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SOME SIMPLIFICATIONS IN BASIC COMPLEX ANALYSIS

OSWALDO RIO BRANCO DE OLIVEIRA

ABSTRACT. This paper presents very simple and easy integration-free proofs in
the context of Weierstrass’s theory of functions, of the Maximum and Minimum
Modulus Principles and Gutzmer-Parseval Inequalities for polynomials and for
functions developable in complex power series at every point in their domains,
as well as a trivial proof of the Open Mapping Theorem, an intuitive version
of Liouville’s Theorem, an easy proof of Weierstrass’s Theorem on Double
Series, a modest extension of Schwarz’s Lemma, and some other related results.
It also presents easy proofs of the Pélya-Szegd and P. Erdos’ Anti-Calculus
Proposition, a theorem on saddle points by Bak-Ding-Newman, and the well-
known Clunie-Jack Lemma.
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1. INTRODUCTION

BRIEREREEEE =m ==

The aim of this work is, by employing a “method” used in the elementary proof
of the Fundamental Theorem of Algebra by de Oliveira [12] (see also [14]) and an
averaging technique, to give simple, easy, and independent proofs for polynomial
versions of a result here named the Gutzmer-Parseval Inequality (by combining the
attributions in Burckel [B p. 81] and Remmert [29] p. 243]), the Maximum Modulus
Principle, and the Minimum Modulus Principle (also known as Cauchy’s Minimum
Principle, see Remmert [28, p. 112]). This work also aims, through the use of very
basic concepts in plane topology, basic results on complex power series, and the
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two tools already mentioned, to provide extensions of those polynomial results to
all power series, in the context of Weierstrass’s theory of functions. In addition,
this article provides proofs of the Open Mapping Theorem, an Inverse Function
Theorem, Liouville’s Theorem (and an extension of it), a theorem by Pélya-Szegod
and Erdos, a quite recent theorem on saddle points by Bak-Ding-Newman, and the
Clunie-Jack Lemma. Some consequences of a Polygonal Mean-Value Property for
Polynomials are also proved.

Moreover, this paper proves the easy part of a simplification given by Whyburn of
a theorem on power series (independently) demonstrated by Hurwitz, Connell and
Porcelli, and Read. Then, through employing the Gutzmer-Parseval Inequality,
this article furnishes a modest extension of Schwarz’s Lemma and a rather easy
proof for Weierstrass’s theorem on double series (see Remmert [29] pp. 250-251]
and Knopp [20, pp. 430-433]), a result considered by Weierstrass as the key to
convergence theory (see Remmert [29) pp. 250-251]). In addition, still using the
Gutzmer-Parseval inequality, another convergence theorem and Montel’s Theorem
are proved. Lastly, two results on Laurent series are also proved.

It is interesting to notice that this work provides proofs that do not employ func-
tion continuity for the following results: the Gutzmer-Parseval Inequality, Cauchy’s
Inequalities, Maximum Modulus Principle, Liouville’s Theorem, and the Unique-
ness Theorem for the coefficients of a power series.

It is remarked in Conway [11, p. 80] that “the Maximum Modulus Theorem

. is far from obvious even for polynomials.” In Lang [2I] p. 84|, the Maximum
Modulus Principle is shown to be a consequence of the Open Mapping Theorem,
for which an elaborate proof is given, by applying the theorem on existence of a
local compositional inverse g(w) = > by, (w — wp)™, where b, € C and n € N, for a
power series f(z) = > an(z — 29)", where a,, € C and n € N, if f'(z9) # 0; that
is, we have (g o f)(z) = z for all z in a neighborhood of zy. In this presentation
we will not use this existence theorem. Moreover, Beardon [3| p. 103] proves the
Maximum Modulus Principle for Polynomials by using the Argument Principle.

We recall that a function f : @ — C, with © an open subset of C, is complez-
f(z+h}z—f(z)

differentiable, or holomorphic, if f has complex derivatives f'(z) = }1111% :
—

at every point z € Q. In [29] Remmert pointed out that the goal of Karl Weierstrass
was to establish the study of holomorphic functions solely on the basis of power
series, without the use of integrals; and although such a methodologically pure path
has now been abandoned, modern authors such as Burckel [5], Lang [21], Bak and
Newman [I], Remmert [29], and others still stress the importance of the study of
power series. A translation of Carathéodory’s opinion is presented by Remmert [29,
p. 109] as “Power series are therefore especially convenient because one can compute
with them almost as with polynomials.”

2. PRELIMINARIES

Let us denote by N = {0,1,2,...} the set of all natural numbers, Z the set of
all integer numbers, Q the field of rational numbers, R the complete field of real
numbers, and C the algebraically closed field of complex numbers. Moreover, if
z € C then we write z = x + iy, where x = Re(z) € R is the real part of z,
y = Im(z) € R is the imaginary part of z, and i = —1. Given z = z + iy in
C, its conjugate is the complex number Z = x — ¢y and its absolute value is the

non-negative real number |z| = v2Z = /2% + y2.
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The open disk centered at the point zg € C with radius r > 0is the set D(zg;7r) =
{z € C: |z — %] < r}. Similarly, the compact disk centered at zo with radius r > 0
is the set D(z0;7) = {z € C: |z — 20| <7}

Given X C C, apoint p € Cis an accumulation point of X if every disk D(p;r),
where 7 > 0, contains a point of X distinct of p.

