closed contour (or a simple
closed Jordan curve; see [37, p. 54]) if the continuous path obtained by successive
concatenation of the arcs Cp,/ =1,..., N is closed and simple.
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Given a function f continuous on the image of the path, one defines the line
integral

/C f(2)dz = / SO @)t

where v is parametrization of the path; the integral does not depend on the
parametrization, as follows from the change of variable theorem. The integral
on a piecewise smooth path is defined as the sums of the integrals on the smooth
paths which compose it.

Exercise 5.1.2. Compute [, (2* —iy*)dz where C is the upper semicircle: z(t) =
cost +isint with 0 <t <7 ([100, Exercice 13 p. 175]).

It is well to recall the formula
| [ £G)az] < o [£G()ILO). (5.1.2)
c t€la,b]

for a piecewise smooth path C of length L(C').

The next exercise is taken from Cartan’s book; see [31, Exercice 1 p. 76]. We
use the notation |z| = 1 for the path

y(t) =¥ tel0,1].

This is of course an abuse of notation, since a path and its image are two different
objects.

Exercise 5.1.3. Let C be a path with parametrization v(t) = x(t) + iy(t) and let
C* be the path with parametrization

V() =) = a(t) —iy(h).

Assume that f is defined on the images of both C and C*. Show that

(/Cf(Z)dZ> = C*f(z)dz, (5.1.3)

dz
</|Z|1 f(Z)dZ> N /|le f(Z) 22’ (5'1'4)

Let C be a piecewise smooth closed path, and let zg ¢ Ran C. The number

and

W(C,20) = * /C dz (5.1.5)

211 zZ— 2

is an integer. The number W(C, zp) is called the winding number of the closed
curve around the point zy (see for instance [91, p. 134]), or the index of zy with
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respect to the closed curve C. We note that various notation and variations on
the above terminology appear in the literature, and sometimes one can find the
notation n(zg, C') (that is, zo appears before C'). For instance, Cartan in [31, p.
62] speaks of the index of C' with respect to the point zp, and uses the notation
I(C, zp). Ahlfors, [3, p. 114], uses the notation n(C, zp), and Dieudonné in [40, p.
228] uses both j(zo,C) and j(C, zp), and speaks of the index of the curve with
respect to the point zg, or of the point zg with respect to the curve. Andersson,
see [13, p. 18], speaks of the index of the curve with respect to the point zg, and
uses the notation Inde(z0)

Exercise 5.1.4. Prove that indeed the winding number is an integer.
For an extension of the preceding result, see Exercise 5.5.20.

The next result is also important when computing definite integrals using the
residue theorem. See [1, Exercise 8 p. 81] for a particular case. In the statement,
|z| = R denotes the path

y(t) = Re*™,  te0,1].

Exercise 5.1.5. Let p(z) and q(z) be two polynomials and assume that deg q >
deg p + 2. Show that
lim p(z)d

z = 0.
R—o0 |z|=R q Z)

Jordan’s lemma plays an important role in the sequel. It reads as follows:

Exercise 5.1.6 (Jordan’s lemma). It holds that

H , 3
lim e fsintgt =0 and  lim e fteostqr — 0. (5.1.6)

R—o0 J R—o0 J

Integrals in (5.1.6) are integrals on a closed interval, and as such, are par-
ticular instances of line integrals. The following exercise requires a different more
geometric interpretation.

Exercise 5.1.7. Write the integrals in (5.1.6) as line integrals on some arc of a
circle.

Exercise 5.1.8. Let Q be an open connected subset of R?, and let u admit continuous

first-order partial derivatives in . Show that, for every closed piecewise smooth
path C in €,

+

ou ou
/C aId:zc 8ydy =0. (5.1.7)
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5.2 The fundamental theorem of calculus for
holomorphic functions

Assume now that the function f is C-differentiable at the point 7(¢). Then, the
complex-valued function of a real variable f(y(t)) is differentiable, and its deriva-
tive is given by the formula

FO@) =21 (3(t)). (5.2.1)

This important formula calls for some comments. The function on the left side of
(5.2.1) is the derivative of the complex-valued function of a real variable. Similarly,
the term ~+/(¢) is the derivative at the point ¢ of the complex-valued function of
a real variable y(t). On the other hand, f/(vy(t)) is the complex derivative of the
function f at the point ~(¢).

Formula (5.2.1) leads to the fundamental theorem of calculus for holomor-
phic functions. In the statement, the derivative f’(z) is assumed continuous. This
hypothesis is in fact superfluous, since a holomorphic function has derivatives of
all orders. But this fact is proved at a later stage, following the Cauchy-Goursat
theorem.

Theorem 5.2.1. Let Q be an open connected set, and let C be a smooth path with
parametrization (t),t € [a,b]. Let f be holomorphic in Q, and assume that f' is
continuous in 2. Then,

/C F(2)dz = F(4(b)) — f(v(a)). (5.2.2)

Formula (5.2.2) is also called the Newton-Leibniz formula. See [47, p. 37]. At
this stage it is well to recall the following definition: A function f is a primitive of
a function ¢ in an open set € if we have

f(z) =g(z), Vzeq.

Note that g is necessarily continuous since differentiability at a point implies con-
tinuity at that point. In fact, g is necessarily holomorphic, since f is holomorphic
and since a holomorphic function has derivatives of all orders. Every power series
has a primitive in its domain of convergence. This is a local result. One impor-
tant difference with the real case is the following: A given function g may lack a
primitive in a set {2 but admits one in some open subset of (). The geometry of
the set plays an important role. Exercises on existence of primitives will be given
in Section 5.7. Here, as a corollary of Theorem 5.2.1 we get the proof of the direct
statement in the following theorem:

Theorem 5.2.2. Let 2 be an open connected subset of C and let g be continuous in
Q. A necessary and sufficient condition for g to have a primitive in § is that

/ 9(z)dz=0 (5.2.3)
C
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holds for every closed path C' in €.

We note the following: It might be that a function f has no primitive in a
domain €2 but does have a primitive in a smaller set Q¢ C 2. This is illustrated in
the following example

Exercise 5.2.3. The function f(z) = 1/z has no primitive in C\ {0}.

We recall that the function 1/z does have a primitive in the set C\ (—o0, 0].
This last set is star-shaped. In fact it follows from the Cauchy-Goursat theorem
that any function holomorphic in a star-shaped domain has a primitive there. This
leads us to the following definition of a simply-connected set:

Definition 5.2.4. An open connected set Q2 C C is simply-connected if every func-
tion holomorphic in Q has a primitive there, or, equivalently, if (5.2.3) holds for
every closed path C in €.

Let us go back now to Theorem 5.2.1. Integration by parts in the present
setting reads as follows:

Exercise 5.2.5. (see [146, p. 58]). In the notation of Theorem 5.2.1, let f and g be
holomorphic in Q, and such that ' and g' are continuous on C. Let 7y : [a,b] — Q
be a parametrization of C. Then,

/f(Z)g’(Z)dZZ(fg)(v(b))—(fg)(v(a))—/ f'(2)g(2)dz. (5.2.4)
C C

Theorem 5.2.1 allows us to get a simpler solution to Exercise 3.4.15.

Exercise 5.2.6. Give a proof of (3.4.18):
€% —e®| < |z1 — 22,

where z1 and zy are in the left closed half-plane, using Theorem 5.2.1.

A non-trivial application of Theorem 5.2.1 allows us to compute the Fresnel
integrals

/Rcos(t )dt and /Rsin(t )dt. (5.2.5)

These last integrals play an important role in optics. They can be computed by
direct methods, without using complex analysis; see for instance [55], [92]. Theorem
5.2.1 allows us to compute them directly. The existence of the Fresnel integrals
follows from the proof itself, but it is also a nice simple calculus exercise to check
directly that they converge. The idea is as follows: It is enough to check that the
limit
R
lim cos(t?)dt

R—oo Jq
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exists since the integral fol cos(t?)dt exists. But
R R
2 1 2
cos(t°)dt = (2t cos(t?))dt
1 1 2t

() e
sin(t?)

in1
The first term tends to 7sn21 as R — oo and the integral flR ! 1442 dt is abso-

lutely convergent since
sin(t?)
4¢2

- 1
= 427

Thus fooo cos(t?)dt converges. The proof of the convergence of the other Fresnel
integral is of course similar.

Usually, these integrals are computed in books using the weak version of
Cauchy’s theorem (see the discussion before Exercise 5.3.2 for the latter). Saks
and Zygmund in [125, p. 103] compute the Fresnel integral in an even easier way:
They remark that e~ has a primitive in C (since it is given by a power series
with infinite radius of convergence), and resort directly to Theorem 5.2.1 to show
that the integral in the closed contour in Exercise 5.2.7 below is equal to 0.

To compute the Fresnel integrals we need the Gaussian integral
/e_tzdt = /. (5.2.6)
R

Recall that this integral is proved in the following way. Set K = fR et dt.

Then,
K2 =( / = dt)( / e~ ds)
R R

:// e+ dtds
R2
2
= // e " rdrdf
[0,00) X [0,27]

:ﬂ')

where one has made the change of variables t = rcosf and s = rsin 6.
Exercise 5.2.7. (a) Show that the function e~ has a primitive in C.
(b) For R > 0 consider the closed contour I'r = v1,r + V2,r + V3,r Where:
(i) 71,r is the interval [0, R].
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(ii) veo,r is the arc of the circle of radius R and centered at the origin, with
angle varying between 0 and m/4.

(iil) 73 g is the interval linking the origin to the point Re 7.

Compute the Fresnel integrals by computing the integral of the function e~

over the contour I'r and letting R — o0.

Similar arguments allow us to compute the integrals in the next exercise; see
[28, p. 386].

Exercise 5.2.8. Show that

> 2+1
/ eft2 cost?dt = \/ﬂ-\/\/ + ,
0 4
° 2—1
/ eft2 sin t2dt = \/ﬂ-\/:l/ .
0

We now give an application of the fundamental theorem of calculus for line
integrals to prove an injectivity result. Another proof of this result is the topic of
Exercise 10.2.3.

Exercise 5.2.9. Assume that the complex numbers as,as, ... are such that
o0
Zn|an| <1 (5.2.7)
n=2

Show that

fz)=z+ Zanz"

n=2

defines a function f holomorphic in the open unit disk D, and that f is one-to-one
n D.

5.3 Computations of integrals
Let f be continuous in a convex open set 2, and holomorphic in 2\ {2}, for some

point zg € Q. The Cauchy Goursat theorem for triangles states that, for every
triangle in €2, with boundary 0A, it holds that

f(z)dz =0.
oA

It follows that f has a primitive in £ and therefore (5.2.3)

/C f(z)dz=0
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for every closed path C inside 2. The same conclusion holds when (2 is star-shaped.

It is also useful to consider open sets which are not simply-connected, or
curves which are not connected. For the present setting we will only need the
following result:

Theorem 5.3.1. Let Q be a convex set and let C,C1,...,Cxn be simple closed non-

intersecting curves inside . Assume that the interiors Ry, ..., Ry of the curves

Ci,...,CnN are inside the interior R of C. Let f be analytic in a neighbourhood of
N

R—J,,_, Cj. Then,

/Cf(z)dz _ ;N:l/c F(2)dz, (5.3.1)

where all the curves have the positive orientation.

The proof of (5.2.3) is very involved when no continuity hypothesis is made
on the derivative of f in Q. On the other hand, when one assumes f’ continuous
in 2, and when ~ is a closed simple path whose interior is contained in Q, (5.2.3)
is a simple consequence of Green’s theorem; see [37, p. 60]. This is the version
of Cauchy’s theorem which we need in this section to compute certain definite
integrals. If you want to avoid Green’s theorem and use Cauchy’s theorem, one
has, for instance, to choose Q = C — i(—0o0, 0] in the following exercises. It is star-
shaped with respect to any point on (0, 00), and therefore the Cauchy-Goursat
theorem insures that the integral on a closed curve of any function holomorphic
in ) vanishes.

int
Exercise 5.3.2. Compute fooo Sl? dt using Cauchy’s theorem as follows: Integrate
iz
the function “" on the closed contour defined below and let R — oo and € — 0.
z

The contour is built from four parts (both € and R are strictly positive numbers):
(1) ¥1,Rr,e 15 the real interval [e, R).

(i) vo,r 4s the half-circle of radius R, centered at the origin, which lies in the
upper half-plane, and positively oriented.

(iil) 73,R,e is the real interval [—R, —e|.

(iv) ~ya,c is the half-circle of radius €, centered at the origin, and which lies in the
upper half-plane, and with negative orientation.

The above integral is called the Dirichlet integral. In the following exercise
the formula

lim/ 9) 1. _rig(0), (5.3.2)

e—0 z
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which can also be written, if you already know the notions of residue and of simple
pole, as

E11;110 - h(z)dz = —imRes (h,0), (5.3.3)
when h has a simple pole at z = 0, will prove useful.

Exercise 5.3.3. Using the function

1— eZiz
- 2

f(2)

z

and the same path as in the previous exercise, compute

sinx 2
R X
. 3
sin x 3T
dr = .

We want to compute the integrals

oo 1
—CcosT q_
/ 2L 2Hd$)
0

Exercise 5.3.4. Show that

2

where H € (0,1). Such integrals appear in computations related to the fractional
Brownian motion.

Exercise 5.3.5. Show that, for H € (0,1) different from 1/2,

/OO 1— Czosxml_QHdm _ cos(mH)I'(1 — 2H) _ cos(mH)T'(2 — 2H)’ (5.3.4)
0 x 2H (1-2H)2H
where T denotes the Gamma function
D) = / et 1t (5.3.5)
0

Hint. Distinguish the cases H € (0,1/2) and H € (1/2,1), and in each case
integrate an appropriate function along the contour v, r constructed as follows:

Ye,r consists of four components:
(1) The interval [e, R].
(2) The quarter of circle Cg of radius R linking the points R and iR.
(3) The interval [iR, ie].
(4)

4) The quarter of circle c. of radius € and linking the points € and 7e.
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The Gamma function is studied in further detail in Exercise 6.5.7. It is the
Mellin transform of the function e~t, ¢ > 0. In the following exercise we com-
pute some other Mellin transforms. See (3.1.10) for the definition of the Mellin
transform.

Exercise 5.3.6. (see [35, pp. 49-50]).
: 2 .
(a) Show that the Mellin transform of e™" is equal to 3I'(z/2).

(b) Show that the Mellin transforms of cost and sint are respectively

I'(2) cos 7;2 and T'(z)sin 7;2, with Re z € (0,1).

5.4 Riemann’s removable singularities theorem
(Hebbarkeitssatz)

We note that an important consequence of the Cauchy-Goursat theorem is Rie-
mann removable singularity theorem (Riemann Hebbarkeitsseitz):

Theorem 5.4.1. Let f be bounded in B(z,r) and holomorphic in B(zg,r) \ {z0}-
Then

. def.
e =

exists, and the function h defined by
h(Z): {f(z)7 Z#ZOa

is holomorphic in B(zg,T).

See for instance [53, Satz 4.3, p. 79]. We briefly recall its proof here. One
first assumes f continuous rather than only bounded. From the Cauchy-Goursat
theorem we have that [, f(z)dz = 0 for every triangle A C B(z,r). Morera’s
theorem implies then that f has a primitive in B(zg,r) and hence is analytic in
B(zg,r). To deal with the bounded case, it suffices to consider the function

9(2) = (z = 20) f (2).

It is continuous at the point zg since f is bounded. By the preceding argument it
is analytic in B(zp,r), and it is a power series expansion there:

(Z - Zo)f(z) = al(z *Zo) Jraz(z — 20)2 4

It follows that f has also a power expansion in B(zp, ), and therefore is analytic
there.

The function f(z) = |x| shows, if need be, that an analog of Theorem 5.4.1
does not hold in the real case. The function |z| is of class C* in R\ {0}, and is
continuous at the origin. It is not differentiable at the origin.
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Exercise 5.4.2. Let zg € C and let ¢ be analytic and with positive real part in
O ={z;0<|z— 2| <1}. Show that z is a removable singularity.

Exercise 5.4.3. Let f be a function continuous in an open set  C C and assume
that f? is holomorphic in Q. Show that f is holomorphic in .

The example f(z) = |z| shows that the claim in the previous exercise does
not have a direct counterpart in the real case. Furthermore, the example

1, if z #£0,
1) = {—1, if 2 =0,

shows that one cannot assume f to be only bounded in 2. In a similar vein, we
have:

Exercise 5.4.4. Let f be defined in the open set  and assume that both 2 and f3
are analytic there. Show that f is analytic in Q. More generally, let ni,ne € N be
relatively prime, and assume that f™ and f™2 are analytic in Q. Show that f is
analytic in 2.

Exercise 5.4.5. Let f be analytic in Q. For a € Q define

f(z)=f(a)
Rof(z) =4 , #=¢ ' 7 (5.4.1)
f'(a), z=a.
Show that R, f is still analytic in Q and that the resolvent identity
R.f — Rpf = (a—b)R,Ryf, Va,be . (5.4.2)

holds.

We note that the resolvent identity (5.4.2) also appears in algebra and in
analysis: Let M be an n X n matrix with complex entries, let I,, denote the n x n
identity matrix, and let

R(a) = (M —al,)™ !

for a in the resolvent set of M. Then we have

R(a) — R(b) = (a — b)R(a)R(b).

=(M —al,)™' — (M —bI,)™*

= (M —al,) Y (M = bl, — (M — al,)) (M —bI,)~!
( )( - aln)il(M - bIn)71

= (a —b)R(a)R(b).
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The resolvent identity, and in particular the backward-shift operator

Rof(2) = f(Z)*f(O),

z

play a key role in operator theory. See Section 14.1. An important problem is
the study of all closed Ry invariant subspaces of the Hardy space Hy(D) (for the
definition of this space, see Definition 5.6.10). To discuss these points would lead
us too far astray.

5.5 Cauchy’s formula and applications

We will begin with a result which is used in the proof of Malgrange’s theorem
on the existence of a fundamental solution of a partial differential equation. See
[19, Lemma 7.3, p. 205]. We send the reader to [19, (7.14) p. 214] to see how the
lemma is used. We will not recall the statement of the theorem here. Recall that
a monic polynomial is a polynomial whose highest power has coefficient 1:

p(z) = 2" +an_12"" ' + -+ ap. (5.5.1)

Exercise 5.5.1. Let f be a function analytic in |z| < 1+ € for some € > 0. Then
for every monic polynomial p it holds that

HOTE TE RS (552)

Consider the function f(t) = e~ on the interval [0,27]. By Weierstrass’
approximation theorem, there exists a sequence of polynomials p,,(t) in the variable
t, such that

lim max |e™" — p,(t)| = 0.

n—00 ¢t€(0,27)
The result is not true if one takes polynomials in €%, as is required to be shown
in the following exercise, taken from [120, p. 127].

Exercise 5.5.2. Show that there is a constant M such that, for every polynomial

p(2),
mgﬂ)_dz_l —p(z)] > M. (5.5.3)

Exercise 5.5.3. Let Q be a star-shaped open set and let C' be a closed simple smooth
curve in ). Let zg be a point not on the image of C, and let f be analytic in 2.

Prove that ,
f(@) dz:/ SIS (5.5.4)
cZ— 20 c (z— z0)
As usual, in the following exercise, |z| = r is an abuse of notation for the

closed curve with parametrization

y(t) =re, te[0,2n].



206 Chapter 5. Cauchy’s Theorem
Exercise 5.5.4. Compute the integral

/ esinzzdz
|z|=r (22 + 1)(2’ - 22)3

for strictly positive r different from 1 and 2.

For the next two exercises, it is well to use the formula

’ fle®)dt = / f(z) az. (5.5.5)

=1

2m 2it
it o
/ et S’Ltdt.
0

Exercise 5.5.6. Solve Fxercise 3.1.7 using Cauchy’s formula.

0

Exercise 5.5.5. Compute

Exercise 5.5.7. Let f be analytic in |z| < 1+ € for some € > 0. Show that

27 it
f(2) = ilm £(0) + | / © ¥ 7Re f(eM)dt, zeD. (5.5.6)
0

27 et — »

Prove that for z in the open unit disk,

2m
=100 =y [ Re petat

- 2 _
f(n) (Z) 1 /27r 26” .,
- : ! —=1,2,... 5.5.7
n! 2m Jo (ezt - Z)”+1 Re f<€ )dt’ n )y ( )
1-— |z|2 27 Re f(eit)
- . dt.
Re f(2) o /0 leit — 2|2

It is interesting to remark that the right side of (5.5.6) is analytic in the
non-connected set C \ T, while f is analytic in a neighborhood of the closed unit
disk. The formula (5.5.6) does not coincide with f outside the open unit disk.

We note that formulas (5.5.6) and (5.5.7) express the analytic function as
an integral of its real part. Analogous formulas exist for functions analytic in
|z| < R+ e. This is the topic of the next exercise.

Exercise 5.5.8. (see [88, Hilfssatz 2, z. 242]). Let f be analytic in |z] < R+ €, with
R > 1. Show that for |z| < R we have

. 1 [ 2Rz
fey=im o)+, [ 2

f™M(z) R" /2’* 2Re f(Re')ettdt
n! 2r )y  (Ret —z)ntl ’

Re f(Re™)dt,
z
(5.5.8)
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We remark that formula (5.5.8) for n = 1 allows us to show directly that an
entire function with a bounded real part is a constant.

Exercise 5.5.9. Assume in Ezercise 5.5.7 that Re f(e'*) >0 Then, f has a positive
real part in the open unit disk.

The general Herglotz representation formula states that a function analytic
and with a positive real part in the open unit disk can be written as

et — z

27 it P
f(z):z'a+/0 C TR au), (5.5.9)

where dy is a positive and finite measure on [0, 27). To prove this formula, one
first notes that the function f(rz) with r < 1is analyticin |z| < 1/r, with 1/r > 1,
and so one can apply to it formula (5.5.6):

) 1 [*meit 42 it
f(rz) =4Im f(0) + 271_/0 gt ZRe f(re®)dt.

The positive measures _
dp,(t) = Re f(re™)dt

are such that
27

dir () = Re f(0).
0
We pick up a sequence of numbers (7, )nen in (0,1) such that

lim r, = 1.
n—oo

At this stage, one has to resort to a deep result of functional analysis to ensure
that the family (du,,) has a convergent subsequence which tends to a positive
and finite measure dy in the following sense: For every continuous complex-valued
function ¢ defined on [0, 27] it holds that

2 2
in [ a0, (0= [ atute).

n—oo 0

This is Helly’s theorem. For discussions, see [38, p. 158], [57, Proposition 7.19, p.
223] and [107, p. 220].

The definition of a non-negative (or positive) matrix, used in the following
question, is recalled in Section 14.3. See Definition 14.3.1 there.

Exercise 5.5.10. Let @ be analytic in the open unit disk, and with a positive real part
there. Prove that, for every N € N and every choice of (not necessarily distinct)
points in D, the N x N matriz with (¢, j) entry equal to

p(we) + p(wy)

5.5.10
1 — wpw; ( )

18 mon-negative.
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In fact, the claim in the preceding exercise can be made much stronger: If ¢
is a function defined in the open unit disk and such that all N x N matrices with
(¢,7) entry (5.5.10) are non-negative, then ¢ is analytic in the open unit disk.
In other words positivity implies analyticity. For more information we send the
interested student to [41].

The previous discussion and formula (5.5.9) hint at deep connections between
the theory of functions of a complex variable and functional analysis. A fascinating
fact is that functions for which the condition in Exercise 5.5.10 holds, play an
important role in electrical engineering. These connections go beyond the one
variable case.

Exercise 5.5.11. Assume in Ezercise 5.5.7 that Re f(e®) >0 for t € [0,2n]. Let
o0
f(z)=fo +22fz22
=1

be the power expansion of f centered at the origin. Show that
|fel <Re fo, £=1,2,.... (5.5.11)

As a consequence of the previous exercise we have the following result, which
is still true when the function s in the statement is not assumed analytic across
the unit circle. The proof requires then the general Herglotz representation for-
mula (5.5.9). The result was proved by Harald Bohr in 1914, and is called Bohr’s
inequality.

Exercise 5.5.12. Let s be analytic in |z| < 1+ € for some € > 0 and assume that
|s(z)] <1 for|z| < 1. Let

oo
s(z) = Z ezt
=0

be the power expansion of s centered at the origin. Show that

[ee]
> lser| <1 (5.5.12)
=0
for|z] <1/3.
Prove that equalities hold for the functions f(z) = e where |z0] < 1.

Hint. Consider the function 1 — f and apply to it (5.5.11).

Also a consequence of Exercise 5.5.7, we have a special case of Harnack’s
inequalities (see [28, p. 143]). The result itself is valid without the hypothesis that
f is analytic in |z| < 1 + €, but merely in D.
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Exercise 5.5.13. Let f be analytic in |z| < 1 + € for some ¢ > 0 and assume that
Re f(e*) >0 fort € [0,2n]. Show that

1— 12|

< 1+ |z
1+ ]z]

Re f(0) <Re f(z) < -2

Re f(0), VzeD. (5.5.13)

We now turn to an exercise which has a long history and can be found in
numerous places (see for instance [139, p. 10]).

Exercise 5.5.14. Let f = u + v be analytic in |z] < 1+ € with e > 0, and assume
that f(0) = 0. Show that

2m 2
/ u(cost,sint)tdt < 36/ v(cost,sint)*dt (5.5.14)
0 0

and
2m 2m
/ v(cost,sint)*dt < 36/ u(cost,sint)*dt.
0 0

Hint. Apply Cauchy’s formula to f4 and zy = 0.
The next exercise is [80, Lemma 2.6.9 p. 61].

Exercise 5.5.15. Let [ be an analytic function in |z| < R, with power series
oo
f(z)= Zakzk, |z| < R,
k=0

and let r < R. Let

M = max|f(2)].
mae ()
Show that
lagzF| <M, k=0,1,2,... and |z|<r.

In a similar vein one has the next exercise, which can be found in [48, Exercise
10.37 p. 120].

Exercise 5.5.16. Let f be analytic in the open disk |z| < R and assume that
|f'(z)] < M < oo for |z| < R. Show that in the expansion f(z) = Yoo o fnz"

one has
M

|fn| S anfl :
The next exercise can be found in [48, Exercise 10.38 p. 120].

(5.5.15)

Exercise 5.5.17. Let f be analytic in the open disk |z| < R and assume that | f(z)| <
Mel?l. Show that in the expansion f(z) =3 oo, fn2™ one has

|fnl <M (Z) n- (5.5.16)
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The next exercise is taken from [39]. It is quite difficult if given without hints
towards the solution.

Exercise 5.5.18. Let f be an analytic function in the open unit disk and assume
that

2m
sup / |f'(re'*)|dt < M for some M > 0. (5.5.17)
ref0,1) Jo

Show that fol |f (z)]|dz < cc.

Hints. Write f(z) = Y7, a,2" and give an upper bound on |a,| using (5.5.17)
and then give an upper bound to fol | f(x)|dz using

00
@I <Y Janke™, @ >0,
n=0

Exercise 5.5.19. Show that, for |z| <1,

1 24+C . 22", n2>1,
= . .1
2m'/TszC d 0, n < 0. (5:5.18)

Exercise 5.5.20. Let f be analytic and not vanishing in ro < |z — zo| < r1. Show

that, for ro <r <y,
L ()
. dz € 7.
2mi |z—zo|=T f(Z)

Exercise 5.5.21. Show that there is no function f analytic in Q@ = C\ [—1, 1] such
that f(2)? = z there.

There is an analog of formula (5.5.6) for functions analytic in the open up-
per half-plane. Its proof uses the residue theorem, and therefore the statement
is postponed to Exercise 8.1.7. More generally, formula (5.5.9) has a counterpart
when the open unit disk is replaced by the open upper half-plane C: A function
f is holomorphic in C; and has a real positive part there if and only if it can be
written as ) .

f(z)—aibzi/R{t_zt2+1}du(t), (5.5.19)

where a € R, b > 0 and du is a positive Borel measure on the real line subject to

Ai‘fi < 0. (5.5.20)

It is convenient to rewrite (5.5.19) as

: [ tz+ 1 dult
f(Z)Za—zbz—z/Rtiz 't2p4<r)1' (5.5.21)
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When a real imaginary part rather than a real positive part is considered (i.e.,
when one replaces f by if), one obtains the Pick class (see [41, Chapter II]). Pick
functions are also called Nevanlinna functions, although this may create confusion
with another, and completely different, class of analytic functions.

Exercise 5.5.22. Let m be a continuous positive function on the real line, subject
to (3.1.7)
m(t)dt
R 2+1
Show that the function (3.1.8)

fm(2) = —i/R {tlz ~ i 1}m(t)dt,

is holomorphic in C4 and has a positive real part there. Show that the real part is
strictly positive in Cy unless m(t) = 0.

It is of interest to compute f,, for various choices of m. See Exercise 8.3.5 for
instance. For more information on functions of the form f,, (and, more generally,
of the form (5.5.21)), we refer to [41].

We do not present a solution of the following exercise. You can assume that
 is the open unit disk if you forgot what a simply-connected domain is. Formula
(5.5.22) is called the inhomogeneous Cauchy’s formula.

Exercise 5.5.23. Let Q be a simply-connected domain, which is bounded, and with
smooth boundary T'. Let f(x,y) be smooth in an open neighborhood of 2. Show
that, for every z € §,

of
_ 1 [ 1 a¢
1) = 27T2'/F<—zdc+27m' //chdeAdC- (5.5.22)

5.6 Power series expansions of analytic functions
Exercise 5.6.1. Find the power series expansion at the origin of the function
f(2) = coszcosh z.

It is well to recall that the radius of convergence of the power series centered
at z = zg of a function f is the radius of the largest open disk centered at z = 2y
and in which f is analytic.

Exercise 5.6.2. Let 1

9= (21— ()

What is the radius of convergence of the Taylor series of g centered at zo = 1/2%
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The following exercise is taken from [53, Exercise 2 p. 88|.

Exercise 5.6.3. Let z1, ..., 2z, be complex numbers different from 0. Find the radius
of convergence of the Taylor expansion at the origin of the function

m

=,

=1
and prove (3.2.2)

m
lim sup | E 2V = max |zl
n—oo T {=1,...,m

Related to the following exercise, see also Exercise 6.2.9.

Exercise 5.6.4. Let N € N and let e = e ' . Let f be analytic in the open unit disk
D and such that
f(z) = f(ez), VzeD.

(a) Show that there is a function g analytic in D such that f(z) = g(zV).
(b) Let k€ {1,...N —1}. Is there a function g analytic in D such that

F=gzY), zeD. (5.6.1)

The following exercise is taken from [39]:

Exercise 5.6.5. Let F' be analytic in |z| < R, and assume that F(z) is real for
z=p and z = pexp(im/2) when p varies in (0, R). Show that F is a constant.

Exercise 5.6.6. Show that there are polynomials ho(t), h1(t),... such that

a7 E:h (5.6.2)

The polynomials h,, in the preceding exercise are called the Hermite polyno-
maals.

Related to the following question, see also Exercise 7.2.19.

Exercise 5.6.7. Let f be analytic in |z| < 1+ ¢ for some € > 0, with power series
expansion f(z) =Y " fnz". Define, for|z| <1,

f[o,z] f(s)ds

Alz) = 1-=2

Show that the function A(z) is analytic in the open unit disk, and show that its
power series expansion at the origin is equal to

}: }:]+1 2" (5.6.3)
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In the following two exercises, one has to compute integrals of the form

27
/ lg(re®)Pdt,
0

where r > 0 and where g is analytic in |z| < R with R > r. One can use Parseval’s
identity from the theory of Fourier series, or proceed directly as is done in the
proofs presented here.

Exercise 5.6.8. Let
A= {(u(z,y),v(z,y)); (z,y) € D}

and assume that f(z) = u(x,y)+iv(z,y) is analytic and one-to-one in D. Assume
for simplicity that f is moreover analytic in a neighborhood of the closed unit disk.
Compute the area of A.

Exercise 5.6.9. (1) Let f be analytic in B(0, R) and set

1
o

27 )
Ma(f,7) / Fre®)2dt, e (0, R).

Show that My is strictly increasing, unless f is a constant.

(2) Find all entire functions such that

//R2 |f(2)|2dxdy < . (5.6.4)

Definition 5.6.10. The set of functions analytic in D and such that

sup Ms(f,r) < o0 (5.6.5)
re(0,1)

is a Hilbert space, called the Hardy space Ho(D) (of order 2, of the disk).

Exercise 5.6.11. Let f be analytic in the open unit disk, with power series expansion
f(z) =300 fnz™. Then, f is in the Hardy space Hy(D) if and only if

Sl < . (5.6.6)
n=0

This last expression is then equal to (5.6.5).

The Hardy space Ho(ID) is the reproducing kernel Hilbert space with repro-

ducing kernel 1_1zw, meaning that, for every w € D the function

1

kw @ 2
1—zw
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belongs to Hy(D), and that moreover, for every f € Ho(D),

<f7 kw>H2(]D>) = f(w)7

where we have denoted by (-, -)g,m) the inner product in Hy(ID) defined from
the norm (5.6.5).
More generally, for p € [1, 00), the function

1/p

My (f,r) = ( ;ﬂ /O 27T| f(re”)|pdt) (5.6.7)

is strictly increasing (unless f is a constant). To prove this fact requires results from
the theory of subharmonic functions. See for instance [123, Chapitre 17]. The space
of functions analytic in the open unit disk and such that sup,¢ (g 1) Mp(f,7) < o0
is a Banach space (called the Hardy space H,), when endowed with the norm

[ fllm, = sup My(f,r).
re(0,1)

When a weight is allowed in (5.6.4) one obtains very interesting spaces.

Definition 5.6.12. The Fock space F is the space of entire functions such that

i//]R e £ () Pdady < o (5.6.8)

Exercise 5.6.13. (a) Show that for every n € N the function z™ belongs to the
Fock space, and compute the inner products

<Z7L’ Z77L>]__

for the inner product associated to the norm (5.6.8).

(b) Show that an entire function f(z) = > " faz™ belongs to the Fock space if
and only if

oo

> nllful® < oo (5.6.9)

n=0
The Fock space is the reproducing kernel Hilbert space with reproducing
kernel e*"| meaning that:

(a) For every complex number w, the function
ky(z) =€

belongs to F, and

(b) for every f € F,
{f kw)F = f(w).
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Exercise 5.6.14. Prove claims (a) and (b) above.
For the following formulas, see for instance [135, Theorem 5.16, p. 53].

Exercise 5.6.15. Let -
flz)= Z anz"
n=0

be a convergent power series, with radius of convergence R > 0. Let zo € B(0, R)
(that is, zo arbitrary when R = +00). Show that

f(z) = Z an(20)(z — 20)",
n=0

for |z — zo| < R — |z0| (resp. for any z when R = +00), with (see [135, (5.18) p.

53]).‘ .
n—+m
an<20) = Z An+m ( n ) 26”-

m=0

See Exercise 7.2.19 for another exercise of interest related to power series.

Let us conclude this section with a remark. A function analytic in a neigh-
borhood of the origin has a power series expansion

flz)= Z an2"

n=0

convergent in some open disk B(0,7), with 7 > 0. An inverse problem would be
as follows: Given a series (an)nen, of complex numbers, does it correspond to a
function analytic f in a neighborhood of the origin with

_F(0)

nl n € Np. (5610)

an
The answer in general is of course not, as the example a,, = n! shows. On the
other hand, and this is a result of Borel, discussed for instance, in the form of an
exercise, in [60, pp. 263-267], for any sequence (a,)nen, there exists a function in
C*(R) such that (5.6.10) holds. The result is also true for C* functions of N real
variables. See [40, p. 195].

5.7 Primitives and logarithm

Recall the discussion at the end of Section 5.2. A function analytic in an open
connected set §2 has a primitive if and only if

/ f(z)dz=0 (5.7.1)
c
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for every closed contour in (2. Recall also that a function analytic and non-
vanishing in an open connected set Q2 has an analytic logarithm (that is, there
exists a function g analytic in €2 and such that

f(z) =expg(z), z€,
if and only if
!
/ I 4.~ (5.7.2)
c f(z)
for every closed contour in €.

When one works in a convex set, or, more generally, in a star-shaped set,
the situation is easier: A function analytic in a star-shaped domain has always
a primitive, and a non-vanishing function analytic in a star-shaped domain has
always a logarithm.

The case of general connected open sets is much more involved. To disprove
the existence of a primitive or of an analytic logarithm, it is enough to find one
closed contour 2 for which (5.7.1) or (5.7.2) fail. On the other hand to prove the
existence of an analytic logarithm, one has a priori a very difficult task, that is, to
check (5.7.2) (and, similarly, to check (5.7.1) to prove the existence of a primitive).
It is of interest to find a minimum set of closed contours on which to check (5.7.2)
or (5.7.1). For instance, if € is an open convex connected set from which a finite
number of compact sets have been removed (for instance, the open unit disk from
which are removed a finite number of points), it is enough to check conditions
such as (5.7.2) on non-overlapping contours around these holes; see for instance
[65, p. 126]. Furthermore, the fact that conditions (5.7.1) or (5.7.2) do not hold
for some closed contour C is not the end of the story, but rather the beginning of
a fascinating other story, related to the homology group of Q). For the punctured
disk mentioned above, its homology group will be generated by non-overlapping
circles around these points.

When the function f has an analytic logarithm g in the open set 2 it obviously
has analytic roots of any order: For every n € Z \ {0} there exists a function h
analytic in 2 such that

f(z)=(h(2)N, VzeQ.

It suffices to take h(z) = exp gg\;;)’ On the other hand, a function may have an
analytic square root and no analytic logarithm: For instance, the function f(z) =
22 has an analytic square root in C (and all the more in C \ {0}), but no analytic
logarithm in C\ {0}). See for instance [28] for more information on the differences
between square roots (or, more generally n-th roots) and logarithms. Analytic
square roots are the topic of Section 5.8.

In the first two exercises the sets under consideration are star-shaped.
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A very special case of a result of Montel is presented in the following exercise
(see [28, Theorem 12.20, p. 433], and the bibliographic note page 458 of that same
book). The relation with logarithms is not that clear on a first reading!

Exercise 5.7.1. Let f and g be entire functions. Show that
f(2)+g(2)?=1, VzeC (5.7.3)
if and only if there is an entire function E(z) such that
f(z) =cosE(z) and g(z)=sinE(z).

Exercise 5.7.2. Does the function f(z) = |z| have a primitive in C. Is there a
function g of class Cy in R\ {(0,0)} such that

0.f = |z|.
Exercise 5.7.3. Does the function
1
I = L

have a primitive in Q where:

(i) Q=C\ {—i,i}.

(ii) Q@ =C\ [—4,1], where [—i,i] denotes the closed interval [—i,i], that is:

[—i,i] = {—i+2ti, t €[0,1]}.

(iii) @ =C\{z=idy,yeR and |y| >1}. In this last case, show that on the
real line the primitive is F(z) = arctan(z) when we fix F'(0) = 0, and find
the power expansion of F at the origin.

(iv) Show that
F(tanz) =2, ze€L. (5.7.4)

We now give an exercise which plays a role in the proof of Riemann’s mapping
theorem presented in [31]; see [31, (3.2), p. 190].

Exercise 5.7.4. Let f be a function analytic in the open unit disk D, and assume
that its range is strictly included in D. Let a € D\ f(D). Show that there exists a
function F analytic in D and such that

F(z) _ f(z)—a
l—af(2)

e

Compute F'(z).
Show that
Re F(z) <0, zeD.
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Exercise 5.7.5. Compute in closed form the sum of the series (3.4.6)
o0
Z n=h" 2,
n=0

Exercise 5.7.6. Same questions as in Fzercise 5.7.3 for the function 21 1 In
z

1
case (iii), show that on the real line F(x) = 5 In(z? + 1).
Exercise 5.7.7. Let a € (0,1) and let
Q=C\{[-1,-a]U[a,1]}.

Show that the function f(z) = (2* — 1)(2% — a®) has no analytic logarithm in Q
but show that it has an analytic square Toot.

Exercise 5.7.8. The function Sm; has no primitive in C\ {0}.
z

For related questions, see also Exercise 7.1.12.

Exercise 5.7.9. Let a,b € C and p,q € Ng. Find a necessary and sufficient condi-
tion for the function
sin z cos 2z
flz) = @ opt1 T 0 g

to have a primitive in C\ {0}.

Exercise 5.7.10. Let a,b € C and q € N, and let Q(z) be a polynomial of degree
less than or equal to q. Find a necessary and sufficient condition for the function

sinz expz—Q(z)

f(z):a 46 —=b 2q+2

to have a primitive in C\ {0}.
The following is taken from [4, Exercise 6 p. 108]

Exercise 5.7.11. (a) Let Q) be a connected open set and let f be analytic in Q and
such that

[1—f(z)| <1 VzeQ.

L f;é)) dz =0

for all closed contours -y in €.

Show that

(b) Show that f has an analytic logarithm in Q.
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Exercise 5.7.12. Let Q2 be the complex plane from which are removed the half lines
z =k y >0 for k =0,1,2,3,4,...,2010. Show that there exists a function
analytic in 0 such that

F(2)2M = 2(2 — 1) (2 — 2)(2 — 3)(z — 4) - - - (2 — 2010).

Exercise 5.7.13. Let f be analytic and not vanishing in ro < |z — 20| < r1. Show

that, for ro <r <y,
1 / 1'(2)
. €.
2mi |z—z0|=r f(Z)

The next exercise is taken from [39].

Exercise 5.7.14. Let [ be analytic in the annulus 1 < |z| < 2 and not vanishing
there. Show that there exist an integer n € Z and a function g analytic in 1 <
|z| < 2 such that
f(z) = 2",
Similarly:

Exercise 5.7.15. Let f be analytic in the domain  which consists of the plane,
from which are removed the open unit disk and the disk of center 5 and radius
3, and not vanishing there. Show that there exist numbers ny and ne in Z and a
function g analytic in Q such that

f(z) =2"(z—5)"2e93) | 2 e Q.

Exercise 5.7.16. Let m be a strictly positive and continuous function on [0,1]. Do

the functions
1
t)dt
Fn(z):/ m(t) , n=12...
o (t—2)"

have primitives in C\ [0, 1].

Exercise 5.7.17. Let a > 0. Is there a function analytic in C\ [e~%,e*] and which
coincides with the function In(x? — 2w cosha + 1) on R\ [e™%,e]?

5.8 Analytic square roots

As illustrated by Exercise 5.7.7, there are subtle differences between existence
of analytic square roots and analytic logarithms; see [28, Exercise 4.60 p. 111,
Exercise 10.5 p. 346]. For instance, there is no analytic logarithm to z? in C\ {0}.
But it has an analytic square root, namely f(z) = z in C. Similarly there is no
analytic logarithm to the function f(z) =1— 22 in C\ [~1,1] since

f'2) , 2z
/|z|=2 f(2) 42 = /z=2 22— 1dz

1 1
/z:z(zl+z+1) s
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Still, we have:

Exercise 5.8.1. Show that there is a function analytic in C\ [—1,1] such that
f(z)?*=1-22

Exercise 5.8.2. (a) Show that the function 1_122 has an analytic square root in
O =C—{(—00,—1]U[1,00)}, which takes the value 1 for z = 0. We denote
by \/11_Z2 this square T00t.

(b) Define
arcsinz = / dc
c. V1-¢

where C, is any smooth path joining the origin to z. Show that arcsinz is
well-defined, and is the analytic extension of the function arcsinz defined on
the interval [—1,1].

(¢) Compute the power expansion of arcsinz at the origin. What is its radius of
convergence?

(d) Using analytic continuation, compute sin(arcsin z) for z € Q.

Exercise 5.8.3. Let [ay,B¢], £ = 1,...N be N non-intersecting closed intervals.
Show that the function

_ Hé\/:l(z —ay)

Hé\le(z — Be)

has an analytic square root in & = C\ Uévzl[ag,ﬁg].

£(2) (5.8.1)

Exercise 5.8.4. There is no analytic square oot of z in the annulus 1 < |z| < 2.

5.9 Solutions

Solution of Exercise 5.1.1. Assume by contradiction that the functions are equiv-
alent, and let ¢ : [0,27] — [0, 47] be such that (5.1.1) holds. Then,

et =M te0,2q],
and taking a derivative with respect to t we get (see Exercise 3.1.4 if need be)
et =iy (t)e*®,  te0,2n].

Thus
ot)=1, te]o,2n],
and

2m 21
4m = p(21) — (0) = / A ()t / Lt — o,
0 0

which is impossible. O
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Solution of Exercise 5.1.2. By definition of the path integral,
/ (2% —iy?)dz = / (cos® t — isin® t)(—sint + i cost)dt
c 0

™ ™
= / (= cos® tsint 4 sin’ t cost)dt + i / (sin®t + cos® t)dt
0 0

cos3t +sindt|”" ( cos® t> =
= +1 | —cost+
3 t=0 3 t=0
4 ( - sin?’t) =
i |sint —
3 t=0
244
= 5
where we have used that the primitives of sin®¢ and cos®t are
cos®t . sin®t
—cost + 3 and sint —
respectively. O

Solution of Exercise 5.1.3. We only prove (5.1.4):

( /|z|=1 f(z)dz) _ ( 02” f(eit)e“idt)

27
= - flett)e "idt
0

27 ;
fle™) 4.
= — ; o2t e*idt

:7/ 1@y, O
lz|]=1 z?

Solution of Ezxercise 5.1.4. Let ~(t), t € [a,b] be a parametrization of the closed
and piecewise smooth path C. Set

9(s) = (4(s) — z0) exp— { / S 7(”'(“ dt} )

t) — 20
We have
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and so g(a) = g(b). Thus

b /
7(a) — 20 = (4(b) — z0) exp— { Lo " dt} |

We have y(a) = v(b) # zo. Thus,

b /
/ YO 4 e omiz, 0
a ,Y(t) — 20

Solution of Exercise 5.1.5. We write
p(2) =puz" + pp_12" P+ po and  q(2) = gmr™ + gmo12™"" + -+ qo,
with p,, and ¢y, different from 0 and m > n + 2. For z # 0 we can write
4(2) = gmz"(1+1(2))
where
r(z) = gm-11 by D 1

qm = dm zm

Since lim, o 7(2) = 0, there is Ry > 0, which we will assume greater than 1, such
that

1
|z| > Ro = |r(z)] < o’
and hence, still for |z| > Ry,

1 1 1 2
< < = .
g2 7 gmzm (L= ()] lgmz™|(1=1/2)  |gm2"|

Furthermore, for |z| > 1,

n
p(z)] < K|z|", with K= Z |pel.

£=0
Thus, for |z| = R > Ry,
| p(z)| C2KRT K 2K
= = ) 1= .
q(2) lgm|R™  R™" |G|

Using formula (5.1.2) we thus have

K 27TK1

| p(z 1
Rm—n - Rmfnfl’

)
n q(z)dz| <27R

which goes to 0 as R — oo since m —n—1 > 0. O
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Solution of Ezercise 5.1.6. The change of variable ¢ +— 7 — ¢ shows that both
integrals coincide. The claim (5.1.6) is a direct consequence of Jordan’s inequality
(see for instance [120, §19.5 p.224], [114, p. 114]):

2 int
Ssm <1 where 0<t§7r,
T t 2
which leads to _
2 —Rsint ™
dt < . 5.9.1
| e : (5.0.1)
See [34, p. 187]. O

We note that a shorter, but not elementary proof, consists in invoking the
dominated convergence theorem for sequences of positive numbers (R,,),er which
tend to co.

Solution of Exercise 5.1.7. Let v44 denote the first quarter of the unit circle, with
the positive orientation. Then

H g _pz—=ldz
/ e—Ralntdt _ / e R*" -
0 T+ tz

The second integral is treated in the same way. O

Solution of Ezercise 5.1.8. Let

be a parametrization of C. We have

) 00,y 00,
and so
u u b du
[ ouan gtay= [0t — a0 - utra) =
since C' is closed. O

Solution of Erercise 5.2.3. It suffices to take as path 7 the closed unit circle:
y(t) =€, telo,2n].

Then ~/(t) = iy(t) and we have

27 27
/dzz/ 7(t)dtz/ idt = 27i £ 0. O
y Z o () 0
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Solution of Ezxercise 5.2.5. The rule of differentiation for a product holds for C-
differentiable functions, and thus

(f9)'(2) = f'(2)9(2) + f(2)g'(2).

Taking into account this formula and applying the Newton-Leibniz formula (5.2.2)
to fg we obtain

(F9)v()) — (f9)(v(a)) = /C (o) (=)dz
- / F(2)g(2)dz + / f(2)g/(2)dz,
C C

and hence the result. O

Solution of Ezxercise 5.2.6. Take z; and 25 to be in the left closed half-plane, and
assume z1 # zo (if 21 = 2o the result is trivial). The interval [z1, 22] is also included
in the left closed half-plane. Consider the parametrization

v(t) =21 +t(z2 — 21), t€][0,]1]

of the interval. The function e” is its own derivative, and therefore

e*? —e*t = / e*dz.
[z1,22]

For every t € [0, 1], we have
|e“/(t)| <1

since 7y(t) belongs to the left closed half-plane. Using (5.1.2) we have:
le*? —e*t| =| e*dz| < max 7| |2y — 21| < |22 — 21]. O
[21722]

Solution of Exercise 5.2.7. As in the previous exercise, we give to I'g the positive
orientation. We then have the following parametrizations for the components of
FR:

"}/LR(t) =t t€ [0, R],

Yo.r(0) = Re®, 6 € [0,7/4],

v r(t) = (R—t)eT, tel0,R]

. _.2 . . . .
Since e~ *" is defined by a power series centered at the origin, and converging in

all of C, it has a primitive in C and we can write

/ e dy = 0, VR>0,
I'r
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that is,

/ e dz +/ e dz +/ e *dz=0, VR>0. (5.9.2)
Y1,R Y2,R V3, R

We now show that limp_, fw . XD —22dz = 0. Indeed, for 6 € [0, Z] we have

4
cos(20) > 1— 6. (5.9.3)
7r
Thus

™

_ /4 e—{Rz(cos(29)+isin(29))}iRei9d9
0

_ .2
/ e % dz
Y2,R

< R/4 67{R2 COS(20)}d9
0

< R/4 =R =00} (where we use (5.9.3))
0

= R67R2 /4 e(R2 4"9)d9
0

_ _R2 T ( 41129)9:2

Fe 4r2 \° 0=0
e (o)
- 47;3 (1 - e_R2>

—0 as R — oo.

Since limp_s o0 f% N e~ dy = fooo et dt < 0o, the limit

. _p2
lim e dz
R—o0 V3, R

also exists and we have

. — 2 . — 2
hm/ e *dz+ hm/ e *dz=0,
R0 Y1,R R—oo V3, R

/ e dy = —\/ﬂ-.
V3, R 2

ie.,
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But

R 7 2 i
/ e dz = / e{_e * (B }(fl)e 1dt
73,R 0

T
:(1;2 ) /0 iR (_ 1)t

141
V2

where to go from the penultimate line to the last line we made the change of
variable ¢t — R — t. Hence

_(1\;;) (/OOO cos(t?)dt — i /000 Sin(tz)dt> - _ \/27T.

/ cos(t?)dt :/ sin(t?)dt = \/W,
0 0 8

™
and the Fresnel integrals are equal to twice this number, i.e., \/ 5" O

- —( )/Ow(cos(tQ) —isin(t?))dt as R — oo,

Thus

For a proof which uses complex analysis but not the Jordan lemma see
the paper of C. Olds [113]. This paper, as well as the papers of Flanders and
Leonard quoted in the introduction of Section 5.3, can be obtained from the site:
http://www. jstor.org.

Solution of Exercise 5.2.8. Both integrals are absolutely convergent since
|e*t2 cost?| < e and |e*t2 sint?| < et

We note that

e 2 > 2 0 2 .
/ e’ COSt2dt+i/ et sintht:/ e P =Dgy,
0 0 0

This suggests taking the following closed contour I'r = y1,r + 72,r + 73,r Where:
(i) 71,r is the interval [0, R].

(ii) 72 r is the arc of the circle of radius R and centered at the origin, with angle
varying between 0 and 7/8.

(iii) ~ys,r is the interval linking the point R exp ig to the origin.

We now remark that the functions
2
z

f(z) =cosz?e™* and sin 227
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are equal to power series centered at the origin and with radius of convergence co.
Therefore they admit primitives in C. By Theorem 5.2.1, we have

/ e =gy =0 forall R> 0,
I'r

and in a way similar to the computations of the Fresnel integrals

lim e~ =D, — .
R— o0 V2. R
Thus
lim/ e gy = lim/ e =gy, (5.9.4)
R— o0 ViR R— o0 ViR

The limit on the left is

o0 2 . o0 2 o0 2
/ et Ofl)dt:/ et costzdtJri/ et sint?dt.
0 0 0

A parametrization of 3 g is given by
fy(u):eig<R—u)) UE[O,R],

and so the limit on the right side of (5.9.4) is equal to

L )26t (1—i g R 2<1+1)
— lim e {(R wred Z)}ezﬁ%(fl)du: lim e { (1= Z)}e S du

R—o0 [ R—o0 [

o0 2 .7
:/ e V2u i dy

0

oo 2 .
:/ e V24 E dy

0

1/4<\/¢2+2 NZ‘ﬂ)

2
= iﬁ (\/\/2+1+i\/\/21>,

and hence the result.

In the chain of equalities we have used that

T T
T cos4+1 \/\/2+2 - 17(3084_\/2_\/2

cos = = and sin =
8 2
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and

Va2 VAV2ED) e
2 h 2 h 2 ’

_ 2(v2 -1 _
-1 V2 \/2:2731\/¢ V2-1) Vv L

2 2 2
More generally, for Re z > 0, it holds that

o0 1
/O e~ dt = 2\/7; (5.9.5)

where /z denotes the analytic square root of z in the open right half-plane, which
coincides with v/z on (0, 00). Equality (5.9.5) is clear for z = x > 0. This is just
a change of variable in the Gaussian integral (5.2.6). On the other hand both
sides of (5.9.5) are analytic in Re z > 0, and the equality follows by analytic

1 /m
continuation. We also note that the function 2\/ is an analytic extension of the
z

function [;° e~ dt to C\ (—o0,0]. See Section 6.2.

We note also the two formulas

oo
/ sinz"dx =
0
oo
/ cosz"dr =
0

where I' denotes Euler’s Gamma function. See [136, 18.54 and 18.55].

S ramysin( ),
| i (5.9.6)
nF(l/n) cos(2n),

Solution of Ezxercise 5.2.9. The function f is analytic in the open unit disk since
it is the sum of a convergent power series there. Let now z; and 2o be in D,
and let [z1, z2] be the interval linking z; and z3. We have [z1,20] C D, and a
parametrization of [z1, 29| is given by

v(t) = 21 +t(22 — 21), te€][0,1].

By the fundamental theorem of calculus for analytic functions,

Flz2) — f(z) = / f(2)d

[21722]

1
- / £ () (Dt
(20— =) / £ (4 (t))dt

= (22 — 21) {1 +/0 (Z nan(’)’(t))nl)dt} ;

n=2
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since

o0
flz)=1+ Z anz" "t
n=2

Thus

F(z2) = 1)l = |22 = ]| {1 <[ namm)"-l)dt} |
0 n=2 (5.9.7)

> |z =l [1-| [ (3 naa (o))l
n=2

But we have

1 o0

1 oo
I/O (;nan(v(t))”’l)dtl S/ (> nlan| - |(3(£)" )t

n=2
1 oo

< [ (X nlaaliat

0 n=2
o
= Zn|an| <1
n=2

Hence:

-1 (O nenta) | =1 - | / (O nen )

>1- anan| >0,

n=2

and (5.9.7) leads to

F(z2) = F(2)] > 22— 2] - |1 — | / (3 nan(y(5)" )]

[ee]
> |29 — 21 (1 - Zn|an|> .

n=2

Thus

|f(z2) = f(z1)| =0 = |z22—21|=0,

that is,
f(z2) = f(z1) = 22=21. O
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Solution of Exercise 5.3.2. An abridged solution is as follows: First consider
[, » f(z)dz. We have

™ - it
‘B cost— R si iRe
/ (ezR cost— R sin t) dt
0

Reit
a .
< / e—Rsmtdt
0

™

:2/2 e—Rsintdt
0

—0

f(2)dz

Y2,R

by Jordan’s lemma. On the other hand,

g jeett

1 I H iecost—esint
gg% f(z)dz = 113(1) ; (e ) ot dt
Y4,e
= —iT.
Thus
—R it R it
lim dt + / dt = —in. (5.9.8)
e—0 J t 6 t
R—o0
But " "
—€ it it int
/ ¢ dt+/ edt:Qi/ S g,
gt .t .t
and hence the result is © gint
/ M =T (5.9.9)
o t 2 0

Solution of Erercise 5.3.3. With the notation of the previous exercise,

lim f(z)dz =0,

R—o0 Yo.r

2iz

and, using (5.3.2) with g(z) = '~ we have:

4
lim f(z)dz = —T, = —2m,

e—0 Nae
and hence 0
1 _ p2ix
/ 2 dx = 2m.
oo X
Taking into account that 1 — cos(2x) = 2sin® z we have
sin? 2
/ , dr=m. (5.9.10)
R T
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For a more detailed proof we suggest [52, p. 159-161]. The previous result can
be checked in [136, p. 107]. The definite integrals on pages 107-109 of Schaum’s
Mathematical handbook of formulas and tables form a nice source of integrals which
you can try to compute using Cauchy’s theorem (or, for some of them, the residue
theorem). For instance, you might want to check that

. 4
/ <Sln£E> dp — 27r7
R xr 3

see [136, 18.59, p. 108]. To evaluate the integral first note that

3—-4 2 4
sind g — cos(2x) + cos( x)
8
One calculates on the same contour as in the previous two exercises the integral
of the function _ _
3 — 46217; + e4zz
824 '

f(z) =
We now check that

4,c
We have
3_4(1+222_4§2 _81,32',3 +)+1+4'LZ_ 162z2 _64?3'!33 4.
) = "
1 27

where ¢ is analytic in a neighborhood of the origin. The important point is that
there is no term in 1/22. We have

f(z)dz = /0 f(ee™)eiedt

. 0 - gt . 0 - gt 0

) ete 21 ete ) )
=— dt — / L dt +/ g(ee™ice ™ dt

2 /7T €33t 3 . eett .