In this text we will use the following well-known results on power series (see de
Oliveira [13]; see also [1], [5], [20], and [21]):

o Let (ay) be a sequence of complex numbers. Applying the Cauchy-Hadamard
Formula, p=! = limsup {/|a,|, it follows that if p > 0, then the power
series f(z) = > an(z — z0)™ converges uniformly and absolutely on any
compact disk D(zo;7) C D(z0;p) and diverges at every point z such that
|z — 20| > p. We call p and D(zp;p), the radius of convergence and the
disk of convergence of the power series, respectively. The function f is
continuous on D(zo; p).
o If f(2) =Y an(z — 20)" and g(z) = > bn(z — 20)™ are convergent power
series with radii of convergence p; > 0 and p2 > 0, respectively, and A € C,
then A\f(z) = > Aan(z — z9)™ is a convergent power series with radius of
convergence either equal to p1, if A # 0, or equal to +o0, if A = 0. Moreover,
—+o0

S () = Dlontba)(=20)" and f2)g(2) = & (2 asbe)(z—20)”
n= Jjtk=n

are convergent power series with radius of convergence ps > min{ps, p2}.

o Given f(z) =3 an(z—20)" in the disk of convergence D(zo; p), with p > 0,
then there exists f/(z) = 3. na,(z — 20)" ! for all z € D(z0;p). Thus, f is
infinitely differentiable in D(zg; p) and we have a,, = %, for all n € N.
We say that f(z) = 3 ) (20)(z — 20)"/n! is the Taylor series of f around
(or centered at) zo. If w € D(zo;r), then the Taylor series of f around w
converges to f in the open disk D(w;r — |w — zo|).

o If f(2) => anz™ and g(z) = >_ bpz™ are both convergent in D(0;r), with
r > 0and g(0) € D(0;7), then the function composition (fog)(z) = f(g(z))
is a convergent power series in some disk D(0;¢), where § > 0.

o If f(2) =3  anz™ is a convergent power series in D(0;r), where r > 0 and
ap = f(0) # 0, then the function 1/f(z) is a convergent power series in
some disk D(0;9), with ¢ > 0.

o Principle of Isolated Zeros for Power Series. If f(z) = 3 a,z" is a power
series convergent inside D(0;r), where r > 0, such that f(0) = 0 but f is
not the null function, then there exists a smallest k > 1 satisfying ax # 0
and a power series g(z) = Y b,2" convergent in D(0;9), for some ¢ > 0,
so that we have the factorization f(z) = z¥g(z), for all z € D(0;6), with g
nowhere vanishing.

o Identity Principle for Power Series. If f(z) = > a,z" and g(z) = > b,2"
are convergent power series in D(0;r) satisfying f(z) = g(z) for all z in a
subset X of D(0;r), where X has an accumulation point in D(0;r), then
we have a,, = b,, for all n € N.

. s oo 2t o oo (—1)neH
o The complex series exp(z) = e* =) '~  Zr sinz =)'~ ERCTES VIR and
+oo (=)

) n=0 (2n)!
e = cosf +isinf, for all § € R.

n

cosz = converge in C. Moreover, we have Euler's Formula:
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o If a is a real number we define, for each n € N, the binomial coefficients
(&) = w, if n > 1, and (§) = 1. Then, we have the real
—+oo

binomial series (1 +2)* =3~

(z) ™, with radius of convergence p = 1.

Right below we prove a result about the complex binomial series that we shall need.

Proposition 2.1. Let p € N\ {0}. Then B(z) = >/ (1/p)z" converges in the

n=0\ n

open disk D(0;1) and B(z) is a pth root of 1 + z, where |z| < 1. That is, we have
B(z)? =1+ z, for all z € D(0;1).

Proof. Given z € (—1,1), it is well-known that b(x) = (1 —l—:v)% =y (17/117):10". It
is also known that the real series >0 (17/1 P)a™ diverges if |z| > 1. Therefore, from
the Cauchy-Hadamard formula it follows that the function B(z) = ::B (17/1 P)z",

where z € C, has radius of convergence p = 1. By a property of the product of
convergent power series, the function B(z)? is a power series convergent in D(0;1)
that satisfies the equation B(x)P = b(x)? = 1+ z, for all z € (—1,1). The claim
then follows from the identity principle. ([

Henceforth, €2 denotes an open subset of C.

We say that Q is connected if the only subsets X of  such that X and Q\ X
are both open in C, are the subsets X = Q and X = (.

Given z; and z2, both in C, we denote the line segment joining them by [z1, 22].
A polygonal line is a finite union of line segments of the form [zg, z1] U [21, 22] U
.U [2n—1,2n]. We say that Q is polygonally connected if each pair of points in
can be joined through line segments lying in Q. It is not difficult to verify that Q
is connected if and only if 2 is polygonally connected.

Definition 2.2. A function f : Q — C is called analytic in § if for each zg € Q
there exists a radius r = r(z9) > 0 and constants ¢, € C such that D(zg;7) C Q
and f(2) = 352 ca(z — 29)™ for all z € D(zp;7). We indicate by A(Q) the set of
analytic functions in €.

We will use the following well-known results on analytic functions, all of them
easy consequences of the previously listed basic results on power series:

o Every power series convergent in D(0; p), where p > 0, is analytic in D(0; p).

o Every analytic function is continuous and infinitely differentiable.

oIf f and g are in A(Q) and A € C, then f + g, A\f, and fg are also in
A(2). The function 1/f defined on the open set {z € Q: f(z) # 0} is also
analytic.

o If g € A(Q) and f € A(£22) and the image of g, the set g(€21), is contained
in Q2, then the function composition (f o g)(z) = f(g(z)) is analytic in Q1.

Next, we prove a fundamental result about analytic functions.