= Ti(€) + Ta(e) + T3(e)

VY4,e

where

. 0 - gt 0
1 ele 1 it 1,
Ti(e) = — /7r (33t dt = 0e2 /7r e “"dt =0,

2 [0 ciett o
T2(6)=—3 / eeitth_ 3

0
Ts(e) = / glee)ieedt — 0 as e — 0.
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Thus, as € = 0 and R — oo we have

—e€ R o7
f(z)dx + / flx)de — _ — 0.
R c 3
Thus
R 2
| 6@+ feande = o
Since f(—z) = f(x), we have
/ 2Re f(z)dx = 27T.
0 3
Since Re f(z) = Sigz”’ the result follows. O

Understanding this method leads without too much difficulty to the compu-

tation of the integrals
. 2p
/(Slm> dx, peN, (5.9.11)
R X

as we now explain. Newton’s binomial formula (1.3.6) applied to
(eix o e—iz)2p _ 621';81)(1 o e—2iz)2p

leads to a sum which contains only even powers of e***, and which moreover is an

even function of z. Thus, we can write

eia: _ efi:v 2p Pl;:—p prke%kx
2i B 2 ’
where the numbers ¢, i, k = —p, ..., p are (real) rational numbers such that
Cp—k =Cpk, k=0,...,p.

Thus,

P
= ch’vk cos(2kx). (5.9.12)
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We note that

(p%k) 1y k=1,...,p. (5.9.13)

Cpk = 92p—1 )

Differentiating (5.9.12) 2p — 2 times, and setting each time 2 = 0 we obtain that
P
> ik’ =0, t=01,....p—1 (5.9.14)

Note that the sum begins really with & = 1 for ¢ # 0. To compute (5.9.11) we
integrate, along the same contour as above, the function

2ikz

F(z2) = k=0 ke (5.9.15)

z2p

Let z = ee'?. To compute the line integral fw f(2)dz we first write

2
ZZ 0( 26) k,é i£0

p
.16
. z:: 62’362’”9 - (5.9.16)
o 2€i€+16(€72p+1) i(—2p+1)
=2 Z% n e :
£=0

In the computation of f% f(2)dz the terms with a strictly positive power of € in
(5.9.16) do not play a role because their sum goes to 0 as € — 0. We thus focus on

2p—1 / p 05041 (6—2p+1)
25 e p .
§ <§ prkké> o 61(272p+1)0.
k=0 ’

£=0

The terms corresponding to even values of ¢ vanish in view of (5.9.14). On the
other hand, the integral of e!(‘-2P+1¢ op V4, is equal to 0 when ¢ is odd and
different from 2p — 1. Hence the only contribution from the sum (5.9.16) to
lime_,o fme f(2)dz is the term corresponding to ¢ = 2p — 1, and we conclude

that )
. 7 —1)p22p—1 (S7P k-1
/ sinx do — 77( ) ( k=1 Cp.k ) _ (5.9.17)
. T (2p —1)!

Taking into account (5.9.13), we have

2 _
sin 2p §:1 (p pk) (_1)kk2p !
/ ( > dr=m . (5.9.18)
R

x (2p—1)!
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In the following two examples we use the first formula. When p = 2 we have

3 4 1
C = C = — C =
20 = g0 €21 g 227 g
and
—4 423
2
/ sinz\* (_1)223 (Zkzl CQ,kkS) 8( ] ) 27
dl’ =T =T = .
R T 3! 6 3
When p = 3, we have
10 15 6 q 1
C3,0 = 957 C31 = *25, C32 = 957 a1 C3,3 = *257

and

T 25 . 5! 20

We now turn to the computation of the integrals

. 2p+1
[ pen
R X

Exercise 5.3.4 considers the case p = 1. The general case is considered after the
solution.

Solution of Exercise 5.3.4. We have

; 6 395 5 5
—1)°2°(=3>4+6-2° -1 11
/(smx) i 7T( )%25(—=3°+6 5) ™
R

. 3 e —e 3e’® — 3e~® 4 €3 — 73 Fsingy —sin3x
sin® x = . = . =
21 81 4

These equalities suggest integrating the function

3eiz _ e3iz
along the above contour, and letting e — 0 and R — oo. Cauchy’s theorem gives
361'3: _ eSwf
/ ; dv +/ f(z)dz+ f(z)dz = 0. (5.9.19)
[-R—duleR] 4T vom Yare
It is easy to check that
lim / f(z)dz=0
R— o0 Yo.R
We now prove that
37
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Indeed, we have

3+3iz— 522+ —1-3iz4 )22+
B 423
243224 2%0(2)
N 423

2 3

T 43 + 4z +0(2),

f(2)

where O(z) denotes a quantity which stays bounded as z goes to 0. But

dz O eiet i [T o
3= 3,300 =~ 5 e”dt =0,
Y4, V4 T €’e € 0
dz .
= —ir
ya,e ?

lim O(z)dz = 0.
e—0
Va,e

and

Hence letting e — 0 and R — oo in (5.9.19) we have that
3et® — eSi”’d 37
x = .
R 4.7)3 4
Taking imaginary parts on both sides leads to the result. O

A different and shorter proof, based on formula (5.3.3), appears in [139, p.
132].

We now present the analogue of formula (5.9.17). We only outline the argu-
ments. The first step consists in finding the rational (real) numbers such that

eiT _ =i 2p+1 Zi:o prk(ei(2k+1)z _ efi(2k+1)z)
2i N 2i '

We have therefore
p
sin?P*(z) = Z Cp ke sin((2k + 1)x).
k=0

As above we note that

o)

Sop . k=0,...p. (5.9.20)

Cpk =
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Differentiating this equation 2p + 1 times and setting = 0 we obtain the coun-
terpart of (5.9.14):

P
> er@k+ 1) =0, t=0,....p. (5.9.21)
k=0

We now integrate the function

ko Cp 27T
f(Z) - 22p+1
along the same contour as above. Since
jH1et—2p
f(eeyiee Z (Z cpk(2k + 1) ) / 1(6_2”)9, (5.9.22)
£=0 )

the terms corresponding to odd values of £ vanish in view of (5.9.21). On the other
hand, the integral of e!(!=2P)¢ on Y4,e is equal to 0 when £ is even and different
from 2p. Hence the only contribution from the sum (5.9.22) to lim._,o f’m f(z)dz

is the term corresponding to ¢ = 2p, and we conclude that
: 2p+1 P 2
—1)P 2k + 1)°P
/(Slm) gz = T (Ehzo con(2h+ 1) (5.9.23)
R €T (219)-

Taking into account (5.9.20) this formula can be rewritten as

/R (Si2x>2p+1 dr — 7 o (—1)F 2(3222;{;)1') (2k +1)%
o0 () ey
(2p)!

As a check, let us use formula (5.9.23) and consider the cases p = 0, p = 1 and
p = 2. For p = 0 we trivially have cg;; = 1 and so

sin
dx =,
R X

and we get back the value of the Dirichlet integral (5.9.8). When p = 1 we have

3 1
C = 5 C = — s
10 =y 1,1 4

(5.9.24)

and formula (5.9.23) gives
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and we get back the integral computed in Exercise 5.3.4. For p = 2, we have

10 _ 5 _ 1
16’ C21 = 16’ 02,2—167

/ sinz '’ 1157

dr = .
2\ 192
Solution of Exercise 5.3.5.

Case 1: H € (0,1/2). We take the function

2,0 =

and we get the integral

fe)=""3 el —2M) ),
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where In z is the logarithm function defined on C\ R_, and equal to Inz on the
positive line. By Cauchy’s theorem the integral of f along 7. r is equal to 0. We

now show that

lim/c F(x)dz = 1im/c F(2)dz = 0.

e—0 R—o0

Indeed, In(ee) = Ine + it for t € [0,7/2], and we have

0 1— eieeit )
/ f(z)dz = / 202t exp{(1 —2H)(Ine + it)} ice™dt
Ce /2 €

t

/2 1 ice’

. —€ _ _ i

- ) (1-2H (1-2H)it gy
0 eet

For |z| <1 (and in particular when z = iee® with € < 1), we have that

1—e* >, pnl =1
| z |:|Z n!'gzn!:eil'
n=1 n=1

(5.9.25)

Moreover, for H € (0,1/2) we have 1 —2H > 0 and so lim._,o ! 2% = 0. Hence,

fore <1,
|/f@wm@—n}Pwaa

as € — 0. Similarly,

m/2q _ eiRe“ )
(z)dz = z/ RI72H (1=2H)it gy
Cr 0

Rett

/2 i eit
z’// L= e pamgaoaming,
0

ezt
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Since
R = <1 e 0w/,

we have |1 — e'B"| < 2 for t € [0,7/2], and
| f(2)dz| < 7R -0,
Cr

as R — o0o. Thus we have

> . =€ om i—20)r)2
/ f(z)dz = — lim ) 5 U =27 /2 gy
: e
. ® 1 _ oY
:(Z-ez(sz)w/z)/ 62 y1=2H gy
0 Y
, %] _ ey
:e—mH/ y: Y12t gy,
0

so that, equating real parts of both sides, we have

o0 1 _ o0 1 _ oY
COST -2l gy cos(mH) N y' 2 dy.
2 2
0 T 0 Y

Finally, integration by parts gives

00 1—e Y —2H oo X o=y —2H
/ (1— e—y)y—l—Qde _ ( )y | _ / Y dy
0 0

—2H 0 —2H
oo —y,—2H
= 7/ ey dy
_ T'(1-2H)
- 2H
To go from the first line to the second, note that (1_6:;}37211 |;O = 0 since H €
(0,1/2). So
71— I'(l1-2H
/0 mczosmkade = cos(mH) ( off ),
which can also be rewritten as
©1—cosx ;_op I'(2—-2H)
dr = H
/0 2 v x = cos(m )2H(1—2H)’

since I'(1 + z) = 2I'(z).
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Case 2: H € (1/2,1). We first integrate twice by parts to obtain

-2

o H 1 [ sinx
1- 12y — (1—cosa)” | / d
/0 (1 —cosz)x x = (1—cosx) 72H|0 + om J, a2 x

1 ® sinz
= dzr
2H 0 .Z'2H

1,172H

: o0 1 * 1em
= — d
511055“2],{(172],{“O 2H(172H)/0 x cos xdx

= — L /Oo 2172 cos zdz.
2H(1-2H) J,

Note that
—2H p1—2H

:smeH(l —2H)|0 =0,

X 0o
(1 —cosx) —2H|0

since H € (1/2,1).
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(5.9.26)

To compute the last integral we use the same contour as in the first case,
but with the function f(z) = e®?e(1=2H) "2 We first show that (5.9.25) still holds

here with the present choice of f. We have
/2 )
(z)dz _ / eiRe“R1—2Hei(1—2H)tZ-Reitdt7
Cr 0

and so

w/2 )
| f(Z)le S/ efRs1ntR272Hdt-
CR 0

From the proof of Jordan’s lemma, or, equivalently, checking that on [0,7/2], it

holds that

. 2t
sint >
T

we obtain

~/2 Rsint ~/2 2tR/ ™ R ™
— Sin dt < — T(dt — 1 _ — < .
/0 © = /0 © o) S g

Hence

/2 )
| f(Z)le S/ €_RsmtR2_2Hdt S 7TR1_2H N O,
Cr 0

as R — oo since 1 — 2H < 0. In a similar way,

0 )
/ f(z)dz :/ glee’ (1-2H gi(1-2H)t ot gy
Ce /2

We now use that -

|eiee”| _ efesint § 1’ te [0’ 0

B
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and so

[ 1@del < e o,

as € — 0 since 2 — 2H > 0. Hence,

h fl@)dz = — lim E e Vel —2H)(in/24Iny); gy,
0 e—0, R
R—o0

0
_ (Z-e(l—QH)iﬂ'/Q)/ e—yyl—Qde
0
= — ™HT(2 - 2H).

Taking real parts we obtain
/ 2172 cos xde = — cos(mH)T'(2 — 2H).
0

Comparing with (5.9.26), we obtain:

/°° 1- COST 1_opy cos(mH)I'(2 — 2H)
0

O
2 2H(1— 2H)

Solution of Ezercise 5.3.6. (a) The first equality follows directly from the change
of variable ¢ = \/u. Indeed,

o0 o0 z
0 0 2\/U 2

(b) The other two integrals are computed using Cauchy’s theorem as follows.
Consider the function of the complex variable s defined by

f(S) — eis—i—(z—l) lns)
where In s is the principal branch of the logarithm in C\ (—o0, 0], that is
Ins =Inp+ 0,

where s = pe?? with 6 € (—m, ). We consider the closed path consisting of the
following four parts:

(i) The interval [r, R], with 0 < r < R < o0.

(ii) The arc of circle Cr parametrized by

™

vYr(u) = Re™, wu €0, 2].

(iii) The interval [iR,ir].
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(iv) The arc of circle ¢, parametrized by

Yr(u) = re™, ue€]
By Cauchy’s theorem, the integral of f on this closed path is equal to 0. On the

other hand,
R 0
(s)ds:/ e”tzfldt%/ et 1dt,
r 0

as r — 0 and R — oo, and, with the parametrization ~(t) = it, with ¢t € [R, 1],

/ f(s)ds = /T e TNt s )
[iR,ir] R

R
— _ei(z—l)72r / e_ttz_lidt
T

[rR]

= e zel%2 / et idt
T
— —e21(2)
asr — 0 and R — oco. We now show that

lim/ f(s)ds=0 and lim f(s)ds =0. (5.9.27)

r—0 R—o0 Cr

The first of these limits is computed as follows:

/2 )
|/ f(S)dS| — | _/ ei'rem-g-(z—l)(lnr—&-iu)rieiudu'
Cr 0

x/2
< eltm 213 / e dy (5.9.28)
< Wrzeum jg
— 0,

as r — 0. In the computation we have used that, with z = = + iy,

|e(z71)(lnr+zu)| oy = e(mfl) Inr—yu r< Tze\lm z| 7% ,

since e~¥" < elvl* < el™ 215 In computing the limit (5.9.28) we have used that
x > 0. To show that the second limit goes to 0 we make use of the fact that =z < 1.
Making use of (5.9.1) and of (5.9.28) with R instead of r we have

|/ F(s)ds| < e =T ge. T g
CR R
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as R — oo since x < 1. Therefore we have
oo . .
/ et = %2 I'(z).
0

Take first z = x real. Comparing the real and imaginary parts of this equality we
obtain the asserted formulas for > 0. They extend to complex z with € (0,1)
by analytic extension. O

Solution of Erxercise 5.4.2. Let z € ). Then
[T+ ¢(2)] = [+ Re (2)] > 1
since Re ¢(z) > 0. Thus (1 + ¢(z)) # 0 and the function

_ 1—9(2)
@)= + ¢(2)

is well defined in Q2. Furthermore,

ey = 2Re#()
PR e 2

Thus s(z) is bounded in a punctured neighborhood of zg, and hence, by Riemann’s
removable singularity theorem (see Theorem 5.4.1), 2o is a removable singularity.
O

Solution of Exercise 5.4.3. From the arguments of Exercise 4.2.17 the function f
has a derivative at every point where it does not vanish, and so f is analytic
in Q\ {weQ; f(w)=0}. The points {w € Q; f(w) =0} are a priori isolated
singularities of f. Since f is continuous at these points, an application of Riemann’s
removable singularity Theorem (see Theorem 5.4.1) shows that f is analytic in all
of Q. O

Solution of Ezercise 5.4.4. Let Z(f) denote the set of zeroes of f in 2. We have
Z(f) = Z(f?). Hence, Z(f) has only isolated points in € since f? is analytic. The
function

f3

=
is a quotient of two functions analytic in Q \ Z(f), and hence is analytic there.
From expression (5.9.29) we see that the points in Z(f) are isolated singularities
of f. We will now show that they are removable singularities. Let zg € Z(f). We
write

f (5.9.29)
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where N, M € N and where g and h are analytic in B(zp,r) for some r > 0, and
do not vanish in B(zg,r). Therefore, for z € B(zy,7) \ {20} we have

—(z—2 m—nh(2)
f(z) = (z = 20) o(2) (5.9.30)

The function f? is analytic in £ and so it is bounded in modulus in a neighborhood
of zp, and so f is also bounded in modulus in a neighborhood of zy. This forces
M > N, and (5.9.30) expresses that zp is a removable singularity of f. Since
f(20) = 0 we have in fact M > N.

To prove the last claim, let p; and ps in Z be such that
piny + pano = 1.

One, and only one, of the numbers p; or py is negative. Without loss of generality
we assume p; > 0. It suffices to redo the preceding analysis with fP1™ and f~P2"2
instead of f3 and f2. O

Solution of Exercise 5.4.5. The first claim is a direct application of Riemann’s
removable singularity theorem (see Theorem 5.4.1 for the latter). To prove the
second claim, one first takes a # b, and z different from a and b. One then has:

f(z) = fla) _ f(z) = f(b)
(Raf)(2) = (Bof)(2) z—a z—b

a—1b a—>b
_ (f(z) = f(a))(z = b) = (f(2) = f(0))(z —a)
(z—a)(z—b)(a—Db) ’

and

f(z) = f(0) _ fla) = f(b)

RaRbf(Z): Z*b Cw afb

_ (fE) = f®)(a—1b) = (fla) = f(b))(z =)
(z —a)(z —b)(a—b) ’

The equality follows (still for z different from a and b, and a # b) since
(f(2) = f(a))(z = b) = (f(2) = f(b))(z — a)

f(z) = f(0))(a = b) = (f(a) — f(b))(z - b)
a—"b)f(z) = (z=0b)f(a) + (z —a) f (D).

Therefore, for a # b, and using (5.4.1), we see that the function

Raf('z) - Rbf(z)
a—1b

—~
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can be extended analytically to all of (2. Hence R,Ryf can also be extended
analytically to all of 2, and we obtain the resolvent equation. Finally, in the case
a = b, equation (5.4.2) is trivial. O

Solution of Ezercise 5.5.1. We follow [19, p. 206]. Let p be as in (5.5.1). The func-
tion
PP(z)=14an 12+ - +apz" (5.9.31)

is still a polynomial, and Cauchy’s formula applied to p*(z)f(z) leads to

1
o

P(0)£(0) /0 " (e Fedt,

Since p*(0) = 1, using (3.1.4) we have

o)< !

27

2
[ e s,
0
To conclude we note that, for z # 0,

Pi(2) = 2"p(1/z).
In particular, for z = e (with t € R) we have 1/z = 2z and so
pH(e)] = [p(e™)],
and hence we get the required inequality. O

We note that the operation p — pf appears also in the solution of Exercise
6.3.3.

Solution of Ezxercise 5.5.2. Let p be a polynomial. Then, by Cauchy’s formula,

1 L—2p(z),
/T dz = 1. (5.9.32)

211 z

Therefore, using (5.1.2),

1:’ 1'/1fzp(z)dz|
2mi Jp z

< 1-
< rgg%cl zp(2)|

— -1 _
= max[™ —p(2)],

where we have used formula (5.1.2) to go from the first to the second line. This
proves the claim with M = 1. O
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Solution of Ezxercise 5.5.3. If zg is in the exterior of ~, both functions
I

ORI O

z— 20 (z — 20)?
are analytic in a neighborhood of the interior of 7, and Cauchy’s theorem insures
that both sides of (5.5.4) vanish.

If 2g is in the interior of v, Cauchy’s formula applied to f’ shows that
/
)

z = QWif/(ZO)v
zZ— 20

Y

while Cauchy’s formula applied to f shows that

/ 1) dz = 2mif'(20),

(z — 20)?
and hence the result. O

Another proof, using the notion of removable singularity, is presented in
Exercise 7.2.3.
Solution of Erxercise 5.5.4. The function
esinz?
(224 1)(z —24)3

is analytic in |z| < 1, and therefore for every r < 1, Cauchy’s theorem implies that

/ esinzzdz o
o=r (2D (z =203

Let now 1 < r < 2. Let C; and C_; be two circles around the points ¢ and —i, with
(say common) radius p such that B(i,p) and B(—i, p) are both inside B(0,r). By
Theorem 5.3.1, we have

/ esinz2dz B / esin Zde +/ esinZQdZ
=r (2 1)z =203 Jo, (24 1)(2 =20 Jo, (22 +1)(2 = 20)%

where all the curves are taken with the positive orientation. The function
esin 22
(z41i)(z —2i)3
is analytic in an open neigborhood of |z —i| < p. By Cauchy’s formula,

s 2
sin z
€

/ ez _ / (z+1)(z — 2i)3 "
o, (224 1)(z —2i)3 c, z—1
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esinz2 |
(z+1)(z — 2i)3 ==t

—sinl

= 27
= —iTe
The integral

sin 22

e
/ SN2’ gz _ / (z —i)(z — 2i)3 o
o, (Z2+1)(z—2i)3 o, z+1

is computed in a similar way.

For the case r > 2 one takes p such that B(2i, p) is inside B(0,r). Theorem
5.3.1 now gives

/ esinz2dz B / esin Zde +/ esinz2dz
=r (2 1)(2 =203 Jo, (224 1) (2 =20 Jo_, (22 +1)(2 - 20)°

esin22dz
+ 2 37
Oy (224 1)(2 — 24)

where C5; denotes the positively oriented circle Co; around z = 2¢ with radius p.
The first two integrals on the right side of the above equality have already been
computed using Cauchy’s formula. The third one is computed in the same way,
namely

sin 2?2

€ 2
esin22dz 9 + 1 esinz2 2)
z .
. = LAz =2mi-2!- . O
/Czi (z2+1)(z—2i)3 /02 (2722-)3 z ™ 2241 |z:21

Solution of Ezercise 5.5.5. Using formula (5.5.5), we have

2 z
2it o (&

/ e’ 3t gt :/ . 4dz
0 |z]=1 %%

1 2>
=2r_ . / © 4 4z
211 |z|=1 z

(GZQ)(B)

=27
3!

2=0
= 0)

where we have used Cauchy’s formula. O
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Solution of Ezxercise 5.5.6. We begin as for Exercise 3.1.7 and write cost =
et 4 it

5 and

21 27 it —it\ 2P 21w ¢ 2it 1)2p
/ coszptdt:/ e te dt:/ (e 9 * ) dt
0 0 2 o  2%errtt

Using formula (5.5.5) we see that this equation in turn is equal to

1 2 12p
/ (Z+)dz.
|z[=1

4r z2ptl
Let f(z) = (2% + 1)?r. Cauchy’s formula implies that

1 (2+1)%  fe(0)
/ 1 '

omi sl T gy
But
7o = e (%)
p
since
2p 9
ﬂ@—E}”(ﬂ,
=0
and so

27 - 2
2 1 1 P
/ cos?? tdt = ﬂ? / (22 2+ dz
0 4P 2mi f = 2T

2mi f2P)(0)

" i (2p)!

27
4p<p>. 0

The dominated convergence theorem leads to

2

lim cos?P tdt = 0.
p—oo o

This can also be checked directly from the formula for fo% cos?? tdt using Stirling’s
formula.

We also note that fo% cos?»t1tdt = 0. Indeed, the change of variable ¢
u =1+ 7 leads to
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27 3
/ cos?P T tdt = / (—1)%" cos?P ! udu
0 ™
3
= 7/ cos?P T ydu
s

2
= —/ cos? ! udu,
0

where the last equality holds since the function cos?”™!w has period 2, and so
its integral is the same on any interval of length 27.

Finally we remark that one can apply the residue theorem to compute

2 1 2p
|2]=1 22p+

Solution of Ezxercise 5.5.7. We have

1 2w it . 1 2 9it _ it )
| ienan= [ L T e
0 0

A et — 2 47 et — 2
1 2m e’it i 1 27 }
= . dt — B dt
o |t = e
_ f(0)

since, by Cauchy’s formula,

_ 1 Q) .1 et i
1z) = 2mi /Cl ¢— zalC N 271'/0 et — zf(e "t

and in particular

2w 4 27
10 = [ Csena= [ setar

2o et 27 Jo

On the other hand, for a given z € D, Cauchy’s formula applied to the
function

_ 1+ ¢z
o0 =10, T
leads to
1 27 ) 1 27 1 it
10 =90 = 5 [ atetyae=, [ e T8 an
and so

1 /2 a1 +etz B
A £ dt = £(0).

27 1—eitz
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Therefore,

2 it
: / e, =
0

4m et —z (47r 0 e ”fz
12 14ety
— it d
(47r/0 fe )1 etz )
0
2 )

and hence the result since

1 [? it 4y
/0 “Re f(e*)dt

27 et —
L1 [etvz, 1 [tz
= . )dt . tdt | .
2 (27r/0 e”—zf(e ) Jr27?/0 e”—zf(e ) >
To prove the first equality in (5.5.7), it suffices to subtract f(0) from each side of
(5.5.6). One obtains

7(z) — £(0) = im £(0) ~ f(0) + /0 T TR fetr

2T et — »

2w 4
-/ “ T 7 Re f(eat - Re £(0)
0

2 et —
1 (% it 4y - 1 [ .

= . R Wt — R B dt
27r/0 G oRe f(edr— | Re o)
1 [ 2 "

- /0 o Re fle)at

Differentiating n times with respect to z both sides of the first equality in (5.5.7) we
obtain the second claim. Interchanging integration and differentiation is legitimate
thanks to Theorem 12.6.1. The third claim is a direct computation, done as follows:

Re f(2) = Re (ilm FO)+ 1 /% e”“r{ Fle ”)dt)
0

2T et —
1 [ e”—i—z
= R Re
o [ (e T R pletya
1 27 1 |Z|2
o | e LR S

Solution of Exercise 5.5.8. It suffices to define the function g(z) = f(Rz) for z € D
and apply Exercise 5.5.7 to g. (]
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Solution of Ezxercise 5.5.9. This is a direct consequence of the third equality in
(5.5.7). O
Solution of Exercise 5.5.10. We use the representation (5.5.9) for f:
2m it
e +z
=1 , du(t
fe =ia+ [0 Zdut),

and write for z,w € D,

I {6“ +z e 4w

f(z)+ flw) 70 let—z e —w
1—zw 1—zw
o 2 —2zw
e ey
h 1—zw

[T du(t)
*2/0 (et — 2)(e~it — w)

Therefore for N € N, wq,...,wy € D and ¢q,...,cy € C we have

N 2m
3 fwe) + f(w;) Z CZCJ
Gy wow; (et —wg) (e —wj) di(t)
t,j=1 J 0 Zj 1 J

B 2 cy 2
_2/0 |Zojei_we|du(t)
> 0. O

Solution of Ezercise 5.5.11. Using formula (5.5.6) and the equality

el + 2
PABETEE) SRl RN RS
n=0

we have for |z| < 1,

1

2T S 2
it ) £ / —ilt it
27r/0 Re f(e™)dt + ;le or J, e ""Re f(e")dt

f(z) = ilm £(0) +

Thus )

fo=Re f(0) = ; Re f(e™)dt

and

2
fe= / e "Re f(e)dt, £=1,2,...
0

21
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Since the real part of f is positive on T, it follows from these expressions that

1 2m )
[fe] < 271_/ Re f(e")dt = 2Re f(0), (=1,2,.... O
0

Solution of Exercise 5.5.12. We will assume sg € R. This can always be achieved
by multiplying f by a constant of modulus 1, and this operation does not affect
(5.5.12). The function g = 1 — f is analytic in |2| < 1 4 € and has a real positive
part in the open unit disk. By (5.5.11)

[se] <2Re (1 —s9) =2(1—3s¢), £=1,2,...,

and thus, for |z| < 1/3 we have:

Z'SZZ <SO+Z|S€|
§80+Z 1;@80)

o0
:So-‘r2 1—80 Z

:.SOJr(l*So) 1 O

Solution of Exercise 5.5.13. From (5.5.6) we have:

27 i 27
Re f(2) = 1/0 Re <Z;+z)R Fet)dt = 1/0 1*|Z|2R Fetae

27 27 le?t — z|?
But, for |z| < 1 we have

L] _ 1= _ 12
(T +1z))2 7 fe™ =22 7 (1= [2])?

and so (since 1 — |22 = (1 — [z|)(1 + |z]))
_ 1.2
1 |z|< 1. |2 <1+|z|.
L fz] 7 fe® =22 = 1|2
Therefore
11|
1+ 2] 1-

Integrating these inequalities we obtain (5.5.13) since

— l2f?

- |€” z|?

Re f(e') <

Re f(ei") < HRf()

2m
Re f(0) = 2171_/ Re f(e')dt. O
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Solution of Exercise 5.5.14. By Cauchy’s formula applied to f* and zg = 0 we

obtain: . )
1 (=) 1 T ;
= f(0)* = dz = (e dt
0=7(0) 27?2'/ 1 2 ® 21 Jo 7

In particular,

2
Re fAe™)dt = 0.
0
Since
Re f* =Re (u+iv) = u? + v* — 6u?0v?

we obtain
2m 2m
/ (u(cost,sint)* + v(cost,sint)*)dt = 6/ u(cost,sint)?v(cost, sint)%dt,
0 0
and in particular
2T 2m
/ u(cost,sint)*dt < 6/ u(cost, sint)?v(cost,sint)%dt.
0 0

Taking squares of both sides and applying the Cauchy—Schwarz inequality to the
expression on the right, we obtain

2m
(/ u(cost, sin t)4dt>
0

2 2

2m
< 36 </ u(cost, sint)?v(cost, sin t)2dt>
0

2m 2
< 36 </ u(cost,sint)4dt> </ v(cost,sint)4dt) .
0 0

If fo% u(cost,sint)*dt > 0 we divide both sides of the last inequality by this

expression and obtain (5.5.14). If fo% u(cost,sint)*dt = 0, then (5.5.14) is trivially
satisfied. The second inequality follows since the function if = —v + iu is still
analytic in |z| < 1+ € and vanishes at the origin. O

Solution of Exercise 5.5.15. By Cauchy’s formula we have

fPo) 1 f(2)dz
W= R 2m/ s 2kl

and so

2T f(reft)irettdt - M
lak| = | rk+1gi(k+1)t | < rk’

Thus, for |z| <r,
e M

ok =M. (]

|akzk| <r
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Solution of Fxercise 5.5.16. Take R;

253

< R. The coefficient of the power 2”1 in

the power expansion of f’ is nf,. By Cauchy’s formula applied to f’,

1
211

|nfn| =

211 0

1 27
/
1
27
27
2 /0
M

- 27
27
/
1
= 1
RY

Since this estimate holds for all Ry < R, we obtain (5.5.15).

Solution of Ezxercise 5.5.17.

I

1 27 f/(Rleit)Rlieit

f(z)dz

ZTL

[=R:

|

dt

n ,int
Rl ein
f’(Rl eit)Rlieit
R{Lei”t
MRyiet
n sint
RYe
MR,
n
Ry

dt

Take r > 0. Cauchy’s formula gives us

£l 1 f(z)dz
" 21 |z|=r zntl
12" flre®)rie® i
271 0 rntlei(nt1)t
_ 1 27 f(re“)m'e“ @t
- 2 o rn+1ei(n+1)t
1 (%" | Mre d
27 J rntl t
T
—M° .
rn
Thus r
. .e
Il < MG

The minimum of the function r — fﬂ

one obtains the required estimate.

Solution of Exercise 5.5.18. From

is for r = n. Plugging r = n in the formula

O

o0
fi(z) =) nanz"",
n=1
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we have

1 /
NGy, = / f(z)dz, n=12,...

ZTL
for any 0 < r < 1. Thus,
1 [* f(re)
nan = 27-(-/0 rn—1legi(n—1)t dt.

In view of (5.5.17) we have
nla,| < M.

Now we can write

1 1 o
[ li@lis <[5 lananas
0 0 n=o0
1 oo
M
§|a0|+/ S Marde
0 n=1 n
1
< ao| +M/ (—In(1 — 2))dz < oco. O
0

Solution of Ezxercise 5.5.19. For n > 1, this is just Cauchy’s formula applied to
the function

9(¢) = (z+ )¢
For n <0, and using (5.1.4) if need be, we have that

z+C nlge — 1+(z —
/TZ_CC ¢ /Tl_CZc 2

which is equal to 0 thanks to Cauchy’s theorem since |z| < 1. O

Solution of Ezxercise 5.5.20. Without loss of generality and to keep the notation
simple we set zg = 0 and r = 1. The integral to compute is
1 2w pro it .
f (e. )e”dt.
2m Jo o f(e)

Recall that (see (5.2.1)) 4 . .
f(e®) =ie” f'(e”). (5.9.33)
Set, for 0 < s < 2,

g(s) = f(e") exp—i {;ﬂ /O J;l((::)) e“dt} :
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and so g(s) = ¢g(0) = g(2m). Hence
1 2w pr( it )
1=exp—i y <e, )e”dt ,
2m Jo o f(e)
and hence the result. O

Solution of Exercise 5.5.21. Assume that such a function exists. Then for z € Q,
2f(2)f'(z) = 1.

Dividing this expression by f(z)? = z we obtain

Integrating both sides of this equality along the circle of radius 2 and using the
preceding exercise, we obtain on the left side a multiple of 27, while on the right
side we get 7, and hence a contradiction. O

Solution of Exercise 5.5.22. We saw in Exercise 3.1.10 that the integral (3.1.8) is
well defined for z off the real line and that

m(t)dt
|t — 2>

Re fm(z) = —i(z — z)/
R
Furthermore, the integral will vanish if and only if

mt) _,
t—2f2 =

that is, if and only if m(¢) = 0. We now turn to the proof that f,, is holomorphic
in C\ R. We focus on the case where z is in the open upper half-plane C, and
will show that

, [ m(t)dt
=— . 5.9.34
)= =i [ O (5931
The case of the open lower half-plane is treated in the same way. Let z and w in

C4. We have
fu(2) = fm(w) _ m(t)dt
e

z2—w t—2)(t —w)’

and therefore,

PO [ = e e~ e 0
e Z)/ ( m(t)dt
R

t—2)2(t —w)
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Let
d=dist (z,R) =min |t — z| =Im z.
teR
We chose w such that |z —w| < . Then, for ¢t € R we have
w—z

lw—2z 1
<

LA
d 2

. (5.9.35)

In view of (5.9.35) we have, for w as above,

O ) P
t—wl lt—z4+z—w
_‘ 1
(t—2)1-927)

1
=< w—z
t—=[(1=[Y7])

_ 1 2
T t—z(1-1/2)  |t—z|

Therefore, for w such that |z — w| < ‘21 we have

fm(z) - fm(w) . m(t)dt m(t)dt
B AR

z2—w — 23’

from which we obtain that f,, is holomorphic in the open upper half-plane, and
that its derivative is given by (5.9.34). O

Solution of Exercise 5.6.1. We have

eZZ + e—ZZ ez + e—Z

h =
Ccoszcosnz 9 9
B e(+D)z 4 oli-1)z 4 o(=i4D)z 4 o—(14i)2
_ ) ,
Thus
dcoszcoshz = - (i + 1)+ (i = )"+ (=i + 1)" + (=i — 1)"}.
n!
n=0
But

e L) (= 1) (i 1) 4 (i )"

=@@+D)"A+ ()" +6E—-1)"A+(-1D)™).
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Thus ¢, = 0 when n is odd, as it should be since the function cos z cosh z is even.
For n = 2p we have
cap = 2((1 + 1) + (i — 1))
=2((29)? 4+ (—29)P)
0, if p is odd,
4-2%(-1)¢, if p =20 is even.

Hence -
1 6226
cos zcosh z = ;_0 ( (4)6)! 24 O

Solution of Ezxercise 5.6.2. By definition of the radius of convergence,

R = min([1/2 — 4|, [1/2— (1 +4)]) = “25. 0

Solution of Exercise 5.6.3. The radius of convergence of the power series expan-
sion at the origin is R = 1/ min|z,|, since this is the radius of the largest open
disk centered at the origin where the power expansion exists. Moreover, for z <
1/ min|z|, we have

f(z)= Z Z 2"ay = Z 2" (Z z?) . (5.9.36)

{=1

The interchange of summations makes sense since one of the sums is finite. The
radius of convergence of (5.9.36) is

1
limsup | >°,L, 20t/

Thus
1 1

limsup | Y%, 27|V min |z’
and hence the result. O

Solution of Ezercise 5.6.4. (a) Let f(z) = > o2 a,2" be the power series expan-
sion of f in D centered at the origin. We have

oo oo
E ap2" = E aneNz", VzeD.
n=0 n=0

By uniqueness of the coefficients in the power series expansion, we have

an:aneN, n € Np.
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It follows that a,, = 0 when n is not a multiple of IV, that is
flz)= ZaszkN, z € D.
k=0

Set g(2) =Y rep arn 2", and let R denote the radius of convergence of g. If R = oo,
we have f(z) = g(z") in particular in D. Assume now R < co. Then

PN _ 1 1

= > >1
lim supy,_, o [apn [VFN 7 limsup,,_, o |an[t/™ = 7

since f is analytic in the open unit disk. Thus R > 1 and g is analytic in the open
unit disk, and satisfies f(z) = g(z"V) there.
(b) Assume that (5.6.1) holds in the open unit disk. Then replacing z by ez
we have
2 = g(2") = g((e2)™) = (e2)",
and hence €¥ = 1. But this is impossible for k € {1,..., N — 1}. O

Solution of Ezercise 5.6.5. Let F(z) = Y. ,2, arz* be the power expansion of F
centered at the origin. By hypothesis,

Zagpé eR Vpe(0,R).
=0

We prove by induction that a, € R for all n. For n = 0 the claim is true, as is
seen by letting p — 0 (recall that the power series is continuous in |z| < R and in

particular at the origin). Assume now that aq, ..., a, are real. Then the expression
[e.e] [ee] n
>t =S a3t
f=n+1 £=0 £=0

is real for all p € (0, R). Dividing by p"*! we obtain that

[ee]
Z a1 ER, VYpe (0,R).
l=n+1

Letting p — 0 we get that a,,+1 € R. We now use the second hypothesis

Z anp™ exp(inmV/2) €R, Vp € (0, R).

n=0

In particular the imaginary part of the above expression is 0 for all p € (0, R),
that is

Z anp”sin(nmv2) =0, Vp € (0,R).

n=1
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By the same argument as above,
ansin(nrv2) =0, n=1,2,....

But /2 is irrational and so nmy/2 is never a multiple of 7 and so sin(nmv/2) # 0
for n =1,2,.... It follows that a, =0 for n =1,2,... and so F(z) = ao. O

Solution of Erercise 5.6.6. For a given t € C the function z — et*=2*/2 is entire

and therefore admits a power series expansion of the form (5.6.2). We now show
that the h,, are polynomial functions of the variable ¢. By Cauchy’s formula

1 etz7z2/2
tt 1,/ e /12dz.
21 |z|=1 g ozt

By Cauchy’s theorem, the integral f z(‘} n=De==*/2qy = 0 for £ > n. By

Cauchy’s formula, it is equal to 2mi for E = n. Thus h, is a polynomial of degree
n. (]

o0

£=0

Solution of Fxercise 5.6.7. The formula for A(z) involves an integral along the
interval [0, z]. Since the function f is analytic in the open unit disk, and since
the open unit disk is convex (and in particular star-shaped) the integral does not
depend in fact on the path within D linking 0 to z. We have

f(s ds—z f" Paans

[0,z]
f’rL n+1 = n
0= (2,5 (E)

and (5.6.3) is a direct consequence of the formula (4.4.12) for the product of power
series. g

Thus, for |z| < 1,

Solution of Exercise 5.6.8. By definition, the area S(A) is equal to

S(A) = //A dzdy.

We make the change of variable

e, y) = (u(x,y),v(z,y)).
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Since f is analytic in D, the Jacobian matrix is equal to (4.2.5), and its determinant
is equal to | f/(2)[?. By the theorem of change of variables for double integrals we
have

S(A) = / /D If'(2)|2dxdy. (5.9.37)

Let f(z) = Y.,° ,anz™ the power series expansion centered at the origin of f in

the open unit disk. With the change of variable
r=rcost y=rsint,

this integral becomes
27 1 )
S(A) = / / Z nmr T2ttt gy (5.9.38)
0 0 n,m=1

The family of functions

fam(r,t) = nmrttm2einmmit o =1,

converges uniformly and absolutely in [0, 1] x [0, 27]. This allows us to exchange
the integral and the double sum in (5.9.38). Indeed, let € > 0. There exists N € N
such that

oo

S fam(rt)] <e

n,m=N+1
and thus

27 1 00
/ / Z nmr T2l n=m)t g gt
0 0

n,m=1

2r 1 N _
:/ / ( Z nmr”erfzel(”*m)t)rdrdt
o Jo

n,m=1

2m 1 S )
+ / / ( Z nmr =2 It L e,
o Jo

n,m=N-+1

The second integral is bounded by 27e, and the first integral is equal to

N
wZn|an|2.
n=1
The formula
N
SA) = Zn|an|2
n=1

for the area follows. O
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We note the following: Starting from (5.9.37), we can use Parseval equality,
and obtain

27 o0
/ Znan n—1 zn 1)t |2dt*27r2n2|an|2 2n—2
0

n=1

and proceed as follows (recall that we assume f analytic in a neighborhood of the
closed unit disk):
A= [[ 1 @Pdady
D

_ /1 (/Qﬂ |f’(re“)|2dt> rdr

_27.‘./ Zn2|a |2 2n— 1d’l“
:w2n|an|2,
n=1

where the interchange of integral and summation to get to the last line is done
using for instance the monotone convergence theorem.

Solution of Ezercise 5.6.9. (1) Let f(z) =Y.~ ,anz" be the McLaurin expansion
of fin B(0, R). As in the solution of the preceding exercise we have

1 27\'
277/0 1 (reit)2dt = Zr2”|an|2 re [0, R).

Therefore Ms(f,r) is increasing, and is strictly increasing unless
a1:a2:~-~:0.

(2) Let f be entire and let R > 0. We have

//|<R 2dscdy—/ /27r f(ret )|2rdrdt27r/0RrM2(f, r)dr.  (5.9.39)

Since Ma(f,r) is increasing, this last integral cannot converge as R — oo, unless
Ms(f,r) =0, that is, unless f(z) = 0. Another proof using subharmonic functions
goes as follows: The function |f|? is subharmonic (see (9.3.3)), and so (9.3.6)
implies that

IF(0)* < Ma(f, 7).
If £(0) # 0, we see from (5.9.39) that

// ) 2dzdy > wR2|f(0)2 —> +oo
| |<R
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as R — 4o0. If f(0) =0, we have f(z) = 2"g(z) where n € N and where g is an
entire function not vanishing at the origin. We have

JI weipdsan< [[ Py < [ 1) Py <,
\ \>1 |z|>1 C

and therefore

[ atodsdy < .
C
and we are back to the preceding case. O

Here also we could use Parseval’s identity to compute

27 [e%e)
/ |f(re™)|?dt = 27 (Z |an|2r2”> : (5.9.40)
0 n=0

and proceed.
Solution of Ezercise 5.6.11. This is a direct consequence of (5.9.40). g

Solution of Ezercise 5.6.13. (a) Let n,m € N. Going to polar coordinates we have

1 5 1 2m e8] 5 y ]
// e—|z| ZTL(Z)md.Z‘dy — / / e~ pntmt ez(n—m) dtdr
™ R2 ™ Jo 0

2 e rnF gy, if n=m,
o, if n # m.

oo R o
2/ e " ity = / e "r"dr = nl. (5.9.41)
0 0

(b) Let R > 0. Using polar coordinates and using (5.9.40) we have;

R 27
[ Ry = [ ([Tlseenpar) ava
T Jlzl<R 0 0

R R o
= 2/ e " (Z r2”|fn|2"> rdrdt
0 n=0
) ) ,
-9 Z |fn|2 / e " 7“2n+1d7“
n=0 0
o0
= nllfal
n=0

in view of (5.9.41). The interchange of sum and integral above can be done for
instance using the monotone convergence theorem. U
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Solution of Ezercise 5.6.14. (a) We have

oo
e = chz” with ¢, = w' , n=0,1,
n=0 n
Since - - -
2n 2n
w w

OUTESD DUPSNED DL
n=0 n=0 (n) n=0 n

the function
ky 12— e e F.

Furthermore, for f € F with power series expansion f(z) = Y.~ f,2", we have

o0 wn o0
(Fhw)r =) nlfa =D faw" = f(w). O
n=0 : n=0
Solution of Ezxercise 5.6.15. We have
7 ™ (2)
an(70) = n!

Hence

an(ZO) h ' Ay—n 0
v=0 v
o~ (n+m)(n+m—1)--(m+1) m
- Z n! Ant+mZ0
m=0 :

Il
(]2
Q
3
+
3
3
R
3
3 +
3
N——
O

Solution of Erxercise 5.7.1. Assume that a solution exists. Then,

(f(2) —ig(2))(f(2) +ig(z)) = 1.

In particular, the function (f(z)+14g(z)) is entire and does not vanish in C. It has
therefore a logarithm, which is analytic in C (that is, which is an entire function):
We denote this logarithm by iE(z).

1) +ig(z) = ).

Then, .
f(2) —ig(2) = (f(2) +ig(2)) ! = e7PC),

and we get
f(z) =cosE(z) and g(z)=sinE(z). O
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As a consequence of the previous exercise, we check that (5.7.3) has no non-
constant polynomial solutions. Indeed, if there are polynomials p(z) and ¢(z) such
that (5.7.3) holds, then

p(z) +ig(z) =cos H(z) + isin H(z) = oiH(2)

for some entire function H(z). The right side of this equation does not vanish in
C, while the left side has roots if p(z) +iq(z) is not equal identically to a constant.
But p(z) +ig(z) constant implies that p(z) — ig(z) is also a constant since

(p(2) +iq(2))(p(2) — iq(2)) = p(2)* +q(2)* =1,
and hence p(z) and ¢(z) are constant polynomials.

Finally try the following question: Find all entire solutions to the equation
F(2)* +g(2)* = h(2)*,

where h(z) # 0.

Hint. Assume first that f, g and h have no common zero. Then the functions f/h
and g/h have entire extensions.

Solution of Exercise 5.7.2. If there was a function g such that ¢’(z) = f(z), then f
would be analytic and with identically vanishing imaginary part. By the Cauchy—
Riemann equations, this forces f to be a constant, and thus leads to a contradic-
tion.

Using (4.5.4) and Exercise 4.2.19 we now show that

2, (22'2') =z, z#£0.

Indeed, in a way similar to Exercise b,
1/ 2z 2y z
a = —_— ] =
(1= (o =) = o

2z|z| 2lz| 2z =z
a = . == f O. D
( 3 ) g T g g Ik for 27

and so

Solution of Ezercise 5.7.3. In case (i), we compute (using Cauchy’s formula)

/ dz / dz . 1 40
= . L\ = 2m =T ,
lo—ij=1/2 22 + 1 lo—ij=1/2 (2 +1)(z — 1) 24

and hence the function has no primitive in C \ {—¢,}.
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In case (ii), we compute

/ dz / dz +/ dz —0
l2j=2 2% + 1 emil=1y2 (2 D)2 —1)  Jiaqim1e GFD(z—1)

and in this case there is a primitive in the given open (non-simply-connected) set.
In case (iii), the set

Q=C\{z=dy,withyeR and [yl >1}

is star-shaped, and thus a primitive exists. The primitive F which takes value
F(0) =0 is given by the formula

ds
F(2) = / ,
Yz s2+1

where v, is any path linking 0 and z in 2. For z = x on the real line, one can
takes 7y, to be
v(t) =t, te€0,x]

and we get F(x) = arctan(z). We have in particular tan(F'(z)) = z on the real
line, and so on the whole of 2 by analytic continuation. The Taylor expansion

o

1 n . 2n
2 = Z(_l) ®
1+2 o
has radius of convergence R = 1, and so
[e.e]
1)
F(z) = Z 2(n43122n+1’ |z| < 1.
n=0

(iv) The image of L under tan is the set 2 (see Exercise 1.2.8), and therefore
F(tan z) is well defined for z € L. We have

1
2
(F(tanz))' = (1 + tan” 2) | ttan?s = 1
and thus
F(tanz) =2, z€L. (5.9.42)

O

We recall (see the discussion after the proof of Exercise 1.2.8) that tan is not
one-to-one from L onto €2, and in particular is not a conformal mapping.

The function F in (iii) in the preceding exercise is the analytic extension
of arctanz to Q@ = C\ {2z =iy, y € R and |y| > 1}. Note that the left side of
(5.9.42) is periodic, with period 7, while the right side is not periodic.
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Solution of Ezxercise 5.7.4. The function
f(z)—a
1—af(z)
has no zeros in the open unit disk since ¢ € D\ f(D). Therefore there exists an
analytic logarithm F(z).
We have

o (552 o
Jeoe (1=af(2)(f(z) —a)

Finally, in view of (1.1.39), we have that

f(z)—a
D, VzeD.
1—af(z) €5 vze
It follows that
efe Fl2) <1, Vz € D,
and so Re F(z) < 0. O

Solution of Ezxercise 5.7.5. We go back to the solution of Exercise 3.4.4. The sum
(3.7.14) creates no special problem, and is not related to the topic of the present
section. Using formula (3.4.10) we obtain

oo

(2p) D7 2% = i 2p2? = =
pard ot (1—22)?

The second sum,

> ) O 2p+l
) 1) (=D 2p+1 z

> (2p+1) z > op 1

p=0 p=0

is the unique primitive of the function

1 2 4
1722:1—1—2 + 25+

1 1 N 1
S 2\1—2z 142z

in the open unit disk, with value 0 at the origin. This primitive is the analytic
extension of the function In \/ %J_rf: to the open unit disk, and will still be denoted

by 1n\/}j;. 0
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Solution of Ezercise 5.7.6. In case (i) there is no primitive since, using Cauchy’s
formula for the function z/(z 4 ¢) and the point ¢ we have

zdz / zdz ey
= , = 2mii /240 # 0.
/|z—i=1/2 22 +1 lomij=1/2 (2 F1)(2 — 1)

In case (ii), we have

/ zdz / zdz +/ zdz
2]=2 22+ 1 lomil=172 (2 1) (2 —19)  Jjapij=1/2 (2 — ) (2 +1)

i
m{2i+2¢}

Hence a primitive exists in the asserted set.

In case (iii) a primitive exists since the set is star-shaped. The argument to
show that the primitive which vanishes at the origin is the analytic extension of
the function 1/21In(2z? +1) to C\{z =iy, y € R and |y| > 1} is done as in the
previous exercise. O

Solution of Ezxercise 5.7.7. We have

f’(z)_22+22_1+1+1+1

flz)  22-1 22—-a2 |z-1 z-a 241 z2+4al’
Let now 7 be a simple closed contour such that [a, 1] lies in the interior of v and
[—1, —a] lies in the exterior of v. We have

f 1 1 1 1 1 1
+ dz + . + dz
211 2m ~ z—1 z—a 21 ~ z4+1 z+4a

The first 1ntegra1 is equal to 2 while the second integral is equal to 0. Therefore,
f“/ J;((ZZ)) dz # 0 and f has no analytic logarithm. On the other hand we can write

2
g 2°—1
2

flz)=(z*—1)

22 —a?’

Let q(z) = 22 4. Using the logarithmic derivative (see formula (4.2.2)), or by
direct computation, we have now

q(z) 2z 2z 1 1 n 1 1
qiz)  22-1 22—-a2 |2z-1 z-a z+1 z+4al’
and so ¢ has an analytic logarithm, and so an analytic square root, in the asserted

set. O

Solution of Ezxercise 5.7.8. Indeed, by Cauchy’s formula,

/ 51:122 dz = 2mi(cos0) # 0. O
|z[=1
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We note that, for p € N the function SH;Z will have a primitive in C\ {0} if
z
and only if p is odd.

Solution of Exercise 5.7.9. A necessary and sufficient condition is that

/|Z|1 f(z)dz

Using Cauchy’s formula, we obtain

0.

2miap!(sin z)P) |z=0 = 2mibg!(cos z)(D |z=0. (5.9.43)
Depending on p and g one can get specific conditions. For instance, if p is even and
q is odd, condition (5.9.43) reduces to 0 = 0, and thus is met for all a,b € C. O

Solution of Exercise 5.7.10. Here too, as in the preceding exercise, a necessary
and sufficient condition for the existence of a primitive is that the integral of the
function along the unit circle vanishes. We have

/ sinz 2w
Ly 4 51
and, since deg Q < ¢,
z _ 1
/ QR gy
=1 20t (g+ 1)

Hence the condition for the

Solution of Ezxercise 5.7.11.

Let now v be a closed contour in 2. Using Weierstrass’ theorem we can write

e

existence of a primitive in C\ {0} is

b

a
=0
(g+ 1)!

st
For z € ) we have
7(2)
(- £
fjo P - 1)

o0

=D A== )"

n=0

==> [ (=)~ f(z)"dz

n=0""
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Each of the integrals
[a-nea-sere=-o
.

since the function (1 — f)'(2)(1 — f(z))™ is the derivative of the function

(L= f))"/(n+1).

Therefore, f has a logarithm in Q. Fix zg € . The logarithm function g which
vanishes at z = zg is given by

= “ f(s) s
9= )
_ Z/ )(1 = f(s))"ds
B (1 _ n+1 17 n+1
’*Z; n+1 +§: n+1 ' H

Solution of Ezercise 5.7.12. The set Q is simply-connected (consider the comple-
ment of its image on the Riemann sphere). The function HQOlO(z — ¢) does not
vanish there. Thus, it has an analytic logarithm and analytic roots of any or-
der. (]

Solution of Erxercise 5.7.13. Without loss of generality, and to keep the notation
simple, we set zg = 0 and » = 1. The integral to compute is

27 pr( it
f1(e*) u
Llettdt.
om Jo  fle)
Recall that _ _ _
f(e”*) =ie” f'(e*). (5.9.44)

Set, for 0 < s < 2,

9(s) = F(e"*) exp — { / ut e” ”dt}

Then, in view of (5.9.44),

and so g(s) = ¢g(0) = g(27). Hence

) 2m f/ it ;
1 —exp—z{ ; f((:it))etdt}’

and hence the result. O
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Solution of Ezxercise 5.7.14. By the preceding exercise,
1 /
= / f <Z)dz € Z.
21 J|z)=3/2 f(2)

Set h(z) = 27" f(z). Then

In particular,

1 / h'(z)
. dz=-n+n=0,
21 J)zj=s/2 (2)

and the function h has an analytic logarithm in the given annulus: h(z) = exp g(z),
where g is analytic in 1 < |z| < 2. Tt follows that f(z) = 2™ exp (). O

Solution of Ezercise 5.7.15. Let v1(t) = 2¢%, and let y2(t) = 4e’, where in both
cases t € [0, 27]. The numbers

_ 1 f'(z) _
WZm'[M f(z)dz’ {=1,2,

belong to Z. Let
f(z)

h(z) = zm(z —5)n2’

Then, for any closed curve « in 2,

and so there exists a function g analytic in Q such that h(z) = e9(*) there. This
ends the proof. O

See [28, p. 97] for related results.

Solution of Ezxercise 5.7.16. We see that
F’I’IL(Z) = _nF"+1<Z)7

and therefore the function F, has a primitive for n > 2. We now show that F}
has no primitive in C \ [0,1]. Let C' denote the circle of center 0 and radius 4,
positively oriented. For ¢ € [0, 1] we have
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and so

/CF(z)dz/O1 (/Ctd_zz>m(t)dt

1
= 27m'/ m(t)dt #0 since m(t) >0, t € [0,1],
0

where we have used Theorem 12.6.1 to interchange integration and derivation. It
follows that F; has no primitive in the asserted domain. O

Solution of Ezercise 5.7.17. We first remark that the function In(z*—2z cosha+1)
is defined in R\ [e~%, e%]. Assume that a function f exists. Then, on R\ [e~%, e?],
its complex derivative is given by

f'(w) = x2 QEZ;CCOOSS}?QCLL 1
as is seen from formula (4.2.4). By analytic continuation, we have that
') = 22 ZEZQ;C(;(;Shhaazr 1’ vz €CA e e
But the function
2(z —cosha) 1 1

z2 —2zcosha+1 z—e* z—e @

has no primitive in R\ [e™%, e?], as is seen by computing its integral on a circle of
center 0 and radius R > e®. g

Solution of Ezxercise 5.8.1. The function

1=z

h(z) = 142

has an analytic logarithm in the asserted domain. Indeed, we have

W(z) 1 1

h(z) z—-1 z+41

and the integral along a closed simple curve whose interior contains the interval
[—1,1] is therefore equal to 0. We conclude by noting that

(z+1)2 O

Solution of Ezercise 5.8.2. (a) We first note that (2 is star-shaped with respect

to the origin. Therefore the function 1_122 has an analytic logarithm in Q, and

hence an analytic square root there. By possibly multiplying this square root by
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a constant of modulus 1, one can always suppose that it takes the value 1 at the
origin. For |z| < 1 we then have (with f_;/, defined as in Exercise 4.4.4)

1
V1— 22

See e.g. [136, p. 135] for the latter.
(b) The function arcsin z is well defined since €2 is star-shaped. For z =z €
(—1,1) we take as C, the interval on the real line defined by 0 and . We have

. /x ds
arcsinz = ,
0o V1—s2

which indeed coincides with the classical function arcsin of calculus.
(c) In view of the power series expansion in (a) we have

1 1-3 1
:f_1/2(z2):1+ 22 4 2 4 24

-3-5
2 2-4 2-4-6

1 1- 1-3.
arcsinz = z + 23 4+ 3 5 35 1

D.
9.3 To.4.5" To.4.6.77 7770 €

(d) We have sin(arcsinz) = z for z € (=1, 1). By analytic continuation, this
identity holds in €. O

Solution of Exercise 5.8.3. Let v, be for £ = 1,..., N a simple closed path in €,
whose interior contains only the interval [ay, 5¢]. To check the existence of a square
root, it is enough to check that

f'(z)
v f(2)

Using the formula (4.2.2) for the logarithmic derivative we have:

?léjg_i<2jaz2jﬁz)’

{=1

dz=0, ¢=1,...,N.

and thus for ¢y € {1,..., N} we have

WOJ;I((/:)):/%@Z% ﬂeo) +ZN:/ZO<Z% Zlﬂj)dz.

(=1
046

(=)

The first integral on the right side is equal to
1 1 1 1
/ ( — )dz:/ dz—/ dz = 2mi — 2w = 0.
vey \Z Ty 2= B, ey 2 Oy ey & Beo

The second integral vanishes thanks to Cauchy’ theorem. Thus the function f has
an analytic square root in the asserted domain. O
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Solution of Exercise 5.8.4. Assume by contradiction that such a function exists.
Then,

2f(2)f'(2) =
in 1 < |2| < 2, and dividing by 27if(2)? on both sides we have
(

1 fi(z) 1

ri flo) = 2miz (5.9.45)

Let _
v :y(t) = 15", t€0,2n].

Integrating both sides of (5.9.45) on 7, and taking into account that
1 /
_ / '@y e
2mi J., f(2)
we obtain that there is an integer N such that

2N =1,

which is a contradiction. O



Chapter 6

Morera, Liouville, Schwarz, et
les autres: First Applications

Cauchy’s formula is the key to most, if not all, important results in complex
variables, and in particular the existence of a power series expansion around each
point of analyticity, the maximum modulus principle and the fact that the zeros
of a non-identically vanishing analytic function are isolated. In this chapter we
present exercises on these topics.

6.1 Zeroes of analytic functions

The zeros of a non-identically vanishing analytic function cannot accumulate at
an inner point, but they can of course accumulate at a boundary point of the
domain of analyticity. This is the essence of item (a) in the next exercise. Item (c)
illustrates that one should always be careful with conditions on functions given in
terms of integrals. In relation with this exercise, see also Exercise 6.7.8.

Exercise 6.1.1. (a) Let f be a function analytic in |z| < 1 and such that

f(2) -
/zl (n+1)z—1dz_0’ vneN. (6.1.1)

Show that f(z) =0 in|z| <2 .
(b) What can be said if (6.1.1) is replaced by

/| =1 ((n +fl()zz)_ 1)2 dz=0, VneN. (6.1.2)

(¢) Assume that f is analytic in 0 < |z| < 2 and satisfies (6.1.1). Is f necessarily
identically equal to 09

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_6, 275
© Springer Basel AG 2011
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Hint. Look at f(z) =sin 7.
The following exercise appears in [124].

Exercise 6.1.2. Let f be an entire function and assume that for every McLaurin
expansion

1) =3 enlz)(z — 20)",
n=0

there is an n such that ¢, (z0) = 0. Show that f is a polynomial.

Exercise 6.1.3. Let ag, a1, ... be a sequence of complex numbers such that

> an| < oo (6.1.3)

n=0

Assume that for all integers k > 2,

oo

3 ZZ =0. (6.1.4)

n=0
Show that all the a,, are equal to 0.

Exercise 6.1.4. Find all functions f analytic in the open unit disk and such that
f(1)y=0forn=2,3,...

Exercise 6.1.5. Same question as in the previous exercise for each of the following

conditions:
1
=e " 6.1.5
r(n)= (615

|f (i) | <e™™ (6.1.6)

Is there a function analytic in the punctured disk such that (6.1.5) hold? Explain
the difference with the first question.

Exercise 6.1.6. Is there a function analytic in the open unit disk and such that

F/en) = FA/En-1)= ", n=23..7

Exercise 6.1.7. (see [31, Exercise 11 p. 78]). Let f and g be analytic and not
vanishing in the open unit disk D. Assume that for all n > 2,

=9 n) (6.1.7)

Show that there is a constant ¢ such that f(z) = cg(z) for all z € D.
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Exercise 6.1.8. (a) Find all functions analytic in a neighborhood of the origin,
and for which there exists ng € N such that

f@/n)+ f"(1/n) =0
for n > ny.

(b) Same question for
f/n) = f"(1/n).
The following exercise considers Exercise 4.1.12 when a and b are analytic in
the given set 2.

Exercise 6.1.9. In Fxercise 4.1.12 we moreover assume that a and b are analytic
in Q. Prove the following claims:

(a) There are at most countably many points z € Q for which
a(z) =b(z) =0, (6.1.8)
and the set of such points has no accumulation points in 2.

(b) There is a point z € Q such that
la(2)] = b(2)] 0. (6.19)

(c) The set Q\ Qg is not connected.
Hint. Use Theorem 13.6.1.

In Exercise 10.2.7 we show that in fact there are uncountably many points
for which (6.1.9) holds.

The properties of the zeroes of analytic functions lead to the following fasci-
nating questions: Given a connected set €2, a set {21, 22, ...} with an accumulation
point in 2, and numbers wy, wo, . .., can we reconstruct a function analytic in 2
and such that

f(Zj):’LUj,... ]:1,2,?

More generally, can we reconstruct, if possible in a unique way, an analytic function
from its values at given points? This type of problem is called an interpolation
problem. When the points have no accumulation point in 2, one can always find
such an f if no metric structure is imposed on the function. See for instance
[123, Chapitre 15]. In engineering and signal theory, interpolation problems are
often set under additional constraints on the function (for instance, such as being
analytic and bounded by 1 in modulus in the open unit disk). Such questions
will be considered in two special instances in Chapter 11. We will meet simple
instances of the Nevanlinna-Pick and Carathéodory-Fejér interpolation problems
in Problems 6.4.8 and 6.4.9. These problems will also be discussed in Section 11.5,
and the sampling theorem in Section 11.2.
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6.2 Analytic continuation

This notion has already been used earlier in the book. See for instance item (d)
of Exercise 5.8.2, and the discussion following (5.9.5).

ZTL

Exercise 6.2.1. Define F(z) = -0 (=1)"

n=1 n

(a) Show that F' is analytic in the open unit disk and that
expF(z)=1+2z, for |z|<1.
(b) Does F' have an analytic extension across a sub-arc of the unit circle?

In the following exercise, the natural boundary means that the function can-
not be continued analytically across the unit circle. We refer to [128, Chapter VI|
for a survey on natural boundaries.

Exercise 6.2.2. (a) Show that the unit circle is the natural boundary of the series

o0
: : |
Z’!L.
n=0
and

o
n
E Z2 .
n=0

(b) Does the power series

[eS)
>
2
n
n=1

have an analytic extension across some sub-arc of the unit circle?

We now want to find all rational functions which send the unit circle onto
itself. Because of a priori possible poles or zeros on the unit circle, we set the
question as follows (see also [28, Example 11.14, p. 367] for instance):

Exercise 6.2.3. Find all rational functions which map an open arc of the unit circle
into the unit circle.

For the next exercise, see [37, p. 109] and see also Exercise 8.4.1.

Exercise 6.2.4. (a) Prove that for z € C\ {(—oco — 1JU[1,00)}, there exists an
analytic square root to the function 1 — 2% such that f(0) = 1.

(b) With f as in (a), show that

2m
dt 2m

= 2.1
/0 14+ zsint  f(z) (6:2.1)

for all z € C\ {(—o0 —1]U[1,00)}.
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We already saw (see Exercise 4.1.9) that there does not exist a continuous
square root to the function f(z) = z in the plane. Another proof of a weaker
statement (one requires analyticity rather than continuity) is presented now:

Exercise 6.2.5. Let r > 0. Show that there is no analytic square root to the function
zin0<|z| <.

As we have already discussed, Riemann’s removable singularity theorem
states that if f is analytic in B(zo,7) \ {20} and continuous in B(zp, ), then
it is analytic in B(zg,r). The following exercise considers what happens when a
point is replaced by a closed interval:

Exercise 6.2.6. Let Q be an open and convex subset of C and let I be a closed
interval in Q. Let f be continuous in  and analytic in Q\ I. Show that f is
analytic in €.

Hint. Use Morera’s theorem, which we now recall. In the statement, A denotes a
triangle defined by points in Q (and, in particular, not on the boundary of Q) and
OA denotes the contour defined by the boundary of the triangle.

Theorem 6.2.7 (Morera’s theorem). Let Q2 be an open convex subset of C, and let
f be continuous in Q). Assume that

f(z)dz =0,
oA
for every triangle in Q. Then, f is analytic in €.

The next related result is called Schwarz’s reflection principle, and also follows
from Morera’s theorem. It has numerous applications. An important one is the
derivation of the Schwarz-Christoffel formula which gives the conformal mapping
from the open upper half-plane onto the interior of a non-intersecting (but not
necessarily convex) polygon.

Exercise 6.2.8. Let xg € R and f be holomorphic in the open half-disk
Bi(zg,r)={2€C; Im2>0 and |z—zo| <r}.
Assume that f is continuous up to the real line and that it takes real values on the

real line. Show that the function

h(z) = f(2), ifze€ By(zo,7)U (0 — 71,20 +7),
f(z), if z€ By(zo0,7)U(x0 — 1,20 +7T)

is holomorphic in B(xg,T).

Other related exercises, whose proofs require the residue theorem, are Exer-
cise 8.2.4 and 8.1.6. We conclude this section with an exercise which has its im-
portance in multiscale signal processing. Recall that B(0,r) = {z € C; |z| < r}.
See also Exercise 3.4.10 for some related formulas.



280 Chapter 6. Morera, Liouville, Schwarz, et les autres: First Applications

Exercise 6.2.9. Let f be analytic in the open unit disk D, and let n € N. The
purpose of this exercise is to show that the formula

o) = 3 fw (622

weD

wh=z

defines a function analytic in D, and expresses its power series expansion at the
origin in terms of the power series expansion of f at the origin. The map f — gn
is called the decimation, or downsampling, operator.

(a) Let q be the analytic square root of order n in D\ (—1,0] and which coincides
with /™ on (0,1). Express g, in terms of q¢ for z € D\ (—1,0].

(b) Using the power expansion of f at the origin, show that g, has an analytic
extension to the open unit disk.

6.3 The maximum modulus principle

The first example provides an application of complex variables to a geometrical
question; see [141, p. 401].

Exercise 6.3.1. Given n points P, ..., P, in the plane, show that the product of
their distance to a point in the plane has no local extremmum, with the exception of
the points P;j.

If p is a polynomial of degree n, the function z"p(1/z) is also a polynomial
(possibly of lesser degree). This is the idea behind the next two exercises.

Exercise 6.3.2. (see [48]). Let p(z) = 2™ + a,—12""1 + - + ag. Prove that either
p(z) = 2" or that there exists a point  on the unit circle such that |p(¢)] > 1.

Exercise 6.3.3. Let p be a polynomial of degree n and let, for r > 0,

M(r,p) = sup |p(2)].

|z|=r

Show that the function r — M(r,p) is increasing and that the function r
M(r,p)
rn

is decreasing.

Exercise 6.3.4. Is there a function analytic in the open unit disk and such that
|f(2)| = el*! there?

Using Exercise 5.5.13 one can prove the following surprising result; it appears
as an exercise (without any hint) in [79, Exercise 4, p. 40]. The proof is given in [28,
Exercise 5.36 p. 146]. We give the exercise and the solution with the hypothesis
that f is analytic in a neighborhood of the closed unit disk. This can be dispensed
with.
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Exercise 6.3.5. Let h be analytic in |z| < 1+ € for some € > 0 and assume that h
does not vanish in |z| < 1+ € and is bounded by 1 in modulus in . Show that

sup |h(z)]? < inf |h(2).
s P S ot )

Hint. Since h does not vanish in |z| < 1+ ¢, there is a function f analytic there
and such that h = e~f. Since |h(2)| < 1 for z in the open unit disk, we have that
Re f(z) > 0 there. Then apply (5.5.13) to f for appropriate values of R.

6.4 Schwarz’ lemma

Schwarz’ lemma states that if a function f is analytic and contractive in the open
unit disk, and if moreover f(0) = 0, then

[f(2)| <1zl VzeD. (6.4.1)

Moreover, equality holds if and only if f(z) = cz for some ¢ € T. This lemma is of
utmost importance. It is the key to the Schur algorithm (see [5] for a survey, and
Section 11.5 below), which itself is related to fast algorithms in signal processing.
See [85].

It follows from (6.4.1) that
SOl <1, (6.42)

Usually, it appears in textbooks after the notion of singularities, since z = 0 is
a removable singularity of the function f(z)/z. A shorter way to prove Schwarz’
lemma is to use Riemann’s Hebbarkeitssatz (see Theorem 5.4.1).

The first problem is [31, Exercice 1 p. 171].

Exercise 6.4.1. Let f be a function analytic in the open unit disk, bounded by 1 in
modulus there and vanishing at the origin. Show that the series

> Y

converges uniformly in the closed disks |z| < r < 1.

The following exercise gives an extension of (6.4.2), called Pick’s inequality,
to the whole open unit disk. Recall that the functions b, were defined in (1.1.42):

bo(2) = f:z‘la, a€D.
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Exercise 6.4.2. Let f be analytic in the open unit disk and bounded by 1 in modulus.
Then,

oy < L P
HOTERA

Show that equality holds if and only if f is of the form

Vz e D. (6.4.3)

zZ—a

f(Z)_ :Cb(I(Z),

_clfza
where ¢ € T and a € D.

We note that, more generally, for any choice of different complex numbers z;
and z9 in D, the matrix

I=[f(z)®  f(z1)=f(z2)

17‘21‘2 Z1—Z22
pP= (6.4.4)
Flz)=f(z2)  1=|f(22)]?
Z1—22 1—|22?

is non-negative. Pick’s inequality is a limit case of this inequality, by considering
the determinant of P, and letting z; tend to zo. The methods to prove that P
is non-negative are far beyond the scope of this book. See [6] for instance for a
survey and references.

Another application of Schwarz’ lemma is given in [31, Exercice 10 p. 112]
and [28, Exercise 6.5 p. 192]: If f is analytic from the open unit disk into itself
and has two fixed points, then f(z) = z. As a simpler case, solve the following:

1 1
Exercise 6.4.3. If f sends D into itself and if f(0) = 0 and f(2) = 4 then
f(z) =z

Exercise 6.4.4. Prove the general case of the preceding question: If f is analytic
from the open unit disk into itself and has two fized points, then f(z) = z.

Exercise 6.4.5. Let f be a function analytic from the open unit disk D into itself.
Assume that for some point zg € D it holds that

f(z0) =20 and f'(z0) =1.
Find f.

The case of the boundary is more involved. The first positive result seems to
be due to Burns and Krantz, see [29], but is beyond the scope of this book.

Exercise 6.4.6. Show by a counterexample that the preceding result does not remain
valid when zg is on the unit circle. To avoid any problem with boundary values,
assume that f is analytic in a neighborhood of the closed unit disk; you can look
for a Moebius map.
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The following exercise originates with Schur’s celebrated paper [127]. We
denote by S the family of functions analytic in the open unit disk and with values
in the closed unit disk. These functions bear various names, and are in particular
called Schur functions. They are the transfer functions of discrete time-invariant
dissipative systems. See Section 11.4 for more information. Blaschke products (see
(3.6.18)) are special cases of Schur functions.

Exercise 6.4.7. (a) Let f € S. Assume that |f(0)] < 1. Show that the function

{ f(2)—£(0) zeD\ {0},

— ) 2= (0)f(2))’
hiz) = 1'(0) z=0,

1=|f(0)|2>
is analytic and contractive in the open unit disk.
(b) Let po € D. Show that the formula

po + 29(2)
Z) = 6.4.5
fz) 1+ zpog(z) (6.45)
describes all functions in S such that f(0) = po when g runs through S.

(¢) Find f'(0) in terms of g(0) and pg in (6.4.5). Conclusion?

In his 1917 paper [127] Schur associates to f € S a series of functions
f1, f2,... of S via the recursion

fo(2) = f(2),
fn(z) - fn(o) 2eD 0
frt1(z) = Z(l—fn(O)fn(z))’ €D {0}, n=0.1,. .. (6.4.6)
7,00 V=0,

called the Schur algorithm. The recursion stops at rank n if |f,(0)] = 1. This
algorithm, originally developed to solve classical interpolation problems, has been
shown to have numerous applications in signal processing. In Exercise 11.5.3 in
Section 11.5 we will see that the Schur algorithm ends after a finite number of
iterations if and only if f is a finite Blaschke product.

The following two exercises are solved using Exercise 6.4.7, and are (very) spe-
cial instances of the Carathéodory-Fejér and Nevanlinna-Pick interpolation prob-
lems. See Section 11.5 for more on these interpolation problems.

Exercise 6.4.8. Given a and b in C, find a necessary and sufficient condition for
f eS8 to exist such that

F0)=0 and f'(0)=b, (6.4.7)

and describe the set of all solutions.
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Exercise 6.4.9. Given two pairs of numbers (z1,w1) and (z2,ws) in D?, find a
necessary and sufficient condition for a function f € S to exist such that

f(z1) =w1 and  f(22) = wa, (6.4.8)

and describe the set of all solutions.

Exercise 6.4.10. Let f be analytic from D into D and assume that f(a) = f(b) =0
for two different numbers a and b in . Show that

z—0b
1—20b

zZ—a

|f(2)] <

1—za

As a variation on this theme, find a bound on f when f (which is analytic
and map D into itself) vanishes at the point a and at its first N, derivatives and
at the point b and at its first IV, derivatives.

Exercise 6.4.11. Consider the function (4.4.15) and assume that m(t) > 0 and
that [2" m(t)dt = 1. Show that

-1
1‘§|z|, Vz € D.

Exercise 6.4.12. (a) Let zo be in the open upper half-plane C. Show that the
map B, defined by (1.1.44)
zZ— 20

B (2) = 2 — 2

is one-to-one from the closed upper half-plane onto the closed unit disk. It is
one-to-one onto from the real line onto the unit circle and from C, onto the
open unit disk ID.

(b) Let f be a function analytic in C4 and bounded by 1 in modulus there, and
assume that f(z9) = 0. Show that

zZ— 20

) < | | vzec,.

zZ— 20

(c) Assume that f(z0) = f'(20) = 0. Show that

2—20’2

1) <| , VzeCy.

zZ— 20

The book of Burckel [28] contains a whole chapter on applications of Schwarz’
lemma (pp. 191-217).



6.5. Series of analytic functions 285

6.5 Series of analytic functions

Series and infinite products of functions have appeared already in the book, for in-
stance as power series, or as series of complex numbers depending on a parameter.
In the present section we focus on examples of series of analytic functions which
converge uniformly on compact subsets of their common domain of analyticity.
The limit is then an analytic function.

Uniform convergence on compact subsets define a topology, which moreover
can also be defined by a metric. These aspects are reviewed in Section 10.1.

Exercise 6.5.1. Show that
|sinz| <sinh|z|, zeC.
Show that, for x € [0, 1],
sinhz < z(cosh1).
Show that the series -
Z sin(z")
n=0
converges absolutely in the open unit disk, uniformly on compact sets.
Exercise 6.5.2. Show that the series
i z2(z4+1)--(z+n—-1)
nn
n=1
defines an entire function.
See [15, Exercice 1.6 p 278] for the following problem.
Exercise 6.5.3. Show that the function f defined in Exercise 3.6.7 is entire, and
that

n.(n+1)
=1+ —1)"z".
Z (1-q) —q") =1)

Exercise 6.5.4. Using Ezercise 3.5.2, show that the function

1 1 1
2=, + e
=2t 2 e i
(p.a)#(0,0)
is analytic in C\ Z +iZ.

The function g is called the Weierstrass function. As a consequence of Ex-
ercise 7.2.15 will follow that the function p satisfies a differential equation of the
form

(©)? = 909" + 910” + 920 + g3
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for complex numbers gg, g1, g2 and g3 such that gg # 0.

The function g is closely related to the function ¥ appearing in the following
exercise. See [104, p. 25].

Exercise 6.5.5. Let 7 € C be such that Im 7 > 0. Show that the function

. 2 .
19(27,7_) _ § ezﬂ'n TH2minz
neZ

is entire (as a function of z), and that it satisfies

Hz+1,7) = Iz,71), (6.5.1)
Iz+71,7) = e TTTIEY (2, 7). (6.5.2)
Show that )
9 ;T,T) —0. (6.5.3)
In Exercise 7.3.5 we will show that 1'2” is the only zero of ¥ modulo Z + 7Z.

Exercise 6.5.6. Show that the domain of convergence of the sum

Se (6.5.4)

is the open right half plane, and that the convergence is uniform in every set of
the form Re z > € > 0.

Another example of series is given in Exercise 7.2.21, where, using Liouville’s
theorem, one is asked to prove that

1+§: 1 +1 ()
=T cot\mz).
z el Z—MN n

We conclude this section with a proof of the analyticity of the Gamma func-
tion, which has been defined in Exercise 3.1.12.

Exercise 6.5.7. Show that the T function

F(z):/ t*~tetdt
0

is analytic in Re z > 0.

Hint. Consider compact sets of the form

K={(z,y);m<z<Mand —R<y<R},
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with m > 0 and R > 0. Show that the series of functions
n
Ta(2) = / t*le7tdt, n=1,2,...,
1/n
converges uniformly on K to I'.

As noted in Section 3.1, the Gamma function is the Mellin transform of the
function f(t) = e~%, t > 0. We refer to [35, Chapitre II] for more information.
The Mellin transforms of various other functions have been computed in Exercise
5.3.6.

6.6 Analytic functions as infinite products
We have already met in Exercise 3.6.18 the representation of sin z as an infinite
product. Note that item (a) of Exercise 6.6.2 is Exercise 3.6.14.

Exercise 6.6.1. Show that the Blaschke products defined in Fxercise 3.6.14 are
analytic in the open unit disk.

Exercise 6.6.2. (a) Show that, for |z| < 1,

[(1—2)e* —1] < |z|2

(b) Given a sequence of non-zero complex numbers z,, n = 1,2, ... such that

LS
|Zn|2 .

Show that the function

oo

[Ta- e

n=1 n
is entire and vanishes exactly at the points zy.

Exercise 6.6.3. Consider the infinite product representation (3.6.25) of sin z:

SIDZ—ZH zeC.

k;271'2

Comparing with the power series expansion of sinmwz, prove that

[ee]
1 w2
o= 6.6.1)
2 (
— k 6
(see [18, p. 233]). Similarly, using (3.6.26), prove that
> 1 w2
= . 6.6.2
2 2k+1)2 " 8 (6.6.2)

k=0
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6.7 Liouville’s theorem and the fundamental theorem
of algebra

Liouville’s theorem states that a bounded entire function is constant. We note
that it was first proved by Cauchy; see [28, p. 82]. As an application of Liouville’s
theorem we will prove in Exercise 14.1.11 an important result from functional
analysis. The fundamental theorem of algebra has numerous proofs. One topolog-
ical proof is presented in Section 13.6. Another proof, usually given in complex
analysis classes, uses Liouville’s theorem. We begin this section by recalling this
theorem and this latter proof.

Theorem 6.7.1 (The fundamental theorem of algebra). Every non-constant poly-
nomial has at least one complex root.

Proof. We consider a non-constant polynomial (which we assume monic! without
loss of generality) p(z) = 2™ 4+ a,—12" "1 + - -+ + ag, and assume by contradiction
that it does not vanish in C. Then the function 1/p(z) is entire and non-constant.
We will show that it is bounded in modulus, which will lead to a contradiction,
thanks to Liouville’s theorem. For z # 0 we can write

p(z) = 2" (14 9(2)),

where a “
g(z): n_1_|_..._|_ 2
z z

is such that lim, ,~ g(z) = 0. Take R > 0 such that
1
o> R — o)l <

Then, using (1.1.37) with z; = 1 and 22 = g(z), we have for |z| > R,
NN
p(2)" ~ 1—1g(2)|

On the other hand the function |p(1z) | is bounded in |z| < R since it is continuous

there and since |z| < R is compact. It follows that the non-constant entire function
1/p(z) is bounded. This cannot be, in view of Liouville’s theorem. O

Exercise 6.7.2. Find all entire functions f such that
(a) [f(2)] < M1+ /]2 —1il),
(b) 1f/(2)] < M(1+/|2)),
() 1f(2) <M1+ ]z —1i]),

Lthat is, the coefficient of the highest power is equal to 1
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() |f'(2)] < M1+ |z]),
for some strictly positive number M .

Exercise 6.7.3. Show that the range of a non-constant entire function is dense in

C.

When in the above exercise, f is not a polynomial, then the function f(1/2)
has an essential singularity at the origin, and a much more precise statement can
be given using Picard’s theorem: f(C) is equal to C or to C\ {w} for some w € C.
The example f(z) = e illustrates the fact that f(C) can be strictly included in
C.

Exercise 6.7.4. Show that an entire function f such that Re f(z) < M for some
M € R is constant.

The following exercise can be found in [95, Exercise 11, p. 123] for instance.
Exercise 6.7.5. Find all entire functions f such that

[f(z)|=1 for |z|=1. (6.7.1)

The result in the next exercise is called Liouville’s first theorem.

Exercise 6.7.6. Show that there are no entire non-constant functions f such that

flz+1) = f(2), (6.7.2)
f(z+1) = f(z), VzecC. (6.7.3)

Remark. There are biperiodic non-constant meromorphic functions. These are the
elliptic functions. See Exercise 3.6.13.

Exercise 6.7.7. Is there a polynomial P of degree N such that

P
/ &) o0 nm=o01...N
|z|=2 (n+1)z—1

Same question for P such that

P(z)
= =0,...,N.
/|z|1 (22— 1182 =0 n=0,,

Exercise 6.7.8. Find all polynomials of degree N such that

P(z)
dz=0, n=0,1,...N, 6.7.4
/z=r (n—l—l)z— 1 © " ( )

forr=3/4 and r = 1/(N + 2) respectively.

Related to these problems see also Exercise 6.1.1.
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Exercise 6.7.9. Find all polynomials p and q such that

p(z) cos® z + q(z) sin? z = 1.

Exercise 6.7.10. (see [39, Problem 5.6.7 p. 69]). Is there a function f analytic in
C\ {0} such that

lf(2)] = j'Z', Vz € C\ {0}. (6.7.5)

For other exercises using, or related to, Liouville’s theorem, see for instance
Exercises 6.7.5 and 6.7.3. Finally we note that there exist non-constant entire
functions H which go to 0 along every fixed direction:

lim H(re") =0

T—>00
for every 6 € [0,27). One such function is given by Ry f (recall that Ry has been

defined in (5.4.1), with
o0 etz
f(2) :/ dt.
0

See [18, §12.2. pp. 152-155]. Another, more involved example, is given by the
function
g(z)e 9,

where g(z) is the analytic extension to the complex plane of the function
1 / e du
2 Jou u— 2z’

U={z€C;Rez>0 and |Im z|<7}.

where U is the half-strip

See [40, Exercice 5, p. 248], [48, Exercice 10.54, p. 124], [123, Exercice 11 p. 314].

The solution of the following exercise using Rouché’s theorem was shown to
us by Dennis Gulko. See Exercise 7.4.7. What is asked in Exercise 6.7.11 is an
elementary solution without this theorem, but using the fact that the polynomial
has four roots.

Exercise 6.7.11. How many solutions has the equation
43224241

in the closed upper half unit disk?
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6.8 Solutions

Solution of FExercise 6.1.1. (a) By Cauchy’s formula, condition (1.6.17) can be
rewritten as

1
=0, VneN.
f(, L )=0 vne
It follows that f = 0 since the points n}H accumulate at the origin.
(b) Cauchy’s formula now leads to
1
! =0, VneN.
Fi(, )=0 vne

It follows that f' =0 and f is constant.

(c) When we assume that f is analytic only in 0 < |z| < 2, Cauchy’s formula
cannot be used, and the preceding argument fails, as is illustrated by the function
f(z) =sin 7. For every a € D it holds that

/ g o (6.8.1)
|

z|=1 z—a

To show that (6.8.1) holds, we first rewrite the integral as a line integral

/ 1@y, i/% sin(re™)
|z|=1 2 — @ o l—ea

To prove (6.8.1), we write

'Lt

sm e _ ;
E an zntSln zt)7
1—e zta
n=0

and, using Weierstrass’ theorem, we see that

2w s n 2T
/ 511n(7re At = Z / "sin(mwe")dt.
0 — €

Another application of Weierstrass’ theorem leads to

2
/ e Mgin(re”)dt =0, n=1,2,.... O
0
Remark 6.8.1. A much quicker proof, but which is beyond the scope of this book,
it
goes as follows: The function 11n(7re_i . ) is the boundary value of the function
— e Uq
sin(7)
1—2z"1a’

which belongs to the Hardy space Ho (D) (see [124] for the definition) and so the
integral is equal to 0.
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: —it
Remark 6.8.2. The function sin(me ) )
1—e g

for instance [70] for the definition.

belongs to the Wiener algebra W_. See

Solution of Exercise 6.1.2. First a remark: If there is an integer n such that ¢, (zo)
=0, then f is a polynomial since

f(n) (20)

en(z0) = ol

Assume now by contradiction that f is not a polynomial. Then, for every n the
coefficient ¢, (20) does not vanish identically. Since z — ¢, (2) = £ (2)/n! is an
entire function, its set of zeroes is at most countable (but of course can be empty
or finite). Thus the set

A = {z € C, there exists n € N such that ¢, (z) = 0}

is at most countable. On the other hand, this set is equal to C by hypothesis,
which leads to a contradiction. O

The preceding result is still true for C* functions of a real variable. See [145,
p. 278-279] for a proof.

Solution of Exercise 6.1.3. Let z be such that |z| < 1. We have |a,2"| < |a,| and
so, in view of (6.1.3), the power series

o0
F(z)= Z anz"
n=0

converges absolutely for all z in the open unit disk, and defines an analytic function
there. Condition (6.1.4) reads

F(1/k)=0, k=23,....

Thus the zeroes of F' have a limit point in the open unit disk, and so F(z) = 0,
from which we obtain that all the coefficients

_ F™)(0)

nl , ne No,

Qnp

vanish. 0

Solution of Exercise 6.1.4. Since the zeros accumulate at the point z = 0, the only
function is f(z) = 0. O

Solution of Exercise 6.1.5. We consider the first case and show by contradiction
that no such function exists. If it exists, we note that it is not identically vanish-
ing, since the values at 1/n are different from 0. From (6.1.5) we obtain f(0) =
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lim,, o f(1/n) = 0. Thus there is an integer p > 0 and a function g analytic in
the open unit disk such that ¢g(0) # 0 and

f(z) = 2Pg(2). (6.8.2)
Thus
f(1/n)=n"Pg(1/n), n=2,3,....

Since f(1/n) = e™™ we obtain
g(l/n)=nPe™, n=23, ...,

and thus
g(0) = lim nPe™" =0.

n— oo

But ¢(0) # 0, and thus we obtain a contradiction and there is no function with
the required property.

We now turn to the second case. The function f(z) = 0 answers the question.
We show that it is the only solution. The proof is quite similar as in the first case.
Assume that a solution which is not identically vanishing exists. Condition (6.1.6)
implies that
|f(0) = lim [f(1/n)] =0,
n—oo
so that f(0) = 0 and we have the representation (6.8.2). Thus,
_ e/l _
=0 <

and so
lg(1/n)| < nPe™™,

once more leading to ¢g(0) = 0, and hence to a contradiction.

In the last case we cannot assume that f is continuous at the origin. The
function f(z) = e~!/# meets conditions (6.1.5). O

Solution of Erercise 6.1.6. Assume such a function exists. The condition

f(1/(2n)) = 711 n=2.3,...

forces
f(z) =2z,
since both functions coincide at the points 1/2,1/3,.... Similarly, the second con-
dition forces 0y
=
since both functions coincide at the points 1/2,1/3,.... Hence we obtain a con-

tradiction, and no such function exists. O
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Solution of Ezercise 6.1.7. The function h(z) = 552 is analytic in the open unit

disk (since g does not vanish there). The derivative of h is

Wi(z) = g%(2)
(PO d@)
_h<)<f(2) g<z>)

Since f does not vanish in D, (6.1.7) expresses that h'( ) =0 for n > 2. Since the
sequence 71L converges to 0 which is an interior point of D, it follows that h'(2) is

identically equal to 0 and hence h is a constant. (]
The previous exercise is [31, Exercice 11 p. 78].

Solution of Ezercise 6.1.8. (a) The analytic function f+ f” vanishes at the points
1/n for n > ng and so its zeros accumulate at z = 0. It follows that

f)+f"(z) =0
in a neighborhood of the origin. Thus
f(z) =acosz + bsinz

for some complex numbers a and b (use analytic continuation from a real neigh-
borhood of the origin to a complex neighborhood of the origin). The formula for
f shows moreover that it extends to an entire function.

In case (b),
f(2) = acoshz + bsinh z. O

Solution of Exercise 6.1.9. We denote by Z(a) and Z(b) the sets of zeros of a and
b, and by Qoo = Z(a) N Z(b) the set of points in Q for which (6.1.8) holds. We
first remark the following: The sets of zeros of a and b are at most countable, and
without accumulation points in 2. Otherwise, one of the functions a and b would
be identically vanishing in §2, and one of the sets 24 and Q2_ would be empty. We
now prove the claims of the exercise.

(a) By the above, Qoo = Z(a) N Z(b) is at most countable, and has no
accumulation points in 2.

(b) By Theorem 13.6.1, the set Q\ Qg is connected. It is open since g is
closed, and hence Q \ Qg9 is path-connected. See Lemma 13.3.7. Let z; € Q4 and
z_ € Q_, and let C be a path linking z; to z_, with parametrization v(t), t € [a, b].
The function

t—1(t) =

is continuous and
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By continuity, there exists a point ¢ € (a,b) such that {(¢) = 1. This point ¢
belongs to Qg \ Qo-

(c) The set Qg is closed, and so 2\ Qg is open. Assume that Q\Qg is connected.
Then, it is path-connected, see Lemma 13.3.7, and any pair of points z+ in 4 is
connected by a path inside Q \ Q. But, as above, this implies the existence of a
u where |a(u)| = |b(w)]. This point u is thus in Qp, and this contradicts the fact
that the path lies inside Q2 \ Q. O

Solution of Exercise 6.2.1. (a) The function F is analytic in the open unit disk
(this was shown in the proof of Exercise 4.4.10 using a theorem on power series).
The functions exp F'(z) and 14z are both analytic in the open unit disk. In calculus
classes one proves (basically, the same proof as the one in Exercise 4.4.10) that

expF(z) =14z, ze€(-1,1).

By analytic continuation this identity extends to the open unit disk.
(b) Let In(z) be the usual analytic extension of In(z) to C\ (—o0,0):

In(z) =lnp+ih, z=re?, 0¢e (—m,m).

Then, for z € C\ (—o0,0) we have

Thus, for z € C\ (—o0, —1), we have
e+ =1 4 2.

It follows that In(1+ z) is the analytic extension of F' to C\ (—o0, 0). For (b), use
item (b) of the previous exercise. O

Solution of Exercise 6.2.2. For the first function in (a), consider a rational number
p/q. For n > ¢,
pn!
q

€ 2N

and hence )
i ! 1 2w P !
(7“627”1)/(])” R A

It follows that

o0

ll%lil rn' 27rzp" _ thrn' 27rzp"
T
o (6.8.3)
= li%rll ™ = +oo,
n=q "

where the interchange of limit and summation is done using the monotone conver-
gence theorem if you know measure theory, and by direct estimates, omitted here,
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if you want an elementary proof. Since the numbers e?™/¢ are dense on the unit
circle, the function f cannot be continued in any open sub-arc of the unit circle.

For the second function, we first remark that f satisfies the functional equa-
tion
f(z) = —z+ f(z%).
Therefore

lim f (p)

does not exist. Since
f(=p)=p+ f(p*),
it follows that

lim f(=p)

does not exist either. Since

flip) = —ip+ f(=p?),
it then follows that
lim f(ip)
does not exist. The same argument will show that the limit
lim £ (pe"”)
does not exist at the points § = 27 *  withn =0,1,...and k =0,1,...,2"—1. O

on

Solution of Exercise 6.2.3. We assume that f is rational and that |f(z)| = 1 when
z € I, where I is some open arc of a circle. Thus,

f(z)= ! =1 when zel. (6.8.4)

(1)

By analytic continuation, this equation holds for all complex numbers where both
f(z) and f(1/z) are defined. From (6.8.4) we note that f cannot have a zero or a
pole on the unit circle. Moreover, if w is a zero (resp. a pole) of f different from 0,
then 1/w is a pole (resp. a zero) of f. Let ws,...,wy be the zeros of f different
from 0. The function

f(z)

N
Hn:l bwn
has at most a zero or a pole at the origin. Therefore there exists M € Z such that
f(z)
N
ML=y bw,

is a constant. This constant is unitary since the function takes unitary values on
I (and in fact is defined on all of T and takes unitary values there). O



6.8. Solutions 297

Solution of Exercise 6.2.4. We note the following. The left side of (6.2.1) defines
a function analytic in the open unit disk. Indeed, using Weierstrass’s theorem, we
have that for |z| < 1,

27 dt 0 27
= =" in" tdt.
/0 14 zsint Zz (=1) /0 S
n=0
On the other hand, for z = a € (—1, 1), the right-hand side is equal to

2
V1-—a2

See Exercise 8.4.1. Thus both sides of (6.2.1) coincide on the interval (—1,1),
and by analytic continuation they coincide in the open unit disk. Thus, the right
side is an analytic continuation of the left side. O

Other examples of analytic extensions appear in Exercises 5.7.3 and 5.7.9.

Solution of Erercise 6.2.5. Assume by contradiction that such a function f exists.
The function f is in particular bounded in a neighborhood of the origin, and thus,
by Riemann’s Hebbarkeitssatz (see Theorem 5.4.1) , the function F defined by

{0y

is analytic in B(0,7). The point z = 0 is a zero of F, say of order N > 1. Thus we

have
22NG(2)? =2, z€ B(0,r),

where G is analytic in B(0,r) and such that G(0) # 0. We thus get
2N71G(2)2 =1, z€ B(0,r).

Setting z = 0 in the above equation we obtain a contradiction. O

Solution of Exercise 6.2.6. Let A be a triangle inside 2, with boundary 0A. We
take A to be closed (that is, the interior of the triangle and its boundary). To
check that |, an f(2)dz = 0. Four cases have to be distinguished. More precisely we
need to consider:

(a) TNOA # 0 and In A= 0,
which itself is divided into:
(al) TN OA consists of one point.

(a2) TN OA consists of an interval.

(b) TNOA # 0 and IN A# 0.
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(c) TNAA =0 and IN A= 0.
(d) ImaA:(Z)andm&#@.

In the last case, I is in the outside of A, and Morera’s theorem insures that
fBA f(z)dz = 0. In the other cases, the continuity of f insures that we still have
Jon f(2)dz = 0. In case (al), the continuity of f insures that the integral of f on
one of the segments of A does not change if one removes one point from that
segment. In cases (b), (¢) and (d), we triangularize A in such a way that I N A is
a side of part of the triangles which make the triangularization, and then use the
continuity of f to approximate the integral of f on this segment. O

Solution of Erercise 6.2.8. We remark first that the function h is continuous in
B(zg,r). Let f(2) = u(z,y) + iv(z,y). We note that

f(z) =u(z, —y) —iv(z, —y),

and it is clear that the functions

U(z,y) =u(z,~y) and V(z,y) = —v(z,—y)

satisfy the Cauchy-Riemann equations when u and v do. See the Exercise 4.2.6 if
need be. Therefore, f(z) is analytic in the image of By (zg,r) under conjugation.
To prove that the function h is holomorphic in B(zg,r), we use Morera’s theorem.
Consider a triangle A in B(zg,r). We want to show that

/ h(z)dz = 0. (6.8.5)
oA

Various cases occur:

(a) The triangle does not intersect the real interval (zg — r,xo + r). Then, the
integral is zero because h is analytic in B(zo,r) \ (zo — r,xo + 7).

(b) The triangle intersects (zg — r,zo + r) at one point only.
(c) The triangle intersects (zg — 7, zo + 7) at two points.
(d) One of the edges is (zg — r, o + 7).

We discuss the case (d). Two nodes, say A and B, of the triangle are on the real
axis. Without loss of generality we may assume that the remaining node, say C,
is in the open upper half-plane, that is in By (xg, 7). Let € > 0. The intersection
of the line —ie+z, x € R with the triangle consists of two points. We denote by
A(e) the one on the interval [4, C] and by B(e€) the one on the interval [B, C]. The
integral of h on the triangle defined by A(e), B(e) and C is equal to 0 since h is
analytic in the open convex set By (zg,r). Furthermore, in view of the continuity
at the points of (zg — r,x0 + ), the integral of f on the quadrilateral defined by
A, B, A(e) and B(e) goes to 0 as e goes to 0. This shows that (6.8.5) holds. Cases
(b) and (c) are treated in a similar way. By Morera’s theorem, h is analytic in
B(zo, 7). O
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Solution of Ezercise 6.2.9. (a) For z = pe' € D\ (—1,0] we have q(z) = pl/me.

Let € = e n . We have w" = z if and only if

w=w; =€q(z), j=0,...,n—1
The formula
n—1
1
gn(2) = > f(ea(z))
§=0

expresses that g, is analytic in D\ (—1,0].
(b) Let

o0
f(Z) = Z amz™
m=0

be the Taylor expansion of f in D centered at the origin. We have

n—1 oo

3() = S0 3wl

7=0 m=0
1 00 n—1
imé :
IS et (Fom
m=0 7=0
By formula (1.1.16) we have

TS jm {n, if m = kn, k € Ny,
€ =

— 0, otherwise.
7=0
It follows that
g(Z) = Z aknzk-
k=0

Hence g, has an analytic continuation to .

O

Solution of Ezxercise 6.3.1. We translate the problem in the complex plane. Let
21, ..., %n be the complex numbers corresponding to Py, ..., P,. Let P = (x,y) be

in the plane, and let z = x + iy. We have

[T1PPd = 1T](= =20l
=1 =1

The function H’Zzl(z — z¢) is a polynomial, and in particular is an entire function.
By the maximum modulus principle, its modulus has no local extrema, besides at

the points zy.

O
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Solution of Ezercise 6.3.2. We call (Py) the proposition
Ip(e?) <1 VO e0,27]

and (P,) the proposition
p(z) = 2"
We want to show that (P;) and (P2) are equivalent.

Assume (P;), and consider
q(z) =2"p(1/z2) =14+ apn_12+ -+ apz".
The function ¢ is also a polynomial and it holds that

— — in —1i6 <1
max|g(2)] = max|q(z)| = max |e"p(e™T) <1,

where we used the maximum modulus principle and the hypothesis that [p(e?)| <
1 for all 8 € [0,27]. But ¢(0) = 1 and so ¢(z) = 1 by the maximum modulus

principle. This forces a,—1 = -+ = ap = 0 and so p(z) = 2z™. So we proved that
the negation of (P;) implies (P2). On the other hand, it is trivial that (P;) implies
that (P2) does not hold. So (Py) and (Ps) are equivalent. O

Solution of Fxercise 6.3.3. Let r1 < ro. We have
{z5 [l <my iz [zl <,
and so sup|,|<,, |f(2)| < sup, <., [f(2)[- By the maximum modulus principle,

def.
M(r,p) =" sup |p(2)| = sup [p(z)],

|2]=r |z|<r
and hence M (r,p) is increasing.

Let p(z) = Anz"+an_12"" 1+ - -4ag. To prove the second claim, we consider
the function p#(z) given by (5.9.31):

R Co7 G

Qs z=0.
¢ ¢ " nar L
M(r,p*) = ‘S?p Ip*(2)| = ls?p r Ip(Z)I =r M(r,p), (6.8.6)
and so ) M p)
TP
M( )= 0 (6.8.7)

The function pf(z) is a polynomial and so the function z ~ M(r,p#) is

increasing and so the map z — M( ,p*) is decreasing. This concludes the proof,
r
thanks to (6.8.7). O
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Solution of Exercise 6.3.4. Assume by contradiction that such a function f exists.
It does not vanish and |f~!(z)] = e ?l < 1 for z € D. But |f(0)] = ¢ = 1.
The maximum modulus principle implies that f is a constant. But no constant
function can satisfy |f(z)| = el*! for all |2 < 1. O

Solution of Exercise 6.3.5. Since h does not vanish in |z| < 1+¢, there is a function
f analytic there and such that h = e~7; in particular

h()] = e 1.

Since |h(z)| < 1 for z in the open unit disk we have that Re f(z) > 0 there. Since f
is analytic in |z] < 14 € we can use Harnack’s inequalities (as proved in the present
set of exercises; recall that (5.5.13) is a special case of Harnack’s inequalities). Fix
R < 1 and ¢ € [0,27]. We have then

1—|R|

o LR
1+ |R]

Re f(0) <Re f(R) <) o

Re f(0), V¢ e [0,2q].
The cases R =1/7 and R = 1/5 lead to
TRe 7(0) < Re f(Re) < Re £(0), ¥ € [0,27],

and
Re f(0), V(¢ € ]0,2n].

gRe £(0) < Re f(Rei) < ‘;’

Thus

2 _ —2Re f(z)
sup |h(z)|"= inf e
|z|:1/5| (2) |z|=1/5
< inf e—3/2Re f(0)
~ z]=1/5

< inf e Re/f(®
T lzl=1y7

= inf |k
\zﬂilm' (2)

and thus, using the maximum modulus principle for & in |z| < 1/5 and 1/h in
|z| < 1/7 we obtain the result. O

Solution of Exercise 6.4.1. By Schwarz’ lemma, we have |f(z)| < |z| in the open
unit disk D. If z is in D so is 2™ for any positive integer n, and so |f(z")| < |2"|.
Thus for |z| < r we have

DINICOIEDRIIED]

n=0 n=0

o0
<> 12"

n=0
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o0
< Zrn

n=0

1
1—r

Hence, the series Y - f(2") converges absolutely and uniformly in |z| < r for
r<1. (]

We recall that, for a € D, the map

z—a

ba(2) =
(2) 1—za

denotes the elementary Blaschke factor (1.1.42), and that b, maps conformally D

onto itself, with inverse b_,.

Solution of Ezercise 6.4.2. If f is a unitary constant, (6.4.3) is trivial. If f is not
a unitary constant, the maximum modulus principle implies that |f(z)| < 1 for
all z € D. Let zg € D. The idea is to reduce the situation to the case where z = 0
using appropriate maps of the form b,. The function

f(b—2(2)) = f(20)
1= f(b—2(2))f(20)

is analytic and contractive in D, and vanishes at the origin. Schwarz’ lemma implies
that

9(z) =

g'(0)] < 1.

An easy computation leads to

1 — [20]?

1—|f(20)f?

9'(z) = ( o [(0-2(2))

1+ 220) (1= f(b—s(2))f(20))>
Thus,
1 — [z|?
/ /
g (0) = f 20),

0= 1 pag ! )
and the result follows. The claim on the case of equality follows from the fact that
¢'(0) has modulus 1 if and only if g(z) = ¢z for some ¢ € T. O

Solution of Exercise 6.4.3. By Schwarz’ lemma we can write f(z) = zg(z) where
¢ is analytic and bounded by 1 in modulus in D. The condition f(1/2) = 1/2 leads
to g(12/2) =, so that g(1/2) = 1, and the maximum modulus principle leads to

g(z)=1. O

Solution of Ezercise 6.4.4. Let z1 and 23 in D such that f(z,) = 2, for £ = 1,2.
The function

g=by ofob_,,
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sends the open unit disk into itself and is such that g(0) = 0. By Schwarz’ lemma,
g(z) = zo(z), where the function o is analytic and bounded by 1 in modulus in
the open unit disk. Thus

s ) =beo = 7000

e b (2)ol2)
2 (2)plz) + 2
f(2) = 1
1+ 210.,(2)p(2)
where p(z) = o(b;, (z)) is analytic and bounded by 1 in modulus in the open unit
disk. We now write that f(z2) = z2. This leads us to the equation

(6.8.8)

= Pa(2)p(22) + 21
1+ 21bz, (22)p(22)

Writing down explicitly the value b, (22), this equation leads to

oy — (22 — z1)p(22) + 21 — |21 22
1— 2021 + (2122 — |21[?)p(22)
that is,
29 — z%zl — 21+ |21|222 = p(z2)(22 — 21 — z%zl + zz|zl|2).
But
Zo — zgzl — 2 + |21|222 = (22— 21)(1 — z2129) £ 0,
and so p(z2) = 1. By the maximum modulus principle, we have that p(z) = 1.
Putting this back in (6.8.8) we get that

_ b21(2)+21
1+ zb,(2)
z—z1+21(1 —212)
- 1—2z12+421(z — z1)
=z. [l

f(z)

Solution of Exercise 6.4.5. The function F' = b,, o f ob_,, is analytic from I into
itself and

F(0) = bz (f(b-2(0)) = bz (f(20)) = bzo(20) = 0.
By Schwarz’ lemma,

F(z) = 2G(2),
where G is analytic and contractive in ID. Hence
(fob—z)(2) = (b-2)(2G(2))

_ 2G(2) + 20
14+ 2G(2)20
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But L= P
/ o — |20 , .
(Fobs) (@)= 1 el 02,
and " / L
zG(2) + 2o B 1— 1z s )
<1+2G(2)Zo> B (1+zG(z)Zo)2( ¢(2) +G(2)).

Hence,

1_|ZO|2 ’ . 1—|ZO|2 ,

(14 22027 (b—2(2)) = (HzG(z)ZO)Q(zG (2) + G(2)).

Setting z = 0 and using the fact that f'(z¢) = 1 we obtain

G(z) = 1.
By the maximum principle, G(z) =1 and so f(z) = z. O
Solution of Exercise 6.4.6. It suffices to take

1+
33—z
We have f(1) = f'(1) = 1. O
Solution of Exercise 6.4.7. (a) We assume |f(0)| < 1, and therefore f is not a
constant of modulus 1 (it can be a constant of modulus strictly less than 1), and

therefore |f(z)] < 1 for all z € D. Therefore (see (1.1.39) if needed with f(z)
instead of z and f(0) instead of w),

f(z) = f(0)

f(2)

h(z) = eD, VzeD.
1= f(0)f(2)
Since h(0) = 0, it follows from Schwarz’ lemma that the function
h
G e,
fi(z) = z (6.8.9)
R(0), z2=0

isin S.
(b) Given g € S we have that |zg(z)| < 1 for all z € D. Using (1.1.39) with
zg(z) instead of z and pg instead of w, we see the function (6.4.5)

foy= POt 29(2)
1+ zpog(2)
isin S. It clearly satisfies f(0) = po. Conversely, if f is a solution, the function f;

defined by (6.8.9) with f(0) = po belongs to S. Solving f in terms of f; we obtain
(6.4.5) (with f; instead of g). So f is indeed of the form (6.4.5).
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(c) Recall that the derivative of the function

z S
zpo+1
is given by
p 1- |Po|2
(zpo +1)%
Furthermore

(29(2)) = 2g'(2) + g(2).

Hence, the usual rule of differentiation for the composition of two functions leads
to

/ — (2d'(2 2)) - 1_|p0|2
Thus,
£(0) = g(0)(1 = |pof*).

It follows that to find f € S with preassigned values of f(0) and f’(0), it suffices
to first solve the problem of finding all f € S such that £(0) is given. Then finding
all f (if any) such that f/(0) is given amounts to find all g € S such that

f'(0)

g 0) = .
0= 17
This problem has no solution if p; def- 15/‘;?‘2

a unique solution if |p;| = 1, and it has an infinity of solutions, described in a way
similar to (6.4.5) if p; € D. O

has modulus greater than 1; it has

Solution of Ezercise 6.4.8. By Schwarz’ lemma, we have f(0) = 0 if and only if

f(z) = 29(2)

for some g € S. We have
f'(2) = 24'(2) + g(2),
and therefore

9(0) = f'(0) =0b.

If |b] > 1 there is no solution to (6.4.7). If |b| = 1, the maximum modulus principle
implies that ¢ is unique and equal to g(z) = b. Thus the interpolation problem
(6.4.7) has a unique solution, namely f(z) = zb. If |b| < 1, it follows from (6.4.5)
that g is of the form
gz)= PTFRE)
1+ zbh(z)
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where h varies in S. The solutions of the interpolation problem (6.4.7) are therefore
exactly the functions of the form

b+ zh(z)

f=) = 1 + 2bh(z)’

where h varies in S. O

Solution of Exercise 6.4.9. If |w1| = 1, the only function in S which satisfies
f(z1) = wy is the constant function f(z) = wj. Thus, if we # wi, the inter-
polation problem at hand has no solution, and has a unique solution f(z) = wy if
w1 = wsy. Assume now |w1| < 1. Then by Exercise 6.4.7, a function f € S satisfies
f(z1) =w; if and only if it is of the form

zZ— 2z
w1+ 1—=z zg i
flz)= z—lzl , g€S.
1
W 1— 212 (2)
The condition f(z2) = wy reads
zZ9 — 21
w1 + 9(z2
_ 1-— Z1292
W2 = - 29 — 21 ( )7
w
- 2129
that is
we —wy; 1 — 2129
g(z2) = :

1—wiwy 29 —21

As in the previous exercise, three cases are possible depending on the value of

def. Wo — W1 1—2’122
1 —wiws 29 —21

If |p| > 1 there is no solution. If |p| = 1, the unique solution of the interpolation
problem is
z—2z1 we—w; 1— 2129
1—2zz11—wiwy 29— 21
fz) = Z—21 Wg— W 1— 2129
1 122
1+ w; .
1—2z11—wiwy 29— 21

If |p| < 1, in view of Exercise 6.4.7, the set of all solutions g is of the form

wWe — W1 .1721,22 Z— Zo h(2)

1 —ww 29— 2 1—2z2z
12 2 L 2 , hesS. O

9(z) = 14 wo — W1 .172122 Z— 22 h(z)
1—wiwy 2z9—21 1— 229
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It can be shown that a necessary and sufficient condition for Problem 6.4.8
to have a solution is that the matrix

1-— |w1|2 1-— wi1wsg
17|Zl|2 172’122
1—wowy 1 — |we)?
1—2’221 1-— |22|2

be non-negative. Recall that an hermitian matrix is called non-negative if all its
eigenvalues are greater than or equal to 0. See Definition 14.3.1.

Solution of Ezercise 6.4.10. Recall that

Z+a
b-a(2) = 1+ za

The function F(z) = f(b—4(2)) is analytic in the open unit disk I, and maps D
into itself. Furthermore

By Schwarz’ lemma,

F(z) = 2G(2),

where G is analytic and contractive in the open unit disk. Replacing in this equa-
tion z by b,(z) we obtain

F(by(z)) = f(b_a(ba(2))) = f(2) on the one hand,
=ba(2)G(be(2)) on the other hand,

and so
z—a

f(2) 9(2),

where the function g(z) = G(b,(2)) is analytic and contractive in . Furthermore,
g(b) = 0 since f(b) = 0 and a # —b. We reiterate the same argument on g and
obtain

:17211

z—>b
o) = hiz)

for some function A analytic and contractive in ID. Thus

zZ—a z—a z—0b
= = h
=] e =T T ),
and so
z—al||lz—0 z—al||lz—0
= < . D
F&I=1, " <1, _
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Solution of Ezercise 6.4.11. We have

27 . 2
Re p(z) = / L=l m(t)dt > 0.
0

leit — 2|2
Thus the function )
w(z)+1

is bounded by one in modulus in the open unit disk. The condition

/027r m(t)dt =1

forces ¢(0) = 1 and so s(0) = 0. It suffices then to apply Schwarz’ lemma to obtain
the result. (]
Solution of Erercise 6.4.12. The first claim follows from the identity

1 ’2—20’2 ~ 2Re z(z0 —20)  4ywo

Z— 2 |z — 20> |z —20]?

where y = Im z and yo = Im zp. See formula (1.1.52) with w = zp and v = z if

need be. The inverse map
Z0 — 220

1—=2
maps then in a one-to-one way the closed unit disk onto the closed upper half-
plane. To prove the second claim, consider the function

S(2) = (A=) = ( - ) .

1—=2

B (2) =

20

It is analytic and contractive in the open unit disk. Furthermore, s(0) = f(z0) =
Applying Schwarz’ lemma to s we get

|s(2)| <|z|, =zeD.
Replacing in this inequality z by %,,(z), with now z € C, we obtain the claim.

To prove the last claim, we see now that s(0) = s'(0) = 0. By Schwarz’
lemma, the first condition implies that s(z) = zo(z), where o is analytic and
contractive in the open unit disk. Since

§'(z) = o(z) + z0'(2),

the second condition implies that o(z) = zo1(z), where o1 is analytic and con-

tractive in the open unit disk. Thus s(z) = 2201(z), and in particular,

[s(z)] < |z|2, z € D.