Proposition 2.3. (Principle of Isolated Zeros for A(2) ) Let f be in A(2), with f not
being the null function, and Q an open connected set in the complex plane. Then,
Z(f) ={z € Q: f(z) = 0} is an isolated subset of 2. Moreover, if zg € Z(f),
then there exists a smallest k > 1 and a function ¢ € A(Q2) such that we have the
factorization

f(2) = (2 — 20)*0(2), for all z € Q, where ¢(zy) # 0.



SOME SIMPLIFICATIONS IN BASIC COMPLEX ANALYSIS 5

Proof. First, let us show that
W ={w € Q: f is identically zero over some open disk centered at w}

is an empty set. Clearly, W is open. Moreover, let us suppose that (w,) is a
sequence in W such that w,, — ¢, where ¢ € Q, as n — +o00. By the hypothesis on
(w,) we have f)(w,) =0, for all j € N and all n € N. Since f and its derivatives
are continuous, we obtain f()(¢) = 0, for all j € N. Developing f by its Taylor
series centered at ¢ we deduce that ¢ € W. Therefore, 2\ W is also open. Thus,
since 2 is connected and f is not the null function, W is empty.

By the previous paragraph, given zg € Z(f), the Taylor series of f centered at
zo does not vanish identically. Employing the principle of isolated zeros for power
series, we find k € {1,2,3,...} and a small r > 0 such that

f(z)=(z— Zo)kg(z), for all z € D(zo;7),
+o0 i

g(z) = 3 ap(z — Zo)P*k, with a, = -j(p;(!zo‘)v for all p > k, and g(z0) = ax # 0.
p=k

We complete the proof by defining

o 9(2), if z € D(20;7)
p(z) = f(2) if z€ Q\ {20}

(z—z0)k?

3. THE GUTZMER-PARSEVAL INEQUALITY FOR POLYNOMIALS AND FOR
ANALYTIC FUNCTIONS, CAUCHY’S INEQUALITIES, AND LIOUVILLE’S
THEOREM

In this section we prove The Gutzmer-Parseval Inequality for Polynomials and, as
a consequence, The Gutzmer-Parseval Inequality for Analytic Functions, Cauchy’s
Inequalities, the Maximum Modulus Principle, the Uniqueness Theorem for the
Coefficients of a Power Series, and two Liouville’s theorems.

In 1832, A. L. Cauchy already knew the inequalities bearing his name. In 1888,
A. Gutzmer published the formula

1 2 X
S lanfrtn = 5o [ 1o+ re R as.

for functions complex differentiable in an open set (holomorphic functions).

Searching for an integration-free theory of holomorphic functions, P. Porcelli
and L. M. Weiner [20], in 1957, published the following Cauchy inequality for
polynomials: “If a polynomial P(z) = ag+a12+- - -+a, 2" satisfies |P(z)| < M, for
all |z| < R, then we have |a;| < M/R/, for j = 0,...,n.” This Cauchy inequality
was applied in [9]. Another proof of this inequality, with an application, was given
n [I0]. See also Leland [22].

The reader is invited to look Weierstrass’s nice proof of Cauchy’s inequality for
analytic functions (given in 1841) that is offered in Remmert [29, p. 247]. I had
the luck of receiving this same invitation from R. B. Burckel and Paulo A. Martin.



6 OSWALDO RIO BRANCO DE OLIVEIRA

Lemma 3.1. (The Gutzmer-Parseval Inequality for Polynomials) Let P(2) = Y7 a;27,
with n > 1, be a polynomial and r > 0. Let us define

m(r) = In}in |P(2)| and M(r) = ImlaX|P(z)|.
Then, we have

m(r)® <Y lag|? |r < M(r).
j=0

Proof. Let us consider the number w = €'/ (thus, w™ = —1) and the 2n poly-
nomials Py(z) = P(w*z), where 0 < k < 2n — 1. A short computation reveals
that

(3.1) 1Pe(2))? = > laI?121¥ +2 > Rel@pzta,z"@"wh],
0<j<n 0<u<rv<n
and for 1 < v, the difference v — p runs over {1,...,n}. Writing Tk = Wk—r)

we obtain the finite geometric sum
2n—1 1— an(l,,#)

Z W = 22—,
1 —wv—H
k=0

Hence, for 0 < u < v < n, it follows that Ziigl [a,z"a,z"w " w™] = 0. Thus,
employing (B)) and these identities we arrive at

2n—1 n
(3:2) D P()P =20 lag] |2,
k=0 j=0
Now, since ‘n‘lin |Pi(2)| = In}in |P(z)| and ‘m‘ax|Pk(z)| = Irn|ax|P(z)|, we deduce
that
2n—1
2nm(r)? < Z |Pe(2)]? < 2nM(r)?, if |2| =7
k=0
The claimed inequalities follow from these and (B:2]). O

Remark 3.2. Tt is rather trivial to produce a proof of Lemma [3.1] that does not
employ polynomial continuity. To do so, it is enough to replace m(r) and M (r) by
inf{|P(2)| : |z| = r} and sup{|P(z)] : |z| = r}, respectively.

Theorem 3.3. (The Gutzmer-Parseval Inequality for Analytic Functions) Let f(z) =
> anz™ be a convergent power series in D(0; R), where R > 0. Given r such that
0 <r< R, we have
Z lan|?r?™ < M(r)?, where M(r) = ‘m‘ax |f(2)]-

Proof. Let z be arbitrary in C, with |z| = r. From the triangle inequality follows
that

—+oo +oo
< M(r) + } Z anz"| < M(r) + Z |an|r™, for all N € N.
n=0 n=N-+1 n=N+1
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Thus, by the Gutzmer-Parseval inequality for polynomials (Lemma B.I]) we obtain
2

N oo
D lanlr® < M)+ ) lan™ |, forall N €N,
n=0 n=N+1

Passing the last inequality to the limit as N — +o0, the claimed inequality follows.
O

Remark 3.4. By redefining M (r) as sup{|f(z)| : |z|] = r}, we obtain a proof of
Theorem 3.3 that does not use function continuity. See also Remark 3.2

Remark 3.5. From Remark [B.4] follows a proof of The Uniqueness Theorem for the
Coefficients of a Power Series (see [3, pp. 112-113]) that does not employ function
continuity. In fact, let us suppose that > a,z™ and > b,2" satisfy > a,z" =
> bpz™, for all |z| < R. Hence, Y (a, — by)z™ vanishes everywhere in D(0; R). By
Remark B4 we obtain Y |a,, — b,|*r?" < 0 for all r such that 0 < r < R. Thus,
we have a,, = b,, for all n € N.

Corollary 3.6. (Cauchy’s Inequalities) Keeping the theorem’s notation, we have

M
lan| < #, for allm € N.
T
Proof. Tt is straightforward from Theorem [3.3 O

Corollary 3.7. Let us keep the hypothesis and the notation in Theorem [3.3 If
sup{|f(2)|: 2 € D(0; R)} < M and 0 < r < R, then we have

M
R—7r’

max || <
D(0;7)

Proof. The Taylor series of f centered at an arbitrary zo in D(0;7) is

(n) (4
f(z) ZZfT(!O)(Z—ZO)", if |z—z)] <R-—1.
Hence, from Theorem [3.3] follows
1f'(20)] |2 — 20] < M, if |2 — 2| < R—r-

Taking |z — zg|, with |z — 29| < R — 7, arbitrarily near R — r, at the limit we find
that |f'(z0)|(R—1) < M. O

Theorem 3.8. (Maximum Modulus Principle) Let f : Q — C, where Q is open and
connected, be analytic. If |f| has a local mazimum, then f is a constant.

Proof. Let zp be a point of local maximum of |f|. We can clearly assume that
zo = 0. Expressing f by its Taylor series around zp = 0, we write f(z) = > a,z™
with z in a disk D(0; ), where § > 0. By hypothesis, there is 7, where 0 < r < 4,
such that
1> anz"] < |£(0)] = |ao|, for all z € D(0;7).

Hence, from Theorem B.3] follows

—+oo

laol* + > lan]*r*" < |ao|*.

n=1
Thus, we obtain a, =0 if n > 1 and f(z) = ao for all z € D(0;r). By Proposition
23 (principle of isolated zeros), f is a constant. O
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Remark 3.9. The strictly algebraic result asserting that a complex polynomial of
degree n > 1 has at most n zeros is well-known. Consequently, adapting the proof of
Theorem B.§] (maximum modulus principle) to the case where f is a polynomial, in
a very obvious way, it is rather easy to see that by employing Lemma Bl (Gutzmer-
Parseval inequality for polynomials) and Remark 3.2, one can produce a trivial proof
of the Maximum Modulus Principle for Polynomials that does not require polynomial
continuity.

Remark 3.10. The maximum modulus principle (Theorem B.8)) yields a proof of
the fundamental theorem of algebra that is very much like the classical proof (that
employs Liouville’s Theorem for holomorphic functions, see Theorem [B.12) usually
given in regular courses. In fact, suppose that there exists a complex polynomial
p = p(z), degree (p) > 1, with no zeros in C. Therefore, 1/p is analytic in C. Since
Ip(2)] = 400 as |z| = 400 (see [12]), then 1/|p(z)| — 0 as |z] = +o0. Thus, 1/|p|
has a global maximum at some zy € C. From Theorem [B.8 it may be concluded
that 1/p is a constant. Hence, degree(p) = 0; which is a contradiction.

Definition 3.11. An analytic function f is entire if its domain is C [i.e., f € A(C)].

Next, in Theorem we prove Liouville’s Theorem for an entire function f
supposing that f is given by its Taylor series at the origin. We demonstrate on
Theorem (a result due to Hurwitz, Read, and Connell-Porcelli) that such ex-
pansion occurs for every entire function.

The following proof of Theorem does not employ function continuity.

Theorem 3.12. (Liouville) Let f(z) = > anz™ be bounded and convergent in C.
Then, [ is a constant.

Proof. Let M € R be such that |f(z)] < M, for all z € C. Employing Remark B4
and a calculation similar to the one in the proof of Theorem B3] we find (without
using function continuity) the inequality

3 Jan P < M2, for all 7 > 0.

Hence, for a fixed n > 1 we obtain |a,|?r?" < M?, for all » > 0, which implies that
an = 0. As a result, we conclude the identity f(z) = ag for all z € C. O

Remark 3.13. Similarly to Theorem [3.12] we have The Extended Liouville Theorem:
Let us suppose that f(z) = Y a,z™ converges in the complex plane. If there are
constants A > 0, B> 0, and N € N such that

If(2)] < A+ BJz|Y, forall z € C,

then f is a polynomial and degree(f) < N. The proof is easy. In fact, since
we have | Y a,2"| < A+ Br¥, for all |z| = r, by employing Theorem (the
Gutzmer-Parseval inequaliy for analytic functions) and a straightforward inequality,
we conclude that

Z lan|2r?™ < (A+BTN)2 < C+Dr*N, for allr >0, with C > 0and D > 0 constants.