Once more replacing in this inequality z by £.,(z), with now z € C; we obtain
the last claim. (]
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Solution of Exercise 6.5.1. From the power series defining sin z we have
n 2n+1 |2n+1

o0
) |z .
[sinz| = | E | < E | = sinh |z].
2n+1 — (2n+1)!

The second claim is an easy calculus exercise. Consider the function
f(z) =xcoshl —sinhz.

Then
f'(x) =coshl—coshz >0 for z€l0,1].

Thus f is increasing on [0,1] and f(z) > f(0) = 0, that is sinhz < z(cosh 1) on
[0,1]. The last claim follows easily from

|sin z"| < |z|"™ cosh 1
for z € D. (|
Solution of Ezercise 6.5.2. Let

z2(z+1)---(z+n—-1)

fn(z): nn b n:1’27

We have

n 1+ z

_z+n n B n 1\
fn+1(z) - n+1 ' (n+1) fn(Z) - 1 1 <1+ n) fn( )
+
n

For R > 0 we have

R

1 -+ 1 -n
lim 711 . <1 + ) =e L
n— o0 n

1+
n

Therefore, for any R > 0 there exists no(R) € N such that:
2
n > no(R) = !fn+1(z)| < . !fn(z)|, V|z| < R. (6.8.10)

Since 2/e < 1, it follows that the series > 7, fn(z) converges absolutely and
uniformly on every closed set |z| < R, and its sum is therefore analytic. 0

Solution of Exercise 6.5.3. It suffices to notice that the series ¢‘z converges uni-
formly on compact subsets of C. We now turn to the formula for the coefficients
(an)nen of the Taylor series

z)=1+ i anz"
n=1
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of f centered at the origin. From formula (3.6.11) (see Exercise 3.6.7) we get (with
ag = 1)

ap = — o n—1, n=12,...,

1-g
and hence the result since

1
1+2+”'+n:n(n2—|— ) ]

Solution of Exercise 6.5.4. It follows from the proof of Exercise 3.5.2 that the
convergence of the family of functions is uniform on compact sets, and therefore
the limit is analytic. (]

Solution of Exercise 6.5.5. Let L > 0. We have, with z = = + iy,

. 2 . 2 2
iTn TH2minz —mn Im T e—27rny < e Im 7 | e27r\n|L

e |=e
for |y| < L. We now show that the series converge uniformly in every band of the
form |Im z| < L, L > 0. For L fixed, there exists ng € N such that

2w L mlm 7
[n| > ng — | | <
n 2

Thus for |n| > ny we have

.9 . 2 o _n2xIm 7
|6’L7T’I’L ‘r+27mnz| —e n“Im 7 e 2mny S e 5

Therefore the series converge uniformly on each band of the asserted form, and
is an entire function of z.

(6.5.1) follows from the periodicity of the exponentials e2™"#. Equality (6.5.2)
is proved as follows:

19(2 + 7, T) — Z eiﬂn27+2i7rn(z+7')
neL

. 2 . .
= E el (T 2n)2minzg and. completing the square,
nez
_ § ei'fr‘r(n+1)2+27rinz7i7rr
nez
_ ginT—2miz Z eiﬂ'T(n-‘rl)2+2ﬂ'i(n+1)z
nez

_ e—iWT—Qﬂi219<Z 7_)
,T).
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We now prove (6.5.3). Using (6.5.2) with z = ',7 we obtain

1+7 1—71
19( 9 ,7‘)19( 9 +T,T)

1—
:—19( 2T—1,T)

and hence the result since ¥ is an even function of z. O

The function ¥ is called the theta function with characteristic 7. See [104]
for a thorough study of these functions and of their applications.

Solution of Exercise 6.5.6. Let z = x 4+ iy. Then

7n2z| _ _—n°z

e = e = (

eiE

and the series is absolutely convergent, and hence convergent, 1121 the open right
half plane. On the other hand, for z < 0, the absolute value [e”™ #*| = e~ ™ * does
not go to zero, and hence the sum (6.5.4) cannot be convergent.

For x > ¢ > 0 we have ) )
|e—n z | S e—n 67
and hence the sum is absolutely and uniformly convergent there. O

Solution of Exercise 6.5.7. We follow the method given in the hint after the exer-
cise. By Theorem 12.5.3 each of the functions I';, is analytic in Re z > 1. Further-
more, for z € K we have

o0 o0 o0
I/ =~ le~tgt| g/ e(M_l)h‘t_tdt:/ (M gy,
n n n

For a given M there exists ng such that

M—-1)Int 1
(=1t _

t> = 0< )
Z Mo " 9

and therefore, for n > ny,

o0 o0 .
|/ t*te~tdt| < / e"2dt -0, as n— oo.
n n
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Similarly, still for z = x + iy € K, we have

1/n 1/n
| / tzfleftdﬂ < / e(zfl)lntdt
0 0

1/n
= / "1t
0

1 1
= < .
n® = m-nm

It follows that, for n > ny,

< 1
I'(z) - Ty, < Ta2dt
O O AT S

n

uniformly in K (and in fact uniformly in the band m < z < M), and so T is
analytic as the uniform limit on compact sets of analytic functions. O

Solution of Fxercise 6.6.1. From the estimate (3.7.22) it follows that the sequence
of finite products converges uniformly on compact subsets of D. Thus the limit is
an analytic function. O

Solution of Fzercise 6.6.2. It suffices to use (3.7.19) with a,, = 1/n. O

Solution of Ezercise 6.6.3. Replacing z by imz in the formula (3.6.23) for sinh z
we obtain

STz z
= 1-— . .8.11
AR | (EEpe (6:8.11)

The infinite product defines an entire function, and it is therefore legitimate to
identity the coefficients of the powers of z on both sides of (6.8.11). The coefficient

of 22 on the left is

2

6

On the right the coefficient of 22 is
=1
o Z k2’
k=1

and hence the result. The proof of (6.6.2) is done in the same way, using (3.6.26)
to obtain

2
z
cosz=1-— 5 + higher order terms

— 1
=1-—422 {Z (2k + 1)°7 } + higher order terms. O
k=0
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Solution of Exercise 6.7.2. We first consider (a). Let

F2) =" falz—i)"

n=0

be the power expansion of f at the point 4. It has infinite radius of convergence,
and hence

1 f(2) L[ f(i+ Re®)
fn /|ziR ( '

2mi z —i)ntl 27 Jo Rreint

for every R > 0. Taking into account the bound in (a) we have

dt < dt = .

|fn| < n - n n
R o J; R R

27

1 /2” |f(i + Re®)] 1 [*™ M(1++VR) M(1++VR)
0

Letting R — oo we get that f,, = 0 for n > 1. Thus, f is a constant, of modulus
less than or equal to M. O

Solution of Erxercise 6.7.3. If the given function f is a polynomial, this is clear
from the fundamental theorem of algebra. The image is in fact all of C since the
equation

fz)=w
has at least one solution for all w € C.

Assume now that f is an arbitrary non-constant entire function, and proceed
by contradiction. There is then a number a and a positive number r such that

|f(z) —a| >r, VzeC,

and in particular

1 1
<, VzeC
flz)=al = r
Hence the function 1/(f(z) — a) is entire and bounded. By Liouville’s theorem it
is constant. This is a contradiction since f itself is not constant. O

Solution of Erercise 6.7.4. The function F(z) = ef(*)=M is entire. But
|F(z)| = efe fE—M < 1,

By Liouville’s theorem, F is a constant function. Thus
F'(z) = f'(2)F(2) =0,

and so f/(z) =0 and f is a constant function. O
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Solution of Exercise 6.7.5. We note that functions of the form f(z) = ¢z™ where
c is a complex number of modulus 1 and n € N answer the question. We show
that these are the only entire functions satisfying (6.7.1). Assume f is an entire
function satisfying (6.7.1). We can always write f(z) = 2" fo(z), where fj is entire
and does not vanish at the origin. Rewriting (6.7.1) as

fo(2)fo(1/2) =1, =z #0, (6.8.12)

we see that

Zh_{go fo(2) =1/£0(0).

By Liouville’s theorem, fy is a constant, which is unitary thanks to (6.8.12), and
this concludes the proof. O

Solution of Exercise 6.7.6. By the periodicity conditions, it is enough to know the
values of the function f in the closed square with corners

(0,0),(0,1),(1,0),(1,1).

In this square, the function is bounded in modulus (by an elementary property of
continuous functions on closed bounded sets). Thus, it is bounded in the complex
plane, and hence constant by Liouville’s theorem. O

Solution of Exercise 6.7.7. Assume that such a polynomial exists. By Cauchy’s
formula, the first condition reads

P(1) = P(1/2) = P(1/3) = -+ = P(L/(N + 1)) = 0.
Thus P would be a polynomial of degree N with (N + 1) zeroes; this cannot be,
and the only polynomial satisfying the condition is the polynomial P(z) = 0.

In the second case, we have that all the derivatives of P up to order N vanish
at z = 1/2. But, by the Taylor expansion at z = 1/2 and since P has degree N

N, PO(1/2)

P(z) = i

(= 1/2)",
=0

and so P = 0 (and in particular no polynomial of degree N meets the requirement).

O
Solution of Exercise 6.7.8. We rewrite the vanishing condition (6.7.4) as
P
/ <ZZ dz=0, n=0,1,...N.
|z|=r Z — n+1
For r = 3/4, the points ;, é, e ’N}H are inside the circle |z| = r, and (6.7.4)

becomes
P(1/2)=P(1/3)=---=P(1/(N+1))=0.
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Since P has degree N, these conditions uniquely determine it, up to a multiplica-

tive constant:
1 1

) N

For r = 1/(N +2), no point of the form 1/(n+1) withn =10,..., N +1 lies
inside the circle |z| = r, and every polynomial (not only of degree N) answers the
question. O

P(z)=K-(z—

Solution of Ezrercise 6.7.9. Set first z = 2wk with k € Z. You get
p(27k) cos® 27k = 1.

Thus
p27k) =1 ke€Z,

the polynomial p(z) — 1 has an infinite number of zeros, and so must be equal to
0. So p(z) = 1. To see that q(z) = 1, put z = 7 + k. O

Solution of Exercise 6.7.10. Assume that such a function exists. Then f does not
vanish in C\ {0} and therefore 1/f is analytic there. Moreover, 1/f is bounded
in a neighborhood of the origin, and hence, by Riemann’s removable singularity
theorem, is analytic in a neighborhood of the origin, and hence the function

1
he)={ 1@ 270
0, z=0
is entire. It can be written as
h(z) = 2Vhi(2),

where N € N and h; is an entire function not vanishing at the origin (and hence
not vanishing in C). From (6.7.5) we get

1=
fe2! =

and the entire function 22V ~1h2(z) is bounded and hence is equal to a constant,
say K. Thus

2NR2()| < 2|, zeC,

22N=1hd(2) = K.
Setting z = 0 we obtain 0 = 1. Hence, no such function f exists. O
Solution of Ezxercise 6.7.11. The polynomial
p(z) =22 +322+ 241

has real coefficients, and so its roots are either real or appear in conjugate pairs.
See Exercise 1.5.3. For z = z € (—1,1), we have that « +1 > 0 and hence



316 Chapter 6. Morera, Liouville, Schwarz, et les autres: First Applications

2* + 322 4 £ + 1 > 0. Furthermore, £1 are not roots of p and hence no roots are
n [—1,1]. Let zp, 20, 21, 21 be the roots of p, with zg and z; in the open upper half
plane (and a priori possibly equal). We have

p(2) = (z = 20)(z = 20)(z = 21) (2 — =),

and in particular
20202121 = 1,

that is |z9z1| = 1. It follows that two cases may occur:

(a) zo or z; has modulus strictly less than 1. Then p has exactly one solution
in the closed upper half unit disk.
(b) All roots are of modulus 1. Let zp = €% and z; = %1, Then,

p(z) = (22 — 2zcosby + 1)(22 —2zcosf; +1).
Comparing the coefficients of z and 23 we obtain:
cosfg+cosfy =0 and —2(cosfy + cosby) =1,

which cannot be. t



Chapter 7

Laurent Expansions, Residues,
Singularities and Applications

Laurent expansions deal with functions analytic in an open ring
ro < |z — zo| < 11, (7.0.1)

(ro = 0 and r = +o00 are allowed). The result (see Theorem 7.1.1 below) expresses
f as the sum f = fi + f_ of a part f analytic in the disk |z — 29| < r; and of
a part f_ analytic in rg < |z — z9|. When 1 = 400, the function f; is entire,
while the function f_(1/z) is entire when ry = 0. The case ro = 0 is of particular
importance. The point zg is then called an isolated singularity of f. At this stage of
a course on complex variables, the student already knows that a function analytic
in a punctured open neighborhood of a point, say zp, and continuous (or even,
bounded) in that neighborhood is analytic in the whole neighborhood. This is
called Riemann’s removable singularity theorem (also known by its German name
Riemann’s Hebbarkeitssatz) and its proof follows from the proof of Cauchy’s the-
orem. The point zg is then called a removable (isolated) singularity. When the
function is analytic in a punctured neighborhood of a point zg, but not necessarily
bounded there, two possibilities occur:

(a) We have
zli_}n;0 |f(2)] = +o0. (7.0.2)

Then, and only then, zg is a pole.

(b) The limit (7.0.2) does not exist. Note the following: Since f is assumed un-
bounded near zg, |f(z)| will go to infinity via a subsequence, but via other
subsequences the values of f(z) will stay bounded, and the limit will not
exist, or will be finite.

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_7, 317
© Springer Basel AG 2011
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7.1 Laurent expansions

We recall the theorem on Laurent expansion for functions analytic in a ring. In
the statement, we use the abuse of notation |¢ — zg| = r to denote the path

Y(t) = 20 +re, te0,2n]

Theorem 7.1.1. Let f be a function analytic in ro < |z — zo| < r1. Then, f can be
written as the sum of two functions f(z) = f1(z) + f—(z), where f is analytic in
|z — 20| < r1 and f_ is analytic in ro < |z — zo|. We have

F1(2) =Y an(z — 20)",
n=0

where the coefficients a,, are given by

1 fod
" o /Czor (C*ZO)”+1’ n=0,1,...

with r any number in (0,71), and

e’} bn
f)=>] (2 — o)

n=1

where the coefficients b, are given by

bn 1/ FOEC—20)" ¢, n=1,2,... (7.1.1)
|¢—20|=r

= 2mi
with r any number in (rg, 00).
When rg = 0, one has the following classification of isolated singular points:
(a) If all the b,, = 0, the point 2z is a removable singularity.
(b) If b, = 0 for n > N for some N € N, the point zg is a pole of order N.
(¢) If by, # 0 for an infinite number of indices, 2z is an essential singularity.

Before turning to the exercises it is of interest to hint at a connection with
another mathematical topic. When in Theorem 7.1.1 we have zp = 0 and 1 €
(ro,71) the function f is analytic in a neighborhood of the unit circle. For z = e
the Laurent expansion becomes

o0 o0 b
f(ez't) — aneint + Z eizt ,
n=0 n=1
and the reader will recognize a Fourier series. In particular, Parseval’s identity
leads to
1
2

2 [e's)
/0 )Pt = a0 + 3 (anf? + [baf?).

n=1
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Exercise 7.1.2. Find the Laurent expansions for the following functions in the
indicated domains:

@) 5 0<li—1<1;
& 2(z—1)’ : ’
(b) ! 0<|z—1] <2
(22 4+1)2’ ’
1,2
i 0 < |z|;
(c) sin® , |2];
1—¢ 7

sin z

@ 7% 1= 2 £0;

1
f ,0< < 1.
() 22(22 4+ 1) 12l
Exercise 7.1.3. Find the Laurent expansion of the function

z

e
2(22+1)
in the domain 0 < |z| < 1.
Exercise 7.1.4. Represent the function
z+1
z—1

(a) as a Maclaurin series and find its convergence radius;
(b) as a Laurent series in the domain {z : |z| > 1}.
Exercise 7.1.5. Represent the function
1
22(z—1)

in all possible series in powers of z centered at z = 0 and in powers of z — 1
centered at z = 1. Find the domains of convergence of these representations.

Exercise 7.1.6. Check the formula

1 O yn—2
42722:_2 zn 2 > 4.

n=2



320 Chapter 7. Laurent Expansions, Residues, Singularities and Applications

Exercise 7.1.7. Build an analytic square root for the function 1+ 22 in the domains
{z :|2| < 1} and {z : |z| > 1}, denoted in either case by \/1+ 22, and give the
Laurent expansions of
V1+ 22
z
in{z:0<|z| <1} and {z: |z| > 1}.
The next exercise is taken from [37, Example 1 p. 77].

Exercise 7.1.8. Show that

1 = 1
h = " 0
cos (z—l—z) ao—i—Zan (z +z”)’ z# 0,

n=1
where
1 27
ap = / cos(nt) cosh(2cost)dt, n=0,1,2,....
27T 0
Exercise 7.1.9. Prove the following theorem of Weierstrass: If f is analytic in
C\{z1,...,2n}, then there are N + 1 entire functions fo,..., fn such that

f(2) = fo(2) + f1(1/(z = z1)) + - - + [N (1/(2 = 2n))-
As an application of this theorem to rational functions, see Exercise 7.5.1.

Exercise 7.1.10. Prove that

1 3
cost sint
= dt dt
f(z) /0 t—z + /2 t—z

admits a Laurent expansion in the ring 1 < |z| < 2 and compute this expansion.
Exercise 7.1.11. Find the Laurent expansion of the function (4.4.18) and of its

second derivative in |z| > 1.

sin z
Exercise 7.1.12. Let p € N. Show that the function ! » will have primitives in
z

C\ {0} if and only if p is odd. Give the Laurent expansion centered at the origin
of any of its primitives.

Another interesting example of Laurent expansion is presented in Exercise
7.3.9.

7.2 Singularities

We first recall the following characterization of poles and zeros:

Theorem 7.2.1. Let f be analytic in a punctured neighborhood of the complex num-
ber zy. The following are equivalent:
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1. z9 is a pole of order N of f.
2. 20 is a zero of order N of 1/f.
3. The limit

Zh_?zlo(z —20)" f(2)

exists, is finite and different from 0.

Exercise 7.2.2. Assume that zo is a zero (resp. a pole) of order N of the function
f, and let M € N. Show that z is a zero (resp. a pole) of order NM of fM.

In the next exercise we go back to Exercise 5.5.3.

Exercise 7.2.3. Let Q be a star-shaped open set and let C' be a closed simple smooth
curve in ). Let zg not belong to the image of C, and let f be analytic in Q. Show
that z = 2y is a removable singularity of the function

ey = 10— =)'
(z — 20)?
and, using this fact, give another solution of (5.5.4).
Exercise 7.2.4. Show that z = 0 is a removable singularity of the function

1 1

tanz sinz’

f(2)
Exercise 7.2.5. Find the poles and zeros of the function

(cosz — 1)3sin(22) sin(nz)
(er —1)(22+1)

Exercise 7.2.6. What are the singularities of the functions

f(z) =

. 2(z —1)2
1(z) sin2(7rz) ’
) = 2z —-1)
9(2) sinz(ﬂ'z) ’

= 23(z — 1)6?
hz) sin®(7rz)

Hints. For f, 2 = 0 is a pole of order 1, z = 1 is a removable singularity (which is
not a zero) and all other integers are poles of order 2.

For g, z = 0 is a removable singularity which is a zero of order 2, z =1 1is a
pole of order 1, and all other integers are poles of order 2.

For h, z = 0 is pole of order 2, z = 1 is a removable singularity which is a
zero of order 1, and all other integers are poles of order 5.
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Exercise 7.2.7. What is the point z = 0 for the function
sin 2z
s =07
Exercise 7.2.8. Nature of z = 0 for the function f(z) = sin® 2

z

Exercise 7.2.9. Show that the function

. 2 100
cosel2+2) 4 (SSm(Z ))

250

has an essential singularity at the origin.
Exercise 7.2.10. Show that z=0 is an essential singularity of the function cos(el/z),

Exercise 7.2.11. Let f and g be analytic in a punctured neighborhood of the point
zo and assume that zg is an essential singularity of f and a pole of g. What kind
of singularity is it for any of the functions fg, f/g and f + g.

Exercise 7.2.12. Assume that z = 0 is an essential singularity of f. Show that it
is also an essential singularity of f2.

Exercise 7.2.13. Assume that z = a is a pole of order N of the function f. Show
that it is a pole of order N + 1 of the function f’.

Related to Exercise 7.2.9 we have the following general fact;

Exercise 7.2.14. Assume that f has a pole at the point zy. Show that zy is an
essential singularity of el .

Exercise 7.2.15. Let f(z) be even and analytic in Q@ = C\{z = m +in; m,n € Z},
and assume that
f(z)=f(z4+m+ni) (7.2.1)

for all m,n € Z and all z € Q. Assume that the only singular point of f modulo
the lattice Z + iZ is the origin, and that it is a pole of f of order 2. Show that
there exist complex numbers go, g1,92 and gs such that go # 0 and

(f)? =931 + 2% + 91f + 0. (7.2.2)
Hint. The function f has poles at all the points of the lattice
L={m+in; mneZ}.
For any choice of ag, a1, as, as, the function
q(z) = (f')* = (asf® + a2 f* + a1 f + ao)

is biperiodic, with periods ¢ and 1. Assume there is a choice of the a; such that
z = 0 is a removable singularity of ¢, and moreover is a zero of ¢. Then, all
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the points of the lattice L are zeros of q. The function ¢ is therefore entire and
biperiodic (see Exercise 6.7.6), and so is a constant.

Recall that oo is an isolated singular point of f(z) if, by definition, 0 is an
isolated singular point of f(1/z).

Exercise 7.2.16. Let f be an entire function and assume that co is a pole of f.
Find f.

Exercise 7.2.17. Show that the origin is a removable singularity of the function

z
er —1
Show that there exist numbers By, By, ... (called the Bernoulli numbers) such that
o0
z B, ,
= 7.2.3
e —1 T;) nt ( )

for|z| < 2mw. Show that By = 1 and that the Bernoulli numbers satisfy the recursion

(narl)BmL("T1>Bl+---+(n:1)3n=0, n>1.

Prove that Bag4+1 =0 for k> 1.

Bernoulli numbers appear in various places. They appear in particular in the
sums

o0

S o=
n2r g2’

n=1

As topic of exercises, one can find them for instance in [48, p. 132]. More generally
one has;

Exercise 7.2.18. Show that there are polynomials B, (t),n =0,1,... such that
tz 0
ze* B,(t) ,
o 1= nE:O nl |z| < 2. (7.2.4)

Prove that, with By as in the previous exercise,

Ba(t) =" By (;}) =, (7.2.5)

=0
B, (t+1) = By,(t) + nt" !, (7.2.6)
Bl(t) = nBp,_1(t). (7.2.7)

The functions B,, appear in quadratic approximation (one step Euler-McLau-
rin formula); for a discussion, see for instance [15, pp. 255-256].

For the formulas in the next two exercises, see for instance [133, p. 153].
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Exercise 7.2.19. Let f be analytic in the open unit disk, with power series f(z) =
oo o anz™. Show that the function

1 UOP] 0
e {2 <
ao, z =0,

s analytic in the open unit disk, and show that its power series erpansion at the

origin is equal to
= Z?—o a; n
= - . 2.
C(z) E ( nil | * (7.2.8)

n=0

The operator which to the sequence (a,)nen, associates the sequence
Z?fo aj
- 7.2.9
( n+1 ( )
n€eNg

We conclude with the following result. We have already proved in fact a
stronger result in Exercise 4.1.9. The strategy here is to argue by contradiction
and to use the power expansion at the origin of a function f satisfying the claim
of the exercise.

Exercise 7.2.20. Show that there is no function analytic in C\{0} such that f(2)? =
z.

is called the Cesaro operator.

We conclude this section with the series appearing in Exercise 3.3.2.
Exercise 7.2.21. Show that the series

1, —( 1 1
= t .
Z+Z<ZTL+TL) 7 cot(mz)

n=1

Show that )

7T p—
sin?(rz)

1
Z(z,n)z'

nez

7.3 Residues and the residue theorem

Suppose that, in Theorem 7.1.1, we have rqg = 0. The coefficient by,

1
dc, 7.3.1
/c_z():,«f(o ¢ (73.1)

b =
YT o
is called the residue of f at the point zg. We set
b1 = Res (f, 20).

Various formulas are available to compute the residue without computing the
Laurent expansion. We mention in particular the following:
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Proposition 7.3.1. Let f and g be analytic in a neighborhood of the point zy and
assume that zg is a simple zero of g. Then,

foy_
Res (g,zo) = g(x0) (7.3.2)

Exercise 7.3.2. Compute the residue at the origin of

e?—1

sin® z

Let f be analytic for |z| > R for some R > 0. The residue at infinity is
defined to be

Res (f,00) = ~Res(, £(1/2),0).

We note that

Res (f,00) = 7271rz' }%i_{noo n f(2)dz. (7.3.3)

Indeed, for any r small enough,
Res (f,00) = Res (1/22f(1/z),0)
1 2 } }
= o /0 fle " /rye™" Jrdt
1 27 ) )
==y ; f(e/rye [rdt

2T
= — lim ! f(Re™)Re'at

1 .

Exercise 7.3.3. (a) Compute the residues of the function

nz"1
2 —1’
at its poles, including infinity.
(b) Prove formula (3.3.1)
nzn=t L1
zn—1 ;::0 z—2z

where 2o, ...,2n_1 are the roots of unity of order n.
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Exercise 7.3.4. Let I' be a simple closed contour, and f analytic in and on I", with
the possible exception of a finite number of poles inside I'. Show that

1 /
_/f:Z—P,
2mi Jr f

where Z (resp. P) denotes the number of zeros (resp. poles) of f inside T, counting
multiplicity.

Hint. Apply the residue theorem to J}/.

The function ¢ appearing in the following question has been defined in Ex-
ercise 6.5.5.

Exercise 7.3.5. Show that the zeros of the function

19(2 7_) _ Z ein27+27m'nz
, =

neZ

are
1+7

2
For the partial fraction expansion appearing in the following exercise, see the
discussion following Exercise 7.5.1.

+m+4Tmn, n,meEZ.

Exercise 7.3.6. (a) Let P be a polynomial of degree n > 2 and let z1,...,z be
the distinct roots of P. Let

1 Aq Ay,

= t f the f . 7.3.4
P(2) z—zl+ +z—zk+ erms of the form (2 — 2;)ie” ( )
with j¢ > 2 being the partial fraction expansion of 1/P. Show that
k
> A=0. (7.3.5)
=1

(b) Compute

/ dz
zj=2 (2190 +1)(z = 3)
Hint for (a). Compute lelzR Pd(zz) and let R — oo.
Formula (7.3.5) is called the exactity relation; see [64, p. 173].

Exercise 7.3.7. Let f be a rational function. The sum of all the residues, included
at infinity, is equal to 0.

It seems difficult to compute the sum (7.3.6) below by direct methods, that
is using only real analysis.
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Exercise 7.3.8. Compute

()
= \n
> g (7.3.6)
n=0
Exercise 7.3.8 is taken from [115, Example 8.5 p. 195]. In a similar vein, we
have (see [18, p. 144])

i @5) = V5. (7.3.7)

n=0

More generally:
Exercise 7.3.9. Show that the sum

(%)
oo
>

n=0 C"L

is the Laurent expansion of a function analytic in |C| > 4 and compute the sum in
closed form.

The same method allows us to solve the next exercise. That exercise appears
in [141, p. 328], and is solved there by a completely different method (using the
power series expansion of the real function x — sin(aarcsinz)).

Exercise 7.3.10. Show that

OICRYS

n=0

7.4 Rouché’s theorem

Exercise 7.4.1. Let vy be a simple closed curve. Using Ezercise 7.3.4 prove Rouché’s
theorem: If f and g are analytic in a neighborhood of the interior of v, and if
|f(2)] > |g(2)| on, then f and f + g have the same number of zeros inside 7.

Hint. Compute fv (ff’ B U}i?) .

For a nice application of Rouché’s theorem which is used in the proof of

Riemann’s mapping theorem, see Exercise 10.2.8. See also [31, Exercice 19 p. 116].

Exercise 7.4.2. If f is analytic in |z| < 1.2 and if |f(2)] < 1 on |z| = 1, the
equation f(z) = z" has exactly n solutions in |z| < 1.

Exercise 7.4.3. By using Rouché’s theorem with F(z) = z* and f(z) = 2% + 1,
show that all the roots of z* + 2% +1 = 0 are of modulus less than g (see [56, p.
302-303)).
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The following exercise is also taken from Flanigan’s book [56, p. 303]. It
consists in proving, for analytic functions, a very important theorem of topology,
Brouwer’s theorem, which is in fact true for continuous functions.

Exercise 7.4.4. Let F' be analytic in |z| < 1.2 and map the closed unit disk into
the open unit disk. Show that F' has a fixed point, i.e there is z in the open unit
disk such that F(z) = z.

Hint. Apply Rouché’s theorem with f(z) = —2z and g(z) = F(2) + =.

Exercise 7.4.5. How many roots has the equation
22 —3241=0

in the open unit disk?

Exercise 7.4.6. How many roots has the equation
A4 —4241=0

in the ring 1 < |z| < 3¢
Exercise 7.4.7. Solve Exercise 6.7.11 using Rouché’s theorem.

Exercise 7.4.8. Prove that for real A strictly greater than 1, there is a unique

solution to the equation
A=z 1

in the open unit disk.

7.5 Rational functions

Recall that a function f is said to be meromorphic in an open set € if its singular
points in €, if any, are poles. This is equivalent to saying that f is a quotient of
two functions analytic in Q (the proof involves an infinite product to factor out
the poles of f). We will say that f is meromorphic in the extended plane P if
moreover, the point oo is also a pole or a removable singularity of f, that is, if
z =0 is a pole or a removable singularity of the function f(1/z2).

Exercise 7.5.1. A function f is meromorphic in P if and only if it is rational, that
is, if and only if it a quotient of two polynomials.

Rational functions form a field, which is denoted by C(X). The next “sim-
plest” field of analytic functions is the field of elliptic functions. Exercises on
elliptic functions are scattered in the text. A more detailed introduction to elliptic
functions is planned in a sequel to the present book. For the time being we just
recall:
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Theorem 7.5.2. Let f be a meromorphic function such that
fz+1)=f(z+1i), VzeC where f is defined.

Let p be the Weierstrass function defined by (6.5.4). Then, there are two rational
functions 1 and ro such that

f(2) =r(p(2)) + ¢’ (2)ra(p(2))-

As a corollary of the proof of Exercise 7.5.1 we have the partial fraction
representation of a rational function (see for instance [110, p. 116]): A function is
rational if and only if it is of the form

=% e, (7.5.1)

where p is a polynomial and where the A; are complex numbers, with Ay, # 0.
The order of the pole z, is k,. From this result one gets:

Exercise 7.5.3. Show that a function r analytic at oo is rational if and only if it
can be written as
r(z) = D+ C(zIy — A)"'B, (7.5.2)

where D = r(0), N € N, C is a row vector with N components, B is a column
vector with N components and A is an N X N matriz.

Equation (7.5.2) is called a realization of the rational function r. One also
denotes a realization by the block matrix

(é g) . (7.5.3)

Such realizations also hold for matrix-valued rational functions, and have numer-
ous applications in fields such as the theory of linear systems and optimal control.
See [86], [20], [42]. Some aspects of these applications are considered in Chapter
11.

We note that an expression of the form (7.5.2) is highly non-unique. If (7.5.3)
is a realization of the (say, CP*?¢-valued) rational function r, so is

(0 2)(e o) (" 1)

for any invertible matrix 7. When the size of A is minimal, this is the only degree
of freedom.

Hint for Exercise 7.5.3. First prove that, for any w € C, the function Z_lw admits
a realization. Next, for 1 and 7o two rational functions analytic at infinity, with
realizations

Tj(Z):Dj+Cj(ZINj 7Aj)_1Bj, j:1,2,



330 Chapter 7. Laurent Expansions, Residues, Singularities and Applications

prove the following two formulas:
ri(2)r2(z) = D+ C(zIy — A)'B, (7.5.4)

where N = Ny + No, D = D1 D5 and

BlDQ A1 B102
C:(Cl chg), B(BQ) and A_<O A2),

and
ri(2) +r2(2) =D + C(zIy — A)"'B, (7.5.5)
where N = Ny + Noy, D = D1 + Do and

B A 0
C:(C1 Cz), BZ(B;) and A:(O1 A2>'

Conclude by using the partial fraction expansion of r.

A maybe easier proof of the realization theorem, still using (7.5.1) is based
on the formula given in Exercise 7.5.4 below. We leave to the student to work out
the details of the modified proof. Before stating Exercise 7.5.4 we recall that a
Jordan cell is an n x n matrix of the form

w 1 0 00
0w 1 0 0
0 0 w 1 0

J(w) = | : : (7.5.6)
0 - 0 0 w 1
0 0 - 0 0 w

For completeness, we recall that any N x N matrix with complex entries is similar
to a block matrix with Jordan cells as block entries.

Exercise 7.5.4. Let w € C. Show that

=C(zI, — B 5.
(o = CClu= Tw) B, (757)
where J(w) is given by (7.5.6) and
0
0
C=(1 0 -+ 0 0), and B=|:
0
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When the rational function r is analytic in a neighborhood of the origin, one
looks at realization of the form

r(z) =D+ 20(Iy — 2A)"'B. (7.5.8)
When A is invertible, one can rewrite (7.5.8) as
r(z)=D—-CA'B—-CA ' (zIy — A1) 1A B,
which is of the form (7.5.2).

Exercise 7.5.5. Let w € D and let b, be the associated Blaschke factor (1.1.42):

Z—w
bulz) = 1— 2w’

Find a realization of by, of the form (7.5.8). Find a realization of by, bws, « -+ buwy
where wy,wa,...,wy € D.

More generally, and as suggested by our colleague Dr Izchak Lewkowicz:

Exercise 7.5.6. Let N € N, w € D and let b, be the associated Blaschke factor
(1.1.42). Find a realization of by, (z"),
2N —w

Ny _
bulz") = 1—2Nw’

Exercise 7.5.7. Let r(2) = D+ C(zIn — A)"'B be a realization of the CP*P-valued
rational function r, assumed analytic and invertible at infinity. Show that

r(z)"' =D ' - D 'C(zIy — A*)"'BD™!
is a realization of r—1 with
A* =A—-BD'C.
Motivated by electrical engineering applications, it is of interest to relate the

properties of the matrix
A B
C D

and of the associated rational function r. See for instance the discussion after
the proof of Exercise 7.5.5. We also mention the positive real lemma, which has
numerous applications in electrical engineering (see for instance [49]):

Theorem 7.5.8 (The positive real lemma). Let r be a rational CP*P-yalued function
analytic in a neighborhood of infinity, and let r(z) = D + C(zIx — A)™'B be a
minimal realization of r. Then, the following are equivalent:
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(a)
Re r(iy) > 0, Vy € R such that r(iy) exists,
and

(b) There exists an invertible Hermitian matriz H such that

H 0\ (A B A B\"(H 0
(@ 2)(e b)=(E ) (5 5)=
7.6 An application to periodic entire functions

Exercise 7.6.1. Let f be an entire function and assume that

flz+1) = [f(2).
Show that there is a function g analytic in C\ {0} such that
f(2) = g(e*™).
Show that there exist complexr numbers c,,n € Z such that
f(z) = Z cn €Tz,
nez

where the convergence is uniform on every closed strip inside every closed hori-
zontal strip.

Exercise 7.6.2. Let 7 € C be such that Im 7 > 0. Apply the previous result to find
all entire functions f such that, for some pre-assigned complex numbers a and b,

flz+1) = f(2),
flz+7) = e*f(2).

See [104, pp. 2-3]. For the next exercise, recall that an elliptic function is a
function meromorphic and bi-periodic in the plane.

(7.6.1)

Exercise 7.6.3. Let f be a non-identically vanishing entire function satisfying the

conditions (7.6.1), and let a1,...,an,b1,...,bn be complex numbers such that
N N
Z ay = Z by,. (7.6.2)
n=1 n=1

Show that the function

is elliptic.
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7.7 Solutions

Solution of Exercise 7.1.2. We consider only (a) and (e).

(a) We have
1 1
2(z—1) (1+z-1(z-1)
SRR DG ERRI
n=0

and hence the result.
(e) We write

sinz  sin(z —2+2)

z2—2 z—2
_sin(z — 2) cos2 + cos(z — 2) sin 2
N z—2
—_1)P(z—92)2p+1 —1)P(2—2)%P .
Z;io ( )(2(p+1))! cos2 + Z;io ( )(2(1))! )™ &in 2

N z—2
and the rest is smooth sailing. O
Solution of Exercise 7.1.3. The function Z(Z‘Z:_l) is analytic in C\ {0,4, —i}. Thus

the Laurent expansion at the origin converges in 0 < |z| < 1. The point z = 0 is
a simple pole, and so there is only one term corresponding to a negative power
of z in the Laurent expansion. The terms of the expansion can be computed as
follows. For |z| < 1 we have

14227 (Z nl) (Z(_l)p22p>

n=0 p=0

>
el (7 —2p)!
2p<j

(o)
= E ZJ
J=0

where we have used (4.4.12), and so, for 0 < |z] < 1,

e* _ = j—1 (=1)P
Z(1+22)_Zz Z(jf2p)! ' -

j=0 PENg
2p<j
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Solution of Ezxercise 7.1.4. The MacLaurin series has radius of convergence equal

to 1 since z = 1 is a pole of the function zfl Moreover,

241 2 >
=1- =1-2 n
z—1 11—z nzz:oz

and hence the result.

In the domain |z| > 1 we have

,erl_lJr 2
2—1 z—1
—1—|—1 2
o 211
z
Iex 1
=1
+_Z Ez:lzn’
n=0
and hence the result. O

Solution of Ezxercise 7.1.5. There are four possible cases:
|z <1, 2| >1, |#—1] <1, and [|z—1|>1.

The first and third cases are Taylor expansions. The other two cases are Laurent
expansions. We will only compute the Laurent expansion for the last case. We
have

I 1
2(z—1)  (z—1+1)2(z-1)
o 1

_(27D30+w;nf

"(n+1)
Z 4,1 3 EE: Z 4,1 2n

(n+1)
o Z 2n+3 ’ O
n=0
Solution of Exercise 7.1.6. It suffices to write
1 1 N = 4f
42722:_22(1—4):_22 (Z%):_ZZHZ' =
z =0 £=0
Solution of Exercise 7.1.7. The function f, defined by (4.4.8) with @ = 1/2 is
analytic in the open unit disk. In view of (4.4.9) with @ = 8 = 1/2, it satisfies

(fij2(2))> =142, ze€D,
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and thus
(fi2(z%)? =1+2% z€D.

From the power series expansion of f/, (see (4.5.6)), the Laurent expansion of
the function (fi/2(2%))/ is equal to

fip(22) 14522 =2t + )20+

z z
1+1 1
= zZ —
z 2 2-4

1-3

3
Tt o4.6"

S4..., zeD\J{0}.
We now turn to the domain |z| > 1. Writing
2_ .2 1
1+22=2 (1+Z2),
we see that the function g(z) = zf1/2(1/2%) is analytic in |z| > 1 and satisfies

9(2)? = 1 + 22 there. Using again (4.4.9) we get the Laurent expansion

1 1 1-3

- , , 1. 0
9: " 9.4:3 T 9.4.6:5 |2 >

2f1/2(1/2%) =z +

Solution of Ezercise 7.1.8. Since the function f(z) = cosh(z+ !) is such that
f(z) = f(1/z), the Laurent expansion at the origin is symmetric:

an =bn,_1, n=1,2,...

and so -
1 1
cosh <Z+Z) :a0+zan(zn+zn),
n=1
where )
1 cosh (z +
an = / ( Z)dZ, n=0,1,2,....
211 |z|=1 zntl
But

1 27 ) ) )
ap, = / cosh(e' + e~ ")e "t
27 0
1 27
= / cosh(2 cost) cos(nt)dt
2T 0
since, by the change of variable t — ¢ — 7,

1 2m 1 ™
/ cosh(2 cost) sin(nt)dt = (—1)" / cosh(2 cost) sin(nt)dt = 0.
2T 0 2

—T

The last equality follows from the fact that the function ¢ — cosh(2 cost) sin(nt)
is odd. g



336 Chapter 7. Laurent Expansions, Residues, Singularities and Applications
It is easy to construct similar exercises for the Laurent expansion of exp(z +
1/z), or generally, of g(z + 1/z) for appropriate functions g.

Solution of Exercise 7.1.9. Consider the Laurent expansion at one of the singular
points, say z;. There is R; > 0 such that

oo o) b
f(Z):Zae(Z*Zﬂ“rZ ‘ E |z — 21| < Ry.
£=0 =1 <Z_Zl)

The series Y ,2, (z_bil)g converges for all z # z;. This last fact implies that the
function

o0
filz) = bzt
(=1
is entire. The function

Fi(z) = f(z) = 1(1/(z = 21))

has a removable singularity at z;. If N = 1, the function F} is entire and the result
is proved. Assume that N > 1. We reiterate the argument just done for f and z;
with now F; and one of the remaining singularities, say zo, to obtain an entire
function fy such that zo is a removable singularity of the function

Fy(2) = Fi(2) = f2(1/(z = 22)) = f(2) ={/1(1/(z = 21)) + fa(1/(z — 22)} .
Reiterating this argument a finite number of times, we obtain the result. O

For a discussion of the above result, and much more information, see [88, §7].

Solution of Exercise 7.1.10. The function fol st dt is analytic in C \ [0, 1] while

t—z
the function f23 ilfzt dt is analytic in C\ [2, 3]. So f admits a Laurent expansion in
the asserted ring. Let 1 < |z| < 2. Then, for every t € [0, 1] we have that |t/z]| < 1
while |z/t| < 1 for every t € [2,3]. Thus

L cost 3 sint
f(z)—/o tizdt+/2 Y ar

__1/1 cost dt+/3 sint gt
oz )y 11—tz 5 t(1—2z/t)

i fl t"costdt & 8

_ 0 n n—1 _:

ffE ot + E z (/2 t smtdt),
n=0 n=0

where we have used Weierstrass’ theorem (Theorem 12.4.1) to interchange sums
and integrals. O



7.7. Solutions 337

Solution of Exercise 7.1.11. For |z| > 1 we have that
[t/z] <1 for te][0,1],

and therefore,

F(Z):/O ) m(t)dt

2(1—t/z)?
- 1 1 oo ,
= 22/0 m(t) (;(f—i—l)(t/z) ) dt
= F,
=2 Zefz’
£=0
where )
=(€+1)/t4m(t)dt, (=0,1,.... O
0

Solution of Exercise 7.1.12. The function has a primitive if and only if

/ sinzdz _o.
T 2P

By Cauchy’s formula, we have

e T m (p—1)! o=

This last number is equal to 0 if and only if p — 1 is even, that is, if and only if p
is odd.

Writing
Z 22-&-1 —p

0o
sin z Z
— 2£+1 ’

we see that the primitives of ** in C\ {0} can be written as

( 1)2 20—p+2

F(z) = K+Z%+1)(2€ pt2) KeC. O

Solution of Exercise 7.2.2. Assume that z is a zero of order N of f. Then, in a
neighborhood V' of zy we have

f(2) = (2 = 20)V h(2),
where h is analytic in V' and h(zp) # 0. Thus

M(2) = (z—20)"MhM(2), zeV. (7.7.1)
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Since h™ is analytic in V and h™ (zo) # 0, equation (7.7.1) expresses exactly that
2o is a zero of order NM of fM.

The case of a pole is treated by considering the function 1/f. O

Solution of Ezxercise 7.2.3. We assume that f is not identically equal to 0 in 2
(the case f(z) =0 is trivial). Let g(z) = f(2) — (z — 20) f'(z). We have g(zp) = 0.
Moreover,

9'(z) = f'(2) = f'(2) = (z = 20)["(2) = = (2 = 20)./" ().

Hence, ¢'(z9) = 0, and g has a zero of order at least 2 at z = 2. Thus, h(z) =
9(2)/(z — 20)? has a removable singularity at z = 2o, and has an analytic extension
to all of Q. We still call & this extension. By Cauchy’s theorem,

/ h(z)dz=0

for every closed path « in 2. When the image of v does not contain zg, this last
integral can be divided into two integrals to obtain

[ s [,

(z — 20)? (z — 20)?
which is exactly (5.5.4). O
Solution of Ezxercise 7.2.4. We have

z cosz — 1
f(z):sinz ( z )

The point z = 0 is a removable singularity of z/sin z since

lim "% =1
z—0  z
(To check this, note that the limit is equal to sin’(0)). It is also a removable
singularity of
cosz—1 =z 23
z 2 4l
This last equation also shows that the origin is a first-order zero of (cosz — 1)/z.
Thus z = 0 is a removable singularity of f, and moreover is a zero of order 1 of
this function. O

Lo, 20

Solution of Exercise 7.2.5. The various factors composing f vanish at
(i) z =27k, k € Z (for (cosz — 1)3),
(ii) z = +Vkr and z = +ivVkr, k =0,1,2,... (for sin(z?2)),
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(iil) z =k, k € Z (for sin(nz)),
(iv) z = 2ink, k € Z (for (e* — 1)),
(v) z = +i (for (2% +1)).

The only difficulty is really z = 0, which appears in (i)-(iv). The origin is a zero
of order 2 of the function cosz — 1, a zero of order 2 of the function sin z2 and a
simple zero of the functions sin(7z) and e¢* — 1. Thus we have

(cosz —1)3 = 25¢1(2), sin(2?) = 2%ga(2), sin(mz) = 2g3(2), €* —1 = zg4(2),

where the g; denote functions analytic in a neighborhood of the origin (in fact
they are entire functions) not vanishing at the origin. Thus we can write

26 z 22 2z V4

where g is analytic in a neighborhood of the origin and not vanishing there. Thus,
z = 0 is a removable singularity of f, which moreover is a zero of order 8.

For k = 1,2,..., the derivative of sin(z2) does not vanish at z = £vkx or
z = +ivkm, and thus the corresponding point is a simple zero of f. For k =
+1,42,..., z =k is a simple zero of f and z = 2iwk is a simple pole of f. Finally
z = 41 are simple poles. We prove only this last assertion. We have

fz) = M)

z—1
where
(cos z — 1)3sin(22) sin(mz)
(e —1)(z+1)
is analytic in a neighborhood of ¢ and does not vanish there. So z = ¢ is a simple
pole. O

h(z) =

Remark 7.7.1. The function g appearing in (7.7.2) is in fact analytic in |z| < 1.
Explain why.

Solution of Exercise 7.2.6. We will consider only the function h(z). Its (possibly
removable) singularities are at the points where sin 7z vanishes, that is for z € Z.
The integers are therefore either poles or removable singularities (these last ones
may turn out to be zeroes of h). The numerator in the expression for h,

23(z—1)8

hz) = sin®(7z)

vanishes at z = 0 and z = 1. We therefore distinguish three cases:
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(a) z =n with n € {0,1}. Then z is a simple zero of sin 7z and therefore (see
Exercise 7.2.2), it is a zero of order 5 of sin®(7z). Since the numerator of h does
not vanish at these points, they are poles of order 5 of h.

(b) z =0. We have

5 1
lim 22h() = lim (. ° ) = 0
50" (2) =50 \sin 7z 7o 70,
and thus z = 0 is a pole of order 2 of h.
(¢) z=1. We have
sinmz

lim = TCOSTZ|m1 = —7.
z—1 2z — ]_

Therefore,

o oz—1 . (z—=1) 1
1 — _ ,
zl—>Inl h(Z) zl—% SiDS(ﬂ'Z) (—71‘)5 ?é 0

Thus z = 1 is a pole of order 1 of 1/h, and a removable singularity, which moreover
is a zero of order 1, of h. O

Solution of Ezercise 7.2.7. The function f is analytic in C\ {0}, and therefore has
a Laurent expansion around z = 0 in that set. Using the expansion for sin z we
have

Z3 + Z5
P _
f(Z) — 3! 245!
1 1 1 1
= z373!.z+5!.z+.“' (7.7.3)
Hence, z = 0 is a pole of order 3. (|

Note. The function g(z) = 2®f(z) = "% has a removable singularity at 0 and
g(0)=1=#0.
Solution of Erxercise 7.2.8. Since

2 z

Z 3
lim :lim<, ):1,
2=0 f(z)  2-0\sinz
the origin is a pole of order 2 of 1/f and hence a zero of order 2 of f.

A different and longer proof would go as follows: The function f is analytic
in C\ {0}, and therefore has a Laurent expansion around z = 0 in that set. Using

the formula

. . 1
sin® 2z = " sinz — 4 sin 3z

4
and the power series expansion of sin z we obtain

3 5 23 ‘ZS
Z(Z*?s! + 5 *"'24>*}1(3Z*(33!) +(35!) *>

z

f(z) =
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B+ (3-3) 4
z
23 411

p— J— 5 DRI
= At B304 (7.7.4)

Hence z = 0 is a removable singularity for f, which has an analytic extension to
all of C. By abuse of notation we still denote by f this extension. Furthermore
(7.7.4) expresses that z = 0 is a zero of order 2. O

Solution of Exercise 7.2.9. The origin is a pole of the function

<88i12(022))100 _ (8100 (Sin(222))100> (218100

sin(z

2
since it is a removable singularity of the function ™, ) Tt is thus enough to prove

that it is an essential singularity of
h(z) = cos el2+2?),
Let z be such that
22 4 b _ In(rn), d.e., z'—2*(nmn)+1=0.

Thus
, (Inmn)+/(Inmn)? —4

z° = 9
The choice
, (Inmn) —/(Inmn)? —4 2

z5 = =

2 In(7n) + /(In(7n))2 — 4
leads to the sequence

Zn = V2
\/ln(ﬂ'n) ++/(In(mn))2? — 4

which goes to 0 as n goes to infinity. Since h(z,) = (—1)", the limit does not exist
and z = 0 is an essential singularity. O

Solution of Ezxercise 7.2.10. We will show that the function has no limit as z — 0.

Let
1

= In(nm)’

n=12....

Then e'/*» = nm and sin(e'/*») = (—1)". This shows that the limit does not exist,
and so z = 0 is an essential singularity. O
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Such examples are classical; see for instance [48, p. 187].

Solution of Exercise 7.2.11. We first note that, in a punctured neighborhood of
Zp, we have
h(z)

R (7.7.5)

9(2) = (
where N € N and h is analytic in a neighborhood of zy, and such that h(zg) # 0.
We will now show that, in the three cases, the point z is an essential singularity.
The proof goes by contradiction. Consider first the function fg and assume that
Zp is not an essential singularity of fg. Then, in a neighborhood of zy, we have,
for z # zg,

f(2)g(2) = H(2)(2 = 20)™,

where M € Z and H is analytic in a neighborhood of zy, and such that H(zg) # 0.
Taking into account (7.7.5) we have

in a punctured neighborhood of zy. Since H/h is an analytic neighborhood of z,
the above expression contradicts the fact that zg is an essential singularity of f.

The case of f/g is treated in the same way. We now focus on f+ g. Assuming
that 2o is not an essential singularity of f + g we have, with the same notation as
above,

h(z)
(z — z0)N

for z in a punctured neighborhood of zy. It follows that

f(z) + = H(2)(z — z0)"

h(z) M
f(z>:7<Z_ZO)N+H(Z)(ZizO) )
and zo will be, depending on M and N, either a pole or a removable singularity
of f, which cannot be by assumption. O

Solution of Exercise 7.2.12. Assume that 0 is a removable singularity of f2. Then,
|f|? would be bounded in a punctured neighborhood of 0, and so |f| would be
bounded in a punctured neighborhood of 0, and thus 0 would be a removable
singularity of f. Assume now that 0 is a pole of f2. Then lim, .o |f|*(z) = +o0,
and thus also lim,_,q |f|(z) = +o0, that is z = 0 would be a pole of f.

Another phrasing is as follows: Assume by contradiction that 0 is not an
essential singularity of f. Then there exist an integer n € Z and a function g
analytic in a neighborhood of the origin such that g(0) # 0 such that

F2(2) = 2"g(2).
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If n > 0 it follows that |f|?, and hence |f|, is bounded near the origin, and thus
z = 0 is a removable singularity of f. If n < 0, the same argument applies to
272" f(2)? = 27"g. Thus z = 0 would be a removable singularity of z="f, and
thus z = 0 would then be a pole of f. O

Solution of Erxercise 7.2.13. By definition of a pole of order N, we can write in a
punctured neighborhood of z = a,

h(z)

f(z) = (2 — a)N’ (7.7.6)

where h is analytic in a neighborhood of z = a, and is such that h(a) # 0.

Differentiating both sides of (7.7.6), we obtain

, z—a)h'(z) — Nh(z
ey = (=N

This expresses the fact that z = a is pole of order N + 1 of f’, since the function
9(z) = (z —a)l(2) — Nh(z)
is analytic in a neighborhood of z = @, and is such that g(a) = —Nh(a) #0. O

Solution of Ezxercise 7.2.14. Without loss of generality we will assume that zy = 0.
There is M € N and ¢ analytic in some neighborhood V' of 0 such that ¢g(0) # 0
and is finite, and

We note that M is uniquely defined by the condition g(0) # 0 and finite. Further-
more,

pey =@ MO vy

Assume now by contradiction that 0 is not an essential singularity of the function
ef. Then, there exist a unique N € Z and h analytic in some neighborhood of 0,
which may be assumed equal to V', such that h(0) is finite and h(0) # 0 and

eF@ = 2Np(z), zeV. (7.7.7)
Differentiating both sides of this equation we get
f(2)ef® = 2N/ (2) + N2N"1h(z),
and hence

of () = M+N zh'(2) + Nh(2)
—Mg(z) + 29'(2)
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in a possibly smaller neighborhood of 0. The function

w(z) = zh'(z) + Nh(z)
- —My(2) + 29/ (2)

is analytic in a neighborhood of the origin, and

Nh(0)
w(0) = — #0
=" 11400)
This contradicts the uniqueness of the power of z in (7.7.7). g

Solution of Erercise 7.2.15. Since f is odd there are only odd powers in the Lau-
rent expansion at the origin, and we have

oo o0
o ! a
flz)= 2 + E a2 = o (1 + E Ojf””) ,
n=0

n=0

where a # 0. The above expression is valid for 0 < |z| < 1. Differentiating both
sides we obtain

2c > 2c = na
N T 2n—1 _ n_2n+2
fi(z) = 23—1—527104"2” ——23<1—E az" )
n=1 n=1
Moreover,
3
3_ ¢ ( Q1 4 2 ¢ )
Z)—aop)” = 143 =z 3 "z z
(F(2) = a0 = 0 (14321 437220 4 g(2)
a?  3alq 9

:ZGJr 2 + 3«

3
a’g(z
ag + 6( )7
z
where the function g(z) is a convergent power series with powers greater than or
equal to 8, and

402 2
(f'(2)* = 0; (1_204124_2 a226+h(z))
z « o
40?  Saa 402h(z
= 5 21—16aa2+ 6<),
z z z

where the function h(z) is a convergent power series with powers greater than or
equal to 8. Therefore,

(f'())* -

where the function k(z) is a convergent power series with powers greater than or
equal to 2. Thus, the function

()2 -

(%

4 20
a(f(Z)—Oéo)?):— 22 ! —28aa2+k(2),

(f(2) — ap)® 4+ 2001 (f(2) — o) + 28aas
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has a removable singularity at z = 0, which moreover is a zero. In view of the
condition (7.2.1), this function has no pole at the points m + ni and therefore is
entire. Since it is biperiodic, it is a constant (see Exercise 6.7.6) and thus vanishes
identically. (7.2.2) follows by developing

(f(2) = a0)® = f*(2) = 3aof*(2) + 3aj f(2) — ai. O

The Weierstrass function (see Exercise 6.7.6) is an example of a function with
the properties of the preceding exercise.

Solution of Ezxercise 7.2.16. f has a power series expansion at the origin

with radius of convergence equal to infinity. The point 0 is a pole of

= pr (1738)
and so there is only a finite number of coefficients in the Taylor series which are

not equal to 0. Thus f is a polynomial. O

We note that the converse statement in the previous result also holds. Every
non-constant polynomial is an entire function with a pole at infinity.

Solution of Ezercise 7.2.17. z = 0 is a removable singularity of the function z/
(e* — 1) since
z 1 1 1

Mer—1 ™ 1 er-1 T
z=le mmz—o0

The zeros of e* — 1 different from the origin and of smallest modulus are
z = +27i. Thus, the Taylor expansion of f around z = 0 has radius of convergence
R = 2m. Since, for z # 0,
z 1
=1 1+5+%5+

)

we have, for |z| < 27,

e > B, ,
(z:%(nﬂ)!)(g) w2 =1

We now compare the coefficients in 2™ on both sides of the above equality for
n=20,1,.... We have By = 1. Using the convolution formula for the coefficients
of the product of two power series (see Exercise 4.4.6), we obtain that the n-th
coefficient in the power series expansion of the above product is equal to

n

B; - B; _ 1 "\ n+1 _
2 j!(k—f—l)!Zj!(n—l—l—j)!(n—i—l)!jO( J >B"

Jtk=n Jj=0
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Thus, forn > 1,

n + 1
3 (” ) B, =0.
j=0 J

The above equation leads in particular to

B
By + 20 =0, n=1,
By By By
o T gt =0 775
and in particular we have
1 1
B; = — By = .
1 9 2% ¢
Finally we have that Bs = B; = - - - = 0 since the function
z _(1_z):zez+1 _q
-1 2 2e*—1
is even. [l

Solution of Exercise 7.2.18. The function _.* | has a removable singularity at the
origin, and therefore there are functions Bo( ), B1(t), ... such that (7.2.4) holds in
|z] < 27. Using Cauchy’s formula and Weierstrass’ theorem (see Theorem 12.4.1)
we have

Bu(t) _ 1 / (1)d
|2|=1

n! 27 zntl
tp 1 /
p' 2mi Jiz=1 €% — 1
B t* Bp_p
= pt(n—p)

since, by definition of the Bernoulli numbers and in view of Cauchy’s formula (for
p < n) and Cauchy’s theorem (for p > n),

1/ pm) e, ifp<n,
270 Jiy= €F -1 0, ifp>n+1.