Hence, we have a,, = 0 for all n > N. Thus, f is a polynomial and degree(f) < N.
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4. THE MAXIMUM AND MINIMUM MODULUS PRINCIPLES

In spite of the Maximum Modulus Principle for analytic functions (Theorem [3.8])
being an easy consequence of the Gutzmer-Parseval Inequality for Analytic Func-
tions (Theorem [3.3), we present another proof of such principle in Theorem 1] on
account of the following four reasons: (1) it furnishes analogous, independent, and
easy direct proofs of the Maximum and Minimum Modulus Principles for analytic
functions and also for polynomials (the proofs for polynomials can be freed from the
exponential function by adapting the proof of the fundamental theorem of algebra
in [12]); (2) although the Minimum Modulus Principle for f € A(Q) follows easily
from the Maximum Modulus Principle for f € A(Q) by applying the latter to 1/f
if the function f does not vanish, such an argument cannot be used if we are re-
stricted to the algebra of polynomials because the function 1/P is not a polynomial
if P is a non-constant polynomial; (3) the importance of the Minimum Modulus
Principle for polynomials in proving the fundamental theorem of algebra (see [12]
and Remmert [28 p. 112]); (4) its simplicity and usefulness in analyzing saddle
points of |f|, where f is an analytic function, and in proving the Anti-Calculus
Proposition (Theorem [5.2]) and the Clunie-Jack Lemma (Theorem [I0.2)).

Theorem 4.1. Let f : Q — C, where Q is an open and connected set in C, be
analytic and non-constant. Then,

(a) (Maximum Modulus Principle) | f| has no local mazimum.
(b) (Minimum Modulus Principle) |f| has no local minimum at zo in ), unless

f(z0) = 0.

Proof. Let us suppose that zp = 0 is a point of local maximum or local minimum
of |f|. Hence, the expression

(4.1) [f(2)F = £ (O)

does not change sign [> 0 or < 0] in some disk D(0;¢), with € > 0, and by the
principle of isolated zeros (Proposition [Z3)) there exists a natural number k& > 1
and a function ¢ analytic in D(0;€) such that

(4.2) F(2) = F(0) + 2(2), 9(0) # 0.

Putting z = re??, with 0 < r < € and § € R, and combining the expressions (@)
and ([{.2) we obtain

(43)  fre)2 = |FO) = 2" Re [FO)H p(re)| + 12 |p(re) P,

whose sign is constant and unchanged when we divide the second member of (£.3)
by r* (with 0 < r < ¢):

2Re ng(rew)eike] + Tk|ga(rei9)|2.

Fixing 6 € R, by continuity the limit of the expression right above for r — 07 is
the expression

2Re[f(0)g0(0)eik9]
that keeps the sign of the former expression, independently of § € R. However,

this is only possible if f(0)¢(0) = 0 [to see this, it is enough to choose values of ¢
such that e™*? assumes the values —1, +1, —i, and +i]. Therefore, we deduce that

F(0)p(0) = 0 and then f(0) = 0.
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Consequently, if zg is a point of local maximum of | f|, then f vanishes everywhere
in a neighbourhood of zy and through the principle of isolated zeros we conclude
that f is null in 0, against the hypothesis. Thus, there is no such zy. It is quite
easy to turn this proof of the maximum modulus principle into a direct proof.

If 2y is a point of local minimum, then we have proved f(z9) = 0 as desired. O

Next, we give a very intuitive proof of Liouville’s Theorem for a bounded power
series convergent in the entire complex plane, employing the maximum modulus
principle [Theorem [4] (a)]. See also Theorem B12 and Remark 3.13.

Theorem 4.2. (Liouville) Let f(z) =Y anz™, where z € C, be a bounded function.
Then, f is constant.

Proof. Clearly, the function |f(z) — ag| = |2|la1 + a2z + azz® + ---| is bounded.
Hence, if |2| — 400, then ¢(z) = a1 + azz + azz® + - -+ tends to 0 and the function
|o(z)| has a global maximum. By the maximum modulus principle [Theorem 1]
(a)], we see that ¢ is constant. Thus, ¢ is the zero function and f is constant. [

Remark 4.3. One can adapt the proof of Theorem for an entire and bounded
analytic function f [i.e., f is bounded and f € A(C)]. In fact, applying the principle
of isolated zeros (Proposition 2.3) and writing f(z) = ag + z¢(2), with ¢ analytic
in C, one can then proceed exactly as in the proof of Theorem

In Theorem 4] we present a proof of the maximum modulus principle for an
analytic function that does not employ function continuity.

Theorem 4.4. (Maximum Modulus Principle) Let f be analytic in an open and
connected set Q. If the function |f| has a local mazimum at some zy € Q, then f
18 a constant.

Proof. At first, let us first consider the case f(z) =Y an2", with z € D(0; R) and
R > 0. Then, let us define g(w) = f(20 + w), with |w| < R — |20|. Since > a,z"
converges absolutely within D(0; R), by a usual power series computation we have

—+o0 +oo n —+oo
gw) = 3 an(zo+w)" = X 3 (7)anzg” "w™ = 3 bmw™,
n=0 n=0m=0 m=0

where b, = > an(:l)zgfm.
n>m
Moreover, since |g| has a local maximum at w = 0, from Remark B4 it follows
(without employing function continuity) the inequality |bo|? + :;:1 by |20%™ <
|bo|?, for all p > 0 and p small enough. Hence, we obtain b,, = 0, for all m > 1,
which implies that g(w) = g(0) = f(z0), for all w € D(0; R — |z])-

Thus, we proved that f(z) = f(zo), for all z € D(zp; R — |20|) (the biggest open
disk centered at zo and still inside the domain of f). Let us consider the subcase
0 € D(z0; R — |20]).- Then, 0 is a point of local maximum of |f|. Hence, by the
previous argument we deduce that f(z) = f(0), for all z € D(0; R). The proof of
this subcase is complete.

Let us now consider the subcase 0 ¢ D(zp; R — |20]). Then, the point z; =

z0 — R_2‘Z°‘ Iz_gl € D(zo; R — |20]) is a point of local maximum of |f|. Hence, by the

argument in the paragraph right above, it follows that f(z) = f(z1) = f(z0), for
all z € D(z1;3(R — |20])/2), noticing that 3(R — |z9])/2 = R — |z1|. Otherwise, if
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the point 0 is in D(z1; R — |z1|), then 0 is a point of local maximum of | f|. Thus,
we complete the proof of this subcase as in the paragraph right above.
If 0 ¢ D(z1; R—|z1]), then proceeding as in the last paragraph we will eventually

find a point z, = zn_l—Wﬁ € D(zp—1; R—|2n-1]), with n > 2 and radius

R —|zn-1| = (3)" (R — |20]), such that f(2) = f(z4) = - = f(21) = f(20), for
all z € D(zp; R — |z|), with 0 € D(z,; R — |2,]). Hence, in such a subcase, we
complete the proof as in the last paragraph. The proof of the first case is complete.

Now, let us consider the general case f : 2 — C. Then, since 2 is open and con-
nected, given any w € Q, there exists a polygonal path P = [zg,21] U - . U[2n—1, 2n],
where n is fixed and [z, zj41] = {z;+t(zj41—2;) : 0 <t <1}, forall j € {0,...,n—
1}, inside Q and connecting zo and z,, = w. Moreover, for every ¢ € P, there exists
r¢ > 0 such that f is developable as a power series centered at ( and convergent
in D({;7¢). Furthermore, since the polygonal P is compact, there exists a smallest
m > 0 such that (o = 2o, ..., satisfies P C D(Co;r¢,) U .- - U D(Gmi e, ). Then,
since the intersections PND((j;7¢,) are nonempty, for all j € {0,...,m}, we can re-
enumerate these disks so that for each j € {1,...,m}, the disk D({j;r¢;) intersects
the union D(Co;7¢,) U ... U D(Cj—157¢;_,). Now, by the first case, we notice that
we have f(z) = f(zo), for all z € D(zo;rs,). Consequently, we obtain f(z) = f(zo),
for all z in D(Co;7¢,) N D(Ci57¢,). Therefore, by the first case, we conclude that
f(2) = f(z0), for all z € D(¢1;7¢,), which implies the identity f(z) = f(z0), for
all z € D(z0;72,) U D(C157¢,). Hence, proceeding by induction we conclude that
f(z) = f(zo), for all z € D({p;7¢y) U ... UD((m; e, ). The proof is complete. O

5. THE ANTI-CALCULUS PROPOSITION BY POLYA-SZEGO AND P. ERDOS AND
THE THEOREM ON SADDLE POINTS BY BAK-DING-NEWMAN.

The two results in this section can be found in Bak and Newman [I} pp. 87-90]
and [2], and also in H. P. Boas [4]. As proposed problems, they can be seen in
Pélya and Szego |25 Part III, Problems 132, 136, and 144]. The proofs given in
this section are different than the respective ones in [1], [2], and [4].

Definition 5.1. Given a set X C C and a function f : X — C, we say that f is
analytic in X if there exists an open set containing X in which some extension of
f is analytic.

Theorem 5.2. (Anti-Calculus Proposition (Pdlya-Szego, P. Erdds)) Let us suppose
that f : D(0; R) — C is analytic and non-constant and o, where |a| = R, is a point
of mazimum of |f| or a point of minimum of |f|.

(a) If a is a point of maximum, then f'(a) # 0.

(b) If a is a point of minimum, then f(a) =0 or f'(a) #0.

Proof. Let us suppose that f'(a) = 0. Since « is either a point of maximum or a
point of minimum of |f| in D(0; R) and f is non-constant, from the Taylor series
of f centered at a we may conclude that there exists a function ¢ analytic inside
D(a;r), with 7 > 0 and sufficiently small, and k > 2 satisfying

o) f(z) = fla) + (z = a)fp(2), @(a) #0, forall z € D(asr),
5.1
If(2)]?> = |f(a)]*> has the same sign for all z € D(a;7) N D(0; R).
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Substituting the first equation of (5.1) for z = a + ee?, where the real numbers e
and 6 are such that z € D(a;7) N D(0; R), into the second expression of (5.1) we
obtain the expression

(5.2) 2ekRe[meik9<p(a + ee'?) ]+ ek |p(a + ee'))?,

whose sign is the same for all such values of € and #. The possible values of 6
include some interval (6p, 80 + 7). Given one such 6, there exists rg > 0 such that
z=a+ee € D(0;R) if € is in (0,79). Let us fix one such . Taking the limit as
€ — 0% of (5.2) divided by €* we obtain the expression

2Re[f(o¢)gp(o¢)eik9 |, with the same sign for all § € (60,60 + 7).

However, since k > 2, this can only be true if f(a)y(«) = 0, which implies f(«) = 0.
Now we can complete the proof of this theorem.
(a) If « is a point of maximum, then we deduce that f is the zero function,
against the hypothesis. Thus, f'(a) # 0.
(b) If « is a point of minimum then we proved f(a) = 0, as we intended.