Equation (7.2.5) follows. The proof of (7.2.6) goes as follows:

n! 271 zntl

Ze(t—i—l)z
Bu(t+1) _ 1 / ( et —1 >dz
|z|=1
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= o o+l :
Zetz
1 ez—l) N 1 / zetzd
= z
211 |z|=1 zntl 21 |z|=1 zntl
B,(t A
By
n! (n—1)!

and hence the result.

The proof of (7.2.7) involves the interchange of derivation and integral in the
integral

< Zetz
1 e* — 1)
dz.
2mi /|z|=1 gt O

By rewriting explicitly this integral as

1 27 eiuetei“ p
27 (e€™ — 1)einu “
0

one sees that the conditions of Theorem 12.6.1 are in force, and one can write

226tz
o _ 1 o)
o_ 1 e,
n! 2mi Jy= 2"
(+5)
1 z
_ / e 1 I
27 J)21=1 Z™
B, _1(t)

C (n=1)V
and hence B],(t) = nBp_1(t) forn=1,2,.... O

Solution of Exercise 7.2.19. The function ch(_sz is analytic in the open unit disk,
and it has a power series expansion centered at the origin, and with radius of
convergence at least 1. See Exercise 4.4.6. Furthermore, since

1is:§:1~s”, seD,

n=0
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formula (4.4.12) from that same exercise, or the formula in Exercise 4.4.7, leads

to
V=0

n=0 j=0
It follows that

[

02 1= o n+1

Therefore the point z = 0 is a removable singularity of the function C(z), and its
power series expansion in the open unit disk is given by (7.7.9). O

Solution of Ezxercise 7.2.20. Assume by contradiction that such a function exists.
Then, |f(z)|?, and hence |f(z)| is bounded in a neighborhood of the origin. Hence,
z = 0 is a removable singularity of f, and f can be extended to an analytic function
in a neighborhood of the origin by f(0) = 0. Differentiating f(2)? = z at the origin
we obtain

which leads to a contradiction. O
See also [21, p. 140. 2.4.4].

Remark 7.7.2. There is also no function in 1 < |z| < 2 such that f(z)? = z. See
Exercise 5.8.4.

For related problems, see also Exercises 5.5.3 and 5.4.3.

Solution of Erercise 7.2.21. We have already seen in Exercise 3.3.2 that the series
converges. From the proof there the convergence is uniform on compact sets, and
hence the series defines an analytic function, with a simple pole with residue 1 at
the points z = 0,1,2,.... The idea is to check that the function

def. 1 = 1 1
q(z) = Z+Z zfn—’—n — meot(mz)
n=1

is entire and bounded. By Liouville’s theorem, it is a constant, which is then
easily computed. The singularities of ¢ consists of Ny. Using formula (7.3.2) for
the residue, we have, for n € Ny,

cos(7z) 7 cos(mz)

Res (mcot(nz),n) = Res (7 =1.

n) =

sin(nz)’ 7 cos(mz)

Therefore ¢ is entire. To show that ¢ is bounded it is enough, by the maximum
modulus principle, to show that ¢ is uniformly bounded on the boundary of the
square with nodes

(ilii)(N—F;).
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It is then readily seen that

lim ¢(z) = 0.
We will skip the details and refer to [63, p. 189] for more information. O

Solution of Erercise 7.3.2. Write

e =1 z2(l+z/2+22/31+--)
sin?z  22(1 —22/3! 4 24/51 4 ...)2
_9(2)
z i

where
14+ 2/2+2%/30+ -
1—22/304 24/5l + ... )2
is analytic in a neighborhood of the origin, and g(0) = 1 # 0. Thus the origin
is a simple pole, and by the formula (7.3.2) to compute residues, the residue is

g(0) = 1.

Another way amounts to rewriting

9(z) = (

Z_
e 1: P

sin? z sin 2\ 2
V4

and using formula (7.3.2) with

e*—1 sinz 2
f(z) = P 70, and g(z) = ( z ) 5 270, O
L, z =0, 0, z=0.

Solution of Ezxercise 7.3.3. The function

anl

Z2" =1

has simple poles at the points

2mil
z=en , £=0,1,...,n—1,

(that is, at the roots of unity of order n) and takes value 0 at infinity. Therefore

it can be written as
n—1 n—1

T Dl
Zn—1 z— 2z
(=0
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By the formula (7.3.2) for computing the residue, we have
nznfl nznfl

R = =1, ¢=0,1,...,n—1
€5 <Zn71)Zé) 9 Pt ) TV )

nznfl |z:ze
and this proves formula (3.3.1). Recall that the residue at infinity is given by
Res (f,00) = —Res (1/2%f(1/2),0).

Since here L1
n

z2f<z) ~z2(1—zn)’

we have .
nz""
R =—

es <z” B 1,00) n,
and we have, in accordance with Exercise 7.3.6, that the sum of all the residues is
equal to 0. O

Solution of Erercise 7.3.4. Let a be a zero of f with multiplicity n. Then, in some
neighborhood V' of a we have

f(z) = (z = a)"h(2),

where h is analytic in V and is such that h(a) # 0. Therefore, for z # a, and in a
possibly smaller neighborhood, and using the formula (4.2.2) for the logarithmic
derivative if need be, we have

so that

Res(f,a):n.

Similarly, let 8 be a pole of f with multiplicity m. Then, in some neighborhood
W of 3, we have
_9(?)
f(Z) - (Z _ ﬁ)nL,

where g is analytic in W and such that g(f) # 0. Therefore, for z # 8, and in a
possibly smaller neighborhood, and here too possibly using the formula (4.2.2) for
the logarithmic derivative, we have

) _ mm )

fz)  z2=8 " g(z)’
so that 5

aﬁ = —-m.

f )

The result is obtained by summing on all zeros and poles of f in the interior of
T. O

Res (
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Solution of Ezxercise 7.3.5. We already know from Exercise 6.5.5 that ¢} vanishes
at the point 1"2’7, and hence, because of (6.5.1) and (6.5.2) at all the points

1+7

9 +m+7Tn, m,néecZ.

The entire function ¥(z, 7) may vanish a priori for some points on the paral-
lelogram with nodes 0,1, 7 and 1+ 7. By making a small translation by a complex
number a, we obtain a parallelogram P,, with nodes a,1+a, 74 a, 1+ 7+ a, which
still contains 1;”, but on which ¥ does not vanish. We have

Ay R P V),
[ [

P, 19(277—) a,1+al 19(277—) +a,1+7+a] 19(277—)

! /
- Ve [ Ve,
[ [

+a+T7,a+7] 7‘9(277—) a+T,a] 19(277_)

(7.7.10)

since ¥ has period 1 with respect to z (see (6.5.1)), the function "199/ is also periodic

with period 1 with respect to z and we have

/! / /
/ ﬁ(z,r)dzz/ 19(z,T)dZ:_/ ﬁ(Z,T)dZ.
la47,a] 7‘9(277—) [1+a,1+7+a] 7‘9(277—) [1+a+7,14aq] 7‘9(277—)
Thus the second and fourth integrals on the right side of (7.7.10) cancel each other.

We now compare the first and the third integral, taking into account (6.5.2). Using
for instance the property (4.2.2) of the logarithmic derivative, (6.5.2) leads to

Y(z+1,1) ¥(z71) o
= — 2.

Hz+71,7) Wz, T)

It follows that
! /
/ ﬁ(z,r)dzz/ 19(z+7',7')dz
[14+a+T7,a+7] 7‘9(27 T) [1+4a,a] 19(2 + T, 7_)
19/
:/ ( (z,7) — 27?2') dz
[1+a,a] 19(’2’ T)

:7/ vz, )dz+27m'.
la,14a] 19(2,7’)

Thus the first and the third integral in (7.7.10) sum up to 27i, and so

1 ¥ (z,7T)
=1.
2mi /pa Iz, 7) dz

I3
N

Since ¥ is entire, it follows from (7.3.4) that 1"2’7 is the only zero of ¢ in P,, and
hence the result. (]
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Solution of Ezercise 7.3.6. (a) Multiply both sides of (7.3.4) by z, and let z — oo.
Since deg P > 2 we obtain the desired relation.
(b) The function

1
TE) = o0 4 1) — 3)
has 1000 poles, say z1, . . ., 21000, inside the circle |z| = 2, and one pole outside. By

(7.3.5) we have

1000

Z Res (f,zn) = —Res (f,3) = L
n=1

31000 4 1°

Thus, using the residue theorem and this last expression, we obtain

1000 ;
1 2me
dz = 27 E R = —2miR 3)=— .
/z=2 (21000 4 1)(z — 3) Z =2 2 es (f,zn) miRes (f,3) 31000 4 1

O

Solution of Ezercise 7.3.7. We write f as a sum of the form (7.3.4) and of a poly-
nomial p. For any R > 0 we have (for instance because p has a primitive and the
integration is over a closed path)

/sz<Z)dZ =0

and so for R large enough (that is, strictly larger that max =1, |z;|) we have

/ f(z)dz = Z A;.
|z|=R =1
To conclude we let R — oo and use formula (7.3.3). O

Solution of Exercise 7.3.8. From the equality

n
_ ny k
aeer =3 (1)
k=0
we see that

n
(1+2)" ¢ (k)
S kZZ:O A E S

dz 0
2|1 1k

Recall now that
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unless £+ 1 —k = 1, that is, unless k£ = £. Then the integral is equal to 27i. Thus,

A A
211 /|Z|=1 2t+1 dz = Z (k) 2ri /|z|=1 =kl T (f) . (7711)

k=0

For z on the unit circle we have

(1+2)2] 4
<1
‘ Tz 7
Thus:
(%)
=\ n I 1 / (1+2)2"
RISy "
) 41
o ™ 2mi — ™ Jiy=1 2"
1 — ((1+2)*\"d
=5 /|Z|=1nz=:0 <( J;ZZ) ) © (by Weierstrass’ theorem)
1 / 1 dz
o 271, |z|:1 1— (1+Z)2 z

2m/z| 172 — 1+z)

_ / dz
2 l2|=1 92 — 1 — 22"

We apply the residue theorem to compute this last integral. The zeroes of the
equation 5z — 1 — 22 = 0 are 24 = (54 /21)/2. Thus

1 / dz _ 1 / dz
2mi J)y = 52 — 1 — 22 210 Jzj=1 (2 — 2-)(2 — 24)

- e ((z ey )
1 1

zo—zp /21

and so the sum is equal to 7/v/21:

2
nz::o <7n> - \/721 B \/::

Note that we could also just apply Cauchy’s formula to the function _ -
compute the last integral. O
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Solution of Ezxercise 7.3.9. We follow the solution of the previous exercise. Take
|| > 4. We have (where we use Weierstrass’ theorem since |(| > 4 to go to the
second line):

i(fﬁf) 1_%1/ 1+

= 2mi A= (" Jy= 2"
1 o~ ((1+2)2\" dz
©2mi /21;::0< Cz ) z
1 1 dz
= om /Zl - (1+2)? z
(z
¢ dz
T2 Jymy G2 — (14 2)2
¢ dz

C 2w Jioy (C—2)z—1— 2%

Consider the equation
2+22-¢)+1=0.
Its zeros are
L2V -k
= 5 .

We now wish to give an analytic meaning to this expression. More precisely, we
wish to show that there exists an analytic square root to the function ¢ — 4¢ in
|¢| > 4, equal to Va2 — 4 for x real of modulus bigger than 4. Writing

4
¢

we see that the function (f;/2(¢), where the function f;/, has been defined in
(4.4.8), answers the question. Thus, with

(=24 Chipl4/Q)
2

4274C:<2(17 )7

C+

we have
()
= \n ¢ dz
Z Cn 271 \z\:l (472)271722

¢ dz
27 Jg=1 —(2 = C)(z = ()



7.7. Solutions 355

We have (_ € D and therefore the above integral is equal to

¢ 1

TG -¢ fi/2(4/¢) -

(Res ( ,¢-)

1
—(z=¢)(z=¢)

We note that we retrieve for ( = 7 and ¢ = 5 the result in Exercise 7.3.8 and
formula (7.3.7) respectively.

Solution of Ezercise 7.3.10. From (7.7.11) we have

dny _ 1 ' / (14 2)%" dz.
n 21 Jiy= 2T
Hence, and using Weierstrass’ theorem to justify the interchange of sum and inte-
gration,
o] n o) n 3n
2 2 1 1
> () ()= () (om0
o 27 n o 27 211 |z|=1 z
1 / i 2(1+2)3\" dz
27 2|=1 27z z
1 1

n=0
2mi /Zl

B 1/ 27dz
©2mi J)m 272 = 2(1 4 2)3

dz
2(1+2)% =
27z

1—

The polynomial p(z) = 27z — 2(1 + 2) vanishes at z = 2. To find its other two
roots, one can divide it by z — 2 directly; one may also proceed as follows: Write
27z —2(1+2)3 = 27(2 — 2) — 2((1 + 2)3 — 3%)
=27(2—2) =214+ 2 —3)((1 +2)% + (1 + 2)3 + 3?)
=(2-2)(27 - 2(1 + 2)? — 6(1 + 2) — 18)
= (2 —2)(—22%> — 10z + 1).

In any event the other two zeros of p(z) are

L 5% 3V3
+ = _9 .
The only zero inside the unit circle is

_3V/3-5
T2
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and the residue of 27/p(z) at this point is equal to

27 27
R _ =
e () ") = (o 29—z —10)
B 27
C3v3-9
s  (-6V3)
_ 1 VBl
T V3-1 2
and this ends the proof. [l

Solution of Exercise 7.4.1. Since |f(2)| > |g(z)| on 7, we note that the functions f
and f+ ¢ do not vanish on ~, and the integrals in the hint given after the exercise
make sense. Following this hint, we write

FE (@)Y, [P - G,
A(f@) f<z>+g<z>>dz/w FE@(E) o)

where we have divided both numerator and denominator by f2 on the right side.
Thus, using Weierstrass’ theorem,

[ )= [(5) e (i<—1>" ;E;)) (2)a:

Each of the functions

(?)I (?)n n=0,1,2,...

has a primitive. Hence, by Theorem 5.2.1, each of the integrals

A (?)l(z) <fc8>ndz =0, n=0,1,2,....
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f’(f+g)’) _
L(f frg )70

and f and f + g have the same number of zeros inside v by Exercise 7.3.4 since
they have no poles there. O

Therefore

Solution of Ezxercise 7.4.2. On the unit circle we have
1= f() <1=["]

Rouché’s theorem asserts then that the functions 2™ and 2" — f(z) have the same
numbers of zeros in the open unit disk. This concludes the proof since z" has a
zero of order n at the origin. O

Solution of Exercise 7.4.3. For |z| = 3/2 we have

32 35 81
< 1= =
PN G +1="g <

Rouché’s theorem asserts then that the functions F' and F' 4 f have the same
number of zeros in |z| < 3/2. Since F has a zero of order 4 there, the function
F(z) + f(z) = 2* + 2% + 1 has four roots in |z| < 3/2. By the fundamental
theorem of algebra it has altogether four roots in C, and hence all its roots are in
|z| < 3/2. O

Solution of Ezxercise 7.4.4. With f and F as in the hint we have, for |z| =1,
1f(2) +9(2)| = |F(2) — 2| <2 =[f(2)],

and hence, by Rouché’s theorem, f and f + g have the same number of zeroes in
the open unit disk. (I

Solution of Exercise 7.4.5. Take f(z) =1 — 3z and g(z) = 2. We have

2% = [F(2)].

[f(2)| = [32[ -1 =2,
so that
lg(z)| =1 <2< [f(2)]-
Thus, f(z) + g(z) = 2* — 32 + 1 has exactly one zero in |z| < 1. O

Solution of Exercise 7.4.6. Let g(z) = 2* + 2% and f(z) = —4z + 1. For |z| = 1 we
have
g < el + 12> =2 <3 =42 =1 < | =42+ 1] = |f(2)],

and so the equation z* + 23 — 4z + 1 = 0 has one solution in the open unit disk.
On the other hand, for |z| = 3 we have, with F(2) = z* and G(2) = 2% — 42 + 1,

IG(2)| < |2 + 42| +1=3"+4-3+1=40 <81 = |F(z)|.

Thus the equation F(z) + G(z) = 0 has four roots in |z| < 3, and hence three
roots in the ring 1 < |z| < 3. O
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Solution of Exercise 7.4.7. We follow the solution of Exercise 6.7.11 up to (b). We
then consider f(z) = 322 and g(z) = 2* + 2z + 1. Then, on |z| = 1.1 we have

lg(2)] < [f(2)];
and so p has two roots inside |z| < 1.1. But under (b), it has four roots there (on
the unit circle), and we obtain a contradiction. O

Solution of Evercise 7.4.8. It suffices to apply Rouché’s theorem for f(z) = ze?

and g(z) = e*. Since A > 1 we have, for |z| =1,
l9(2)| = |e*| < el = e < e* = |£(2)].

Here we have used that

0 P 0 |Z|n ¥
Z| __ _ z
|e|—zn!§2n!—e. H
n=0 n=0
Solution of Exercise 7.5.1. In the proof of Exercise 7.1.9 (Weierstrass’ theorem),
the entire functions fi,..., fx are now polynomials since the points z; are poles

of f. The function fj is also a polynomial since it is the principal part of f(1/2)
at the origin, and f(1/z) has (at most) a pole at the origin. It follows that f is
rational. The converse statement is clear. O

The proofs of the following exercises involve matrix computations, which are
elementary, but to which most second (or even third year students) have not been
exposed.

Solution of Exercise 7.5.3. We follow the steps given in the hint, and proceed in
a number of steps.

STEP 1: The function Z_lw admits a realization.
Indeed, it suffices to take N =1 and
A=w, C=B=1, and D=0.
STEP 2: We prove (7.5.4):
With the notation after the statement of the exercise we have
r1(2)ra(2) = (D1 + C1(2In, — A1) "' B1)(Da + C2(21n, — A2) ' Ba)
= DDy + Cy(2In, — A1) 'B1Ds
+ D1C2(ZIN2 - A2)7132
+ Cl(ZINl — A1)713102(21N2 — A2)7132

B1D
=D1Dsy + (Cl chz) X < 132 2) ,
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where
X — (ZINl — A1)71 (ZINl — A1)713102(21N2 — Ag)il
0 (ZIN2 — Ag)il ’
Computing
ZINl — A1 73102
0 ZIN2 — AQ
% (ZINl — Al)_l (ZINl — Al)_13102(ZIN2 — AQ)_l
0 (ZIN2 — Ag)il

= INl +Na2»
we conclude the proof. Note that the proof is for matrix-valued functions.
STEP 3: We prove (7.5.5):

Since (7.5.4) has been proved for matrix-valued functions, (7.5.5) is seen to be a
special case of (7.5.4) by writing

1,
@) +re) -6 5) (1)
where r; and 7o are CP*9-valued.
STEP 4: The result follows then from the partial fraction expansion (7.5.1).

Indeed, there is no polynomial term p(z) in (7.5.1) since we assume analyticity
at infinity. It suffices to apply the preceding steps to obtain a realization for each

term of the form (z—lz, ); and hence, to obtain a realization for the sum (75.1). O

Solution of Exercise 7.5.4. Let J denote the matrix

0 1 0O 0 0

0 O 1 0 0

0 0 0 1 0
J=J(0) =

o --- 0O 0 0 1

0 O 0 0 O

Thus
J(w) =wl, + J.
Note that J is nilpotent: J® = 0,,x,. Therefore

(21, — J(w))_l = ((z —w)l, — J)_l
= (z—w) H(In — ” )~
J J? Jn1 )

—w (z—w)2+“.+(z—w)"—1
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The entry in the right upper corner of this matrix is (wa)n, and the realization
(7.5.7) follows. O

It follows from the previous exercise that every term of the form (z_lw)n
admits a realization. Using (7.5.1) and (7.5.5) we obtain the realization theorem

for all rational functions analytic at infinity.

Solution of Exercise 7.5.5. We write

Z—w
bw(z): 1—zw
zZ—w
=—-w+ +w
1—zw
1— 2
oy A=)

1—zw

So, a realization of b,, is given by

(é _g> = (vq th2 \/lwaP)- (7.7.12)

For two points, formula (7.5.4) gives the realization

w1 VI=|wP/1= w2 | —wa/1 = fun[?
<A B) 3 0 ws | V1= |wa]?
C D) —— —— —— -
V1= [w|? —wiy/1— |ws]? | wiws
(7.7.13)
We leave it to the interested student to develop the formula for N > 2. O

We note that the realizations (7.7.12) and (7.7.13) are unitary. This is no
coincidence. Any rational function analytic at infinity, without poles in the open
unit disk and unitary on the unit circle admits a unitary realization. See [66], and
see also [8] for the case of poles inside the disk.

Solution of Evercise 7.5.6. We first assume w # 0. Then, b, (z") is analytic at
infinity, and b, (c0) = —1/w. We consider the realization of the type (7.5.2). Let
20,-..,2n—1 be the roots of order N of 1/w. The z; are simple poles of b, (zV),
with residues computed by formula (7.3.2),

N
22 —¢
Res (by(2V),z;) =
)=,
L ¢
= C,chj (since z)V =1/c)
1— 2
B e B Y

Ne ™V
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and thus
N-1

1 1—]c? zj
bw N — T _ J
(=) c Nc jz:;)z—zj

=D+ C(zIy — A)'B,

with D = —i, and as possible choice of A, B and C the matrices

zo 0 0 .- 0 1
0 = 0 .- 0 1
A= : | ech*N, B= e CNx!
0 0 0 :
0 0 0 2zn-a1
and
1—ef? NxN
C=- Ne (zo z1 - ZN_1) eC .
Since the z; # 0, we can look for a realization of the form (7.5.8). We obtain
1 1—|c? oz
b N - _ T _ J
w(z) c Nc Z Z—zj
7=0
TR Y
7=0 Zj
11— 1—]c Ni ( 1 1)
c c Nc = 1-—- o
I—e2=1 1
= C+ NC Z Zj Z,’
7=0 Zj

which is of the form (7.5.8), with now D = —¢, and as possible choice of A, B and
C the matrices

2z 0 0 0 1
0 z*' 0 -0 )
A= E(CNXN, B = ) GCNX1,

0 0 0 1

0 0 0 zyb

and

1- |C|2 -1 -1 -1 NxN
C= Ne (20" 2z -+ 2yiy)€C .

Finally, the case w = 0 is obtained by setting w = 0 and replacing z by 1/z in
(7.5.7). O
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Solution of Exercise 7.5.7. We assume that r is CP*P-valued. We have
(D+C(zIy — A 'B)Y(D™!' — D7 'C(2Ixy — AX)"'BD™)
=1, C(zIy — A*)"'BD™!
+C(zIy — A)ilB.Di1
—C(zIy — A)™'BD'C(2Iy — A*)"*BD ™.
Taking into account that
BD'C=A—- A" = (zIy — A*) — (zIn — A), (7.7.14)
we have
C(zIy — A" 'BD'C(z2Iy — AX)"'BD™!
=C(zIy — A {(zIn — A7) = (zIy — A)} (zIy — A*)"'BD ™!
=C(z2Iy —A)'BD ' — C(zIy — AX)"'BD™.
Substituting this formula in the formula above (7.7.14) we obtain the result. O
The previous exercise can also be solved using the following well-known result:

Proposition 7.7.3. Let U and V' be two matrices, respectively in CP*9 and CI*P.
Then, I, — UV is invertible if and only if I, — VU is invertible, and one has

(I, -UV) ' =1,+U(, - VU)"'V. (7.7.15)
It suffices to write
r(z) = D(I, + 2D 'C(Ix — 24)"'B)
and apply formula (7.7.15) to
U=-zD"'C and V = (Iy—zA)"'B.

As for (7.7.15) it is proved in the following way: Assume first that I, — VU is
invertible. We have

(I, -UV)(I, +U(I, - VU)"*V)=1,-UV +U(I, - VU) 'V
~-UvVU(I, - VU) 'V
But
~UvuU(l,-VU)"'V =(U(,-VU)-U)(I,-VU)" 'V =UV -U(I,-VU)" 'V,

and hence
(I, -UV)I, + U(I, — VU)*V) = I,.

This concludes the proof of (7.7.15) since the claim is symmetric in U and V.
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Solution of Exercise 7.6.1. We define a function g in C\ (—o0, 0] by

Inp+ 0
211

gQ)=1f ( ) . with ¢=pe?, 6c(—mmn).

For ¢ = €™ and z in the strip |z| < 1/2 we have

9(e™%) = f(2).

The function g is analytic in C\ (—o0, 0]. Take z < 0 to be a point on the negative

axis. We have | .
. nx +m
i a(0)= (5777

(= 211
Im (>0
and 1 .
nr—imw
li = .
Ji, 9(0) f( ori )
Im (<0

The fact that f is periodic with period 1 leads to the continuity of g on (—o0,0).
Using Morera’s theorem we conclude that g is analytic in C\ {0}, and therefore
has a Laurent expansion, which converges uniformly in every ring of the form
r < |¢| < R (r and R are strictly positive numbers such that r < R):

g(C) = Z en(
nezZ
Thus,
f(Z) _ g(e2mz) _ Z Cne27rinz7
neZ
where by analytic continuation, z is arbitrary in C, and where the convergence is
uniform in every closed horizontal strip. (]

For more on the subject, see for instance [28, Exercise 11.10, p. 365], [48,
Exercice 34.10, p. 307], [126, p. 106-107]. As an application of the previous exercise,
prove the following result (see [126, (2.23-12) and (2.23-13), p. 108]:

I {z‘(l +23°°° e2™in7) Im z > 0,

tan 7z i(1+2>27 e ?™2) Imz <O0.

Solution of Exercise 7.6.2. We follow [104, pp. 3-4]. In view of Exercise 7.6.1 we
look for f, not identically vanishing, and of the form

fz) =" enl(r)e?™me. (7.7.16)
ne”Z

The condition
flz4+71)= e“z+bf(z)
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leads to

Z cn<7_)e27rin(z+7—) — eaz+b Z cn(T)eQM”Z.

nez neZ

Replacing z by z + 1 in this expression we obtain (since we assume f # 0)
e =1,

that is, a = 2mikg for some ko € Z. Comparing the coefficient of €2™¥** we have

Cn(T) = Cnko (7_)6727mn'reb =cp_ ko( ) b+27mnIm 7'6727rinRe T

When kg > 0, the coefficients ¢, (7) go exponentially fast in modulus to infinity,
and the series (7.7.16) diverges. We leave it to the student to consider the cases
ko =0 and ky < 0. O

Solution of Ezxercise 7.6.3. The function ¢ is meromorphic in the plane since it
is the quotient of two entire functions. Since f has period 1, all the functions
f(z —ay,) and f(z — b,) have also period 1, and so has the function g. We now
show, using the second equality in (7.6.1), that ¢ has also period 7. We have

fz+71—a,)
fz+71-=0n)

’,:]2

z+7'
n=1
N

a(z a,L)+bf z—a )
:H ealz=bu) b f(z — b,)
easza(anl an)+Nb
T paNz—a(XN_, by)+Nb q(2)

q(2),
in view of (7.6.2). O

The student will recognize in (7.6.2) a condition similar to (3.6.16) in Exercise
3.6.13.



Chapter 8

Computations of Definite
Integrals Using the Residue
Theorem

We have seen in Chapter 5 how the fundamental theorem of calculus for line
integrals, or Cauchy’s theorem, allow us to compute integrals such as the Fresnel
integrals. In that section no residues are computed. The approach in the present
section is different. The main player is the residue theorem. There are numerous
kinds of definite integrals which one can compute using this theorem, and in the
present chapter we do not try to be exhaustive.

8.1 Integrals on the real line of rational functions

For real values of a and b, item (1) of the first exercise, and the second exercise,
are taken from [48], which is a mine of problems. For item (2) of Exercise 8.1.1,
see also Exercise 3.1.11. Recall that we have denoted by C,. the open right half
plane; see (1.1.41).

Exercise 8.1.1. (1) Let a,b € C,. Compute

/ dx
R (22 + a?)(z2 + b2)’
first for a # b and then for a = b.

(2) Show that for every choice of N and points ay,...,any € C,, the N x N
Hermitian matriz with (£, j)-entry equal to

1
ag + a;

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_8, 365
© Springer Basel AG 2011
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is non-negative (see Definition 14.3.1 for the latter).

The integral fR zgﬁl is easy to compute. Its generalizations

d d
/ 2naj_1 and /(2f1)7l’ n=12...,
R T R \T

are a bit more difficult.

Exercise 8.1.2. Compute

dx
ey n=12,..., (8.1.1)
and 2y
/ ;C v n=23....
R " —+ ].
We note the formula
2p ™
T
/ do= " (8.1.2)
2n . (2p+)7
r 2T +1 sin p2n

for p < n. See [97, p. 313], [132, Exercise 17 p. 188] for instance. These integrals
diverge for n < p. For n = p, the right side of (8.1.2) is negative, while the left
side is equal to +oo.

For computing the integral (8.1.1) using another method see [120, p. 236]
and [114, p. 110]. The method in these two books shows in fact that the formula

/OOO de T (8.1.3)

P 41 :psin:

is valid for any integer p > 2 and not only for even p. See also Exercise 8.3.1 in
the next section. The proof given there works for all integers greater than or equal
to 2 and requires us to compute only one residue. Formula (8.1.3) is even true for
any real p > 1; see [52, equation (9) p. 165], and Exercise 8.3.2 below.

dx
/ 2 4 1y’ n=12,....
r (72 +1)

Exercise 8.1.4. Show that

Exercise 8.1.3. Compute

/ xdx 2
g (@2 +z+1)2 33
Exercise 8.1.5. Compute

/ dx
r (@22 + 1) (2 — 20)2(z — 3i)3 (2 — 440)*
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Let f be a function in Ly (R) (or, continuous and bounded on the real line
if you want to avoid measurable functions). Then, the function

F(z) = 271”_ /}R (J; @j;g (8.1.4)

is analytic in C \ R. We now want to inquire when is F analytic across the real
axis.

Exercise 8.1.6. Assume that f is entire, and that f is bounded in the closed upper
half-plane. Then, the function F defined by (8.1.4) in C4 has an extension to the
whole of C. Is this extension equal to the restriction F_ of F to the open lower
half-plane C_?

Exercise 8.1.7. Let € > 0 and let f be analytic in the open half-plane Im z > —e,

and assume that . .
J7 £ (Re)dr

Rh_r}r;@ R 0, (8.1.5)
i Re f(z)]
(] X
. .
a1 dx < oo (8.1.6)

(These conditions hold in particular when f is bounded in the open upper half-plane
Cy.)
(a) Show that for all z € C it holds that

F(2) = ilm f() + | /R{ b }Re F(w)da. (8.1.7)

i) r—z x2+1

(b) Assume that Re f(x) > 0 on the real line. Show that
Re f(z) >0, ze€Cy,

and show that the inequality is strict, unless f = 0.

Exercise 8.1.8. Compute for z € C\ R,

1 1 T
9(=) = QWi/]R{mz_acQJrl}dm'

8.2 Integrals on the real line of rational functions
multiplied by a trigonometric function

We now compute integrals of the form

0 sinaads or [ M) cosasd
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where ¢ € R and where p and ¢ are now polynomials with real coefficients, and
still with deg ¢ > deg p + 2.

We begin with a simple computation, which has an important consequence.
For the notion of positive definite function, see Definition 14.3.5. The function
e~ It=sl appearing in the statement is the covariance function of a Gaussian process
called the Ornstein-Uhlenbeck process.

Exercise 8.2.1. (1) Compute

(2) Show that the kernel
ft—s)=elt=5l tseR
is positive definite.
Exercise 8.2.2. Let Cr denote the closed upper half-circle with radius R. Show that

. Cos 2
lim ) dz
R—o0 CR z + 1

exists, and compute its value.

cos ax
[Rm4+1dx, a > 0.

The following exercise is taken from [48, Exercise 13.28, p. 146].
Exercise 8.2.4. Show that the function f defined by

fz) = /]R w +(:1(;S(Zfz)2d“ (8.2.1)

Exercise 8.2.3. Compute

is analytic in Cy =Im z > 0 and has an analytic extension to Im z > —1.

Rational functions p/q which appeared in the previous exercises were such
that deg ¢ > deg p + 2, and without poles on the real line. We consider now the
case when simple poles are allowed on the real line. Then, the integrals of the

preceding type
/ p(IL') eima:dx,
r ()

where deg g > deg p + 2, but where now ¢ is allowed to have simple poles on the
real line, can be computed as above, with the principal value taken at the real
poles. Let b € R be a simple pole of ¢g. Let v, be the contour

Ye(t) =b+ eVt e,
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Then we recall that

lim/ p(z) ez’zmdz — —ﬁip(b) eimb_
=0/, q(2) q(b)

Indeed, write q(z) = (z — b)h(z), where h(b) # 0. We have

Pe) e'""d p(b+ ec' ™) i(mbdmee’"TYY N\ i(w—t)
/ (2) h b+eez<7r t))eei(m— € (—i)ee dt

e

b+€€ ™ t)) l<mb+6€i(ﬂ_t))dt
h b+ eel(m=1))

— —z7rp( )e"”b as € — 0.

h(b)

This last expression can also be rewritten as

o p(2)
— miRes ™% b). 8.2.2
RGN (3:22)
Exercise 8.2.5. Compute
dx
R. 2.
ey o€ (523

Not exactly of the form discussed above, but in the same vein, we have:

Exercise 8.2.6. Let p,q € Ng. Compute

/ cos(px) — cos(qz) , -

2

8.3 Integrals of rational functions on a half-line

The integrals alluded to in the title are of the form

/000 r(z)dx

where the function r(x) is rational, and the degree of its denominator is larger
than the degree of the numerator by at least 2. We begin with a simple case,
which is a continuation of Exercise 8.1.2.

Exercise 8.3.1. Compute for n =2,3,... the integral

[
0 l‘n+1
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In fact, it is not more difficult to compute the previous integral when n is
replaced by any real p > 1.

Exercise 8.3.2. Prove that, for any real p > 1,

/ *ode w1
= ..
o zP+1  psin(})
The computations in the solutions of the previous two exercises were ad hoc,
and did not indicate a general method to compute integrals on a half-line. We now

describe a general method to tackle such integrals. One considers contours of the
following form: The contour is composed of four parts:

(1) ¥1,rR,e is the interval
Y,rRe(t) =ie+t, te[rR]

(ii) 72 R, is the part of the circle of radius VR2 + €2 and center 0, which starts
at i€ + R and ends at —ie + R.

(iii) ~ys,r.m.e is the interval
Vi Re(t) = —ie+ (R+r—t), te[rR]

(iv) 74, e is the part of the circle of radius v/€2 4 72 which connects the points
i€ +r and —ie + r with parametrization

'74,T,R,e(t> = \/62 + 7"2€it, te [9, 2m — 9],
where 6 € [0,7/2] is such that

€
tanf = .
r

One then obtains the following formulas, which appear for instance in [53,
p. 178] (and in most chapters on computations in integrals in complex analysis
books). We leave the proofs as an exercise to the reader.

o0
/ r(z)dr = — Z Res(r(s)ln s, z),
0 z#0
. - (8.3.1)
T
/0 x%r(x)de = | _ p2ima ZRes(sar(s), z).
z#0
In these expressions, for

s = pew, with 0< 6 < 2m,
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we set:

s =exp{a(lnp+if)} and Ins=Inp+ib.
As a first application, we use the first of these formulas to compute the integral
appearing in the solution of Exercise 4.1.7; see (4.5.2) there.

Exercise 8.3.3. Compute, for 6 € (0,2m),

/°° du
o u?—2ucosf+1

Integrals on (—oo, 0] are treated in a similar way, and the reader will easily
adapt formulas (8.3.1). One now takes the determination of the logarithm with
0 € (—m,m), and we get

0
/ r(z)der = ZRes(r(s)ln 8, 2),

70 (8.3.2)

0 ;

o 2w o

/ || “r(z)dx = e—ima _ gima E Res(s*r(s), 2),
> z#0

where

@ = ganlsl+i0) - for 5 e C\ (—o0,0].

One can also make a real change of variable x — —x to go from one set of formulas
to the other.

S

As an application we have the following;:

Exercise 8.3.4. Let o € (0,1). Prove that

: 0
o Sinma o 1 T T
= - d . 3.
z - /_OO|:E| {mz x2+1} z+cos (8.3.3)

We remark the following: Let z = pe?®, where € (—m, 7). For a € (0, 1) the
function
2% = p*(cosaf + isinab)

is analytic in C \ (—o00,0], and has a positive imaginary part in the open upper
half-plane; when « € (—1,0), it is the function —z® which has a positive imaginary
part in the open upper half-plane. These functions belong therefore to the Pick
class, and admit a representation of the form (5.5.21), multiplied by the constant
iif @ € (0,1) and —i if & € (—1,0). This was verified directly in the preceding

exercise. For @ = } we get back the formula in [41, p. 27] (note that v/A should

be /|\| in the formula there).
Exercise 8.3.5. Compute, for z € C\ (—o0,0],

g(z) = /_OOO {x i - m;i . } da. (8.3.4)
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A quick solution would be as follows: We have that
0
dx
/ —
g(Z)i/—oo (.Z‘—Z)27

-1 0 1
/ = =
g(Z)_.Z'—Z|7OO Z)

which in turn is equal to

and hence g(z) = Inz, up to an additive constant. This constant is shown to be
equal to 0 by computing g(¢). Indeed,

0 . 0 .

xi+ 1 ) ™
N _ " i
g(i) /_ (@ — i)(a? 1)dm—/_ 2 1dx—12—nz

We leave it to the reader to check this formula using the residue theorem.

We conclude this section with two integrals on [0,00) which require a dif-
ferent, and simpler approach. To prove them it suffices to differentiate both sides
and see that equality holds. See [22, p. 76]. In the second formula, I' denotes the
Gamma function.

Exercise 8.3.6. Show that, for Re z > 0, the formulas

In(1+ 2) = /000(1 — e e;u du, (8.3.5)

o « > —zu du
z F(l—oz)/o (1—e )ua+1’ (8.3.6)

where o € (0,1), hold.

8.4 Integrals of rational expressions of the
trigonometric functions

Exercise 8.4.1. Show that, for a € (—1,1),

2
dt 2
/ = . (8.4.1)
o l+acost +/1—a2

In relation with the preceding exercise, see also Exercises 6.2.4 and 5.5.6.
More precisely, an application of Weierstrass’ theorem to (8.4.1) leads to

27 _/2’* dt
V1—a2 Jo 1+4acost

2T
(—a)"/ cos™ tdt
0

M

0

3
Il

27
a®? / cos?? tdt,
0

M

3
I
<)
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since the integrals corresponding to odd values of n vanish. Hence

s ™
J1 ) Z / cos?P tdt.
—a —

On the other hand it is well known that (see e.g. [136, p. 135])

1 71+1(12+1~3a4+1~3~5a6
V1—a2 2 2.4 2-4-6

Hence we return to the formula (3.7.7)

2p
2 D
/ cos?P tdt = 2 ,
0

22p

since, as is shown by an easy induction,

(2;) 1-3---(2p—1)

220 2.4---(2p)

/% a  2n
o 1+8cos2t 3°

We note that the residue theorem can also be used in numerous other in-
stances to derive formulas. For example, it can be used to sum series of the form

D f(m) and Y (~1)"f(n)
Z Z

where f is meromorphic in C, and subject to some supplementary hypothesis. We
present here an example, and prove, without resorting to Poisson’s summation
formula, the formula (see [27, (10), p. 357))

Exercise 8.4.2. Show that

(See [120, p. 217]).

1—172
2 0 eR 8.4.2
az:a2 727m) T 1412 —2rcosf’ s ( )

where a and r are real and related by r = e~%. We use the formula (see [24, (7.3),
p. 129])

d fn)=— > Res(nf(z)cot(rz), z), (8.4.3)

nez 2k, poleof f
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where f is a function meromorphic in C, whose poles are not in Z, and such that
the sum ), f(n) converges. We take

1

1(z) = a?+ (0 — 272)2’

which has two poles, namely z, = 9;:“ and z_ = 92_;‘1. Using (8.4.3) we see that
the sum is equal to

Z4) + Res (7

cot(7z) cot(mz)
{Res(wa2+(9_2ﬂ_z)2, a2+(9—27rz)2’z)}

L) () ]

- ! {cot(e—;m) —cot(e_;a)}

4ia
1 cos("H ) sin(?5) — cos( ) sin(7)
- dia sin(‘);i“) Sin(ezia)
We now remark that
0+iay . H—ia 0 —ia, . 0+ia

cos( 5 ) sin( 5 ) — cos( 5 ) sin( 5 ) = —sin(ia).

To check this equality, it suffices to note that the derivative of the function on
the left (with respect to ) is identically 0, and hence the function is equal to
its value at the origin. This formula, together with trigonometric equalities and
the connections between trigonometric and hyperbolic functions (see (1.2.12) and
(1.2.13)) leads to

1 cos(? %) sin(?51) — cos(?5 1) sin(? )
dia sin(e_;a) sin(e'gm)
1 sinia
dia (sin(§))?(cos('y ))? — (cos($))?(sin('y ))?
sinh a
 da ((sin(g))Q(cosh(‘Q‘))2 - (cos(g))Q(sinh(g))Q)
sinh a
4a(cosh?(a/2) — cos2(0/2))
sinh a

2a(cosha — cosf)’

To conclude we note that

1/r — 1—72 1 1 2
sinha = /r "o " and cosha = /TJFT: r .
2 2r 2 o
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Inserting these formulas in the last equation above we obtain (8.4.2). We refer to
(3.7.15) for a related formula. Using the second formula in (3.7.15) we thus obtain,
when r < 1,

o

2a 9 n_1 Sin(nd)
= 1 — .
Za2+(9727m)2 (1=r )Zr sin 0

nez n=1

8.5 Solutions

Solution of Ezercise 8.1.1. (1) We note that ia and ib are in the open upper half-

plane C,. Let
1
Z) = .
1) (22 + a?)(22 + b?)

We first suppose a # b. Then

dx
= 2mi {Res (f,ia) + Res (f, b
/R (22 + a?) (22 + b?) {Res (f.ia) (.}
. { 1 1 }
= 2m +
2ia(—a? +b%)  2ib(a® — b?)
B T
~ab(a+b)
Now assume a = b. Then
1 1

and we have

_ 1 ! 2 2 —1
Res (f,ia) = ((z+ia)2) |Z:ia = _(Z+Z‘a)3|z:ia - " (2ia)? = 4g3

Thus,
dx . . =1 T
/R (22 + a2)? = 2miRes (f,ia) = 27”4(13 = 03’ (8.5.1)
which coincides with the formula
T
ab(a + b)

for a = b.
(2) Set fo(x) = ,2%,.. We have, for a,b € C,,

1
. :/Rfa@)f,,@)dx. (8.5.2)
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Therefore, for N € N, ay,...,any € C, and ¢1,...,cy € C we have

al CoCj N N
P a fay () | dz > 0. 8.5.3
2t /(ZZ”” <x>> D cifus(o) | do 2 (85.3)
O

aib as an inner product, and so we can
1

conclude already from this equation that ot
leave it to the student to check that the inequality in (8.5.3) is strict if all the ay
are different and if at least one of the ¢y # 0. Furthermore, the choice a; = ¢ — é
leads to: For every N the matrix

We remark that (8.5.2) expresses

is a positive definite kernel. We

1 1

11
2 3 14N
1 11 i
2 3 4 2+N
>0, (and not only > 0).
1 1 . 1
N+1  N+2 2N+1

Such a matrix, constant on the anti-diagonals, is an example of a Hankel matrix.
Solution of Exercise 8.1.2. We will show that the integral is equal to
dx n
/ ) = ."_. (8.5.4)
r2*"+1  sin g

See [31, Exercice 23 p. 117]). The zeroes of 22" + 1 are
( ; p

20
Z¢ = €expi T + T , £=0,1,....2n—1.
2n 2n
The choices £ = 0,...,n — 1 correspond to the zeroes in the upper half-plane and

so, by the residue theorem,

/ dx - TSR ( 1 )
= 2mi es z
R T2+ 1 — 217t
n—1 1
= 2m
{Z 2nz§"71 }

£=0
n—1 p
. 4
=-2
i {z Qn} ,
=0

where we multiplied the denominator and numerator of the ¢-th term by z, and

used zl?” = —1 to go from the penultimate line to the last line.
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We have

n—1 n—1

Z 20 = e(iTr)/Qn Z(e(iﬂ')/n)é

£=0 £=0

_ e(i'n')/an _ e(i'frn)/n
1 — elim)/n

B 2

- —2isin(J))’

and hence the result.

The computation of the second integral is done in much the same way: By
the residue theorem,

22dx o il 22
Rx%—l—li?m ZRGS(ZQ”—i—l’Ze)
(=0

n—1 22
. ¢
= 2m {Z o1 }

=0 2nz;

n—1 223
= —2m .
(s
£=0
Furthermore, we have

n—1 . n—1 .
Z Z? — e(317r)/2n Z(e(?n'n)/n)é
£=0 £=0

) 1— (3imn)/n
_ e(317r)/2n e

1 — eBim)/n
2

—2i sin(

- 3
2n)

2 ™
/ vd " (8.5.5)
R

2n = 3
T4 41 sin 57 0

and hence

We note the following: Letting n — oo the integral (8.5.4) tends to 2. On the

other hand the functions .

tend pointwise to the function
1, ze(-1,1),
f(I) = %7 z = =1,
0, |z|>1,
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and
falz) < fl2).

The dominated convergence theorem then allows the interchange of limit and

integral in
d 1 !
lim ) o :/ lim dm:/ dr = 2.
n—00 qun—f—l R \n—o0 2"+ 1 1

Similarly, (8.5.5) tends to 2/3 as n — oo. This is consistent with

2d 2 1 )
lim ;E v :/ lim N dx :/ 2ide = 7,
n—oo Jp X n 41 R \n—00 x2n 4+ 1 1 3

where here too, the dominated convergence theorem allows us to interchange limit
and integral.

Solution of Exercise 8.1.3. Let

1
1z) = (224 1)
We have

d
/]R (22 fl)” = 2miRes (f,1).

Let g(z) = (2 4+ ¢)~"™. We have, for n > 2,

n—2
9" V(z) = (~Hn D (Hmm) (= + )2,
£=0
and so
N ()
RGS (f72) - (TL _ 1)'
_ () (4 0)
(2i)2n=1(n —1)!
IS b Ay G 0)
o 1)
Thus
/ de 2w [[}5j(n+0) _ 27(2n—2) .
r (2 4+ 1)» 22n=1(p —1)! 22n—1((n — 1)!)2"

As a check, we note that n = 2 in the above formula leads to the formula
(8.5.1) when a = 1.
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Solution of Ezercise 8.1.4. Let

2 z
fz) = (2Hz+1)2 (2—2)2z—24)2
with
o —1+iv3
+ = ) .

The point z; = (—1+4v/3)/2 is in the open upper half-plane, and we have that
xdx .
/ ( , = 2miRes (f, 2)

r (@2 +2z+1)
/
z
2m< )2) !z zy

2m<z—z 2—22 )3)|z2+
- ( (24 — 2- (Z+2ZJ;)3)
= ( 12%?) 732;3' -

Solution of Erercise 8.1.5. Let

1
T = 2 41y 202(0 — 30)3(5 — 404"
We have
dx . . .
/R (22 + 1) (& — 20)2(z — 30)3 (2 — 44 2mi {Res (f,i) + Res (f,29)

+Res (f,3i) + Res (f,44)}.

We know by Exercise 7.3.6, that the sum of all the residues of f is equal to 0.
Thus

Res (f,7) + Res (f,2i) + Res (f, 3t) + Res (f,4:1) = —Res (f, —1)
1
T (—20)(—30)2(—4i)3(—5i)
1
T 2.9.43.5¢
and hence

/ dx B 211
g (22 + 1)(z — 20)2(z — 30)3(x — 44)*  2-9-43.5%°
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The reader should check directly that the above integral is indeed purely
imaginary without computing it explicitly.

Solution of Exercise 8.1.6. By the residue theorem we have, for z € C,

Fy(2) = £(2).
Thus the function f’ is an analytic extension to C of the function F} .

For z is the lower half-plane, the function u ( J (u z))2 is analytic in C4, and

the residue theorem will lead to F_(z) =0 in C_. Thus the analytic extension of
F to the lower half-plane will coincide with F_ if and only if f is a constant. O

Solution of Exercise 8.1.7. (a) We consider the contour Cg consisting of the in-
terval [—R, R] (in view of (8.1.6), the definite integral can be computed as a limit
of the integral on the symmetric interval [— R, R]) and of the semi-circle of center
0 and radius R which lies in the upper half-plane C. Let

1 s sz+1

9(8)=f(8){sZ—sz+1}:f<3)(8z)(sz‘)(s+z‘)'

By the residue theorem we have, for z € C,,
1
/ f(s) szt , ds = 2mi {Res (g,z) + Res (g,7)}
Cr (s —2)

(s —i)(s+1)
:2m’( € )+f(l>(zzzj><12z‘>)

= 2ri (f(z) fé’ ) .

Still for for z € C4 and with the same contour we have

sz+1 _ oni iz+1 i _f(@)
/ch(8)<s—z><s—i><s+z>ds 20 i) T2y

In view of (8.1.5), the integral on the half-circle goes to 0 as R — oo, and we get

[, e e =it - T
xz+1 B f@)
/f m2+1)dm 2mi(— 5 ).

Taking the conjugate of the second equation, and adding to the first equation side
by side we get

vetl =2mi(f(z) —¢m f(2
/R(miz)(ngrl)(QRef(x))dx—Z (f(z) —ilm f(3)),
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and hence we get (8.1.7)

f@) =itm g+ [ T e fa)ds

i r—z x224+1

1 1
— ilm f(i) + / { ! } (Re f(x))dz, =€ Cy.
R
(b) From the above expression we get

z—2z [ Re f(z)
N et da, (8.5.6)

Re f(z) =

and hence Re f(z) > 0 for z € C,. Assume now that for some z € C, it holds
that Re f(z) = 0. Then, (8.5.6) implies that Re f(z) = 0 on the real line. Hence
f is a unitary constant, as is seen from (8.1.7). O

More generally we have, for z and w off the real line,

f<z>+f<w>z?”/R( Re f(=) 4.

2mi x—2z)(zr—w)
Therefore the kernel

IO L R

. = x
—i(z —w) 27 Jr (x — 2)(x — w)

is positive definite in @ = C\ R.

Solution of Ezxercise 8.1.8. Rewrite

r oz rz+1
r—z 2241 (z—2)(xz+i)(z—1i)

For z € C; we have by the residue theorem

= nes -TZ+1 xr =z
9G) =Res( ot iy@—i) T =)
zz+1 —
R @iy —i) Y
2 2

9(2) = —9(2), ze€C\R,

and is therefore identically equal to —1/2 in the open lower half-plane. O
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Solution of Exercise 8.2.1. (1) The case t = 0 is clear and can also be obtained
from Exercise 8.1.2 if need be. We now assume ¢ > 0, and define
eitz

iz is bounded in the closed upper half-plane, and the residue

The function z +— e
theorem gives us

—t

/ f(z)dx = 2miRes (f,i) = 9 _ =me t
R 21

By symmetry it follows that

eita:
dx = me 1.
R 1'2 -+ 1

(2) We have, for t,s € R,

1 eia:(t—s)
—lt—=sl — d
e - /R w241 0 (8.5.7)

Thus, for N € N, ¢1,...,ty € Rand ¢1,...,cy € C we have

N Jte—ty] _ L (S erete) (Z55s csers)
Z cecje il = ; dxr
™ x+1

2,j=1 R
> 0. O

As for Exercise 8.1.1, we remark that (8.5.7) expresses e~ *~*| as an inner
product, and so we can conclude already from this equation that e~I*=5! is a
positive definite kernel, that is e~ I*! is positive definite. Hence, the formula

1 eita:
eIt = / , L dx (8.5.8)
™ JrR a +1

is an illustration of Bochner’s theorem. See Theorem 14.3.8 for the latter. It is also
an easy computation of a Fourier transform (see Exercise 15.9.1 for the definition

of the latter): The Fourier transform of the function $21+1 is equal to e~ !l

Solution of Ezxercise 8.2.2. On the one hand,

cosx e
dx =R d
/Rx2+1m e/Rszrlm

= Re {Qm'Res( e )}

z2+1’i

e !
= Re {2m 9 }

™

e .
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On the other hand, the residue theorem applied to the function %7 in the
closed upper half-circle of radius R > 1 leads to

/R (;osx der/ CcoS z dZ—QWZReS ( CcoS 2 i) = 2 coshl WejLe*l’
_pr-+1 cn 22+ 1 22+1 2 2

Thus

-1
lim (;OSZ dz=m ete —e 'Y = 7sinh1. O

Solution of Exercise 8.2.3. Let vr denote the contour made of the interval [—R, R]
and of the half-circle of radius R and centered at the origin and which is in the
upper half-plane. Consider the function f(z) = e'*/(2* + 1). We have

/f( dz = hm f(z)dz = 2mi {Res (f,e7)+ Res (f,e:siﬂ)}.
R TR

But for zy a zero of z* + 1 we have
eiazo Zoeiazo
Res(f, z9) = =—
( ) ) 4,28 4 i

and so the integral is equal to (the real part of)

3im a
) e 4 ezae 4 —e 4 ezae 4 7'('67 V2 .
2mi ( 4 + 4 ) = (cos(a/\/Q) + Sln(a/\/2)> . O

When a = 0, the previous result corresponds to the case n = 2 in Exercise
8.5.4.

Solution of Ezrercise 8.2.4. We first prove that f is indeed analytic for Im z > 0.
This requires the interchange of an infinite sum and of an integral. The integral
is not on a compact interval, and we cannot use Weierstrass’ theorem (Theorem
12.4.1), and we will use the dominated convergence theorem. Let zy € C, and let

d = dist (20, R) = Im 2.

For z € C; such that |z — 29| < d we have

T 1, vueR
U — 2o
Furthermore,
f(2) = cosu du
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where
Ccos U

anp, —n/R (u2+1)(u720)n+1du,
and where the interchange of sum and integral is done using the dominated con-
vergence theorem. The function f admits a power series development around every
point in C,, and is therefore analytic there.

We note that formula (8.2.1) makes sense for Im z > 0 but does not make
sense for z on the real line. The fact that there is an analytic extension to the
asserted set requires us to find another formula for f. We now compute directly f
using the residue theorem. We have

1 eiu e*iu
e =, {/R o ot /R e Z)zdu} . (859)
Therefore, for z in the open upper half-plane,
ezu ezu
= 2 ) ]
[P CEE L LTV

R o)

—1 s 1z (52 _ iz
_omi] € 4 e (22 +1) —2ze
2i(i — 2)? (22 4+1)2
and
e—iu e—iu e—l
du = —2miRi —i) = —2mi .
/R(u2+1)(ufz)2 w==2miRes (o 4 gy = 2070 T T2 g, 4y

From these two formulas we see that the right side of (8.5.9) is analytic in the
band
—1<Imz<1. (8.5.10)

It follows that the function defined by the right side of (8.2.1) in the upper half-
plane has an analytic extension to Imz > —1 given by the formula
i e ! ie? (22 + 1) — 2ze* e !
2i(i — 2)? (22+1)2 2i(z +1)?
in the band (8.5.10). O

Solution of Ezercise 8.2.5. Using formula (8.2.2), the integral (8.2.3) is equal, in
the sense of the principal value, to

dx ) 1 . 1 .
/ oa)a+1) " TRl oy W TR e )Y
=Ty T2 (i — a)(2i)

_ m™a . D
a?+1
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Solution of Ezercise 8.2.6. We take the function

Pz _ piqz

f(z) = 2

z

We integrate f on the contour appearing in Exercise 5.3.2. We obtain
/ f(z)dz — wiRes (f,0) =0,
R
but Res (f,0) = i(p — ¢), and hence

/Rf(w)dw = mii(p — q) = 7(q — p)- U

As a verification, let p = 0 and ¢ = 2. We obtain

1-— 2
cos xdx —om
R 2

in accordance with Exercise 5.3.3 and (5.9.10). Similarly, the choice p = 0 and

q =1 gives
/ 1 —cosx
9 dr = .
R X

Solution of Exercise 8.3.1. We consider the positively oriented contour I'p made
of the three following arcs:
(a) The closed interval [0, R):
m,r(z) =2z, xz€][0,R]
i,

(b) The arc of circle of radius R and angle varying from 0 to 2n

) 2
“otelo, ).