O

Definition 5.3. Given a real-differentiable function F' :  — R, with 2 an open
subset of R2, a point Py € Q is a saddle point of F if Py is a critical point of F
(i.e., the partial derivatives of first order F,(Py) and Fy(P) are both zero) but B
is not a local extremum of F' (i.e., Py is neither a point of local maximum of F' nor
a point of local minimum of F').

Let us consider an analytic function f : 2 — C, where 2 is an open subset of C.

By identifying 2 as the subset {(z,y) € R? : 2 = z + iy € Q} contained in R?, we
consider in R? the graph of the function |f|: Q — R,

Graph(|f|):{(:z:,y,|f(z)|) ER?: z::z:+iy€(2}.

Definition 5.4. The set Graph(|f]) is the analytic landscape of f (see Busam and
Freitag [6] p. 64], Jensen [I8], and Pdlya-Szego [25, Part III, Problems 131 and
132)).

Theorem 5.5. (Bak-Ding-Newman) Let f be a non-constant analytic function de-
fined in Q and zo = xo + 1yo € Q, with xg and yo real numbers. Then, (zo,yo) is a
saddle point of F = |f]: Q — R if and only if f'(z0) =0 and f(z9) # 0.

Proof. Let us keep the notation in Theorem [5.2] (the anti-calculus proposition). We
may assume without loss of generality that zg = 0.
(=) It is clear that f(0) # 0. Let us consider ¢ analytic in € such that

f(z) = f(0) + z9(2), $(0) = f'(0).

At the origin, |f] is real-differentiable and has null gradient. Then, fixing
an arbitrary angle 8 € R and taking the limit for » — 07 we obtain

_ o )= 1£(0)]
(5:3) 0= Tl_l}r(rﬂ |ret?|

- rl—i>%1+ |f(rei9)|1+ |£(0)] {QRe {f(o)w(reie)ew} + 7“|2/J(7°ei9)|2}'
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On the other hand, for fixed 6, if r — 0% then we have f(re?) — 0 and, in
addition, v (re??) — f/(0). Substituting these limits into (5.3) we obtain

2Re[£(0)f'(0)e] = 0.

Since 6 is arbitrary in R, we finally obtain f(0)f’(0) = 0 and thus f’(0) = 0.

(<) Thanks to the hypothesis, we know that there exists a function ¢ analytic
in 2 which satisfies the equation f(2) = f(0) + z¥p(2), for all z € Q, where
k > 2 and ¢(0) # 0. Hence, given z # 0 we can write

fI= 1O _ _fEP = FOF  _ 2Re[f(0)¢p(2)2"] + [o(2)? |2
|| 12l (1 () +[£0)]) 12l (1 ()] +1£0)]) '
Consequently, we have
@)= SO
z—0 |Z|

—lim e | Fl0Vo(2) 12 2121l =
= I e o) {2R [f(0)90< ) + le(2)Pl2] } 0.

2|

Therefore, at the origin the function | f] is real-differentiable and its partial
derivatives of first order vanish.

Furthermore, for any fixed angle 6, the sign of | f(re?)|2 —|f(0)|? is that
of the expression 2Re [ﬁ())cp(rew)eike} + r%|p(re'?)|? which is, considering
small values of 7 > 0, the sign of 2Re[f(0)@(0)e??], if this number is not

zero. However, since f(0)(0) # 0, this sign can in fact change, depending
on the chosen 6. Thus, z = 0 is a saddle point.

O

6. THE POLYGONAL MEAN-VALUE PROPERTY FOR POLYNOMIALS

The next result is just a part of a theorem due to S. Kakutani and M. Nagamo
[19] and J. L. Walsh [30] (see also S. Haruki [I5]) characterizing the functions having
the property described in Definition as polynomials.

Definition 6.1. A function f(z) possesses the polygonal mean-value property if
there exists N € N such that for any zg € C the value f(zp) is the average of f at
the N vertices of every regular polygon with NV sides centered at zj.

Theorem 6.2. (Kakutani-Nagamo, Walsh) Let P(z) = Y7 ja;jz’, n > 1, be a
complex polynomial and w = €™/ (thus, w™ = —1). Given arbitrary complex
numbers zg and z, we have

2n—1

1
P(ZQ) = % Z P(ZQ + zwk).
k=0

Proof. Supposing initially zg = 0, we consider the 2n polynomials

Pp(2) = P(2w®) = ag + a120" 4 - - + ap2"w*™, where 0 < k < 2n — 1.
Clearly, we have
2nj

w2 —0, ifl<j<n.

1—wi

ol {2n, ifj=0
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Hence, Eiigl Pi(z) = 2nag = 2nP(0). Thus, defining Q(z) = P(zo + z) we obtain

2nP(zp) = 2nQ(0) = i Qr(z) = 2 Q(zw*) = i P(z + 2u5).
k=0 k=0 k=0

O

Remark 6.3. Since the enunciation of Theorem does not specify the degree of
the polynomial P(2) = Y_7 ;a;27, we may conclude that its claim is true for every
n € {1,2,3,...} such that n > degree(P).

As a consequence of Theorem [6.2] we provide a “high school proof” of the Max-
imum Modulus Principle for Polynomials that does not employ polynomial conti-
nuity (see Remark [3.9 and the penultimate paragraph of the Introduction).

Theorem 6.4. (Maximum Modulus Principle for Polynomials) Let P(z) = >="_, a;jz?,
wheren > 1, be a complex polynomial and zy a point of local mazimum of |P|. Then,
P is a constant.