1) =
Y2,r(t) = Re "

(c¢) The interval joining the point Re *7' to the origin:
var(@) = (R—z)e" , x€[0,R]

For R > 1 there is only one zero of z" 4 1 inside the contour, namely z = exp i’;

Thus the residue theorem applied to f(z) = z"l—i-l and the contour vr leads to
R 2m .t R 27i .
d n  Rie'dt nd 1
/ oy ' —/ cnar = 2miRes ( ) 271-)
o " +1 o Rremt 41 o (R—z)"zn+1 2+1"n
271,
= (n—1)ir
ne n

.oiT
2mie n

n



386 Chapter 8. Computations of Definite Integrals Using the Residue Theorem

The change of variable ¢t — R — t and letting R — oo lead to

(162;@)/‘” dx :72772'67:.
o x2"+1 n
Thus ;
* d —2mien
/ oo mEmer T (8.5.11)
o 2"+1 pl—e>') mnsin} O

The dominated convergence theorem shows that

o0 d o0
lim v / lim L dr =1
n—oo Jg ™+ 1 0 n—oo ™ + 1

This is also, of course,
lim e
n—oco psin

Solution of Erercise 8.3.2. The solution of the preceding exercise has to be appro-
priately adapted. Let In z be the function

Inz =1Inr+ 6,
with z = re? € C\ (—00,0] and § € (—m, 7). The function ljxp is the restriction
to (0,+00) of the function

1
" 1+exp(plnz)’

f(z)

which is analytic in C\ (—o0,0]. The contour in the preceding exercise has to be
changed, in order to exclude the origin. For 0 < ¢ < R < oo we consider the
positively oriented contour I'c g made of the four following arcs:

(a) The closed interval [e, R]:

Mer(x) =z, = €leR]

(b) The arc of circle of radius R and angle varying from 0 to 2;”:
. 2
va.r(t) = Re', te|o, ;].

i

(c) The interval joining the points Re ' and ee’r

27

ver(@)=(R—z)er, x€l0,R—¢.

(d) The arc of circle of radius € and angle varying from 2}? to 0:

Yae(t) =ee™, te] ) ,0].
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For R > 1 there is only one zero of f(z) inside the contour, namely z, = e’ since,
with z = pe®?,

f(z)=0 <= exp(plnz) =-1
— ipf =i(2k+1)m, k€Z and exp(plnp)=1.

The residue of f at z, is

1 1
Res (f, z,) = = .
) (exp(plnz))|.=z,  (p/zexp(plnz))|.—,
But Inz, = ™ and so
P T
er
Res (f,z,) = — .
(f,2p) »
The residue theorem applied to the contour I'¢ g, and letting R — oo and € — 0
lead then to the result. O

Solution of Exercise 8.3.3. We use the first formula in (8.3.1). Then
r(z) = 2? — 2z cos @ + 1,

with zeroes equal to

s = o0
See (1.6.23) with zg = €' if need be.
Assume first that 6 # 7w. Then
In(z) i0 0 21 —

Res ( and Res (In(z)r(z),2-) =

r(z) ) = 2isinf  2sinf  2sinf’

and hence the integral is equal to

Oo du T—0
= . .5.12
/0 u? —2ucosf+1 sinf (8.5.12)

The case 6 = 7 is treated in the same way; r has now a zero with multiplicity 2,
and

Inz
~1) = —1.
Res (T(z)> )
One sees also that formula
T—0
sin @

is extended continuously for § = 7 by taking its value to be equal to 1 at this
point. O
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As a check for (8.5.12), let us put = 7/2. Then, the right side of (8.5.12)
is equal to 7/2. On the other hand, now cos@ = 0, and the left side of (8.5.12) is

equal to
/oo du
o ul4+1 2’

as can be seen from formula (8.5.4) with n = 1 (this formula gives twice the
integral [ %))
Solution of Erercise 8.3.4. Let

sz+1
(s —2)(s2+1)’

g(s) = s" s € C\ (—00,0],

where z, viewed as a parameter, also belongs to C \ (—oc, 0]. We have

0 o 1 T 0 o Tz +1
|| - dx = || dx
oo xr—z x2+1 oo (x —2)(x2+1)

-
= {Res (9,2)

eiwa _ e*iwa
+Res (g,i) + Res (g, —1%)}.
By definition of s, we have

“=e2 and (—)%=e 2,

so that the residues are equal to

2
1

Res (g, 2) :za;il = 2%,

ira 1241 e'?”
R , ) =e 2 . . = — ,

eslod)=e* o 2
—ima —ZZ + 1 e iga
R —1) = 2 = —

es(=i=e o 2

and the right side of the last line above becomes

Qi
eima _//Tz_iﬂra {RGS (ga Z) + Res (gv Z) + Res (g, 71)}

. ira _ira
271 o €2 e 2
= A —
ei7ro< _ e—imx 2 2

27 o uge!
= 2% — cos

6171'04 — e—Zﬂ'(X

s o TQ
. z% — cos ,
sin T 2

and formula (8.3.3) follows. O
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Solution of Ezercise 8.3.5. We take the function

(s)=1Ins szt 1

<= (s —2)(s2+1)’

where In s is the principal branch of the logarithm in C\ (—o0, 0], that is
Ins=1In|s|+i0, where s=/|sle’’, 0¢c (—m, ).

We take the following contour, composed of four parts, where 0 < r < R and
e>0:
(i) ¥1.r.R.e is the interval

Vi Re(t) =te+t, te[-R,—r].

(ii) v2,r,r, is the part of the circle of radius Ve2 + r2 which connects the
points ie — r and —ie — r with parametrization

’72»T7R,6(t) = \/62 + T2eit7 te [707 ™+ 9]’
where 0 € [0,7/2] is such that
tanf = 6.
r
(iil) v3,r R, is the interval
V3 Re(t) = —ie+ (—r—1t), te[r,R—r].

(iv) v4.R. is the part of the circle of radius v/R2 + €2 and center 0, which
starts at ¢ — R and ends at —ie — R.

By the residue theorem, and letting € and 7 go to 0 and R go to infinity we
obtain for z # +i:

. sz+1 . sz+1
[ T P TR e
= 27i {Res (g(s), z) + Res (g(s), —i) + Res (g(s),i)} .
But
T —tz4+1 T

Res (9(s) =) == (; _y—an) ~ 0

and similarly for the residue at i. Hence

/ 82 +1 ds—lnz+i7rfi7r—lnz
(coo) (8= 2)(s2+1) " 4 T4 7

first for z # 44, and then to all of C\ (—oc, 0] by analytic continuation. O
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Solution of Ezxercise 8.3.6. We have

([o-eria)

oo
/ e—(z+1)udu
0

e—(z+1)u w

oo
 —(z41)'u=0
1
142’

and hence the result. For the second example, we proceed as follows. On the one
hand,

(Za)/ _ (ea an)l

On the other hand,

« & du \’ « X g U
1 — e _ du.
(m—a)/o( ¢ >W1> AT AR

To compute this last integral, we first consider the case where z = z > 0. Then,
the change of variable zu = v leads to

@ /OO e_mdu = ozt /OO e Vo %y = az® L.
'l—a) oy u~ I'l—a) Jy

By analytic continuation we have, for all z in the open right half plane,

o —zZUu
@ / € du = az® 1.
'l—a) J, u~

Therefore both sides of (8.3.6) have the same derivative. To check that both sides
coincide in Re z > 0, we check that there is equality for z = 1. The left side is
trivially equal to 1. Using integration by parts we see that the right side is equal

to
ra - o) /OOO“ ) et = 1 {((1 ) —a)u>:o

1 oo
+ / e“uo‘du}
@ Jo
B a T(l-a)

'Nl-a) «
=1 O
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Solution of Exercise 8.4.1. If a = 0 the result is trivial and we assume now a # 0
(so, a € (=1,0) U (0,1)). We have

/% dt _/ dz

o 1l+acost Tiz(lJrg(eri))
71/ 2dz
i Jraz?+2z2+a

1 2dz
i /T a(z —21)(z — 22)’

—1—-+V1—-a? -1 1—a?
where z; = v “ and zo = v “ . The point z; is outside the

a a
closed unit disk while the point 25 is inside the open unit disk; thus the residue
theorem (or Cauchy’s formula) leads to

/2” dt _1/ 2dz
o l+acost i Jra(z—2z1)(z— 2)

1 2
=2mi R ,
e (a(z—zl)(z—zz) 22)
9 2
=27
2v1 - a?
a
a
27

- V1—a2?

Solution of Ezercise 8.4.2. Since cost = (z +1/2)/2 for z = €' we have

/2” dt _/ 1 dz
o 1+8cos?t =11 4 2(22 424 12)2'2
z

B / zdz
g 1224 4522 4 2)
zdz

/z=1 2i(22 +2)(2 +/vV2)(z —i/V2)

:27Ti{ReS <2i(zz_’_2)(,2—1—2:2/\/2)(2—2'/\/2))\;2) _
+Res <2i(22+2)(z+;/\/2)(zi/\/2)’¢22>}

== \}2 }

z

=2 {2@(22 +2)(z+i/V2)

_ i
=2
z

+2i(22 +2)(z —i/V?2)
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Part 111

Applications and More
Advanced Topics



Chapter 9

Harmonic Functions

The notion of a harmonic function arises from real analysis and appeared before
the notion of an analytic function. In some sense, analytic functions were defined
to study in an efficient way problems related to harmonic functions.

9.1 Harmonic functions

Let f(z) = u(z,y) + iv(z,y) be a function analytic in some open set 2. The
functions v and v admit partial derivatives of all orders, and thus the Cauchy-
Riemann equations

ou ov
81'(x’y) - ay(‘ray)a
ou ov
ay(x,y) oY) Tiy e,
imply
0%u 0%v
k) 2(1’,y)* rd (iﬂ,y),
0%u v

9y (z,y) = ~ 0you (x,y), =+iye.
The smoothness of v implies that the mixed derivatives are equal; adding these
two equations we get
0? 0?
Ay % Y + v 0.
0x2 = 0y?

Definition 9.1.1. A real-valued function defined in an open subset of R? is harmonic
if it has continuous partial derivatives of order 2 and if it solves the Laplace
equation in 2:

Au = 0.

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5 9, 395
© Springer Basel AG 2011
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Exercise 9.1.2. Show that the functions

u(z,y) = €” cosy, (z,y) € R?,

u(z,y) = coszcoshy, (z,y) € R?,

u(z,y) =In(z* +y%), (z,y) € R*\{(0,0)}
are harmonic.

Exercise 9.1.3. Show that a harmonic function u is locally the real part of an
analytic function, and in particular has partial derivatives of all orders.

Exercise 9.1.4. Let ui(x,y) and uz(z,y) be two real-valued function harmonic in
the open sets 11 and Qo respectively, and assume that the range of the function

8’[1,2 8u2
('ray)H(axa_ay)
is inside q. Show that the function
6u2 8u2
= — 1.1

18 harmonic in Qs.

Exercise 9.1.5. Given [ analytic and not vanishing in an open set ). Show that
In|f(2)| is harmonic in Q.

From Exercise 1.2.8 it is clear that the function u(x,y) defined by (9.1.2)
below is harmonic. The point in Exercise 9.1.6 is to provide a direct and different
proof.

Exercise 9.1.6. Show that

sinx

= 9.1.2
w@,y) cosx + coshy ( )

s harmonic in
Q={z=z+1y, -r<zx <7 and yeR}.

Remark 9.1.7. If u(z, y) is harmonic in a neighborhood of the origin, then w(z,y)
is the real part of the function

F(z) =2u(z/2, 2/2i) — u(0,0). (9.1.3)

This is a well-known formula; see for instance [31]. A good exercise (see Exercise
9.1.9) is to prove this formula for polynomials. The formula does not hold if u(x, y)
is not defined in a neighborhood of the origin, as one can see with the function
u(z,y) =In(2”® +y°).
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Exercise 9.1.8. Apply formula (9.1.3) to u(z,y) = sinx '
cosz + coshy

Exercise 9.1.9. Prove formula (9.1.3) for a polynomial.

Exercise 9.1.10. Let u(z,y) and v(x,y) admit partial derivatives which are con-
tinuous in an open set ), and assume that u and v satisfy the Cauchy-Riemann
equations in Q. Assume moreover that u?> 4+ v? # 0 in Q. Show that the function

ou n ov
u v
Oxr Oz
u? + V2
is harmonic in 2.
Zeros of harmonic functions are not isolated (see for instance where the func-

tions u(x,y) = 22 — y?) and In(z% + y?) vanish, but we have:

Exercise 9.1.11. Let u be harmonic in the connected open set 2 and assume that
u vanishes in a set B(zg,r) C Q. Show that u is identically equal to 0 in Q.

9.2 Harmonic conjugate

Let Q be an open subset of R?, and let u be harmonic in Q. The function v(z,y) is
called a conjugate harmonic of w if the function f(z) = u(z,y)+iv(z,y) is analytic
in Q.

Exercise 9.2.1. Assume that v is a conjugate harmonic of the harmonic function u
in an open set ). Let a and b be two real numbers. Show that V (z,y) = bu(z,y) +
av(z,y) is a harmonic conjugate of the function U(x,y) = au(z,y) — bv(x,y) in

Q.
Exercise 9.2.2. Assume that u and v are harmonic in an open set Q and that v is
the harmonic conjugate of u in 2. Define functions U and V by

Ulz,y) = "= @0 cos 2ule, y)o(a, ),

V(z,y) = @)’ @) gy 2u(z,y)v(z,y).
Show that U and V' are harmonic in Q and that V is an harmonic conjugate to U
there.

It was proved in Exercise 9.1.3 that a harmonic conjugate always exists lo-
cally, that is, in a neighborhood of a point, but need not exist globally. If it exists,
it is harmonic.

Exercise 9.2.3. (a) Show that the function In(z%+y?) has no harmonic conjugate
in B2\ {(0,0)}.

(b) Show that it has a harmonic conjugate in R? \ {(x,0); = < 0}.
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We have now the penultimate characterization of simply-connected sets to
be given in these notes.

Definition 9.2.4. A connected open set 0 C R? is simply-connected if every function
harmonic in €2 admits a harmonic conjugate in €.

Strictly speaking, the definition of a simply-connected set does not require
the set to be connected. The existence of a harmonic conjugate has then to be
checked in every connected component of the given set.

Theorem 9.2.5. Let 2 be an open connected subset of C and let u be harmonic in
Q. Then, u has a harmonic conjugate in ) if and only if

ou ou
— d dy = 2.1
/C e+ oy =0 9.2.1)

for all closed piecewise smooth paths C' in .

Proof. Assume that u admits a harmonic conjugate, say v, in 2. Then, the function
f(z) = u(z,y) +tv(x,y) is analytic in © and its derivative is equal to the function

(9.2.2)

So, by Theorem 5.2.1,

[ oz = [ e -

Conversely, if (9.2.1) is in force for every closed curve C inside €2, it holds that

8u
/Cg(z)dZ— 8 dy—i—z/ 8 dy—O

where we have also used (5.1.7). Hence ¢ has a primitive F(z) = U(x,y)+iV (z,y)
in 2. Since

ou ou
Fl'(2) = —1
we see that, up to a real constant, U = u and hence V is a harmonic conjugate to
U. O

In the following exercise, the set 2 is not required to be connected.

Exercise 9.2.6. Let u(x,y) be harmonic in an open set . Let n,m € Ny such that
n+m > 0. Show that the function

oty

U(iﬂ y) axnaym

(z,y)

is harmonic in §; prove that U has a harmonic conjugate, and find all functions
f analytic in Q and with real part U.
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Exercise 9.2.7. Let f be an entire function and assume that Re f'(z) = 22 — y? +
6xy. The value f(0) is known. Find f.

Exercise 9.2.8. Prove that the function
u(x,y) = ycosysinhx + zsiny coshx

is harmonic in R2, and find its harmonic conjugate.

Exercise 9.2.9. Prove formula (9.5.2), which is given in the solution of Erxercise
9.2.8.

More generally, one has the following formula for the harmonic conjugate:
Exercise 9.2.10. Let ) be a simply-connected set, and let u be harmonic in €.
(a) Prove that
/ e Oy
c Oy
for every closed contour C.
(b) Fiz a point (xg,y0) € Q. Prove that the function
Ju Ju
= - d d 9.2.3
oa) = [ ~grdat oy (923)

=,y

is the harmonic conjugate of uw (up to an additive constant), where Cy , is
any path connecting (xo,yo0) to (z,y).

We recall that the Cauchy—Riemann equations in polar coordinates are given

by
Ou 10v
op pog’
o 1ou (9.2.4)
dp  pov’
and that the Laplacian in polar coordinates is given by
2 1 1 2
Au(p,0) = 04 Lou Ou (9.2.5)

o2 T pop T p2oer

The functions
u(p,0) =Inp and v(p,0) =0

(0 € (—m, ) for instance, or more generally in an open interval of length 27) are
harmonic since
Inz =1Inp+ 6.
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Exercise 9.2.11. Find all functions harmonic in R? \ {(x,0); = < 0} of the form
f(p) and of the form f(0), where f is a real-valued function of class Cs.

Exercise 9.2.12. Show that the function
u(p,0) = pfcosf + psinflnp

is harmonic in @ = R?\ {(z,0); z < 0}, and compute its harmonic conjugate.

9.3 Various

Exercise 9.3.1. Let u be a harmonic function such that u? is also harmonic. Show
that u is constant.

Exercise 9.3.2. Let u and v be harmonic in R? and assume that v is the harmonic
conjugate of u. Assume that

w?—3ur? >0 in R2
Find u and v.

The preceding exercise relies on the following fact: If u is a function harmonic
in the whole plane and is bounded from above or from below, then u is a constant.

Exercise 9.3.3. Prove the previous claim.

Exercise 9.3.4. Find all functions u harmonic in R? and satisfying

ou
<0.
dr —
The next exercise is almost identical to the previous one.
Exercise 9.3.5. Find all functions u harmonic in R? and such that gz > 5.

Let f be analytic in 2. We saw in Exercise 9.1.5 that In|f]| is harmonic in 2
when it does not vanish there. On the other hand, the modulus function | f| is not
harmonic, but subharmonic

Alfl =0,
as illustrated by the examples
Alz]? = 4,
and 1
Ar = IR |z]. (9.3.1)

Exercise 9.3.6. Let f be analytic and non-vanishing in the open set Q. Show that

IF'?

AT="p
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The case f(z) = 2", n € Z, leads to
Alz]" = n?|z["2. (9.3.2)

When replacing f by f? in the preceding exercise, one can remove the hy-
pothesis that f does not vanish, and obtain the formula

Alf? =412 (9.3.3)

More generally, one has the following formulas (see [48, Exercises 8.41 and
8.42]): Let F be a function of class Cy on R, and let f be analytic in some domain
Q and not vanishing there. Then

1)
ar(feD = Ir R {Fsen+ I s
17 (2)]
The special choice F(t) =t and f(z) = z leads to (9.3.2). Furthermore, choosing
F(t) = In(1 + t*) we have

/(=)

A+ FER) = (s

PG = p2eplf )] 1 ()2 959
AN =2l (1 0N IFP, peR
Exercise 9.3.7. Let u be a subharmonic function defined in B(zo, R).
(1) Show that for every r € (0, R) it holds that
27
u(zo, yo) < o /0 u(zo + rcost, yo + rsint)dt. (9.3.6)

(2) Prove the strict mazimum principle for subharmonic functions.

Exercise 9.3.8. Let f be a function analytic in the open unit disk and such that

2 def. 2dxd .
1713 //le(Z)I vdy < o

Show that for every zo € D there exists a number K,, > 0 such that

[/ (z0)] < Kz - || f]- (9.3.7)

Exercise 9.3.9. (a) Find all harmonic functions of the form u(x,y) = p(z* —y
where o is of class Cy on all of R.

(b) Find all harmonic functions of the form u(z,y) = o(y/z).
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Exercise 9.3.10. Let ) be an open connected set, and let
u(z,y) = Re (2£(2) + 9(2)),
where f and g are analytic in Q. Show that
APy = 0. (9.3.8)

Functions which satisfy (9.3.8) are called biharmonic, and appear in mathe-
matical physics, in particular in elasticity. See [23, p. 246], [150].

9.4 The Dirichlet problem

We conclude this chapter with a discussion of the Dirichlet problem.

Definition 9.4.1. Let f be a real-valued piecewise continuous function on the unit
circle T. The Dirichlet problem consists in finding a function u harmonic in the
open unit disk, and equal to f on T, in the sense that

: 0N\ __ 60
tim u(re) = f(e"),

when f is continuous at the point e®.

As is well known, see for instance [67, Theorem 9.14, p. 180], the problem is
solvable, its solution is unique and is given by the formula

1 (et
u(z) = Re 27?/0 pit Zf(e )dt, =z e€D. (94.1)
As an application, solve the following exercise (see [93, pp. 355-356]).

Exercise 9.4.2. Compute the solution of the Dirichlet problem when

Fet) = {1, te[0,m),

-1, te€|n,2n).

More challenging is the case when one considers the punctured unit disk
D\{0}. Indeed, D\{0} is not simply-connected, as is seen for instance by computing

/ dz
|z|=1/2 % .

Therefore not every function harmonic in D\ {0} has a harmonic conjugate there.
These points are illustrated in the following exercise, taken from [93, pp. 356-357].

Exercise 9.4.3. Find all functions w harmonic in 0 < |z| < 1, continuous on
0 < |z| €1, and vanishing on the unit circle.
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9.5 Solutions

Solution of Ezxercise 9.1.2. The first two examples are clear since
e®cosy =Re e and coszcoshy = Re cosz.

See (1.2.15) if needed for the latter. The third exercise will follow from the general
claim in Exercise 9.1.5, but it is also a good exercise to check directly that In(z? +
y?) is harmonic in R?\ {(0,0)}. See in that respect the discussion after the proof
of Exercise 9.1.5. O

Solution of Exercise 9.1.3. Consider the function

ou ou

so that

def. ou ef. ou
Re g(z) = Ula,y) = o (wy) and Tm g(z) " Viw,y) = = (,0).

We have
ou _ov

ox oy

since u is assumed harmonic. Since u has continuous partial derivatives of order
2, we have
0%u B 0%u
dxdy  Oydx’
and in particular
ou ov 0%u

oy Oz  Oxdy’

Therefore U and V satisfy the Cauchy-Riemann equations in 2. They are
moreover differentiable in Q (as functions of (x,y)) since u has continuous partial
derivatives of order 2. Therefore, the Cauchy-Riemann equations imply that g
is C-differentiable in Q. Since Q) is convex, g has a primitive in 2, say f(z) =
Ul(x7y) + ivl(xvy)7 and

oUy .0Uy
! — .
Therefore, Uy is equal to u, up to a constant. Choosing this constant to be 0, the

corresponding f is the real part of u in 2. O

Solution of Exercise 9.1.4. Since ug is harmonic in 9, the function

o 8uz _a’UQ
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is analytic there. Let (xo,yo) € Qo, let 2o = xo + iyo, and let W be a convex open
neighborhood of g(zp) in ;. There exists an open neighborhood of (zg, o) in Q2
such that g(V) € W. In W, the function u; is the real part of an analytic function,
say f. So the function f o g is analytic in V, and its real part

8u2 6u2

U(Iay) =Re (f(g(z)) = ul( O (m,y), - Ay (l',y))

is harmonic in V. Since all such V' cover all of 5, the function (9.1.1) is harmonic
in QQ. O

Solution of Ezxercise 9.1.5. In any convex open subset U of {2 the function f has
an analytic logarithm: There exists a function g analytic in U and such that

f(z) = eg(Z)’
Taking absolute value on both sides of the above equality we get

£(2)] = e o).

zeU.

Thus the function

In[f(z)] = Re g(2)
is harmonic in U since the real part of ¢ is harmonic there. This ends the proof
since every point of {2 has a convex open neighborhood in . O

Note that the claim in the preceding exercise can also be proved directly: Let
f = u+iv be analytic in Q, and let T'(z,y) = In(u? + v?). We have

Uy + VU,
Ty =2 w2402
and so
T Q’Ui + Uy + V2 + VU B (uty + vv,)?
TT u2 +U2 (uz +’U2)2
B 21@ + Uy + VF 4 VU 2u2ui + 0202 + UV,
B u? 4 v? (u2 + v2)2
Similarly,
2 2
T 2uy T utyy + vy Fovyy (uuy + vvy)?
vy w2 +’U2 (uz +’l}2)2
_ “12; + Uty + vi + VUyy _ u2u§ + 112115 + 2uvuyvy
u? + v? (u2 + v2)2

Taking into account that Au = Av = 0 and that, thanks to the Cauchy-Riemann

equations,

Ug Vg + UyVy = 0,

we obtain that AT = 0.
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Solution of Exercise 9.1.6. A natural way is to first check that Au = 0 and then
to solve the Cauchy—Riemann equations. We will proceed in a different way. Recall

that
exp(iz) + exp(—iz)

cosh(iz) = 5 = cos z.
Thus
sin(*37)
u(z,y) =
(@y) cos(*57) + cosh(%,%)
sin(*37)

cos( ZJQFZ ) +cos(*5,7)

: z z : z z
SN 5 COS § -+ sin 5 COs 5

C082C0827Sln281n2+C082COSQ+SII’1281I12
3 z z 3 z z
_ Sln2(:os2+s1n2(:os2
z z
2(:OS2COS2
z 3 z

S11 2 S11 2

= +
z z
2 cos 5 2 cos 5

z
=Re t .
e an(Q)

Here we used that sin(z) = sin(z) and similarly for cos z since the coefficients of
the McLaurin series of cos z and sin z are real, and thus

tan(z) = tan(z). O
Solution of Ezercise 9.1.8. Using (9.1.3), we have

u(@,y) = cos xsf:oshy
sin(z/2)
cos(z/2) + cosh(z/21)
sin(z/2)
cos(z/2) + cos(z/2)
= Re tan(z/2). O

Solution of Exercise 9.1.9. It suffices to check the formula for F'(z) = 2z™. Since

2" = (x4 1iy)"
_ Z (71)k n p2kyn—2k 4 Z (71)k n p2k+1, n—2k—1
. 2k 4 - 2% + 1 y :

2%<n 2k+1<n



406 Chapter 9. Harmonic Functions

we have to prove that

n

=2 S0 (g ) G,

that is,

n
n:2 _lk‘ n z
z - ( ) ( 2%k ) 2”(—1)k’
Qkén

that is, we have to prove that
2t = 3 ( 272 ) (9.5.1)
k,
2k<n
But from

0" =(1-1)"

S| et () | X orrer (L)

2%k<n 2k+1<n
we obtain
n n
S (5)= X (ah)
2k<n 2k+1<n

k, ,
2k<n 2k+1<n
Hence,
n o\ n _2n
()= X ()%=
2%k<n h+1<n
Thus, (9.5.1) holds and and this concludes the proof. O

Solution of Exercise 9.1.10. From the hypothesis on v and v these functions are
differentiable in Q, and so the function F'(z) = u(z,y) + iv(z,y) is analytic in €.
Its derivative

ou ou ou ov

F'(z) = ax(w,y)*iay(x,y): g (TY) +i

. P (z,y)



9.5. Solutions 407

is analytic. The function F' does not vanish in €2 since u? +v2 # 0 there, and hence
!

the function P is analytic in ) and so its real part is harmonic. We have

uau n c%v
Re F'(z) _ Or O ’
F(z) u? + v2
and this ends the proof. O

One can build a number of exercises based on the same principle. Take F' =
u + iv analytic in € and compute (for instance)

F// F F/
ReF, ReF,, ImFH,....

In the computations, note that

%u . 0%u

F// — _
(2) gz2 " 0x0y’

ou

as follows from formula (4.2.4), since the real part of F' is 7.

Solution of Ezxercise 9.1.11. The function

ou Ou
g(Z): ax<may)_lay(1‘vy>7 (xay)EQa

is analytic in © and vanishes identically in B(zg,r). Therefore it vanishes identi-
cally in Q. It follows that

ou ou
= = Q.
P (z,y) ay (z,y) =0, Y(z,y) €

Thus u is constant in 2, and therefore is identically equal to O there since it
vanishes at zg. O

Solution of Ezxercise 9.2.1. We show that U + iV is analytic in 2. We have

Ulz,y) +iV(z,y) = (au(z,y) — bo(z,y)) + i(bu(z,y) + av(z,y))
= (a +ib)u(z,y) + (ai — b)v(x,y)
a—l—zb)u(ac y) +i(a+ib)v(z,y)

a +1ib)(u(z, y) + w(z,y)),

which ends the proof since by assumption the function f(z) = u(z,y) +iv(z,y) is
analytic in . O

ul\xr

AA/.\A



408 Chapter 9. Harmonic Functions

Solution of Exercise 9.2.2. It is enough to check that the function F(z)=U (x, y)+
iV (x,y) is analytic in Q. By hypothesis, the function f(z) = u(x,y) + iv(x,y) is
analytic in €. One has

Ulay) + V() = e @00 cos 2u(a, y)o(a, y)
+ie(@v) @) gip 2u(z, y)v(z,y)

= @ @) (cos 2u(x, y)o(, y) + i sin 2u(z, y)v(x, y))

_ pulea)? —v(@.p)? 2iu(z.)o(@.y)
— pu(@y)?—v(z,y) +2iu(e,y)v(z,y)

— eyt y)? o f)°

and so F' is analytic in 2. O
Another (and much longer) proof is by direct computations.

Solution of Exercise 9.2.3. (a) Assume by contradiction that there is a harmonic
conjugate v. Then, the function

f(z) = In(2? + y*) + iv(z, y)
is analytic in C\ {0}. Using formula (4.2.4), we see that its derivative is equal to

2z . 2y 2
—1 = .
2 +y? 2+ y?r oz

, 2d¢ .
0= d¢ = = 4mi,
/41 Foe /41 ¢
which cannot be.

(b) Let 8 € (—m, 7) be defined by (1.1.18). Then, v = 26 is such that f(z) =
2Inz. g

f'(z) =

Thus

Solution of Exercise 9.2.6. We know that u has partial derivatives of all orders,
and so U makes sense. That U is harmonic follows from

grtmy > ot (Au)

AU = A
v < oz oy™ ozx"oy™

We note also the following. If m is even: m = 2p for some p € N, then (9.5.3)
implies that
an+2pu
U(:L'7y) = (71)1)635”‘*21” :

Similarly, if m is odd, m = 2p + 1, then
v an+2p+1u
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In the first case,
U(z,y) = Re (1P f"+27)(2),

while in the second case,
U(z,y) = Re i(—1)P f(nH20H0 (),
since, in view of formula (4.2.4),

0'u 0tu
YA _ .
I )(z) = ot (x,y) — Zameflay(m’y)’ £ eN.
When the set 2 is connected, V' = Im f("+2P)(2) or V = Im i(—1)P f("+2r+1)(2)
(depending on whether m is even or odd) is, up to a real constant, the harmonic
conjugate of U. When () is not connected, a different constant has to be added to
V on every connected component of (). O

Solution of Erercise 9.2.7. We know that
Re 22 =22 — 9% and Re—iz? = 2ay,

and hence
Re f/(z) = Re (1 — 3i)z2.
Thus

£(z) = 1;3iz3+f(0). O

Solution of Exercise 9.2.8. We will find directly an analytic function f with real
part w. This will prove directly that u is indeed harmonic. This method is fine
only if you know ahead that the given function u is harmonic!

We replace the trigonometric and hyperbolic functions by their values in
terms of the exponential functions and get to

eiy + e—iy et — e % eiy _ e—iy et + e %
e = (L) (L) (T )(7T)

Yy . . I e
_ (ex+zy+ex zyiezy xie x zy)

4
+ T (ex+iy + eiy—a: o e—iy+a: o e—iy—z)
41

_y z z —Zz —Zz z 4 —Zz z —Zz
f4(e +e* —e —e )+4i(e +e “—e" —e )
LTty Ly —x  _xtay _LWy—v
=y Ty Ty Ty

1

" ((zez —ze %) — (ze% — ze—z)> .
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Hence,

1 1
u(z,y) = Re 9 (ze® —ze7*) = Re ; (zsinh 2).

The harmonic conjugate of u is given by
1, .
v(z,y) =Im  (zsinh z).
i

Another way is to use the formula for the harmonic conjugate

Y ou /xﬁu
v(z,y) = x,t)dt — s,0)ds. 9.5.2
@)= [ ptatae— [ o) 052

Solution of Exercise 9.2.9. We compute gv and show that the second Cauchy-
x

Riemann equation holds.

v Y 9%u ou
@)= [ 5 at0i= @)

ox
__ /Oy ZZZ (z,t)dt — gz (z,0)
= @) = ) (00
= —gz (@, y).

To go from the first line to the second, we used that u is harmonic and hence

0%u 0%u
o2 (l‘ay) = _5'y2 (l‘ay) (95?";:)'

Solution of Exercise 9.2.10. The function (9.2.2) is analytic in the simply-con-
nected set 2. Therefore the integral of g around any closed path in € vanishes.
Let Cgy be a path connecting (xo,y0) to (z,y), with parametrization ~(t) =
x(t) +iy(t), t € [a,b]. The integral

f(2) = /C 9(Q)dc

is independent of the specific choice of Cy, and depends only on (zg,y0) and
(z,y). Note that f is analytic in Q. Furthermore

b <8u Ou

1) = 1Go) = [ (Getaue) ~ 151 (a(0.0) ) (0 + i ).

a
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Taking real and imaginary part we obtain

b
Re fle,9) - e fan.n) = [ (GO 0)e' () + 5!

b /o .
mﬁﬂ%y)hnf@myd/m<gm@@%y@”y@)gy@@%y@»x%w>dt
Since ; ) ,
U(:E(?t,y(t)) — aZ(x(t),y(t));p’(t) + 8Z($(t)ay(t))y’(t),

the first equation leads to Re f(z,y) = u(x,y), up to a constant. It follows that
Im f is a harmonic conjugate of u, and the above formula for Im f is just (9.3.3).
O

Solution of Ezercise 9.2.11. From (9.2.5) we get

1
ﬂ%m+pﬂ%m=a
which readily leads to
f(p) =Alnp+ B,

while in the second case, we have
f(0) = A0+ B,
where, in both cases, A and B are arbitrary constants. O

Solution of Ezxercise 9.2.12. The first Cauchy—Riemann equation in polar coordi-
nates gives (see (9.2.4))

10v

6 cosf + (1 1)sinf =
cosf + (Inr + 1) sin 90

and hence
v(r,0) = r(@sind + cosf — (Inr + 1) cos ) + k(r).

The unknown k(r) is obtained using the second Cauchy—Riemann equation:
fsinf + cosf — (2 +1Inr)cosd + k'(r) = Osinf — cos @ — Inr cos 6.

It follows that k(r) is a constant, say k.
We note that

0

w4 iv =10’ —irlnre’ = —izlnz. O
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Solution of Ezxercise 9.3.1. We have the formulas

(u®)z = 2uqu,
(%) pw = 2(uz)? + 2uzpu,
(u?), = 2uyu,
(u?)yy = 2(uy)? + 2uyu.
Thus
A(u?) =2 (ul +ul) + 2ulu.
From Au = A(u?) = 0 we obtain

u? + uf/ =0.
Hence u; = uy = 0 and u is constant (on the connected components of its

domain of definition). O

In the preceding exercise, one can replace u? by o(u) where o(t) is any
function of class Cy (that is, with continuous second derivative), and whose first
derivative is non-zero, at the possible exception of a finite number of points (this
latter can also be relaxed). Indeed,

(p(u))z = ure' (u),
(o(u))ea = ( 2)2¢" (1) + Ura @' (u),
(p(u))y ¢’ (u),
(p(u))yy ( )29 (1) + g (u).

Hence
Ap(u) = ¢" (w)Au+ (ug +uy) ¢ (u).
If o(u) and u are both harmonic, we get that
(u +uj) ¢ (u) =0,
and hence the result if ¢’ vanishes at most at a finite number of points. O

Solution of Exercise 9.3.2. The function f(z) = u(x,y) + iv(x,y) is entire and so
is the function F(2) = f(2)3. We have

Re F(2) = u(z,y)® — 3u(z, y)v(z,y)>
Consider the entire function G(z) = e~ F(*). Its modulus is
|G(2)| = e R F2) <1 since Re f(z) >0.
By Liouville’s theorem G is constant. Thus

G'(z) = =3f'(2)f*(2)G(z) = 0.
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Thus f/(2)f(2)? = 0. Since the zeros of F are isolated, we get that f’(z) = 0 first
at those points where f(z) # 0 and then on all of C by continuity of f’. Hence
f(2) is a constant and so are u and v. O

Solution of Erercise 9.3.3. We assume that w is bounded from above. The case
where u is bounded from below is treated in the same way after replacing u by
—u.

Since u is harmonic in the whole plane, it has a harmonic conjugate v on R?,
given for instance by formula (9.5.2). Assume that there is M such that

u(@,y) <M, V(z,y) € R
The function
H(Z) - exp(u(x, y) + i’l)(l‘, y) - M)
is entire. It is bounded in the complex plane since
|H(z)| = ev@¥)—M <1,
By Liouville’s theorem, H is constant and it follows that its modulus is constant.
Taking the logarithm of H(z) we obtain that u is constant. O

Solution of Ezxercise 9.3.4. The function G(z) = 1— gz —H'gZ is entire and satisfies

Re G(z) > 1.
The function 1/G is thus entire and bounded by 1 in modulus since

1 1

GEE (=502 +(5)

By Liouville’s theorem, the function 1/G is constant and so is G. It follows that
g“; is equal to a constant, say A. Thus

u(z,y) = Az + B(y).

Since B(y) is harmonic, we have B(y) = By + C for some real constants B and
C. Thus
u(z,y) = Az + By + C.

Moreover, A < 0 since g; <0. O

Solution of Ezercise 9.3.5. The function g“; is also harmonic in the plane and thus
has a harmonic conjugate, say t(z,y), such that

f2)= ! +it(ay)
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is entire. We have that |f(z)| > 5 since 9 > 5. So the function f does not vanish in
the complex plane, and 1/ f is bounded in modulus by 1/5. By Liouville’s theorem,
1/f, and hence f, is constant. Thus g; is a constant, and we have

u(r,y) = Az + B(y),

with A > 5. Since Au = 0, it follows that B(y) = By + C for some arbitrary real
constants B and C. O

Solution of Exercise 9.3.6. Let |f| = v/u2 + v2 be the modulus of f. Then a direct
computation shows that

olfl  uug +vv,

Oz Vi
OPfl 2 + 02+ uugg + VU  (uug + VU, )2
dx? /] e

and similarly for the second derivative of |f| with respect to y,

O*|f| _ iy + vy + uttyy + vvyy  (uuy +vvy)? (9.5.4)
dy? |f] P .

Since Au = Av = 0, adding (9.5.4) and the equation preceding (9.5.4) leads to:
|12 (u2 + ui +v2 + vg) — (uty + vvy)? — (uuy + vvy)2
If1? '

Furthermore, the formula for the derivative and the Cauchy-Riemann equations
lead to

Alfl=

ul +ul + s +op =2/f 7 and [ff? = (uug + v0a)? + (uuy + vvy)?,
and hence the formula for A|f]. O

Note that f(z) = z leads to (9.3.1).
Solution of Exercise 9.3.7. (1) We define for r € (0, R) the function

2m
F(r) = o /0 u(zo + rcost,yo + rsint)dt.

We have
F'(r)

2 ou . . Ou
= costa (zo + rcost,yo + rsint) + sint
T

P (xo + rcost,yo + rsint)) dt
Yy

27T0
:AwaM+Q@w@
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with
10

Plz,y) = 21

in 1 Ou
y(ﬂﬁo-f—?“fv,yo-f—?“y) and Q(x,y) = xo + 1T, Yo + TY).

27 Ox (
Using Green’s theorem, we have that

1

F’(r) - 2

/(Au)(mo + rx,yo + ry)dzdy > 0.
D

Thus
2m
u(zo,yo) = F(0) < F(r) = 5 / u(zg + r cost, yo + rsint)dt.
™ Jo

We note that this last equation can be rewritten as

2m
/ (u(zo, yo) — u(zo + 1 cost,yo + rsint))dt < 0. (9.5.5)
0

(2) Let u be a subharmonic function in an open connected set €2, and let
(z0,y0) be a local maximum of w. Thus, there exists R > 0 such that, for all
r € (0, R) and all ¢ € [0, 27],

u(zo,yo) > u(xo + rcost,yo + rsint).
Together with (9.5.5), this leads to
u(zo, yo) = u(xo + rcost,yo +rsint), Vre (0,R) and t€[0,2n].

If now u is bounded in 2, the preceding argument shows that the set of points
where the maximum is attained is open. But the set where it is not attained is
also open; since (2 is connected and the first set is not empty, v is a constant. [

Solution of Ezercise 9.3.8. Consider r such that B(zo, R) C D. Since |f(2)?| is
subharmonic (see formula (9.3.3)), it follows from the preceding exercise that

|f(20)%] <

2
< / |f(zo + 7 cost,yo + rsint)?|dt.
2T 0

Therefore, for ry < R,

2 T0 1 T0 2
7;)|f(zo)2| :/0 |f(zo)2|rdr§ 5 / (/0 |f(x0+7“cost,y0+rsint)2|dt> rdr

™ Jo
' / / 1 (2)Pdad
= 2)|*dzdy
27 J J B(20,70)
< I1£13

where we have used the formula for the change of variable in the double integral
to go from the first to the second line. O

A
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Another proof would go as follows: Let f(z) =Y.~ janz". Then

113 = Z ol

and therefore

f%HSEN%WW

_Z \/n+1|zo|”

A2 /o 1/2
(Z Lai'l) (Z(n + 1>|za|2")

n=0

IN

= 2 I1f s,

VI
where we have used the Cauchy-Schwarz inequality and the equality

o

1
n+1)|z*" = .
,;)( Nl = (a2

Definition 9.5.1. The space of functions analytic in the open unit disk for which
[l £l is finite is a Hilbert space called the Bergmann space.

The inequality (9.3.7) expresses that the Bergmann space is a reproducing

kernel Hilbert space; its reproducing kernel is (kiw)?

Solution of Ezxercise 9.3.9. In case (a) we have
w,y) = 229/ (2% — °),
z,y) = 2¢' (2% — y?) + 42%¢" (2% — ),
,y) = —2y¢'(z* —y?),
,y) = —2¢'(2* = y?) + 470" (2% — 7).

Thus
Au = 4(z* + y°)¢" (z* — y?),

and so ¢(t) = At + B for some real constants A and B and so
u(z,y) = A(z® —y*) + B.
In case (b),

1M%w:*$¢@M%
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2y y?
Use(2,Y) = 3 ¢ (y/z) + ” ©"(y/x),

uy(z,y) = i%’(y/x),

Uyy(2,y) = ;2 ©"(y/x).

Thus 2
Au=0 = ¢ /r)+((y/2)* + ¢’ (y/z) = 0.
Thus
2t (1) + (2 + 1) (t) = 0,
that is

p(t) = Aarctant + B. O

Solution of Exercise 9.3.10. Recall that A = 40.0,, where the operators 0, and
0, have been defined in (4.2.11). We have

0:(2f) = [+ 20-f,

and therefore
0% (2f) = 20.f + 20% f.
So, taking into account that
Af =40,0,.f =0,

we have
0(0%(zf)) =0,
and in particular A2 f = 0, and so also A?Re f = 0. (|

Solution of Exercise 9.4.2. Using formula (9.4.1) we have

1 [Tet 42 1 [ et 42
=R ) dt — ) dt
ul(z) ¢ (2%/0 et —z 27r/,r et —z )
1 [ >
. n _—int
= Re (271_/0 <1+2226 )dt

n=1

1 o - n _—int
7277/77 <1+222 e )dt)

n=1

1 t ™ ) 27 )
= Re 2" (/ e "dt 7/ emtdt>
™ (; 0 T

2p+ 1)
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Solution of Ezxercise 9.4.3. Let u be a solution. It will have a harmonic conjugate
if and only if equality (9.2.1)

ou ou
—_ d dy =
/C 8ym+8my 0

holds for all closed curve C' in . The integral (9.2.1) depends only on the homology
class of the curve, and needs to be checked only for the circle of radius 1/2. Set

audm—l—audyzo,

H = —
|z|=1/2 dy Ox

where by |z| = 1/2 we mean the curve

~(t) = 5 t € [0, 2m].
Since
9ln(z® +y° Oln(z? + ¢ 2 2
/ - +y)dm+ e +y)dy_/ B 2y2dx+ ngdy
|z|=1/2 dy dx lz|=1/2 T~ +Y = +y
=4,
Theorem 9.2.5 insures that the function
H 2 2
Uz,y) = uw(x,y) — | (=" +y°) (9.5.6)

47

has a harmonic conjugate in D\ {0}. The function u satisfies the boundary condi-
tion on the unit circle if and only if U does, and so the problem is reduced to the
case where a harmonic conjugate exists. Let V' be a harmonic conjugate of U. The
function F(z) = U(x,y) + iV (x,y) is analytic in 0 < |z| < 1 and therefore has a
Laurent expansion of the form

o0 (o) b
n
F(z)= E anz"—i—g ,
ZTL
n=0 n=1
where the series
oo
E anz"
n=0
converges in |z| < 1, and the series
oo
bn
D

n=1
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converges in C\ {0}, and is in particular continuous on the unit circle. The function
U is continuous in 0 < |z| < 1 if and only if

o0
Re E anz"

n=0

is continuous in 0 < |z| < 1. Writing U (e?*) = 0 leads to

o0 o0
Re {Z aneznt + Z bne—znt} =0.
n=1 n=1
It follows that Re ag = 0 and
ap = —by, n=12....

Solutions u(z,y) are therefore of the form

Zln(mQ—l—yQ)—l-Re {hz)—h1/2)}.

where h is an arbitrary entire function, and H is an arbitrary real number. O



Chapter 10

Conformal Mappings

Riemann’s mapping theorem asserts that a simply-connected domain different
from C is conformally equivalent to the open unit disk: There exists an analytic
bijection from € onto D (that the inverse is itself analytic is automatic). In this
chapter we closely follow Chapters 5 and 6 of [31] and present some related ex-
ercises. The chapter is smaller than the previous ones, but is certainly of key
importance in the theory of analytic functions. To quote [128, p. 1], Riemann’s
theorem is one of those results one would like to present in a one-semester intro-
ductory course in complex variables, but often does not for lack of sufficient time.
The proof requires also some topology, which is not always known by students of
a first course on complex variables.

10.1 Uniform convergence on compact sets

The proof of Riemann’s theorem is not constructive, and uses deep properties of
the topology of the space of functions analytic in an open set. We review here
some of these properties. The solutions of the following two exercises will not be
given here. In particular, the solution of Exercise 10.1.1 is very close to the one of
Exercise 14.2.1.

Exercise 10.1.1. Let § be an open connected subset of C. Show that there exists an
increasing sequence (Kp)nen of compact subsets of Q with the following property:
Given any compact subset K of Q, there exists N € N such that

N
Kc | K.

n=1

Exercise 10.1.2. Let Q and (Kp)nen be as in the previous exercise. Show that (see

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_10, 421
© Springer Basel AG 2011
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31, (3.3), p. 149))

o0

Af.) =Y o, min(l, max [£(2) — g(2)) (10.1.1)

n=1
defines a metric on the space A(QY) of functions analytic in Q.

Convergence of a sequence in the metric (10.1.1) is equivalent to uniform
convergence on every compact subspace of €. The space A() endowed with this
metric has a key property: A subset of A(Q) is compact if and only if it is both
closed and bounded. Locally convex topological vector spaces for which this prop-
erty holds are called Montel spaces. Bounded here does not mean boundedness
with respect to the metric, but boundedness in a topological vector space. Recall:

Definition 10.1.3. Let V' denote a topological vector space on the complex numbers
or on the real numbers. The set U C V is called bounded if for every neighborhood
W of the origin there exists A > 0 such that

UcC W

The above characterization of compact sets is the key in the proof of Rie-
mann’s theorem. We refer to [73] for a thorough study of the metric spaces where
(sequential) compactness is equivalent to being closed and bounded.

10.2 One-to-oneness

It is an important fact that an analytic function is one-to-one in a neighborhood
of a point where its derivative does not vanish. For the following exercise, see [93,
p. 372].

Exercise 10.2.1. Let f be analytic in a convex open set Q) and assume that Re f'(z)
> 0 in . Show that f is one-to-one in Q.

Note that an analytic function which is one-to-one on an open set {2 is said
to be univalent in that set. As a corollary of this exercise we get the following very
important result:

Theorem 10.2.2. An analytic function is univalent in a neighborhood of any point
where its derivative does not vanish.

Indeed, if f/(zo) # 0, then at least one of the numbers Re f/(zo) and Im f’(zo)
is not zero. Without loss of generality we may assume that Re f’(z¢) > 0 (otherwise
replace f by —f or +if depending on the case). By continuity, Re f’(z) > 0 in
an open disk around zy. We can then apply the precedent result since a disk is in
particular convex.

Exercise 10.2.3. Give a solution of Fxercise 5.2.9 using Ezercise 10.2.1.
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We note the following;:

flz)=1+ Znanzn_l,

n=2

and in particular

0o
1f') =11 napz"""
n=2

o

>1- Zn|an||z|”_1
n=2
o0

> 1—Zn|an| >0, VzeD.
n=2

Thus, by Theorem 10.2.2, f is one-to-one in a neighborhood of every point in D.
This is a local result. We want a direct solution of a global result: f is one-to-one
in D.

Exercise 10.2.4. Assume that the analytic function f is one-to-one in 2. Show
that the formula (see e.g. [28, p. 180])

g9(z) = 2iiLfi£;<S)zd8 (10.2.1)

where v is a closed simple contour defines the inverse of f inside .
Formula (10.2.1) shows in particular that f~! is analytic.

We now consider the case where the derivative vanishes at a given point. It is
no loss of generality to assume that the function itself also vanishes at that point.

Exercise 10.2.5. Let f be analytic in the open subset Q and assume that zg €
is a zero of order N of f. Show that there is a function g which is analytic and
one-to-one in some open neighborhood U C 0 of z¢ and such that

fz)=g()", zeU (10.2.2)

With the preceding exercises at hand we can state the following key result,
called the open mapping theorem.

Theorem 10.2.6. Let 2 be an open subset of C and let f be analytic in Q. Then,
f(82) is an open subset of C.

Proof. Take first a point w € Q where f'(w) # 0. By Exercise 10.2.4 the function
f is one-to-one in an open neighborhood U of w, with analytic inverse. The inverse
hof f,

h: f(U)—U,
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is in particular continuous, and therefore
fU)=r"1(U) C f()

is an open neighborhood of f(w) which lies inside f(Q). If f/(w) = 0, we first
remark that for any N € N the map z — 2 maps open balls into open balls, and
therefore open sets into open sets. Write f in the form (10.2.2). There is an open
neighborhood U of w where g(z) is one-to-one. By the above argument, g(U) is
open, and so is f(U) = g(U)". O

Exercise 10.2.7. In the notation and hypothesis of Fxercise 6.1.9, show that the
set Qo contains uncountably many points.

We conclude this section with an important fact on univalent functions, which
comes into play in the proof of Riemann’s mapping theorem. See [31, Proposition
2.2, p. 147, p. 191].

Exercise 10.2.8. Let Q be open and connected, and let (s,)nen be a sequence of
functions univalent in ), which converge uniformly on compact subsets of Q). Then,
the limit is either a constant or is univalent.

10.3 Conformal mappings

Simply-connected sets have already been characterized in a number of ways. Geo-
metrically, Riemann’s mapping theorem expresses the following characterization:

Definition 10.3.1. A connected open subset 2 of C which is different from C is
simply-connected if it is conformally equivalent to the open unit disk.

Exercise 10.3.2. Show that any open disk is conformally equivalent to any open
half-plane.

We recall that the Blaschke factors (1.1.42), possibly multiplied by a constant
of modulus 1,

z—a
plz)=c

are the only conformal mappings from the open unit disk onto itself.

Exercise 10.3.3. Show that tan z is a conformal map from the strip
Ly ={(z,y);xz € (—n/4,7/4) and yeR}

onto the open unit disk.

In the following exercise, we now extend the strip L.
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Exercise 10.3.4. Show that tan z is not a conformal map from the strip
L={(z,y);x € (—7n/2,7/2) and y e R}
onto the set
C\{z=1iy,yeR and |yl >1}.
Find a conformal map between the two sets.
Hint. Look at question (d) of Exercise 1.2.7.

Exercise 10.3.5. Find a conformal map between the open right half-plane and the
quarter-plane

{(z,y); 0 <z < |yl}.

Exercise 10.3.6. Let D denote the open unit disk and C denote the open upper
half-plane. Show that the map

z—i(z2+1)

w(2) = z41i(22+1)

is a conformal mapping from Dy = DNC, onto D. What happens on the boundary?

Exercise 10.3.7. (see [48, Exercice 35.33, p. 329]). Let o € (0,7/2) and define
. 1
Dy =<¢2€C;|zLicotal < . .
sin av

Show that the map
142 2o
()"
c(z) = .
1+ 2a
(1) +1
s conformal from D, onto D, and that its inverse is given by
2a

1+z> B -1

1—2

cHz) = ( e .
(}iﬁ) S

10.4 Solutions

Solution of Erxercise 10.2.1. Let z; and 22 be in ). Since 2 is convex, the closed
interval

[21,22] = {21 +t(22 — 21); t € [0,1]} C Q.
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By the fundamental theorem of calculus for analytic functions,

f(z2) — f) = / f(2)dz

[Z17Z2]

= (22 — Zl)/o f/(Zl + t(ZQ — Zl))dt

= (22 — 21) {Re (/01 f'(z1 +t(z2 — zl))dt) e
tilm (/01 P14tz — zl))dt) } .
Since Re f’(z) > 0 in 2 we have
Re (/01 f(z1 +t(z2 — 21))dt) > 0,
e /01 f(z1 +t(z2 — 21))dt # 0. (10.4.2)

It follows from (10.4.2) and from (10.4.1)

f(z2) — f(z1) = (22 — 21) {Re (/01 f'(z1 +t(z2 — zl))dt>

+iIm (/01 [z + t(z2 — zl))dt)}

that f(z1) # f(22) if 21 # 2. O
Solution of Ezxercise 10.2.3. We have, for z € D,

[oe] [e.e] [oe]
Re f'(2) =1—Re Znanznfl >1—| Znanz”*w >1-— Zn|an| > 0.
n=2 n=2 n=2
If suffices then to apply the previous exercise. O

Solution of Ezxercise 10.2.4. We have, for z inside ~,

1 sf'(s) 1
9(f () = ﬂ-/y f(s) = f(20) s — zods

S— 20

sf'(s)
f(s) = f(zo0)

S — 20

S=Z0o
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Solution of Exercise 10.2.5. By definition of a zero of order N we can write in
some neighborhood W C  of zg,

f(z) = (2 = 20)V h(2),

where h is analytic in W and does not vanish there. We can always assume W to
be convex (for instance, W may be chosen to be an open disk with center zo and
small enough radius). Then, the function h has an analytic logarithm in W, and
therefore also an analytic root of order N: There is a function g analytic in W
and such that

h(z) = ho(2)N, zeW.

We therefore have f(z) = ((z — 20)ho(2))Y, 2z € W. The function g(z) = (2 —
z0)ho(2) is analytic in W. It is one-to-one in a neighborhood U C W of zy since

9'(2)|z=2 = ((z = 20)ho(2) + ho(2)) |2=z = ho(20) # 0. O
The following solution is taken from [7, pp. 4-5].

Solution of Erercise 10.2.7. We use the notation of Exercises 4.1.12 and 6.1.9. We
know from Exercise 6.1.9 that there is a point p € 2 such that

|a(p)| = [b(p)] # 0.
The map

o(z) =

is analytic in the open set Q\ Z(a). The image o(2\ Z(a)) is an open set, and
therefore there exists an r > 0 such that

Blo(p),r) Co(Q\ Z(a)).

The image o(Q2\ Z(a)) contains in particular an arc of a circle, and the claim
follows. 0

Solution of Exercise 10.2.8. We first remark that the limit function s is indeed
analytic, since the convergence is uniform on compact subsets of 2. Assume that
s is not a constant, but that there are two points a; and as in €2 such that

s(a1) = s(az) oo

The function s(z) — ¢ has isolated zeroes (since it is not a constant), and therefore
we can find two closed neighborhoods

Bi(a1,p) ={2€Q; |z —a1] < p1}

and
BC(a27p2) = {Z € Q? |Z - a2| < Pl},
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with p; and ps strictly positive, such that

Bc(a1, p1) N Be(az, p2) = 0,

and such that

s(z) —c#0,
both in Bc(a1,p1) \ {a1} and in B.(ag, p2) \ {az}. Set
me= min |s(z)—¢|, £=1,2.
lae—z|=pe

We have that m; > 0 and msy > 0. Furthermore, since the neighborhoods
Bc(a1, p1) and B.(az, p2) are compact, there exists N € N such that

nzN:>VZ€BC(alapl)UBc(a27p2)7 |sn(z)7s(z)| < my, 6:172
Thus, for all z € B.(ag, p¢), £ = 1,2, we have
[sn(2) — s(2)] < me < |s(z) —¢|.

From Rouché’s theorem (see Exercise 7.4.1), we have that s,(z) — ¢ vanishes
in B.(ag, pe) for £ = 1,2, contradicting the fact that the s, are univalent since

Bc(ahpl) N Bc(GZ,P2) = @ U

Solution of Ezxercise 10.3.5. The open right half-plane C,. consists of the complex

numbers z = re’ withr > 0and t € (=7, 7). The map \/z = \/re'z is a conformal

map from C, onto the quarter-plane, with inverse map z<. O

1—
Solution of Ezercise 10.3.6. The map G(z) = 14 z is conformal from the open
z

right half-plane C, = {z =2 + iy € C; x > 0} onto D. It is therefore enough to
check that G~ o ¢ is conformal from D, onto the right half-plane. But G~!(z) =
1—-=2

and so
1+=2 )
1
G lop(z)= i + .
z
Let us write )
1 1
W) =i” Th o (z + ) . (10.4.3)

z z

We now proceed in a number of steps.
STEP 1: 4 is one-to-one from Dy onto its range.

Indeed, assume that 1(z1) = ¢(22). Then, in view of (10.4.3),

1
21— 29 + — =0,
z1 z9
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that is 1
— 1-— =0.
(=)= )

1

Thus z; = 29 or 23 = . Since we assume that both z; and z; belong to D, we
z2

have z; = 2.

STEP 2: The range of i is inside C,..

Indeed, with z = x + iy,

v =i @i+ 570

$2+y2
)i,
= — i x|.
Y $2+y2 $2+y2
But for z € D, we have
>0 d > 1,
Yy an 22 4y

and so
1
—1) >0,
/ <w2 +y? )
that is Re ¥(z) > 0.
STEP 3: ¢ is onto C,.
Indeed, for w such that Re w > 0 consider the equation ¢ (z) = w. We have
2 tizw+1= 0,
and thus the product of the two solutions is equal to 1. Since, in view of the
previous step,
1
0 <Rew = -1,
w1 (a1 )
we see that one of them is in D . (]

Solution of Ezxercise 10.3.7. We proceed in a number of steps:

(1) The map

1+ 2
— =
is conformal from D onto the open right half-plane, with inverse ~1(z) = Z_i

This follows from
1+z 14z 1—|z?

1—2z 1—z T[1—z2
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(2) Let z =re't withr >0 and t € (—m, 7). The map
2 palz) = 220 = rraelzat (10.4.4)
is conformal from the domain
Croa={2€C;0<z< (tana)ly|}

onto the open right half-plane.

This is because z € (., if and only if it is of the form z = re’, where 6 € (—a, ).
Under the map (10.4.4) the angle has now range (-7, 7).

(3) The map ¥~1(z) = Z_i is conformal from C, o onto D.

We note that the boundary of C,.,, consists of the two rays re*®, with r € [0, c0).
We first check that this boundary is sent onto the boundary of D,. We consider
the ray re'®. The other one is treated in the same way. Let therefore

ret® —1 r2—1 , 2rsin o

rHiy= = te
Y= reio 417 12414 2rcosa | 124+ 1+ 2rcosa

be in the image of this ray under ¢~!. We have

1 2r+(1+47%) cosa

+cota = | .
y sina 72+ 14 2rcosa

Thus
r2 4+ 1+ 2rcosa sin? r2 4+ 1+ 2rcosa

(r2 = 1)?sin? o + (12 + 1)% cos® o + 472 + 4r(r2 + 1) cos
(sin? @) (r2 + 1 + 2r cos a)?

21 2 1 2+ (1472 2
|J:+iy+icota|2:( " ) + ( Pt )cosa)
«

1

. )
Sll’l2 «

and similarly when « is replaced by —ca. Since the image of z = 1 under ¢! is
z = 0 we conclude that ¢~! is conformal from C, , onto D,. The claim on the
inverse of ¢ follows from the fact that ¢ = ¢¥~! o p, 09 (where p, is defined by
(10.4.4)). O



Chapter 11

A Taste of Linear System
Theory and Signal Processing

In the present chapter, we briefly discuss some links between the theory of analytic
functions and the theory of linear systems. We refer to the books [61], [77], [111],
[112], [116] for more information. The reader should be aware that more recent
advances in linear system theory, in the setting of several complex variables, non-
commuting variables, or stochastic setting, to name a few, require much more
involved tools. Still it is necessary to master the elementary setting outlined here
before going to these more advanced areas.

We recall that the notations Ly(R) and Lo(—F, F) denote the Lebesgue
spaces of functions measurable and square summable with respect to the Lebesgue
measure, on R and on (—F, F') respectively.

11.1 Continuous signals

A continuous signal of finite energy is modeled by a continuous complex-valued
function f defined on the real line, and its energy will be by definition

/ )P,
JR

The integral is a Riemann integral, but the fact that we consider f with this norm
forces us to consider measurable functions and the Lebesgue space La(R). See
Chapter 15 for a brief review of these notions.

The spectrum of the signal f is by definition its inverse Fourier transform

(15.9.1):

fw) =, [ o

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_11, 431
© Springer Basel AG 2011
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so that

16 = [ e Fuya

The above expression is the decomposition of f along frequencies (technically,
it would be better to have 27u rather than w for frequencies, but we will stick
to the present definition of the Fourier transform). We are interested in signals
which have spectrum with finite support. It then follows that the signal itself is
the restriction on the real line of an entire function. If the spectrum has support
in the closed interval [—F, F], the signal can be written as

1 —itu
ft) = o /[_RF]e P (u)du, (11.1.1)

where m € Lo(—F, F') denotes the spectrum. The representation (11.1.1) expresses
that the signal f is built from frequencies in a bounded domain (that is, f is a
band limited signal). This is a characteristic of physical systems. The factor 21F is
a normalization to have nicer formulas in the sequel. We recognize with (11.1.1) a
function similar to the ones appearing in Exercises 3.4.12 and 4.2.13. In particular,
f is the restriction to the real line of the entire function

1 )
f(z) = / e "“m(u)du, ze€C.
O gp [, m

Besides being entire, this function has a special property:

Exercise 11.1.1. Show that there exists K > 0 such that
If(2)| < Kefl?l vz ec. (11.1.2)

Entire functions which admit a bound of the form (11.1.2) are called of
exponential type, and the smallest F' in (11.1.2) is the exponential type of the
function. That every entire function which admits a bound of the form (11.1.2)
can be written as (11.1.1) with m € Ly(—F,F) is a deep theorem, called the
Paley-Wiener theorem. See for instance [45, §3.3. p. 158], [46, §2.2 p. 28]. Here we
restrict

m € Ly(—F,F) C Ly(—F, F)

because we want an underlying Hilbert space structure.

To summarize, physical considerations in modeling signals (having a band
limited spectrum) make it natural to consider a very special class of entire functions
(entire functions of exponential type).

11.2 Sampling

Since the function f in (11.1.1) has an analytic extension to the whole complex
plane, one can ask the question of reconstructing f from a discrete set of values.
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From an engineering point of view this is an important issue. The surprising answer
to this question is a result called the sampling theorem, which we present in the
present section; see Theorem 11.2.1. The sampling theorem has a long history, and
we refer to the paper [102] for an historical account. We mention that a version of
the sampling theorem already appears in the 1915 paper [147] of E.T Whittaker.
We refer to the papers of Claude Shannon [129], [130]. This last paper refers in
particular to the 1935 book [148, Ch. IV] of J.M. Whittaker for an earlier version
of the sampling theorem. See also [17, p. 258].

We note that there is no need of analytic functions to prove the sampling
theorem. On the other hand, the result is somewhat of a mystery to students who
have no background in analytic functions.

We consider Ly (—F, F') with the normalized inner product (15.7.3)
e
m,n) = m(t)n(t)dt.
mom) = g [, m(om()

Theorem 11.2.1. Let m € Lo(—F, F), with F' € (0,00), and let f be defined by
(11.1.1)

1 .
fit)y= / e~ ""m(u)du.
Then (F
Zf 7m sin( t—mr)’ (11.2.1)
nez nm

where the limit is pointwise, and uniformly on compact subsets of C (with t € C).

Finally
T ™m
t)|?dt = 2, 11.2.2
JAC ! (11.22)
For instance consider the choice F' = 2 and

1 we-1,1],
mw) = 0, uwel-2,2]\[-1,1].

sint
2t

Then

and (11.2.2) becomes

le/R(smt) Z|f ﬂ'n

nGZ

(2k:+1)7r
1 sin( )2
( +2 Z | (2k+1 | )

kENg

s 1
2 <4+ Z (2k +1)? 7T2>

kENg
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Using Exercise 5.3.3, this leads to (6.6.2)

2

i 1 T
g = .
Pt (2k+1) 8

Exercise 11.2.2. Glive a direct proof of (6.6.2) taking into account (6.6.1).

To prove Theorem 11.2.1 we use the expansion of an Ly(—F, F') function
along an orthogonal basis. To characterize functions which admit a representation
(11.1.1) is a more delicate matter, and uses the Phragmén-Lindel6f principle (we
will not recall its definition here). See [46, p. 28] for more information.

Exercise 11.2.3. The space Hp of functions of the form

1 .
flz)= m(u)e”*"du, m € La(—F,F), (11.2.3)
with norm
I f e = ImllLo—F,F) (11.2.4)
is the reproducing kernel Hilbert space of entire functions with reproducing kernel
sin(Fz — Fw)
K = .
7z, w) Py Fu z,w e C

In view of the isometry property (15.9.2) of the Fourier transform, we see
that the space Hp defined in the preceding exercise is in fact, up to a unitary
constant, isometrically included in Ly (R, dx). More precisely, we have

m(t
=",
and so
1 sty = o il
Thus

1113 -

Hm”ig(fF,F)
2F
il F s

Exercise 11.2.4. Prove formula (11.2.1).

11.3 Time-invariant causal linear systems
A linear continuous operator T,

u € LQ(R) — Tu e LQ(R)
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from Lo(R) into itself, is called a linear system when one views the elements of
L2(R) as signals with finite energy. The function w is then called the input signal
and the function Twu is called the output signal. The (linear) system is called
dissipative if the norm of the operator is less than or equal to 1:

Vu € Lo(R), ||TullL,®) < lulli,m)-

It will be called causal if the following property holds for every t € R: If the
input function u has support (—oo,t), then the output function has also support
in (—o0,t).

We are in particular interested in operators which have a kernel representa-
tion in the form

TF(E) = /Rk:(t,s)f(s)ds, (11.3.1)

or as convolution operators

TF(E) = /Rk(t — $)f(s)ds, (11.3.2)

when the kernel k(t, s) is required to depend only on the difference ¢t — s.

Not every continuous linear operator from La(R) admits such a representa-
tion. To ensure such a representation for every continuous operator, one has to
restrict the domain to a set of test functions and extend the range to the dual
space of distributions. Continuity is then understood with respect to the topology
of the Schwartz space and of its dual, and Schwartz’ kernel theorem insures then
a counterpart of (11.3.1) with a distribution k(¢,s). This is a fascinating line of
research (see [73], [74] for instance for the background of the kernel theorem, and
Zemanian’s book [151] for applications to the theory of linear systems). Here we
are interested in a simpler kind of linear systems, namely systems y = Tu given

by
(L())(2) = h(2)(L(u))(z)
where L denotes the Laplace transform. Such systems are time-invariant and char-

acterized by a convolution in continuous time.

Exercise 11.3.1. Let (A, B,C, D) € CN*N x CN*P x CI*N x CI*P, and consider
the equations

2/ (t) = Ax(t) + Bu(t),

11.3.3

y(t) = Cx(t) + Du(t), t>0 ( )
where the functions x,u and y are respectively CN -valued, CP-valued and CI-
valued. Assume that £(0) = 0 and that the Laplace transform L(u) has a positive
azis of convergence. Show that the function L(y) has a positive azxis of convergence
and that

(L(y))(2) = h(z)(L(uw))(2), (11.3.4)
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where
h(z) =D+ C(zIy — A)~'B.

The equations (11.3.4) are called state space equations, and the vector z(t)
is called the state at time ¢.

11.4 Discrete signals and systems

A discrete signal will be a sequence (uy, )nen, of complex numbers, indexed by Ny
(or sometimes by Z). Its z-transform is the power series

o0
u(z) = Z Upz™.
n=0

The energy of the signal is its > norm

l[ulle, = (i Iun|2>,

n=0

and we see that the space of signals of finite energy is nothing else than the Hardy
space Ha(DD). See Definition 5.6.10 for the latter. It is therefore reasonable to think
that function theory in Ho(ID) should have implications, and applications, in signal
theory.

A bounded linear system will be a linear bounded operator from /5 into itself.
It translates into a linear bounded operator T' from Hy(ID) into itself. The linear
system will be called dissipative if it is moreover a contraction

ITullt1,m) < luller,m), Yo € Ha(D).

An important class of linear systems is defined by multiplication operators: The
input sequence (uy,)nen, and the output sequence (y,)nen, are related by

y(z) = h(z)u(z), (11.4.1)

where h(z) = > "7, hy,2™ is convergent in D. Therefore, (yy,)nen, is the convolution
of (hn)nen, and (un)nen,. See (4.4.12) for the latter. The function h is called the
transfer function of the system, and its Taylor coefficients at the origin are called
the impulse response.

Not every h will lead to a bounded operator. We have:

Theorem 11.4.1. The relation (11.4.1) defines a bounded linear operator from
Hy(D) into itself if and only if h is analytic and bounded in the open unit disk.
It defines a dissipative linear operator from Ho(D) into itself if and only if h is
analytic and contractive in the open unit disk.
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The proof of Theorem 11.4.1 relies on the characterization (5.6.5) of the
space Ha (D). If s is analytic and contractive in the open unit disk, then for every
f € Hy(D) and every r € (0,1)

[s(re’) f(re’)|* < £ (re™) P,

and thus

27 ) ) 2 )

/ |s(reit) f(re) Pt < / Fre)|2dt.

0 0
It follows that ||sf||q., @ < H.(p)- We refer for instance to [5] for a proof of

2(D) 2(D)
the converse statement.

Functions analytic and contractive (in modulus) in the open unit disk played
an important role in Section 6.3 and were called there Schur functions.

The preceding discussion focused on scalar-valued signals and systems, but
one can also consider the matrix-valued case. Then for a sequence (uy)nen, of CV
vectors, the series

Un1
e e Un2
Z U2 = Z . 2"
n=0 n=0 :
UnN
with
Unl
Un2
Up =
Un N

is a column vector with each entry being a scalar power series. The radius of
convergence of this series is by definition the smallest of the radiuses of convergence
of the IV power series

o0

n N
E Un;z", j=1,...,N.
n=0

The equations in the next exercise are called state space equations. They define a
special, but very important, class of not necessarily bounded linear systems. The
vector x,, in the equation (11.4.2) is called the state of the system at time n.

Exercise 11.4.2. Let (A, B,C, D) € CN*N x CN*P x CI*N x C9*P, and consider
the equations

Tn+1 = Az, + Buy,

11.4.2
Yn = Cxyp + Du,, n=0,1,... ( )

where, forn =0,1,...,

t, € CN, w,eCP and vy, e CL
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Assume that xo = 0. Assume that the series u(z) has a positive radius of conver-
gence. Show that the series y(z) has a positive radius of convergence and that

y(2) = h(z)u(2), (11.4.3)

where
h(z) = D+ 2C(Iy — zA) "' B.

When are the entries of h in Ha(D)?

11.5 The Schur algorithm

In Section 6.4 we have first met the recursion (6.4.6)

fo(z) = f(2),
fn(2) = f1(0) , zeD)\ {0},
fag1(z) = 2(1 = f(0) fu(2)) n=20,1,...
fn(0), z=0,

where f is analytic and contractive in the open unit disk. The coefficients p, =
frn(0) are called the Schur coefficients, or reflection coefficients of the function f.

The Schur algorithm allows us to solve in an iterative way classical interpo-
lation problems such as:

Problem 11.5.1 (The Carathéodory-Fejér interpolation problem). Given numbers
ag, . ..,an, find all (if any) Schur functions f such that

F(0)

! =a,, n=0,...,N.

Problem 11.5.2 (The Nevanlinna-Pick interpolation problem). Given N pairs of
numbers (z1,w), ..., (zn,wy) in D?, find all (if any) Schur functions f such that

flzn) =wn, n=1,...,N.

Exercise 11.5.3. Let f € S. Then, show that the Schur algorithm applied to f ends
after a finite number of times (N > 0) if and only if f is a finite Blaschke product,
possibly equal to a unitary constant (this being the case when N =0).

For instance, if
z—a z—0b

=1 a1

then
z—c

fi(2)

1—2zc’
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where c is given by (1.1.45),

(1—lal)b+ (1~ [b]*)a
c= ,
1 — |abl?

and

Indeed, we have for z # 0,

z—a z—0b

—ab
Ll 1—za1—2b
fl(z)fz z—a z—0b
1—-a
l—zal—2zb
~1(z—a)(z—0b) —ab(l — za)(1 — zb)
2 (1—za)(1 — zb) — ab(z — a)(z — b)
1 2%(1—|ab]?) — z(a+b— ab(a + b))
21— |ab]2 — z(a+b) + ab(z(a + b) + ab)
_z—c
C1l—c’
and
imc )
11— 1z(1—|c
fale) = fcza_kp—L
1+c¢
1—zc

Theorem 11.5.4. Let f(z) = >~ fn2™ be a power series converging in a neigh-
borhood of the origin. Then, [ is analytic and contractive in the open unit disk if
and only if either:

(a) Applying the Schur algorithm to f, we have
|fn(0)| < 17 VTLEN(),

or

(b) The numbers f,(0) are strictly contractive up to a finite rank, say No, and
fno+1(2) is a unitary constant.

In view of the following exercise, we recall the notation (2.3.4)

az+b
cz+d’

M:(g g).

where
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Exercise 11.5.5. Let us assume that the Schur function f in the recursion (6.4.6)
is such that
|fn(0)|<1) nzo,l,...,N_

Then, setting
pn = fn(0), n=0,1,...,N,

and using the notation (2.3.4) show that

f(2) = Tary () (fn+1(2)) (11.5.1)

where

My (z) f[o (pln pf) (S (1)) (11.5.2)

Assume that |p,| < 1, n = 0,1,.... The infinite product limy_,oc My (z)
diverges for every point z, with the possible exception of z = 1. A related infinite
product, which plays a key role in the theory, converges on the unit circle:

Exercise 11.5.6. Assume that |p,| <1, n=0,1,..., and that, moreover

S
Z |pn| < 0.
n=0

Then, for every z of modulus 1, the limit

—N-1
lim My (z) (Z 0 ?)

N —oc0

exists.

The following result gives four equivalent characterizations of Schur func-
tions. The first one is on the level of a first complex variable course, while the
second, third and fourth characterizations require (easy) functional analysis tools.
These last three characterizations are much more conducive to defining counter-
parts of Schur functions for the extensions of linear system theory mentioned in
the introduction of the chapter.

Theorem 11.5.7. Let f be a function defined in the open unit disk. The following
are equivalent:

(1) f is analytic and contractive in the open unit disk.

(2) The kernel
1= f(2)f(w)

Ry (z,w) = 1—zw

is positive definite in the open unit disk.
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(3) There exist a Hilbert space H and a coisometric operator matric

A D
(C’ D) t: HOC —HaeC,

such that
f(z2) =D+ 20(Iy — 2A)"'B.

(4) The Taylor coefficients of f are of the form

= D, n =20,
" lcAiB, n=1,2,...,

where A, B,C, D are as in (3).

11.6 Solutions

Solution of Erercise 11.1.1. Let
1 —izu
flz)= o F /[_RF] e *"m(u)du.
Using (1.2.5) we have
lei*t] < el#IF .
Therefore, using the Cauchy-Schwarz inequality (14.1.5), we have

ol=lF

f(2)] < m(u)|du
SIS S [, )
JoIF 1/2 1/2
< / |m(u)|?du / ldu
2F \J(-rr) (—F.F)
_ Ke|z|F
with ) )
K f(fF,F) [m(u) du)l/ ‘>
V2F ’
since m € Ly(—F, F). O
Solution of Ezercise 11.2.2. We have
S RN | > 1
Z 2 Z 2 T Z 2
—n = (2k) = (2k+1)
lem 1l 1
B 4Zn2 +Z (2k +1)2
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Taking into account (6.6.1) we have

i 1 _772 171'2_71'2 O
—(2k+1)?2 6 46 87

Solution of Exercise 11.2.3. From the estimate in the previous exercise we see that
the integral (11.2.3) is well defined for every z € C. The function is entire. For
continuous m this follows from the same arguments as for Exercise 4.4.14. As
explained after the proof of that exercise for the interval (0, 1), the statement is
still true for functions m € La(—F, F).

Let now f € Hp be such that f(z) = 0. Then, the choice z = — " gives
/ 771(1;)6773':.7“5 du=0, VneclZ.
(7F»F)

But the functions _

fa(u)=e* , nez, (11.6.1)

form an orthonormal basis of Lo (—F, F') (see Exercise 15.7.5). It follows that m = 0
(as an element of Ly(—F, F)). Therefore (11.2.4) indeed defines a norm, and Hp
is a Hilbert space since Lo(—F, F') is a Hilbert space. Let for z,w € C,

— 1 / e—iwueizudu _ Sin(F'Z - Fw) )
2F (—F,F) FZ — Fw

Then for f € Hp and w € C we have that

Kp(z,w)

1

)=,

/(_FF) m(u)e—iwtdt ={f(), Kr(-,w))up- 0

Solution of Exercise 11.2.4. Take m € Lo(—F, F). Then

1 __imsn imun
m(u) = Z <2F /(F,F) m(s)e ds) e

nezZ

where the limit is in the norm of Lo(—F, F). By Parseval’s equality, this sum

becomes
™

76 = Y FCOKRC ), (11.6.2)

nez

where the equality is in the norm of Hp. Let z € C and e,(u) = e**“. Using the
continuity of the inner product or Parseval equality we have with f,, asin (11.6.1)

<m, ez>L2(fF,F) = Z <m, fn>L2(fF,F) <fm ez>L2(fF,F)-
nez
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In other words
™m

f(z):Zf(?)KF(z,F), z€C. (11.6.3)

nezZ

Here the convergence is pointwise, and uniform on bounded sets since the kernel
is bounded on bounded sets. Il

Equation (11.6.3) can also be obtained directly from (11.6.2) since conver-
gence in norm implies pointwise convergence in a reproducing kernel Hilbert space
(see Exercise 14.3.7).

Solution of Exercise 11.3.3. It suffices to apply the Laplace transform on both
sides of the state space equations. O

Note that the transfer function is analytic at infinity. In the discrete case,
the transfer function is analytic at the origin.

Solution of Exercise 11.4.2. We divide the proof into two steps.
STEP 1: The (vector-valued) power series

o0
x(z) = Z T 2"
n=0

has a strictly positive radius of convergence.

A priori z(z) may converge only at the origin. We have
z(z) —z(0 =
() =(0) _ >
n—

It therefore follows from the first equation in (11.4.2) that

x(z) — z(0)

; = Az(z) + Bu(z),

and so
2(2) = 2(0) + 2(Iy — zA) "' Bu(z). (11.6.4)

This formula for z(z) shows that it has a strictly positive radius of convergence
since u(z) has a strictly positive radius of convergence.

STEP 2: Assume x(0) = 0. The series y(z) is given by (11.4.3):

Indeed, the second equation in (11.4.2) leads to

o0 o0 oo
Dy =CY w2+ DY upz"
n=0 n=0 n=0
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Taking into account (11.6.4) we obtain
y(2) = 2C(Ix — zA) "' Bu(z) + Du(2) = h(2)u(z),

with h(z) = D + 2C(Iy — zA)~'B. This matrix-valued function will have its
entries in Ho(ID) if and only if all its entries have no poles in the closed unit disk.
A sufficient, but in general not necessary, condition will be that the spectrum of
A is in the open unit disk. O

Solution of Erercise 11.5.3. Suppose that f is not a unitary constant and that the
Schur algorithm ends after a finite number of steps. Then, there is an N € Ny such
that

fa(0)eD, n=0,1,2,...N,

and fni1(2) is a unitary constant. Formula (11.5.2) leads to

f(2) = Toary () (fn+1)-

For |z| = 1, the Moebius transform with matrix

(n )G )

sends the unit circle onto itself, and so does T}y, ;). Therefore, the function f is
unitary on the unit circle. It follows from Exercise 6.2.3 that f is a finite Blaschke
product, that is

M
f(z) = 2" [] bw. (2), (11.6.5)

n=1

where |¢| = 1, L, M € Ny and the factors b,,, are defined by (1.1.42), with w,, # 0.

Conversely, assume that f is a finite Blaschke product. We show that applying
the Schur algorithm to f we obtain a finite Blaschke product with one less factor.
If L > 0in (11.6.5) this is clear. Assume now L = 0, and set

M M
p(z)=c H (z—wy) and q(z)= H (1 —wpz). (11.6.6)
We have
P(2)a(0) =p(0)a(z)  p(2) —p(0)q(2)
fl(z) — q(O) z =c z

The coefficient of the power 2™ in the polynomial p(z) — p(0)q(z) is equal to

M M M
cl1=J]w) [[(~wn) | =¢ (1 -11 |wn|2> # 0.

n=1 n=1 n=1
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Thus the polynomial p(z) — p(0)g(z) has degree M. It vanishes at the origin, and

so the function
p(2) —p(0)q(2)
z

) Z#OD

defines a polynomial of degree M — 1 (with value at the origin equal to p’(0) —
p(0)¢’(0)). The coefficient of the power z™ in the polynomial ¢(z) is equal to

=1\7 %n/- ’
[[,—;(—wn). Therefore, the coefficient of the power z* in the polynomial

q(z) — p(2)p(0)

is equal to
M
H (—wp) —ep(0) = 0.
n=1

Therefore,

deg (q(z) — p(2)p(0)) < M — 1.

We want to show that deg fi = M — 1. Since f; is unitary on the unit circle, it
will then follow that f; is also a finite Blaschke product (see Exercise 6.2.3), but
with one less factor.

To check that deg f1 = M — 1, we will show that the polynomials

p(z) — p(0)q(2)

s and ¢(z) — p(2)p(0)

have no common zeros. Since ¢(z) —p(2)p(0) has value 1—|p(0)|?> > 0 at the origin,

it is enough to check that the polynomials

p(z) —=p(0)g(z) and q(z) — p(2)p(0)

have no common zeros. If z5 € C is such that

p(20) = p(0)g(20) and g(z0) = p(20)p(0), (11.6.7)

we obtain
p(20)(1 = |p(0)[*) = 0,

and hence p(z9) = 0, and hence, by (11.6.7), we also have ¢(z9) = 0. But this
is not possible since, by (11.6.6), p and ¢ have no common zero. It follows that
deg f1 =M — 1. O

Solution of Ezxercise 11.5.6. Set

se=(5 NG 1))
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We have N

z 0 z~N-1 ¢ N

<O 1) My (z) < 0 1) =] S(2)- (11.6.8)

n=0
Furthermore,
1 0 0 2" o,
= (2, “F)-nen
with
. 0 2" p,

With

14l = max |ai;|
we have, for |z| =1,
[An(2)llc0 = pn-

Therefore -
> 1 An(2)]l
n=0

converges for every point on the unit circle. Since all norms are equivalent in
C?*2 (see (14.1.2) for the definition of equivalent norms), we have that the infinite
product (11.6.8) also converges in view of Theorem 3.6.2, O
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Chapter 12

Some Useful Theorems

In this chapter we collect a number of results from real analysis, which are useful
to solve the exercises. The results presented are along one main theme: How to
interchange two operations in analysis (for instance order of integration in a dou-
ble integral, integration of a function depending on a parameter and derivation
with respect to this parameter,...). Most, if not all, of the results, can be proved
by elementary methods, but are also special cases of general theorems from the
theory of integration (such as the dominated convergence theorem, Fubini’s the-
orem,...). Some aspects of this theory are reviewed in Chapter 15. Finally, note
that we consider complex-valued functions. The results are easily derived in the
complex case from their real counterparts. In fact, they are sometimes still valid
for functions and sequences with values in a Banach space or a Banach algebra,
but a discussion of this latter point is far outside the framework of this book.

12.1 Differentiable functions of two real variables

We recall the following definition:

Definition 12.1.1. A real-valued function ¢(z,y) defined in a neighborhood of the
point (zo, yo) € R? is said to be differentiable at (o, yo) if there exist real numbers
a and b such that

lim t(x,y) — t(zo,y0) — alx — xo) = b(y —yo) _ 0
Ry V(@ = 20)2 + (y — y0)?
It is well known that a necessary (but in no way sufficient) condition for
differentiability at the point (xq, o) is that ¢ has first-order partial derivatives at
this point. The numbers a and b are unique and equal to

ot ot
a= To,Yo) and b= o, Yo
5 (0 ¥0) oy (o, yo)
D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_12, 449
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respectively. Differentiability can be written in an equivalent way as follows: The
function t admits first-order partial derivatives at the point (zg,yo) and there
exists a function E(z,y) such that

ot ot
t(x,y) = t(ro,yo) + (x — mo)am (zo,90) + (y — yO)ay (70,%0)

+ /(@ = 20)2 + (y — y0)2E(x, )
and
lim E(z,y) =0.

Tr—xQ,
Y—Yo

The following classical counter-example shows that continuity of the function
and existence of partial derivatives at a given point do not imply differentiability
at that point.

Example 12.1.2. Let

T

t(z,y) = \/x2ﬁ_y2’ if (.Z‘,y) # (0’0)7
) 07

if (z,y) = (0,0).
Then, t is continuous at the point (0,0), but is not differentiable there.

Discussion. The continuity at the origin follows from the inequality

22 4 92
2 Va2 g2
Vateyr o2
The partial derivatives at the origin exist and are equal to 0, as follows from
t(x,0) — (0,0 t(0,y) — (0,0
(5,0) = 1(0,0) _, . 1(0,5) —1(0,0)
T Y
On the other hand, ¢ is not differentiable at the origin since

t(z,y) —£(0,0) — t.(0,0)x — £,(0,0)y =y

Va2 + 2 x? -y

This last expression vanishes for = or y equal to 0, and is equal to 1/2 for z = y.
Therefore, it has no limit as (z,y) — (0,0).

t(z,y)| < (z,y) # (0,0).

=0.

In Example 12.1.2 the partial derivatives are not continuous at the point
(0,0). A sufficient condition for differentiability is given in the next theorem:

Theorem 12.1.3. Assume that the function t admits partial derivatives in a neigh-
borhood of (xo,yo) and that they are continuous at the point (xo,yo). Then, t is
differentiable at the point (zg,yo).

See for instance [31, p. 67] for a discussion.
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12.2 Cauchy’s multiplication theorem

The following result is due to Cauchy. It is also called the Cauchy multiplication
theorem. First some notation: For a sequence a = (ay)nen, We set

o

I{an)ll = lanl.

n=0

Furthermore, if b = (by)nen, 1S another sequence, the convolution, or Cauchy
product of the sequences a and b is the sequence defined by

(axb), = i ambn—m.-

m=0

The convolution of two sequences has appeared a number of times in the book, in
particular in the setting of discrete signals, see Section 11.4.

Theorem 12.2.1. Let a = (an)nen, and b= (bn)nen, be two sequences of numbers
such that ||a|l1 and ||b||1 are both finite. Then

lax bl < llalls - 18], (12.2.1)

and
Z (Z an"‘I’) = (Z a") (Z bn) . (1222)

Proof. Inequality (12.2.1) follows from (12.2.2) since

n
lenl < laj] - [ba—jl,
=0

and hence, for N € Ny,

N N n N N
S leal < 303 gl assl = 3 gl { S by
=0 n=j

n=0 n=0 j=0

N

<> layl Z |br—j| (12.2.3)

=0

g'“”" (iw)s g;mﬂ @'b"')'

It follows in particular that the series (¢p)nen, converges absolutely. To compute
its sum, we will first assume that > - a, # 0; by replacing a, by

Gnp

E;O:o ap
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we may consider the case where

o0

Z a, = 1.

n=0

Set ¢, = Y ) _g apbn—p. Then

n J
co+~~~+cn:ZZapbj,p

§=0 p=0

n n
= E ap E bj—p
p=0  j=p

n_ o onop (12.2.4)
=D @ b
p=0 7=0
b,
p=0
= aOBn + aan,1 +-+ anB07
where
p
B, :ij, p=0,1,...,n.
j=0
We have
Byl <Y Ibjl, Vp € No.
j=0
Let B =3 7" bj, and fix a ng € N. We have, for n > no,
oo
co+-++c,—B=ayB,+a1Bp_1+--+a,By — (Z am)B (12.2.5)
m=0
no n o0
=Y aj(Baj—B)+ > ajBu;j—B( Y a).
j=0 j=no+1 j=no+1
Given € > 0 chose ng such that
[ee]
> el <e
j=no+1

and
n>ny—=— |B,—B|<e
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Let M be such that |B,| < M for all n € Ny, and take n > 2ny. Then n — 5 > ng
in (12.2.5), and we obtain from (12.2.4) that

|C()+"'+Cn*B|§6 Z|aj| +(M+|B|)Ev
7=0

and hence the result.

Assume now that Z;io aj = 0. We want to show that

icj =0.

Jj=0

We replace ag by ag + 1 for some 1 # 0. We denote by ¢’ the convolution of this
modified sequence and of b. We have now

66 = (aO + 77)170,
¢y = (ag + n)by + aibo,

By (12.2.3) the series ¢, and hence the series ¢/, converges absolutely. Furthermore,

ch =7 (an> +ch.
n=0

n=0 n=0

From the first part of the proof we have

> ch=nB
n=0
Therefore Y ¢, = 0, that is, (12.2.2) also holds in the present case. (]

12.3 Summable families

Let J denote some set. Recall that a family (a;),es of complex numbers indexed
by j € J is called summable if there exists a complex number L such that for
every € > 0 there exists a finite subset Jy C J with the following property: For
any finite subset J; D Jy,

IL-> ajl<e

jEJ1
In the present book, the concept of summable family is of importance in particular
in the definition of the Weierstrass function p. See Exercises 3.5.2 and 6.5.4.

Typically, the set of indices is equal to J = N2. In this case we have:
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Theorem 12.3.1. Let (aé,k)z,keNg be a sequence indered by N2, and assume that

5 (Z W) <.

£=0

Then
S{Se)

and the family (a[,k)(g7k)6N(2) is summable. Moreover, its limit can be computed
using any ordering of the indices. In particular,

L= g (é am> = Z (Z ag k) (12.3.1)

k=0

This result can be used to prove that the function

satisfies (1.2.4):
e = P72 4 2, € C.

Indeed, define

0 _k—t
z{ zy .
, ifk>4,
agp =< ! (k—=20)!
0, otherwise.

This family satisfies the condition of the theorem since
|21| o 2]
£=0 =
_ Z |z1| {Z |2 }
_ Z |Zl| el2l

= e‘zlle‘zz‘ < 00.
The same computation without the absolute values leads to

3 {Z} e

£=0
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On the other hand,

th (=
k=0 \¢=0 =0 5 ¢ (k—2)!

’Zk' {Zz% ZE' k | 0)! }

. = (z1 -1-22)]c
- Z k!
k=0
_ 21t22
and hence e?1e?? = #1122,
The example (see [40, p. 97])
1 if 0 #£k
i
agr = 62 — k2’ ’
0 i 0=k,

where ¢ and k belong to Ny, illustrates what can happen when no hypotheses are
set on the family. We check that

(5] £

£=0

As proposed in [40, p. 97], we first show that

= -3
doak =, (12.3.2)
k=1

for £ > 1. Indeed, writing

L1
2k 2\ 0+k -k’

an easy induction argument will show that, for any integers IV, ¢ such that N > ¢,

we have!
N 1 Nteo oy
;““:%{ ¢ 2£+ > k}

k=N—(+1
LFor instance, for £ =5 and N = 8 we have
28: 1{1+1+1+1+1+1
a =
=T 0la e T3 7 T2 8
14 1 14 1 1 n 1 1 n 1
9 11 2 12 3 13])’
and the sum in brackets is equal to: —1/5 —1/10 + 21163;4 1/k.
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Hence (12.3.2) holds. Thus,

(o] (o] o o [e.¢]
Z( aék>zza0k+2{aéo+zaék}
£=0 \k=0 k=0 =1 k=1
2 1 3
:_7T6 +z_;€2_4£2
2

=—_ + < 0.

4
2 1
6 4

T
6
The result follows since arpy = —ayg.

Other counterexamples may be found in [76, pp. 124-127]. For instance (see
[76, 7.25 p. 125]), the family

1, if £ =k,

1 .
Qg = okt if £ <k,
0, it 0>k,

where £, p € Ny, is such that the series
oo
D> ack
k=0
converges for every ¢ € Ny, and the series
[e.e]
D> ask
£=0

converges for every k € Nyg. Furthermore, both the series

Z Zaek and Z Zaek

=0 k=0 k=0 £=0

~

converge, but we have:

oo oo o0 o0
angQ and ZZGMZO.

=0 k=0 k=0 ¢=0

12.4 Welierstrass’ theorem

In this section we present theorems on interchanging limit and integral. The first
result is quite easy to prove. The second, albeit a particular case of the first, seems
more useful and is called the Weierstrass theorem.
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Theorem 12.4.1. Let (f,)nen, be a sequence of functions continuous on a finite
closed interval [a,b] and converging uniformly to a function f. Then

b

b
fim [ fo(2)de = / (lim_ f,(x))de.

n—oo a

We note that, in view of the uniform convergence, lim,,_, , f, is continuous on
[a, b] and so the integral on the right side exists. Since a uniform limit of Riemann
integrable functions is still Riemann integrable, continuity may be weakened to
Riemann integrability in the above theorem. A counterpart of Theorem 12.4.1
without uniform convergence is not possible since the pointwise limit of continuous
functions need not be Riemann integrable. One has then to resort to Lebesgue
integration. See Chapter 15. See also the discussion after the following theorem.

Theorem 12.4.2. Let [a,b] C R, and let (fn)nen, be a sequence of continuous func-
tions from [a,b] into C. Assume that there exists a sequence of numbers (M, )nen,
such that

I[n%)](|fn(x)| <M,, and ZM” < 00. (12.4.1)
@ n=0

Then

b o© 0 b
/(an(x))dx:Z/ fn(z)da. (12.4.2)

n=0 n=0

The hypothesis insures that the function

x> Y fulr) (12.4.3)
n=0

is continuous, as a uniform limit of functions continuous on the interval [a, b]. In
particular the integral on the left hand side of (12.4.2) makes sense. As in Theorem
12.4.1 the functions f, may be assumed Riemann integrable. The function = —
>0 o fn(z) is Riemann integrable, and Theorem 12.4.2 still holds. The function
(12.4.3) is in fact Lebesgue integrable. If one leaves the realm of Riemann integral
and goes to the setting of measurable functions and of the Lebesgue integral, much
more general theorems hold; in particular Theorems 12.4.1 and 12.4.2 are special
cases of the Lebesgue dominated convergence theorem; see Theorems 15.5.2 and
15.5.4 respectively.

12.5 A weak form of Fubini’s theorem

The following result allows us to use Morera’s theorem to prove analyticity of
functions defined by integrals.
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Theorem 12.5.1. Let f(t,s) be a complex-valued function continuous for t,s €
[a,b] X [e,d]. Then

/ab (/cdf(t,S)ds> dt/cd (/abf(t,s)dt> ds.

Either integral coincides with the double integral

// f(t,s)dtds,
[a,b] X [c,d]

see any course on advanced calculus for a definition of the latter.
As a corollary we have:

Theorem 12.5.2. Let 2 be an open connected set, and let F(z,s) be a function
continuous in (z,s) € Q X [e,d]. Let v : [a,b] — Q be a path in Q. Then

A </d F(z,s)ds> dz = /cd (A F(z,s)dz> ds. (12.5.1)

In particular:

Theorem 12.5.3. Let 2 be an open connected set, and let F(z,s) be a function
continuous for (z,s) € Q x [e,d] such that for every s € [c,d] the function z —
F(z,s) is analytic in Q. Then the function

Glz) = / " Pz s)ds

is analytic in ).

Proof. Since the property is local, we can assume that {2 is convex. The result
is then a consequence of Morera’s theorem (see Theorem 6.2.7) and of (12.5.1).
Indeed for every s € [c,d] and every triangle A C 2, Morera’s theorem implies

that
/ F(z,s)dz =0,
oA

where we have denoted by A the boundary of the triangle, and hence

/Cd (/8A F(z,s)dz) ds = 0.
/BA (/ch<z,s)ds> dz = 0.

Another application of Morera’s theorem implies that the function z +—
fcd F(z,s)ds is analytic in €. O

By (12.5.1) we have

This last theorem does not give you the power series expansion. For this you
need more (Weierstrass’s theorem, for instance).
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12.6 Interchanging integration and derivation

Theorem 12.6.1. Let f(t,s) be a continuous function on [a,b] X (¢,d) and as-
sume that gi exists and is continuous on [a,b] X (¢,d). Then, the function g(s) =

f; f(t,s)dt is differentiable with respect to s and

b
g6 = [ wspa

See for instance [40, (8.22.2) p. 179].

12.7 Interchanging sum or products and limit

The following result is useful for instance to prove that

: ANV
ngnoo(1+N) —e*, zeC. (12.7.1)

It is also used in Exercise 3.6.18.

Theorem 12.7.1. Let (¢p,n)n,N=1,... be a doubly indexed sequence of complex num-
bers with the following properties:

(1) for every N € N, the limit
lim ¢ e
N nN n

erists, and

(2) there is a sequence (dn)n=1,... of positive numbers such that

o0
lenn| < d, and Zd” < 0.

n=1
Then, it holds that
o0 oo
li = .
Yo =Ye
n=1 n=1

A direct proof of this fact is done as follows. Fix € > 0. We first note that
the series fozo cn, is absolutely convergent since

]\;ij)noo|an|:|]\/h~r>nooan|:|cn|§dn) n=12....

Since |c,n| < dj,, there exists ng such that, for all N € N,

o

n>ng= > l|ean| <e

n=no
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The important point is that ng does not depend on N. Since Zf;l |cn| is absolutely
convergent, we can suppose that ng is also chosen such that

o0

> enl <e

n=no+1

We now write

no

o o 00 o
ZCnN - ch = Z(CnN - Cn) + Z CnN — Z Cn,

n=1 n=1 n=1 n=no+1 n=no+1
and choose Ny such that, for all n € {1,...,n0},
N > Ny = |Cancn| <e.

Thus for N > Ny, we have

[ee] oo
Izcnzv - Z%! < (no + 2)e,
n=1 n=1

and this concludes the proof. For a related discussion, see [75, pp. 198-199]. We can
also view this theorem as a consequence of the dominated convergence theorem
(see Theorem 15.5.2), with the measure

pi{int=1, n=1,2,....

In the case of (12.7.1) we have (see [75, p. 200])

—1
i (1= 5)

nl , n=1,2,...,

con =1 and c,ny = 2"
(note that ¢,y = 0 for n > N), and the conditions of the theorem are readily seen
to hold, with

n

2|z[)"

and d, = (
n!

Cp =

n!
We denote by In(1 + z) the function analytic in the open unit disk which takes
value 1 at the origin and such that

exp(In(l1+2))=1+4+2, zeD.
Using the bounds

2|

S <Il(l+2)< 3l

5 for |z| <1/2, (12.7.2)

(see [4, p. 192]), we deduce easily the following result from Theorem 12.7.1.
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Theorem 12.7.2. Let (ann)n,n=1,.. be a doubly indexed sequence of complex num-
bers, with the following properties: For every N € N it holds that:

(1)
o0
Z lann| < +o00,
n=1

and

(2) the limit

. def.
lim apny = an
N—o00

erists, and

(3) there exists a sequence of positive numbers d,, such that

o0
lann| <d, and Zd” < 0.

n=1

Then, the product [[,~ (1 + an) converges absolutely, and we have

lim 1 + anN
N—oo
n=1

\\::]8
=
+
§

Proof. Using the estimates (12.7.2), we see that one of the series

[e.e] [ee]
Z In(l 4+ a,ny) and Z anN,
n=1 n=1

converges absolutely if and only if the other converges absolutely, and similarly

for the series
oo

Z (1+a,) and ian.

n=1 n=1
Using Theorem 12.7.1 we see that

lim Z In(1+a,n) = Z In(1 + ay).

N —o0
n=1 n=1

The result follows since

[ee] o0 oo
rﬁzmmw_exp{zl 1+ o) = S Han}. .

n:l(]' +an) n=1 n=1
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Some Topology

Topology intervenes in complex variables at various levels. First of all analytic
functions are defined in open sets. Connectedness plays a key role in the proof of
the uniqueness theorem for analytic functions. The space of functions analytic in
an open set is endowed with the topology of uniform convergence on compact sets.
This makes this set a metrizable space, and its underlying structure stresses the
role of compactness, and plays a key role in the proof of Riemann’s theorem on
conformal equivalence of open simply-connected sets (different from C itself) with
the open unit disk

13.1 Point topology

Definition 13.1.1. Let E be a non-empty set. A family O C P(FE) is called a
topology if:

1. § and E belong to O.
2. O is closed under finite intersection.
3. O is closed under arbitrary union.

A space E endowed with a topology is called a topological space, and the
elements of O are called open. A set F' C FE is called closed if E\ F is open. A
subset A C F is a topological space when endowed with its induced topology

O4a={AN0;0€0}.

Every subfamily M C P(FE) generates a topology O(M) with the property that
it is contained in any other topology containing M. More precisely,

om= (1 o.

MCO,
O topology

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5 13, 463
© Springer Basel AG 2011
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Of special importance are the notions of Hausdorff, compact, connected, and of
arc-connected spaces and sets. A topological space (E, Q) is called Hausdorff if
for every pair of different points x1,x2 € E there exist non-intersecting open
sets O; and Oy such that x1 € O1 and zo € Os. It is called compact if it is
Hausdorff and if every open covering of E admits a finite sub-covering. It is called
sequentially compact if every infinite sequence of points admits a convergence
subsequence. In general, sequential compactness is not related to compactness
(for a counterexample, see [137, p. 125]), but the two notions are equivalent in
the case of metric spaces; see Definition 13.1.4 below. It is called connected if it
cannot be written in a non-trivial way as a union of two open sets. A subset A of a
topological space is said to be connected if it is connected for its induced topology

Oa.

A function f from a topological space (E1,0:) into a topological space
(Eg,Os) is continuous if

YO4 C 02, fﬁl(OQ) c 0.

An important fact used in Section 13.6 is:
Theorem 13.1.2. The continuous image of a connected set is connected.

The following application of the previous theorem is taken, together with its
solution, from [25, Exercise 18.9, p. 127].

Exercise 13.1.3. Describe the connected subsets of R and show that there is no
continuous function f such that

f(@Q) CR\Q,
f(R\Q) Cc Q.

Hint. The result is striking for Q, but the rational numbers could be replaced by
any countable subset of the real numbers, and the proof would be the same.

(13.1.1)

We also recall:

Definition 13.1.4. A metric on a space E is a map
d: ExE—[0,00)
with the following properties: For all z,y, z € E it holds that:
(a) d(z,y) =0 < z=uy.
(b) d(z,y) = d(y, ).
(c) d(z,y) < d(x,2) +d(z,y).
A pair (E,d) where d is a metric is called a metric space.

Inequality (c) is called the triangle inequality.
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Exercise 13.1.5. Let || - ||gs denote the Euclidean norm in R3,
I(w, v, w)||gs = \/u2 + o2+ w?,  (u,v,w) € R

Show that the function

d(z,w) = 7 (2) = ¢~ (w) s (13.1.2)
2|z—w|
VARl swel,
2|w
= = 13.1.
1wl z=o00 and w € C, (13.1.3)
0, Z=w = 00,

where @ is defined by (2.1.2) and (2.1.3) is a metric on the Riemann sphere.

Hilbert and Banach spaces are important cases of metric spaces. The space
of functions analytic in an open set 2 with the topology of uniform convergence
on compact sets is a metric space which is not a Banach space.

A metric defines a topology in a natural way, as the topology generated by
the sets

B(z,p) ={y € E, d(x,y) < p}.

Exercise 13.1.6. Let R with the (usual) topology defined by the absolute value. Show
that open sets are countable unions of disjoint intervals.

Exercise 13.1.7. (see [124, p. 7]). Let [—o00, 00| denote the real line to which have
been added two points denoted by 0o (and which do not belong to R. Define a set
O to be open if it is empty or if it is a (not necessarily disjoint) union of sets of
the following forms:

(i) O open in R.
(i) {—o0} U (—00,a) where a € R.
(iii) {400} U (b, 00).
Show that this defines a topology. Is [—o0, 0] Hausdorff with this topology?

The absolute value defines a metric on R, and hence a topology. The interval
[0,1] is endowed with the induced topology. The space F is called arc-connected
if for every two points ¢ and b in E there is a continuous map

~v:[0,1] —FE

such that v(0) = a and (1) = .
Exercise 13.1.8. The set C\ {0} is arc-connected.
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13.2 Compact spaces

We first recall the following fact:

Theorem 13.2.1. Let f be a continuous map from a compact space E into a Haus-
dorff space F. Then, f(E) is compact in the induced topology.

Exercise 13.2.2. Show that the space [—00, 00| defined in Exercise 13.1.7 is compact
with the topology defined there.

The following exercise deals with the Cantor set. See [15, p. 79].

Exercise 13.2.3. Let
1 2

U0:(3a3

),

and forn > 1,

n n
_ —n—1 €k —n—1 €k
Un = (3 Y23 3k>.
k=1

(1,men)€{0,2}™ = k=1

Let
C =01\ |J Un.

n€Ng

Show that C' is compact, not countable, but that the total length of the U, is equal
to 1.

We have recalled in Section 10.1 that the space A(£2) of functions analytic in
an open connected set €2, endowed with uniform convergence on compact subsets,
is a metric space. A family F in A(Q) is called normal if from every infinite
sequence one can extract a convergence subsequence. One does not require that
the limit belongs to F. The limit always belongs to F if and only if F is sequentially
compact.

13.3 Plane topology

We now specialize some of the previous definitions in the setting of the plane.

Definition 13.3.1. Let zg € C and r > 0. The set
B(zp,7)={2€C : |z—2| <7} (13.3.1)

is called the open disk with center zg and radius 7.

The set
B(zp,r) ={2€C : |z—2z| <r} (13.3.2)

is called the closed disk with center zg and radius r.



13.3. Plane topology 467

Definition 13.3.2. A subset 2 of the complex plane is said to be open if the following
condition holds:

Vz €, 3Ir >0 such that B(z,7) C Q.

In particular, every open disk is open in the sense of Definition 13.3.2.

The set
C\ (—00,0]

is open, but the set
C\ (—00,0) (13.3.3)

is not. A set will be closed if its complement is open. Another and more direct
characterization can be given in terms of limits. Of course there are sets which are
neither open nor closed. An example is given by (13.3.3).

Definition 13.3.3. A subset V of the complex plane is called a neighborhood of the
point zy € C if there is r > 0 such that

B(zg,7) C V.

Neighborhoods of infinity are defined as follows:

Definition 13.3.4. A subset of the complex plane is called a neighborhood of infinity
if it contains a set of the form

{z |2l > R}

for some R > 0.
A set Q) € C will be said to be bounded if

Q C B(0,R)

for some R > 0. Neighborhoods of infinity are example of sets which are not
bounded.

The distance of a point z to a set A is defined to be
A) = inf |z —
(=, 4) = inf |2~ al,
and the closure of the set A is
A = {z € C, such that d(z, A) = 0}.
The boundary of the set A is

A= AN(C\ A).
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In C, sets which are both closed and bounded have a special property: They
are compact.

The notion of a simply-connected set plays an important role in solving
global problems in complex variables. Star-shaped sets and convex sets form two
very important examples of simply-connected sets, and will be sufficient for most
applications.

Definition 13.3.5. A subset €2 of the complex plane is called star-shaped if there is
a point zg € ) with the property

Vz e Q, [20,2] C Q.

For z; and 2z, in R? we denote by [21, z2] the interval with endpoints z; and
z9.
[21,22] = {21 +t(22 — 21);t € [0,1]}.

Definition 13.3.6. A subset 2 of the complex plane is called convez if
Vz,w e Q, [z,w] C Q.

A convex set is in particular star-shaped. One can take any point zg € Q in
Definition 13.3.5. This example also shows that z is in general not unique. The
set 2 = C\ (—o00,0] is an important example of a star-shaped set which is not
convex.

Another important result is Jordan’s curve theorem. Take a circle in the
plane. It is geometrically clear that it divides the plane into two open parts, one
bounded (the unit disk), and one unbounded. Jordan’s curve theorem asserts that
this result is true for any closed simple curve. See for instance [65, p. 68], [78,
Chapter 3].

Lemma 13.3.7. An arc-connected subset of R? is connected. For open sets of R?
the two notions are equivalent.

For a counterexample when the set is not open, take for instance the graph
of the function sin(1/x) together with the closed interval with end points (0, —1)
and (0,1).

13.4 Compactification

We have seen that [—oo, oo] endowed with the topology defined in Exercise 13.1.7
(which contains the natural topology of R) is compact. When we consider the
Riemann sphere, we get a compactification of the complex plane by adding one
point. More generally, given a locally compact space (X, T), add an element w not
belonging to X, and let X=XU {w}. In the application in this book, X = C and
T is the usual topology of the plane, and w, the point at infinity, is denoted by oco.
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Let 7 C P(X) be defined as follows:

AeT, or,
AeT = A:)?\K, where K C X is compact, or,
A=X.

Theorem 13.4.1. The family of sets T defines a Hausdorff topology on )A(, and X
endowed with this topology is compact. Furthermore, the identily is bi-continuous
from (X,T) onto X C X.

The reader can find for instance in [26, Corollalre p. IX.21] a necessary and

sufficient condition for X to be metrizable: X is metrizable if and only if X is
metrizable and countable at infinity.

For this section, see also [2, Exercice 17, p. 51].

13.5 Some points of algebraic topology

Algebraic topology pops up in the theory of one complex variable as soon as one
wants to make precise how two contours are close to each other. Two fundamental
notions are used, homotopy and homology.

To characterize simply-connected domains in terms of homology or homotopy,
one needs to be able to compute homology or homotopy groups of an open subset
of the complex plane.

Let © be a domain which is not simply-connected. Then, not every analytic
function will have a primitive in €2, and not every non-vanishing analytic function
will have an analytic logarithm. It is important to know a minimal (in a sense to
be made precise) set of closed curves for which the conditions

/Cf(z)dz:O (resp.) /CJ;/(f))dZ:

ensure the existence of a primitive in €2, or respectively, of an analytic logarithm
for a given function f.

A case of importance is the disk with p holes, defined as follows (see for
instance [68, §5.6, p. 45]: Consider p + 1 Jordan curves Cy,...,C)p, and assume
that the interiors of C1,...,C, do not intersect, and are all in the interior of Cj.
The homology group of this set is generated by Jordan curves, say Dy, ... D, such
that C; C D; for i =1,...p, and D; N D; = () for i # j.
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13.6 A direct solution of the fundamental theorem of

algebra

The following solution of the fundamental theorem of algebra was given to the
author as an exam problem in the winter of 1974-1975 in the classe de mathé-
matiques spéciales by Professor Maurice Crestey at the Lycée Louis-Le-Grand, in
Paris. The topological facts used in the solution have been reviewed in Section

13.1.

In view of the identification between the complex numbers and R? we denote

the points of R? by the letters z, 21,22 . . ..

(1)
(2)

Let 2o, ..., 2n be a finite set of points in R2. Prove that R?\ {2¢,...,zn} is
arc-connected.

Let f be a continuous function from R? into itself such that
VR>0, JIr>0 |z|>r=|f(2)]>R. (13.6.1)

Show that the image of a closed set under f is a closed set. Show that every
non-constant polynomial satisfies (13.6.1).

Let @ € C[X] be a non-constant polynomial with @’(0) = 0:

QX)=q +@X*+ - +qvX",

and define

! (13.6.2)
p= ) .6.
L+ 3740, Klael
Define a sequence of complex numbers by:

ug =0, up = Q(uo), ..., ur+1 = Qug), ... (13.6.3)

Show that
lgol < p* = |ue| <p, VL>0. (13.6.4)

Assuming |qo| < p?, show that (ug)een, is a Cauchy sequence and that its
limit u satisfies

u=Q(u).

Let P € C[X] be a non-constant polynomial. Let zp € C be such that
P’(z) # 0. Show that for w close enough to P(zg) the equation P(z9+2) = w
admits at least one solution.

Let
A=Ran P, and B={P(z),z€C, P'(z) #0}.

Using the topological properties of A and B, show that A = C. In particular
0 € A, and the equation P(z) = 0 has at least one solution. It follows
then from the factor theorem (see Exercise 1.5.1) that P has n roots, where
n = deg P.
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Solution. (1) Take two points w; and wy in R? \ {2q,...,2x}, and consider the
interval [wy,ws]. If none of the points z; belongs to this interval, we take this
interval to join wy and wsy. Let now jo be such that z;, belongs to [w1, ws]. There
exists € > 0 such that the closed disk with center z;, and radius e contains no
other points zj, k # jo. We replace the intersection

[wi,we] N {]z — zj,| < €} (13.6.5)
by one of the half-circles of the circle |z — zj,| = € which join the endpoints of
(13.6.5). Repeating this construction for all the points z; € [w1, wa] we construct
a continuous curve which lies in R? \ {zo,...,2x}, and connects w; and ws.

(2) We first recall the following: R? is a complete metric space, and in a
complete metric space, a set is closed if and only if it is complete; see [33, Corollaire
p. 83]. Let E be a closed subset of R?, and let (2,)nen be a sequence of elements
in E such that (f(zn))nen is a Cauchy sequence in f(E). In particular (f(z,))nen
converges to a point in R? and thus is bounded:

M =sup |f(zn)] < 0.
neN

Apply (13.6.1) to R = M + 1. There exists r > 0 such that
|z| >r = |f(2)| > M +1,

and in particular all |z,| < r since sup,,cy |f(2n)| = M. Therefore the sequence
(zn)nen has a converging subsequence, say (zn, )ken, which converges to a point,
say w. Since E is closed, w € F. Since f is continuous,

lim f(zn,) = f(w) € f(E).

k— o0

Since the sequence (f(zn))nen converges, its limit is equal to the limit of any of
its subsequence, and so

lim f(z,) = f(w) € f(EB),

n—o0o
and so f(FE) is closed. Let now
p(z) =po+---+pnz"
be a non-constant polynomial, with py # 0. For z # 0 we have
p(z) = pnz™ (1 +7(2))
where

1 Do b1 PN-1
r(z) (ZNJFZN—lJr.”Jr z >
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Let r¢ be such that
|z| > ro = |r(2)] < 1/2.

For |z| > ro we have
1N
_ Iowl-J2

p()] > PN

from which (13.6.1) follows with

)
r= .
|PN|

(3) We prove (13.6.4) by induction. For £ = 0 the result is clear. Assume that

the assumption holds at rank ¢. Then

N

[uet1] < lgol + Z e g
k=2

N
S p2 +Zpk|Qk| (SinCe |q0| S p2 and |ué| S p)
k=2
N
<p’ {1 +Zpk_2|Qk|} (since |p| < 1)
k=2
N
Sp2{1+2|qk|}
k=2
N
k=2

Hence
lues1| < p.

Assuming that |go| < p?, we now show that (u¢)een, is a Cauchy sequence.

We first remark that, for N > 2,
k=1 .
> ) < ko < k.
§=0

We have
N

s — ue| = |Q(ue) = Que—1)| = 1Y aw(uf —uj_y)l.

k=2
But we have
k—1
g —wf_y| = lug —wea| - | ujug 7| < Jug —uea] - kp,
j=0

(13.6.6)
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where we have used (13.6.6). Thus, with

N N
"k
K=p{§ k|Qk|} _ 2z hla

k=2 L+ ks klax|
we have

w1 — _|qu kb )| < Klup —ug_q]. (13.6.7)

Since @ is not a constant, we have K < 1 and hence (u¢)sen, is a Cauchy sequence.
Indeed, it follows from (13.6.7) that

lugyr — ue] < K Yup —uol, £=0,1,...

and, for £,m € Ny,

m

[twepmr — ue] < Z |41 — gl
k=0

(K€+m+1 4. +K€+1)|u1 — g
Ke|u1 —UQ|
- 1-K

IN

Let u = limy_, o uyp. Since @ is a continuous function we have
lim Q(ue) = Q(u),
£— 00

and hence v = Q(u) in view of (13.6.3).
(4) The equation P(zg + z) = w can be rewritten as

Qlz) =2
where the polynomial @) defined by

w—+ zP'(z0) — P(z0 + 2)

Q(Z) = P/(Zo)

is such that @Q’(0) = 0. Let
Q(2) = qo(w) + 2%q2 + - - + 2V qw,
where N is the degree of P. Note that

w — P(z)

wolw) = P'(20)
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and that the coefficients ga, ..., g, do not depend on w. Let p be defined as in
(13.6.2). For w close enough to P(zp) we have
|q0(w)| < p?,

and hence, by (3), the equation Q(z) = z has a solution. Thus, for such w, the
equation P(zp + z) = w has also a solution.

(5) We first assume that the equation P’(z) = 0 has solutions. These form a
finite set, say zg,...zp. The set

C\{P(z0),...,P(zm)}

is open, as the complement of a finite set. By (1), it is arc-connected, and therefore
connected’. In view of (2), the set A = Ran P is closed, and hence C \ A is open.
In view of (4), the set

B =A\{P(z0),...,P(zm)}
is open. We have
C\{P(z0); -, Pzar)} = (C\ A) U (A\{P(20), .., P(za1)}).
Since C \ {P(z0),...,P(za)} is connected, we have that
A=C or A={P(z),...,P(zm)}.
This last possibility is excluded since A is connected (recall that the continuous

image of a connected set is connected). Thus A = C.

Assume now that the equation P’(z) = 0 has no solution. The set A is then
closed thanks to (2) and open thanks to (4). Since A # @ and since C is connected,
we have that A = C. g

We remark that the first claim in the problem is a special case of the following
result (see [28, Theorem 1.24, p. 27)):

Theorem 13.6.1. Let Q) be an open connected subset of C and let A C Q without
limit points in Q. Then, Q\ A is connected.

13.7 Solutions

Solution of Ezercise 13.1.3. We follow [25, p. 228], and proceed by contradiction.
In view of (13.1.1) the image f(R) is not reduced to a point. It is connected. Since
connected subsets of R are intervals, and f(R) has more than one point, f(R) is
an interval not reduced to a point, and hence is not countable. By (13.1.1), f(R)
is countable, and hence we obtain a contradiction. [l

1But recall that for sets which are not open, to be arc-connected will not imply to be connected
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Solution of Exercise 13.1.5. The map ¢ is one-to-one and onto between C U {oco}
and R3, and therefore

dz,w) =0 <= ¢ 1(2) = ¢ Hw) <= z=w.
Furthermore,
d(z,w) = o7 (2) = ¢ (w)llrs = [l (w) — 971 (2)lps = d(w, 2)
and, for z1, 29, 22 € So, we have

d(z1,23) = 9™ (21) — ¢~ (23) [[ms
<llg™ (21) = 07 z2) s + 07 (22) — ¢ (23) e
= d(Zl,ZQ) +d(22,23).

Therefore d defines a metric. We show that it is given by (13.1.3). Let z = a + ib
and w = ¢ + id be the cartesian forms of z and w. We have for z, w € C:

d( w)2 B 2a B 2c 2 L 2b B 2d 2
’ SO\ 22 1+ |w]? T+ 22 14 |wf?

2 2 2 2
. z|°—=1 __ o 2
o QPR I C - R
4{a2+b2+1 A+d?+1 2ac + 2bd

(L4222 A+ wP)? (A + [0+ [w]?)

2
(1+|Z|2)(1+|W|2)}
_4{ 1 N 1 3 2ac + 2bd
SOl T+ (U4 2P+ w]?)

oy
(14 [2[2) (1 + [w]?)
4]z — w|?
(1 21+ [w]?)”

which is formula (13.1.2) for complex numbers z and w. The case where z or w is

the point at infinity is treated in the same way. O

Solution of Exercise 13.1.6. Let O be an open subset of the real line. Every z € O
is contained in an open interval contained in O:

Ve e O, Je, >0, (z—e€z,x+€;) CO.

We define an equivalence class in O as follows: x and y will be said to be equivalent
if they are in a common open interval which is included inside O. We have indeed
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an equivalence relation, and each equivalence class is an open interval. O is the
union of the equivalent classes. Since two equivalent classes do not intersect, we
can associate to each of them a different rational number, and so the union is at
most countable. O

Solution of Erercise 13.1.7. We show that the topology is Hausdorff. Take two
points a and b in [—o00, 0o] with a # b. If both a and b are in R, they are included
in two disjoint intervals of R, open in the usual topology of R. These intervals are
also open in the topology of [—00, o0]. Assume now that a = —oo and b € R. Let
¢, d, e be real numbers such that ¢ < d < b < e. Then

—00 € {—oc0} U (—00,c) and be (d,e),

and therefore —oo and b are in disjoint open subsets of [—o0, oc]. The case of a real
point and oo is treated in the same way. Assume now that a = —oo and b = oo
and let ¢ € R. Then

—00 € {—o0}U(=00,¢) and oo € {oo} U (c,00),

and so a and b are in disjoint open subsets of [—o0, o0]. (]

In Exercise 13.2.2 we show that [—o0, 00] endowed with the topology O is a
compact space.

Solution of Exercise 13.1.8. Take two given different points z; and z; in C\ {0}.
If the origin does not belong to the interval [z1, 22|, the two points are connected
by [21, z2]. Suppose now that 0 € [z1, z2]. Take any triangle with one side equal
to [21, 22|, and let z3 be its third vertex. The path built from the intervals [z1, 23]
and [z3, z2] lies in C\ {0}, and so the set is arc-connected. O

Solution of Exercise 13.2.2. Let (O,),es be an open covering of [—oc0, 0], indexed
by the set J. There are indices j; and j» such that —oo € O;, and oo € Oj,. If
[—00,00] = Oj, UO;,, we have already a finite sub-covering of [—oo, c0]. Assume
now that O;, UO;, C [—00,00]. The set O;, contains a set of the form {—oo} U
(—00,a1), while the set O;, contains a set of the form {oco} U (ag,00). We have
a1 < ag since Oj, U Oj, C [—00,00]. Let ¢ and d be real numbers such that
¢ < a1 < az < d. The set [¢,d] is compact in R, and (O; \ {—o00,00}),es is a
covering of [c,d] made of open sets of R. There is therefore a finite sub-cover of
e, ),
N
[e.d] < [ J (05, \ {00, 00}).

n=3

and therefore, as a subset of [—o0, 00],

N

le,d] ¢ | ] 0;,..

n=3
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Thus Uivzs 0j,, together with O;, and O;, gives a finite sub-cover of [—o0, c0].
Therefore, [—00, 00] is compact. O

Solution of Ezercise 13.2.3. Each of the sets U, is open and so is the union |J U,.
n€eNg

Therefore R \ |J U, is closed in R and so is

n€Ng

Cc=[0,1n J Un

nE€Np

Since [0,1] is compact it follows that C is also compact (since it is closed and
bounded in R, or, if you prefer, since it is a closed subset of a compact).

Each U, is itself the disjoint union of 2" open intervals, each of Lebesgue
measure 2/3" 1. It follows that

S AT =Y =
n=0 n=0

Hence, C has Lebesgue measure 0. We will leave it to the student to check that
C' is the set of points in [0, 1] which have a triadic expansion containing only 0’s

and 2’s. For instance,
[e.e]

1 9
3=23n+1e() 0

n=2

We refer to [25, Ch. 23] for a discussion of the Cantor set.



Chapter 14

Some Functional Analysis
Essentials

In the previous chapters we have tried to illustrate via various exercises some
connections between the theory of functions of a complex variable and functional
analysis. In the present chapter we review some of the notions which have been
used.

14.1 Hilbert and Banach spaces

Let V be a vector space on C. We recall that a norm is a map from V into [0, c0),
often denoted by a symbol such as || - ||y, and with the following properties:

(a) For every u € V and A € C,

[Aullv: = Al [lullv-

(b) For every u,v € V,

lu+vllv < |lullv + |lv|lv  (triangle inequality).

(c) Let w € V. Then
luly =0 <= u=0.

A norm defines a metric via the formula
d(u,v) = [Ju —vl|y. (14.1.1)

The space V is called a Banach space if it is complete in the corresponding topol-
ogy. In the above definitions, one can replace the complex numbers by the real

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5 14, 479
© Springer Basel AG 2011
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numbers and consider a vector space over the real numbers. The simplest Banach
space over the reals is certainly R itself, endowed with norm the absolute value.
Similarly, the simplest Banach space over the complex numbers is C itself, still
with norm the absolute value. The following example is a classical exercise in
calculus classes, and we will skip its proof.

Example 14.1.1. The space of complex-valued continuous functions defined on [0,1]
with the supremum norm

= t
oo = ma ()
s a Banach space.

The space in the next exercise is denoted by H,. It corresponds to the limit
case p = 00 in (5.6.7).

Exercise 14.1.2. The space of functions analytic in the open unit disk with the
supremum norm

£l = sup|£(2)
zeD
18 a Banach space.

Two norms || - || and || - ||2 on a vector space V are called equivalent if there
exist two strictly positive numbers m and M such that

mlv|l1 < ||v]l2 < M||v]l1, YveV. (14.1.2)

We use in a number of places in this book that all norms are equivalent in a finite
dimensional vector space. See for instance the proof of Exercise 11.5.6.

An inner product on V is a map [-,-] from V x V into C with the following
properties:

(a) For every u,v,w € V and A\, u € C,
A+ po, w] = Afu, w] + plv, w].

(b) For every u,v €V,
[u7 U] = [’U, 'LL]

(c) For every u € V,
[u, u] =0, (14.1.3)
and

(d) there is equality in (14.1.3) if and only if v = 0.
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In other words, [-,] is a non-degenerate positive sesquilinear form. If only
conditions (a), (b) and (c) are in force, the sesquilinear form is called a degenerate
inner product. For instance, for a non-negative matrix M € CP*P_ the map

[e,d] =d*"Me (14.1.4)

defines an inner product on CP if and only if M is strictly positive. Otherwise,
(14.1.4) defines a degenerate inner product. Recall the Cauchy-Schwarz inequality

[u, v]| < V[u,u] - /v, 0], Yu,veV, (14.1.5)

which holds for any possibly degenerate inner product. Given a (non-degenerate)
inner product [+, -], the map
lull = V/[u, ]

defines a norm on V, and hence a metric via the formula (14.1.1). This metric
induces in turn a topology on V.

Definition 14.1.3. The vector space V endowed with the inner product [+, -] is called
a pre-Hilbert space. It is called a Hilbert space if it is complete when endowed with
the topology induced by the associated norm.

Exercise 14.1.4. Show that the set of complex-valued continuous functions contin-
uous on [0, 1] endowed with the inner product

e, y] = /O 2By (t)dt (14.1.6)

is a pre-Hilbert space. Show that it is not complete.

One application of integration theory will be to have an explicit description
of the completion of the pre-Hilbert space appearing in Exercise 14.1.4.

Example 14.1.5. Show that the space la of square summable sequences z = (zn)neN,
endowed with the inner product

o0
(z, W), = Zznwn
n=0

s a Hilbert space.

We have already encountered in this work important examples of Hilbert
spaces, whose elements are functions analytic in some open subset of the complex
plane. For instance, the Hardy space (see Definition 5.6.10), the Fock space (see
Definition 5.6.12), and the Bergmann space (see Definition 9.5.1).

Two elements v and v in a pre-Hilbert space are called orthogonal if

[’U,, ’U] =0,
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and two sets in a pre-Hilbert space are called orthogonal if every element of the
first set is orthogonal to every element of the second set.

Let X be a subset (and in particular, X is not necessarily a linear space) of
the Hilbert space . We denote by X+ the set of elements orthogonal to all the
elements of H,

Xt ={heH;[z,h)=0Vzc X}.

We note that X is a closed subspace of . A key fact in the geometry of Hilbert
spaces is:

Theorem 14.1.6. Let M C H be a closed subspace of the Hilbert space H. Then,
every element h € H can be written in a unique way as

h=m+n,

where m € M and n € M~+.

A linear map (the term operator is used in this context) T from the Hilbert
space H;p into the Hilbert space Hs is said to be continuous if it is continuous
with respect to the topologies induced by the respective norms of H; and Hs.
Continuity is equivalent to the existence of a K > 0 such that

|Thill3e, < Kl|hall3,, Vhi € Hai. (14.1.7)

This last condition means that the operator T is bounded. The smallest K in
(14.1.7) is called the norm of the operator. The Fourier transform, which is an im-
portant example of a bounded operator (between appropriate spaces), is presented
in Section 15.9.

We will denote by L(H1,Hs2) the space of continuous linear operators from
the Hilbert space H; into the Hilbert space Ha, and set L(H) = L(H, H).

Theorem 14.1.7. (a) Let T € L(H2,Hs) and U € L(H1,Hz2). Then
TU € L(H1, H3) and |TU[| < [T - |U]].

(b) Let T € L(H,H). Then, for every n € N,
[T < {17
Example 14.1.8. Show that the backward-shift operator
T(z0,21,22,...) = (21, 22,...)

is bounded from {s into itself.

In the next example, see [123, Exercice 14, p. 70] for a hint on how to show
that the Cesaro operator is bounded. For a proof that its norm is equal to 2, see
[133, Theorem 1, p. 154].
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Example 14.1.9. Show that the Cesdro operator defined in (7.2.9)

Z?:o aj
n+1
neNg

s bounded from {o into itself, and that its norm is equal to 2.

When the Hilbert space is finite dimensional, say of dimension N, an operator
T is really a matrix and the eigenvalues are exactly the numbers z for which T'— 21
is not invertible. For arbitrary Hilbert spaces one has the following definition:

Definition 14.1.10. Let #H be a Hilbert space, and let T be a (not necessarily con-
tinuous) linear operator from H into itself. The spectrum of T is the set of numbers
for which T' — zI3 is not invertible. The resolvent set of T is the complement of
the spectrum.

The resolvent set is denoted by p(T") and the spectrum by o (7). We have for
continuous operators:

Exercise 14.1.11. Let (H, [, |n) be a Hilbert space, and let T be a linear continuous
operator from H into itself. Then o(T) # (.

Bounded linear operator with values in C have an important characterization,
described in the following theorem.

Theorem 14.1.12 (Riesz’s representation theorem). Let (H,[-,|x) be a Hilbert
space. For every g € H, the map

hs [h, glu (14.1.8)

is continuous, and conversely every linear map ¢ from the Hilbert space H into C
is of the form (14.1.8) for a uniquely defined h, € H. Furthermore

el = [1hell 2

In this expression, ||¢|| denotes the operator norm of ¢, that is
le(h)|
il = sup [£0)1
new [[Pllu
h#0
14.2 Countably normed spaces

The set of functions analytic in an (say connected) open set € is a countably
normed space, when endowed with the family of norms

Han:ZHel%If(Z)I,

where (K,)nen is an increasing family of compact sets whose union is .
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Exercise 14.2.1. Let V be a vector space on R or C, endowed with a countable
number of norms || - ||n, n =1,2,..., such that

el < flzflz <--- < lzlln < f[#llnta <+ VZEV.

(a) Describe the smallest topology for which all these norms are continuous.

(b) Let T be this topology. Show that (V,T) is metrizable, with the metric

o0

Lz =yl
d = E V.
(1'7y) ~ o] 4 ||ZL‘ _ y”n, T,y €

14.3 Reproducing kernel Hilbert spaces

We begin with a definition:
Definition 14.3.1. A matrix A € C"*™ is called non-negative (or positive) if

c"Ac>0, VeeCm (14.3.1)

In other words, if A = (ag,j)¢,j=1,....n it is required that

.....

Z cecjapj > 0. (14.3.2)

£,j=1
In particular, ¢* Ac = ¢* A*c, and the polarization identity
13
d"Be= > (e +i*d)*B(c +i*d), BeC™™, (14.3.3)
k=0

with B = A — A* implies that a positive matrix is Hermitian: A = A*. This
equality is proved by a direct and simple computation as follows:

3 3

1

4Zik(c+ikd)* B(c+i*d) = Z * +d*)B(c+i*d)
k=0 k:O

3 2k
=d*Bc + Zkzoz c*Be + Zk=402 c*Bd

3 -k
T Z’“ZOZ d*Bd
= d*Be.

We will use the notation
A>0

to say that a matrix is positive.

The following result is well known:
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Proposition 14.3.2. Let A € C™**"™. The following are equivalent:
(1) A>o0.

(2) A= A* and all its eigenvalues (which are real since A is assumed Hermitian)
are positive or equal to 0.

(3) A admits a positive square root

A=B? where BeC"™" and B>0.

(4) A admits a factorization
A=C"C (14.3.4)

for some matriz C € CP*™.

The product of two positive matrices need not be Hermitian, let alone posi-
tive. But there are two important operations which preserve positivity.

Exercise 14.3.3. (1) Let A = (a¢j)e,j=1,...n and B = (bg )¢ j=1,...n be two posi-
tive matrices in C"*™. Then the matriz defined by
(A-B)&j :ag7jbg7j, é,j:l,...,n,
18 positive.

(2) Let A € CP*P gnd B € C9%*9 be two matrices of possibly different sizes. Then,
the matriz A ® B € CP1*P1 defined by

auB algB e alpB

ang (IQQB e ang
A®B= . .

ap1B apB -+ ap,B

18 positive.

The matrix A - B is called the Schur (or Hadamard) product of A and B,
while A ® B is their tensor product.

A Hilbert space H of functions defined on a set € is called a reproducing
kernel Hilbert space if, for every w € €2, the linear functional

[ fw)

is continuous. By the Riesz representation theorem (see Example 14.1.8), there
exists a uniquely determined element k,, € H such that

[fs kw] = f(w).

The function k,, is called the reproducing kernel of H. It is a function defined on
Q and we will use the notation
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Exercise 14.3.4. Show that the reproducing kernel has the following properties:
(a) For every z,w € Q,
k(z,w) = k(w, z).

(b) For every N € N, every c1,...,cy € C and every w,...,wn € €,

N
> cjeck(we, wy) > 0. (14.3.5)
0,j=1

Equivalent to (14.3.5) is to say that, for every N € N, all the NV x N matrices
with (¢, j) entry k(we, w;) are positive.

Definition 14.3.5. A function defined on a set Q and for which (14.3.5) holds for
all possible choices of N, c1,...,cn,ws,...,wy is called a positive definite kernel.
When ( is a subset of the complex numbers, the function f(z) is called positive
definite if the associated kernel f(z — w) is positive definite.

It is easy to check that the sum of two positive definite functions (resp.
kernels) is still positive definite. It is a bit more difficult to show that the product
of two positive definite functions (resp. kernels) is still positive definite. One uses
then the result presented in Exercise 14.3.3.

Exercise 14.3.6. (a) Show that the function cosz is positive definite on C.
(b) Show that the function (3.6.10)
M t
H cos n
n=1 P
is positive definite on R.

Exercise 14.3.7. In a reproducing kernel Hilbert space, convergence in norm implies
pointwise convergence.

Bochner’s theorem characterizes positive definite functions on the real line.
It has far-reaching generalizations due to L. Schwartz and R. Minlos. We refer the
student to [74] for these.

Theorem 14.3.8 (Bochner’s theorem). A function f defined on the real line and
continuous at the origin is positive definite if and only if it is of the form

£(t) = / ¢ du(z),

where dy is a positive measure on the real line such that u(R) < oo.
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See Exercise 8.2.1 for an illustration.

There is a one-to-one correspondence between positive definite kernels on set
Q and reproducing kernel Hilbert spaces of functions in 2. This fundamental result
originates with the works of Moore and Aronszajn. See [16].

Elements of a reproducing kernel Hilbert space can be characterized as fol-
lows:

Theorem 14.3.9. Let H(K) be a reproducing kernel Hilbert space of functions de-
fined in a set Q, with reproducing kernel K (z,w). The function f belongs to H(K)
if and only if there exists a number M > 0 such that the kernel

f2) f(w)
M2
is positive definite in 2. The smallest such M is equal to the norm of f in H(K).

K(z,w) —

With this result, we propose the following exercise:

Exercise 14.3.10. Let [v| < 1 and let b,(z) = =" , the associated Blaschke factor

1—vz’

(1.1.42). Define, for f analytic in the open unit disk,

(To(f))(=z) = Vi- |U|2f(bv(z)). (14.3.6)

1—-wvz
Prove that T, defines a bounded function from the Hardy space Ha(D) into itself.

We refer to Exercise 2.3.8 for a characterization of the Moebius transforms
which map D into itself. We send the reader to [9] for more on the above exercise
and its relations to multiscale systems.

Finally we mention the connections between the analyticity of the kernel and
of the elements of the associated reproducing kernel Hilbert space.

Theorem 14.3.11. Let Q be an open subset of C and let K (z,w) be positive definite
in Q. Assume that for every w € Q, the function z — K(z,w) is analytic in Q.
Then, the elements of H(K) are analytic in .

We mention that any reproducing kernel Hilbert space of functions analytic
in Q C C can be given a new inner product for which point evaluations are not
bounded for w in a dense subset of Q. See [10] for the case of the Hardy space.

14.4 Solutions

Solution of Exercise 14.1.2. We will not prove that | - ||« indeed defines a norm,
and focus on the completeness of the space. Let (f,)nen be a Cauchy sequence
with respect to the norm || - ||oo:

Ve >0, AN €N, n,m > N — sup |fn(2) — fm(z)] <e. (14.4.1)
zeD
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In particular, for every r € (0,1) we have that

Ve>0, ANeN, nm>N — ‘m‘zx|fn(z) — fm(2)] < e
z|<r
It follows that for every z € D, the pointwise limit f(z) = lim, o fn(z) exists
and that the limit function is analytic in D (recall that a series of functions which
converges uniformly on compact sets is analytic). Take ¢ = 1 and let m — oo in
(14.4.1). We have that

sup |fn(z) - f(2)| <1,

z€D

and so
sup [f(2)] < 14 || floo;
zeD

and the limit f € H,,. With e arbitrary, letting m — oo in (14.4.1) we finally
obtain that

lim Hf_anOO =0,

n—oo

and so H, is complete. O

Solution of Exercise 14.1.4. We leave the proof that (14.1.6) is an inner product
to the reader. Consider the function

1, telo,1/2),
x@)_{o, tef1/2,1] °

It is easily approximated by continuous functions in the inner product induced by
(14.1.6). Take for instance the functions

1, t€[0,1/2),
r(t)=q-nt+1+75, te[l/2,1/2+1/n],

0, te1/2+1/n,1],
forn =2,3,.... Then

1 , 1

t) — t))°dt = —0
| @ —zwpa=

as n — 0o, but z is not continuous. O

The real question is the following: Consider the set of, say real-valued, func-
tions R0, 1] which are Riemann integrable on [0, 1] and say that z,y € R0, 1] are
equivalent, x ~ y, if

A(Mﬂ—y@fﬁ=0

That R[0,1]/ ~ endowed with (14.1.4) is a preHilbert space is quite clear, but the
question is to show that is not complete. This can be seen, in a somewhat indirect
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way, as follows (we refer the reader to Chapter 15 for some of the facts used in
the discussion). We know that a Riemann integrable function (say, on [0, 1]) is
Lebesgue integrable with respect to the Lebesgue measure on [0, 1]. So we have a
natural isometric inclusion from R[0,1]/ ~ into L3|0, 1]. Since R[0, 1]/ ~ contains
continuous functions and since these are dense in Lg[0, 1] (see Theorem 15.8.1),
we obtain that the closure of R0, 1]/ ~ is L2[0, 1]. The closure is different from
L2 [0, 1] since there are functions which are Lebesgue integrable, but not Riemann
integrable.

Solution of Exercise 14.1.11. We assume that 7" is such that o(T") = ) and proceed
in a number of steps to obtain a contradiction.

STEP 1: Let z € C and let u € C be such that
o2l = ulp) e <
Then,

(T = uly) ™ = (T = 2D) " lae < 20u — 2] - (T = uly) 72|
This comes from the resolvent identity

(T — 2Iy) ' — (T —wly) ™ = (2 —w)(T — 2Iy) "N (T —wly) ™!,
since
(T —uly) ™ — (T — 2Iy) ' = (u—2)(T — uly) N(T — 2Iy) !
= (u—2)(T — uly) *(Iyy + (u — 2)(T —uly) ")~ "
STEP 2: For every h € H the function
2z wp(2) = (T — 2Iy) " th, hly
is entire, and its derivative is given by the formula
y(2) = (T = 213) "%, W

Indeed, we have

wn(2) —an(w) _ [(T - 2Iy) " hy hly — (T — wlz) " h, by
(T = 2I) ™" = (T — wly)~")h, hly

= [(T — ZIH)il(T — wI'H)ilh, h]y,

where we have used the resolvent identity. Therefore

xp(2) — zp(w)

— (T — 2I3) %, Bl

= (T — 2Ip)) (T — wly) ™" = (T — zIp)"?)h, hly,
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and we conclude by using the inequality proved in STEP 1.
STEP 3: The function xp, is bounded.
We first note that, for |z| > ||T'|| we have

Iy—T) "t = (Iy—- ")
(zIy = T) =)
z = z"
so that, for |z| > 2||T||, we have
T||7L
Iy —T) Yu < |
(213 — IE” EpA Z 2|
- 1
|2l = 1Tl 4
1
< )
1T

The function zy, is also bounded by continuity in |z| < 2||T'||. So zy, is constant by
Liouville’s theorem. Since it goes to 0 at infinity, it would be identically equal to
0, and we obtain a contradiction with the premise of the proof. O

Solution of Exercise 14.2.1. We follow [73].
(a) A basis of open neighborhoods of the origin is given by the sets of the
form

m
({2l < e} (14.4.2)
i=1

where m varies in N, nq,...,n, € N, and €, ..., €, are all strictly positive num-

bers. We remark that any such neighborhood contains the set
{‘T; ||5L'Hn0 < 60}7

where M = max{ny,...,n,} and e = min{ey,..., en}.
(b) We set, for r > 0,

By(0,7) ={z € V;d(0,z) < r}.

In view of the preceding remark, it is enough to show that
(i) for every M € N and € > 0 there exists r > 0 such that

Ba(0,7) C{z; [lz]ar < e},

and
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(ii) that, conversely, for every r > 0 there exists M and e as above such that
{z; lzllm < €} € Ba(0,7). (14.4.3)

We first prove (i): Let us take r such that 27 < 1. The condition

1

]|,
<r
; 2" 1+ |[@]|n
implies in particular that
1 flafla
<r,
2M 1 A [l ae
or equivalently
2My
”:EHM < 1_9My-

This last expression will be less than € as soon as

€

oMy .
1+e

We now prove (ii). Consider a ball Bg(0,). Since the distance is bounded
by 1, it is enough to consider the case r < 1. Let M € N be such that
i 1 < T

2n " 27
n=M+1

u

1+u 1S 1Increasing, we

Since the norms are increasing and since the function u —
moreover have that

M
L zlln [EdpY; (1 1 )
< X + -4 .
214 ol = 14 e < 2 o

n=1

Choose € > 0 such that
€ o 1 + n 1 < T
1+e€ 2 oM 2
Then, for ||z||a < € we have that
|E2IEY; 1 1 r
X o e < .
Ltz N2 T am ) <

For such €, (14.4.3) is in force. O
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Solution of Ezxercise 14.3.3. By linearity, it is enough to prove the claims for rank
1 positive matrices since every non-negative matrix A € C"*" can be written as
a sum of such matrices:

N
A= Zuju;, u; € C".

j=1

We begin with (1). Let thus A = aa™ and B = bb* where first, a,b € C". We write

aq b1
a9 bg
a= . and a =
Gn, by,
Then
(aa™)e = agar, and  (bb*)ey = beby, Ck=1,...n
and so

((aa*) . (bb*))é,k = agbparby, L, k=1,...n.
It follows that (aa*) - (bb*) = cc*, with

aiby
a2b2
anbn
We now turn to (2). We now take a € CP and b € C?. We show that
aa* @bb* = (a®b)(a®b)* (14.4.4)

from which the positivity of aa* ® bb* will follow. To prove (14.4.4) we note

ar1a1bb*  ajaxbb* .- aja,bb*
a2a1bb*  azasxbb* .- aza,bb*
(aa™) ® (bb*) =
apai1bb* apazbb* - aya,bb*
= ((a®Db)(arb*) (a®@b)(azb®) --- (a@b)(aph))

=(a@b)(a®b)". O

Solution of Exercise 14.3.4. (a) For every z,w € ) we have
[kwv kz] ( ) k(sz) and [kz, kw] = kz(w) = k(wv Z)

and
[kwa kZ] = [kz, kw]'
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The result follows.
(b) Let f = Z;\Ll cjkw;. We have [f, f] > 0. Therefore,

0<I[f f]

N

= Z [Cikw,, Cokuw,]

0,j=1

KMZ

cicok(we, wy). O
1

4,5

Solution of Exercise 14.3.6. It suffices to write
cos(z — w) = (cos z)(cosw) + (sin z)(sin w)
and to notice that both the kernels
(cosz)(cosw) and (sinz)(sinw)

are positive definite in C. O

Solution of Exercise 14.3.10. We follow [9], and divide the proof into a number of
steps:

STEP 1: The formula

1 —by(2)by(w) 1—|v?
1—zw (1= 20)(1 —wv) (14.4.5)

holds, where z,w are in the domain of definition of b,.

This is just formula (1.1.49).

STEP 2: A function f defined in D is analytic there and belongs to Hao(D), with
| flla,m) <1, if and only if the kernel

1
1—zw

— f(2)f(w) (14.4.6)

is positive definite in D.

This follows from Theorem 14.3.9 since Hz(ID) is the reproducing kernel Hilbert
space with reproducing kernel 1_1zw.

STEP 3: Compute

Az, w) = — (L) ()T f(w))

1—zw

for z,w € D.
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Using (14.4.5) we can write:

1—|v]?
(1 = by (2)ba(w)) (1 — 20)(1 — w)
B 1—|v]? s w
o T bt
_ 1—|v?
(1—-2v)(1—wv)

1
X { 1 — by(2)by(w) f(bv(z))f(bv(w))} .

Az,w) =

The kernel

1
— f(bo(2) f(by(w
oy ~ Tl
is positive definite in D since the kernel (14.4.6) is positive definite there. It follows
that A(z,w) is positive definite in the open unit disk. By STEP 2 the function
T, (f) belongs to Hy(DD) and has norm less than or equal to 1. Hence the operator
T, is a contraction from Ho(ID) into itself. O



Chapter 15

A Brief Survey of Integration

In this chapter we briefly review some notions and results related to integration.
We in particular discuss the following topics:

1. Algebras and o-algebras.

2. Measurable functions.

3. Measures.

4. The main convergence theorems.
5. Complete measures.

Although we use in this book integration theory only on the real line, we have
chosen to present the essentials of the general theory. We recommend to the in-
terested student the books of Rudin [124] and of Folland [57] for a complete, but
relatively short, discussion of integration. The industrious might want to look at
the series of books of Bourbaki on integration.

15.1 Introduction

Students who begin to learn complex analysis usually have only a knowledge of the
Riemann integral, and not of the general theory of integration. This is certainly
good enough to define large families of functions via integrals (see for instance
Exercises 4.4.14 and 4.4.15). But Riemann integrable functions do not have nice
properties with respect to limits, as is illustrated in the following exercise.

Exercise 15.1.1. Give an example of a uniformly bounded sequence of functions
(fn)nen which are Riemann integrable in the interval [0, 1], which converge point-
wise, but whose pointwise limit is not Riemann integrable.

It is therefore difficult to have a general theorem which allows interchang-
ing limit and integration for Riemann integrable functions. One such theorem is

D. Alpay, A Complex Analysis Problem Book, DOI 10.1007/978-3-0348-0078-5_15, 495
© Springer Basel AG 2011
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Weierstrass’ theorem (see Theorem 12.4.1), but the hypothesis of uniform conver-
gence in that theorem is very strong. Furthermore, Weierstrass’s theorem concerns
only continuous functions with compact support. A number of interesting exam-
ples, such as the Gamma function, are defined in terms of integrals of continuous
functions on an infinite interval.

The above discussion gives a first motivation to go beyond the Riemann inte-
gral. Another, and related, motivation is as follows. The space of, say continuous,
complex-valued functions defined on a compact interval [a, b], and endowed with

the metric
b 1/2
de%z(/lﬂwg@Fﬁ> (15.1.1)

is not complete. See Exercise 14.1.4, and the discussion after the proof of this
exercise. From the general theory of metric spaces we know that it is isometrically
included in a complete metric space, unique up to an isometry of metric spaces.
For the problems at hand in signal processing and in the theory of linear systems,
this abstract completion is not too useful. It is more appropriate to consider the
Lebesgue spaces La(a,b). The construction of these spaces is one of the keystones
of the integration theory which we review briefly in this chapter. For engineers, the
Lebesgue spaces Ly (R, dz) play a fundamental role as spaces of signals with finite
energy. These are of course not the only motivation and advantages of modern
integration theory. A third, and very important, motivation to introduce measure
theory in the study of analytic functions, is the study of boundary behaviour of
a function. For instance, and this is quite beyond the scope of the present book,
a function (say f) which is analytic and bounded in the open unit disk admits
almost everywhere radial (and in fact non-tangential) boundary values. For radial
limit, this means that, at the possible exception of a subset of [0, 27] of Lebesgue
measure zero, the limit

lim f(re®)

r1l

exists.

Another very important fact, not touched upon here, is Riesz’s theorem on
the dual of the space of continuous functions on a locally compact Hausdorff space.
The space Cy[0, 1], endowed with the maximum norm

x = max |x(t
l#]lo0 = mae Ja(0)

is a Banach space, and it is a natural question to ask what is its dual, that is, to
describe the set of its linear continuous functionals. For instance

p(z) = z(0),
and

o) = [ et ar
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where z, € Cy[0,1] are such functionals. But the description of all functionals
requires measure theory. See for instance [123, Théoreme 6.19, p 126]. See also [57,
pp. 57-58] for a discussion of the advantages of Lebesgue’s theory of integration.

15.2 o-algebras and measures

Definition 15.2.1. A family A C P(E) is called an algebra if it satisfies the follow-
ing:

1. The empty set @ belongs to A.
2. A is closed under complementation: If A € A then F\ A € A.

3. A is closed under finite union: If (A,)Y_; is a sequence of elements of A,
then
N
Uea
n=1

It is called a o-algebra if it is closed under countable union: If (A, ),en belong to

A, then
Uea

neN

A key feature in the definition of a o-algebra is that one considers countable
unions, and not arbitrary unions. Recall that, in the definition of a topology,
arbitrary unions come into play. See Definition 13.1.1. A couple (E,.A) where A
is a o-algebra of subsets of FE is called a measurable space.

Exercise 15.2.2. (a) The intersection of any family of o-algebras is a o-algebra.

(b) Any subset F C P(E) generates a o-algebra o(F) which contains F and is

manimal in the following sense: If A is another o-algebra which contains F,
then, o(F) C A.

When in the previous exercise F is a topological space and one takes for F
the family O of open sets, the o-algebra generated by O is called the o-algebra of
Borel sets of E.

Exercise 15.2.3. Let R be endowed with its usual topology (defined by the absolute
value). Show that Q is a Borel set.

Definition 15.2.4. Let (F4, A1) and (F2, A2) be two measurable spaces. A function
f from E; into F» is called measurable if

VA € Az, f1H(A) € A
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Exercise 15.2.5. Assume in Definition 15.2.4 that Es is a topological space with
topology Oz, and that Ay is the associated o-algebra of Borel sets. Show that a
function f from Ey into FEs is measurable if and only if

YO € O, f~H0) € A;.

In real analysis, a pointwise limit does not keep any reasonable property
of functions (and in particular, and as already noted, does not keep Riemann
integrability). A key fact which links the definition of a o-algebra and sequences
of measurable functions is presented in the following exercise.

Exercise 15.2.6. Let [—o0, 00| and its topology be as in Exercise 13.1.7. Let (fn)nen
be a sequence of measurable functions from (E1, A1) with values in [—o0, 0], and
assume that the pointwise limit

lim f,(x)

n—oo
exists in [—o0, 00| for every x. Then, the function lim,, o f, is measurable.
Similar results hold for sup, inf, lim inf and lim sup.

Exercise 15.2.7. Let (E, A) be a measurable set, and let Ay, ..., An be measurable
sets which are pairwise disjoint and such that

N
E= ] Ax.
n=1

(a) Let f1,...,fn € C. Show that the function
N
fl@)=>"fila, (15.2.1)
j=1

is measurable from E into the complex numbers.

(b) Assume now that the numbers f; are real or equal to £oo. Show that the
function (15.2.1) is measurable from E into the topological space [—00, 0]

Functions of the form (15.2.1) are called simple functions. A key result that
allows us to proceed is the following (see [123, Théoreme 1.17, p. 15]): A measurable
function with values in [0,00] is the increasing limit of measurable functions of
the form (15.2.1). See the discussion after the definition (15.3.2) of the Lebesgue
integral.

Exercise 15.2.8. Show that the Dirichlet function

w_{L iree
YN0, ifreR\Q,

is a measurable simple function.

(15.2.2)
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15.3 Positive measures and integrals

Given an algebra A, a pre-measure (see [57, p. 30]) is a function from A into [0, o0]
with the following properties:

1. There exists an element A € A such that u(A) < co.

2. For any countable union Aj, Ao, ... of pairwise disjoint elements of A such
that
o0
U 4n e A,
n=1
we have

o0
w40 = X4,
n=1 n=1
A positive measure on a o-algebra A is a map
o A— [0, 00]
with the following properties:
1. There exists an element A € A such that u(A) < co.

2. For any countable union A1, As, ... of pairwise disjoint elements of A we have
oo o0
( U A,) = ZM(An
n=1 n=1

The measure is called a Borel measure if A is the sigma-algebra generated
by a topology. A triple (E, A, u) where (E,.A) is a measurable space and p is a
positive measure on A is called a measured space. All measures considered in this
chapter are positive, and we will use the term measure for positive measure in the
remaining of the chapter.

Exercise 15.3.1. Let (E, A, 1) be a measured space, and let (Ap)nen be a decreasing
sequence of measurable sets. Assume that p(Ay) < co. Show that

i p4e) = () 42

Is the claim still true if we do not assume that (A1) < co?

The integral of a function of the form (15.2.1) is defined by

N
[ S pua). (15.3.1)
j=1

The representation (15.2.1) is not unique, but it is easy to see that the right side
of (15.3.1) does not depend on the given representation of f.
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Exercise 15.3.2. Consider the Dirichlet function (15.2.2) restricted to [0,1]. Show
that it is a measurable simple function and compute its integral.

The integral fE fdp is defined to be

/fd,u: sup /sdu. (15.3.2)
E s<f E

s simple

An important fact is that, given any measurable function from (E,.A) into [0, oo},
there exists an increasing sequence of simple functions (fy,)nen which converges
pointwise to f. It is in particular used to show that the integral is additive, and
to prove the version of the monotone convergence theorem for series of functions
(see Theorem 15.5.3 below for the latter). See for instance [124, p. 22].

Exercise 15.3.3. Let (E, A, du) be a measured space, and let f be a measurable
function with values in [0, 0], such that fE fdu = 0. Show that the set of points
where f is strictly positive is measurable and has measure equal to 0.

15.4 Functions with values in [—o0, 00]

Let f be a measurable function from the measured space (E, A, du) into [—o0, 0o].
Then, |f| is also measurable, and, by the previous section, one can define

[ 1t € 0.9
E
In the case of functions with values in [—o0, 00|, one restricts oneself to functions
for which
[ 1t < .
E

and one defines

/Efd” = ; {[Eﬂfl +f>du—[E<|f| —f)du}.

15.5 The main theorems

Theorem 15.5.1 (The monotone convergence theorem). Let (E,A,du) be a mea-
sured space, and let (Fy,)nen be an increasing family of measurable functions with
values in [0, 00]. Then

lim [ F,(z)du(z) = / (lim F,(x))du(z). (15.5.1)
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Theorem 15.5.2 (The dominated convergence theorem). Let (E, A, du) be a mea-

sured space, and let (Fy,)nen be a family of measurable functions with values in
[0, 00] such that:
(a) The limit
F(z) = lim F,(x)
n—oo

exists for all x € E.

(b) There exists a measurable function G such that

|F.(2)|] < G(z), Vze€E,
/ G(z)du(z) < oo
E
Then, F' is integrable and

lim [ F,(e)du(z) = /E Flz)du(z). (15.5.2)

n—oo E

and

These two theorems have been used in the text for a number of exercises. See
for instance Exercises 4.2.15 and 5.6.13. They allow us to simplify proofs even in
the case of continuous functions. See for instance Exercise 15.6.3 below. It is often
convenient to present them in terms of series of functions rather than sequences
of functions. One then has:

Theorem 15.5.3 (The monotone convergence theorem for series). Let (E, A, du) be
a measured space, and let (f,)nen be a series of measurable functions with values
in [0, 00]. Then

Z/fn )dp(x /an (15.5.3)

Theorem 15.5.4 (The dominated convergence theorem for series). Let (E, A, du)
be a measured space, and let (fn)nen be a family of measurable functions with
values in [0, 00] such that there exists a measurable function g such that

Z|fn N <g(x), Vrek,

and

[E 9(@)du(a) < .

Then, f =" fn is integrable and

/ o / 3 @) (15.5.4)

n=1
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We conclude this section with the following exercise, pertaining to infinite

dimensional analysis. We note that, in the notation of the exercise, the function
a 2
fla)=e" "9 s positive definite since

o2
2

a 2
fla—b)=e" ') elab) e . a,belop.

Exercise 15.5.5. Consider the space lar of sequences a = (an)nen of real numbers
such that ||lal|? = Y07 a2 < co. Show that there is no positive Borel measure P
on U g such that

_ lla)i?
2

e = / el dp(b), (15.5.5)

Lo r

where (a,b) denotes the inner product in log.

15.6 Carathéodory’s theorem and the Lebesgue
measure

We now discuss the following problem: Let E be a set, and suppose that we are
given a family of elements F of P(FE), and an additive function p on F. Can we
extend p to a measure on the o-algebra generated by F. For instance, is there a
Borel measure on R such that

wla,b)=>b—a (15.6.1)

for all finite open intervals (a,b)? Cases of importance are when F is an algebra,
or when F is an infinite product of spaces and F is the algebra of cylinders. In
case of an algebra, the main theorem is as follows (see for instance [142, Théoréme
fondamental, p. 27], and for a more general statement, [57, Theorem 1.14, p. 31]).

Theorem 15.6.1. Assume that the measure i on the algebra A is o-finite. Then,
there is a unique extension of u to the o-algebra generated by A.

The existence of a unique measure, called the Lebesgue measure, satisfying
(15.6.1) follows from the previous result.

Theorem 15.6.2. Let f be Riemann-integrable on the interval [a,b]. Then, f is
Lebesgue integrable and the two integrals coincide.

We will use the notation Ls[a, b], or La(a, b), for the Lebesgue space of square
integrable functions with respect to the Lebesgue measure.

As we have already pointed out, measure and integration theory allow us to
simplify proofs of results already in the case of a Riemann integrable function. As
an example, we have:
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Exercise 15.6.3. Let f be a continuous function on R such that the (generalized)
Riemann integral

/R|f(t)|dt < 0.

Show that the function
Fla) = / =i F(£)dt
R

18 continuous on R.

The function F is the Fourier transform of f. See Section 15.9.

15.7 Completion of measures

Let (E, A,du) be a measured space, and let f be a measurable function defined
on E and with values in [0, co]. Assume that

/E f(@)du(z) = 0.

This equality is equivalent to the fact that the set of points where f(z) > 0 or is
equal to +o0o has measure 0 (see Exercise 15.3.3), but it does not imply that f is
equal to the zero function. One says that the set of points where f does not vanish
is negligible. More generally, a (possibly non-measurable) subset X of E is called
negligible if there exists a measurable set A such that

X CA and p(A4)=0.

The measure is said to be complete if all negligible sets are measurable. Clearly,
every countable set is negligible for the Lebesgue measure on the real line, but
there are also negligible sets which are not countable, as is illustrated by the next
exercise.

Exercise 15.7.1. The Cantor set (see Ezxercise 13.2.3) is negligible for the Lebesgue
measure.

Theorem 15.7.2. Let (E, A, du) be a measured space. The family A* of subsets of
E for which there exist A, B € A such that

AcCcUCB, u(B-A)=0

1s a o-algebra. The formula
p(U) = u(A)

defines a complete measure which extends p.
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Let (E,A,du) be a measured space. Two measurable functions f and g are
said to be equivalent if they differ on a set of measure 0. We note that the monotone
convergence theorem and the dominated convergence theorem have also versions
in which instead of functions one considers equivalence classes of functions. We
leave to the reader the formulation of these results.

Given two equivalent measurable functions f and g we have

/If )P du(z /Ig )[Pdp(x

where the integral is possibly equal to +00. We denote by fthe equivalence class
of the function f.

Definition 15.7.3. The space Lo(E, A, du) is the space of equivalence classes of
measurable functions such that

HNM&LV@WW@<m,f6f (15.7.1)

Theorem 15.7.4. The space La(E, A, du) endowed with the sesquilinear form
(7.9 = [ f@g()intz)
E

Exercise 15.7.5. The functions

s a Hilbert space.

—imtn

fat)=e 7, nez, (15.7.2)

form an orthonormal basis of La(—F, F), with the normalized inner product

f.q )dt. 15.7.3)
QF/ FF) (

15.8 Density results

The following theorem implies that the closure of the continuous functions on a
compact interval [a, b] of the real line, endowed with the norm (15.1.1), is indeed
the space La|a, b]. See also the discussion after the proof of Exercise 14.1.4 in the
preceding chapter.

Theorem 15.8.1. (see [123, Théoreme 3.14, p. 66]). Let E be a locally compact
Hausdorff space, let A be a o-algebra of E which contains the Borel sets of F,
and let i1 be a positive Borel measure on A. Then, the continuous functions with
compact support are dense in La(E, A, du).
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Quite often it is important to consider rational functions rather than contin-
uous functions. This is illustrated in the following exercise (recall that T denotes
the unit circle).

Exercise 15.8.2. Let du be a positive and finite Borel measure on [0, 27]. Assume
that f € Lo ([0, 27], du) is such that

() dudt)

o  et—z

=0, VzeC\T.

Show that f = 0.

Similarly, but we will not present the proof here, if du is a positive Borel
measure on the real line such that (5.5.20) holds:

du(t)
/R 2yl =%
then the linear span of the functions of the form 2_1
dense in Lo(dp).

»» Where w spans C\ R, is

15.9 The Fourier transform

The Fourier transform is defined by
o= [ e s, (15.9.1)
R

first for functions in L;(R,dz). In general f will not belong to Lo(R,dz). The
Fourier transform maps the Schwartz space of rapidly vanishing smooth functions
onto itself in an isometric way up to a multiplicative constant, and extends, up to
a multiplicative constant, to an isometry from Lo (R, dz) onto itself:

1 -
HfHLz(R,dx):\/2ﬂ_||f||L2(R,da:)' (15.9.2)

Note that fis not, in general, a function but rather an equivalence class of func-
tions. Furthermore, the Fourier transform of an arbitrary element f € Lo(R, dx)
is not given directly by formula (15.9.1) (which will not make sense in general),
but is defined in terms of limits. Its inverse is given by the formula

< 1

f(z) = Qw/Re““f(A)d)\, (15.9.3)

and we have

1.
HfHLz(R,dx):\/27r||f||L2(R,da:)' (15.9.4)
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As an illustration of the preceding inversion formula, consider the function
glx) = IQH Its Fourier transform was computed to be h(\) = eI, See (8.5.8).
Thus, from (15.9.3),

h(z) = 1 /Remh(A)dA

21

0 0
1 {/ e—Aei/\md/\+/ e)\ei)\xd)\}
2 0 —o0

1
2 iz -1 w41
= g(z).
We follow [138, pp. 42-43] for the next exercise.

Exercise 15.9.1. For R > 0, consider the closed contour

YR =71,R+V2,R + V3,R T V4,R>
defined as follows:
 R.

(1) v,r is the interval

(i

(R

i) v2.r s the interval [R, R + iy].

(ili) vs,r s the interval [R + iy, —R + iy].
) -

(iv) ~a,r is the interval [-R + iy, —R).

By computing the integral of the function e along this rectangle and using the
value of the Gaussian integral (5.2.6), show that, for y € R,

/ e e 2t = \/me V. (15.9.5)
R

15.10 Solutions

For the convenience of the reader we recall the definition of a Riemann integrable
function. Let [a, b] be a compact interval. The function f bounded on [a, b] is said

to be Riemann integrable with integral I def. ff f(t)dt if for every € > 0 there
exists § > 0 with the following property: For every subdivision

a=ap<ar<as<az<--<ap_1<a,=>0 with krrllax lak — ak—1] < 0,
= n

Lo

and any choice of numbers &, € [ag—1,ax] (with k=1,...,n),

1= (&) (ar — ar—1)| < e

k=1
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The expression

is called a Riemann sum.

Solution of Exercise 15.1.1. We consider the Dirichlet function (see (15.2.2)) re-
stricted to [0, 1]. Tt is well known, and easily seen by computing Riemann sums,
that this function is not integrable in the sense of Riemann. Indeed, for any sub-
division 0 = ag < a1 < az < ... < an_1 < a, = 1 the choice of rational & leads
to

> fE)(ar —ar-1) =1,
k=1

while the choice of irrational & leads to

n

> F&)(ax — ax—1) = 0.

k=1
On the other hand, let (g )nen be an enumeration of the rational numbers in [0, 1],
and let
1, itxe{q,...,an},
) =
oN (@) {O, otherwise.

Each ¢n is Riemann integrable and we have

lim py(z) =p(z), z€][0,1]. O

N—o00

Solution of Erercise 15.2.3. Remark first that any singleton is closed, and hence
measurable. Let now {g,,n € N} be a bijection between N and Q. Since

(@

Q= {an},

n=1

it follows that Q is measurable. O
We remark that the set Q is neither closed nor open in R.

Solution of Exercise 15.2.8. We have

p(z) = Ip\g(z) =1 Ip\g(z) + 0 Ir\g(2),

and hence @ is a measurable step function since Q (and hence R \ Q) is measurable
in view of Exercise 15.2.3. g
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Solution of Exercise 15.3.2. We first note that every singleton has Lebesgue mea-
sure zero since, for z € R,

{x}fj(xi,erTll)

In particular every countable set has Lebesgue measure zero, and so

#([0,1]NQ) = 0.

Therefore we have
u([0,1]N(R\Q)) =1,
and the integral is equal to 1. O

Solution of Erxercise 15.3.3. For n € N let
1
B ={eeBifw e ).}

The set E, is measurable. Furthermore, we claim that u(E,) = 0. Indeed, assume
that u(Ey) # 0 (and in particular the case u(E,) = oo is not excluded). There
exists M > 0 such that p(E,) > M. Thus

1(En) > M

> >0,
n

1
O:/Ef(:v)dp(x) > n/ElEndu(x) >

which is impossible.

The set of points where f(x) # 0 is |J,,cy En and hence has measure 0 since

Solution of Ezercise 15.5.5. We first note the following. The space ¢5 g is a Hilbert
space, and for every a € {5 g the function b — e’®b) ig continuous, and hence is
measurable with respect to the Borel algebra. In particular, the integral on the
right side of (15.5.5) will make sense as soon as P is a finite Borel measure.
We proceed by contradiction to prove that no such measure exists. Assume that
P exists such that (15.5.5) holds. Setting @ = 0 in (15.5.5) we see that P is
a probability measure. Let, for n € N, e(™) denote the element of lor with all
entries equal to 0, besides the n-th one, equal to 1, and set a = (™ in (15.5.5).

We have
b = / e gp(p) = / etndP(b).
EQYR Z‘Z,IR

For every b = (bp)nen € loR,
lim b, = 0.

n—oo
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Since |e®?| < 1, the dominated convergence theorem with f,,(b) = ¢ and f(b) =

g(b) =1 leads to

ez = / eile™ 8 ap(b)

lor

= lim [ " Dapp)
n—00 lor

- / lim eie™ ) dP(b)
¥4

n—oo
2,R

= [ dP(®) =1,

Lo R
since such a P would be a probability measure. We thus obtain a contradiction. [

Solution of Ezercise 15.6.3. Let € R and let (z,,)nen be a sequence of real num-
bers such that lim,, . z, = x. Set

fot) =e @t f(t), neN,

and
g(t) =1 @)

The functions f, and g belong to L; (R, dz) and we have
lim f,(t) =e “'f(t), VteR.
n—oo

Furthermore
|fu(t) < g(t), VteR.

The dominated convergence theorem allows us to conclude that

lim F(x,)= lim [ f.(t)dt :/R lim f,(t)dt = F(x),

n—oo n—o0 R n—oo
and F' is continuous at the point x. O

Solution of Exercise 15.8.2. We first remark that for every z € C\ T the function

1
t— .
et — z
is bounded,
| 1 < e il <,
eit —z! — IZI1—1’ if |z] > 1,

and hence belongs to Lo ([0, 27],du). Let z be in the open unit disk. Using the
dominated convergence theorem for series with

falt) = 2" f(p)e im0
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and

_ f@)l

g(t) = =)

we have

F)dp(t)y 2T f(te tdu(t)

0 et — z 0 1—e itz
27 0
=/ F®e (D (e 2)")dp(t)
n=0

o0 27 )
Soen [ e o),
n=0

This power series is identically equal to 0 in D, and therefore

27

F@e @), n=0,1,....
0

Take now |z| > 1. Another application of the dominated convergence theorem for
series of functions gives:

TF)dut) 1 [T f(t)du(t)

0 et — z zJo z7lett —1
1 o . it —1\n
- PO (et

00 27
=-) F()e™du(t).
n=0 0

This power series is in fact a Laurent expansion in |z| > 1 and identically equal
to 0 there, and therefore

27

f®e™du(t), n=0,1,....
0

It follows that f is orthogonal to all trigonometric polynomials. Since every contin-
uous function on [0, 27 (with same values at 0 and 27) can be approximated in the
supremum norm by trigonometric polynomials (see for instance [123, Théoréme
4.25 p. 87], it follows that f is orthogonal to all continuous functions. By Theorem
15.8.1, we have f =0, u-a.e. O

Solution of Ezercise 15.9.1. For y = 0, (15.9.5) is the value of the Gaussian inte-
gral, which we assume known. See the discussion after (5.2.6). The integral under
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consideration is an even function of y, and we take y > 0. We give to I'g the posi-
tive orientation. We then have the following parametrizations for the components
of FR:

’Yl,R(t) =t t€ [*R,R],

72,R(t) =R + Zta te [an]a

73,R(t) =—t+ Zya te [_RaR]a
(t)

Y4,r(t) = —R+i(y—t), tel0,y].

. 2 . - o
Since e™*" is defined by a power series centered at the origin, and converging in

all of C, it has a primitive in C and we can write
/ e dy = 0, VR>0,
I'r

that is,

/ e*ZZdz—i-/ e*ZZdz—i-/ e*Zde—i-/ e *'dz=0, VR>0. (15.10.6)
Y1,R Y2,R Y3,R Y4,R

We have
[ el | [ et tiay
Y2,R 0
Y 2 2
S/ €_R +t dt
0
_R2 Y t2
=e e dt—0 as R — oo.
0
Similarly,

. _ .2
lim / e “dz=0.
R—o0 Yar

Therefore letting R — oo in (15.10.6) and using the value of the Gaussian integral
we obtain

e_y2/e_t2dt:e_y2\/ﬂ':/e_tze_%tydt. (15.10.7)
R R

See for instance [138, p. 43]. O
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