Proof. We assume, without losing generality, zo = 0. Let R > 0 be such that
|P(2)] < |P(0)], for all z € D(0; R), and let w = ¢"™/™ (thus, w™ = —1). Then, by
the polygonal mean-value property for polynomials (Theorem [6.2) we have

2n—1

P(0) = % > P(awh)
k=0

and also, since |P(0)] is the maximum value of |P| in D(0; R),
1 . 1
P(0)] < 5= [IPG) 4+ [P )] < o [IP(2)] + (2n=D)IP(O)]] < [P(O)]

Thus, we obtain |P(z)| = |P(0)| = |ao| for all z € D(0; R). Hence, given a real
number z = z € [0, R] we deduce that

n
lao|® = Z |la;|?2* + 2 Z Rela,a,|z" ™
j=0 0<p<v<n
and, cancelling |ag|? on each side, noticing that u+v < 2nif 0 < u < v < n, and
isolating the monomial |a,|?z2", which has the biggest exponent,

n—1
Z |a;2z* 42 Z Re[@,a, J2"T 3 + |a,|*2?" = 0, for all z € [0, R].
j=1 0<p<v<n
Since every complex polynomial with a nonzero coefficient has a finite number of
zeros, we deduce that all the coefficients of the polynomial right above are zero.
Thus, the coefficient |a,|? of the monomial |a,|?2?" is zero. Hence, we are allowed
to write P(z) = Z;:ol ajzd. If n—1 =0, then we have P(z) = ao; thus, the proof is
complete. Otherwise, by repeating the previous argument (n—1)-times we conclude
that a,—1 = ap—2 = --- = a1 = 0 and consequently P(z) is a constant. O
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Proposition 6.5. (Cauchy’s Inequalities for P(z) = i_:_n; ajz?) Let us consider
P(z) = ;,771 ajz?, where n and m are fized in N and a; € C, for all j such that

—n < j<m. Let M(r) = max{|P(2)| : |z| = r}, where r > 0. Then,
r)

M
la;| < T—E., forallje{—n,—n+1,...,m}.

Proof. Introducing null coefficients a;/; if necessary, we can suppose that m = n.
Set w = e™/™. A short computation reveals that

Pk(z):P(zwk):a;nwfk"—k-u—kao—l— a2 if0<k<2n-1,
Zn
and
2n—1 e
Zw—{% vy =0 |
=0, if —n<j<nandj#0.

Hence, since max{|Py(z)| : |z| = r} = max{|P(2)|: |z| =r} = M(r), for |z| = r we

obtain
2n—1

> Pi(z)
k=0

and then for the constant term ag we deduce the inequality |ag| < M (7).

For j € N such that —n < j < n we have P(z) = 27Q(z), with Q(2) =
a_nz "4t a; + o+ apz™ 7 and max{|Q(z)| : |z| = r} = M(r)/r7. Thus,
by the previous case we conclude that

2n|ag| = < 2nM(r),

M(r)

laj] < gl‘g{IQ(Z)I ==

The following result is a discrete version of Cauchy’s Integral Formula.

Proposition 6.6. Let P(z) be a complex polynomial, n € {1,2,3,...} such that

n > degree(P), and w = e™/™ (thus, w™ = —1). Then, given arbitrary complex
numbers zg and z, with z # 0, and an arbitrary j € {0,1,...,n} we have
PO(z) _ 1~ _P(G) ;
—_— = ————— where (;, = 2o + zwW".
J! 2n kZ:O (Ck — 20)3 ’

Proof. Writing P(¢) = P(z0)+P’(20)(¢—20)+ - +P()

Ck:zo—l—zw , with 2z 20 and 0 < k <2n —1,

20) (¢~ )" and introducing

we find
(n)
P = P(z) + P'(x zwk+~-~+P7(Z0>z”wk”
(G) = Plao) + Pz !
and then,
P(Ck) _ P(G) _ i —kj P (z) PU(20) i kin)
(Ck—zo)j_zjwkj_P(Zo)Z Wt J! totT 2 '
It is trivial to verify the identity Zi"ol whl = 1;_“571 =0,if n<Il<nandl#0.

Moreover, it is obvious that Zizol w™ = 2n, if | = 0. Apply these with [ running
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over {—j,1—74,...,n— j} to get finally

PU(z) 13~ PG
it 2 ,; (Ck = 20)7

7. THE OPEN MAPPING THEOREM

Definition 7.1. Given f : Q — C, we say that f is an open map if for every open
subset O of Q, the set f(O) = {f(z): z € O} is an open set in the complex plane.

Definition 7.2. Given A and B, two subsets of C, the distance between A and B
is the non-negative number d(4; B) = inf{|la —b|: a € A and b € B}.

For another power series proof of the Open Mapping Theorem, we refer the
reader to Cater [8]. See also Lang [21], p. 81].

Theorem 7.3. (Open Mapping Theorem) Let f be a non-constant analytic function
in an open connected set containing D(0; R). Then, the image of f contains an open
disk centered at f(0).

Proof. By the principle of isolated zeros (Proposition 23]), there exists a circle

C(0;7) = {z : |2| = r}, with » > 0, contained in D(0; R) such that f(0) ¢
f (C (0; r)) Then, we consider the strictly positive distance

6 = d(F(0); F(C0:7)).

Let us verify the inclusion D(f(0);6/2) C f(D(0;7)). Given an arbitrary point
T € D(f(0);6/2), there exists a point v € D(0;r) satisfying

T = £ = d(Ts £ (D(051)) )

It is clear that |7 — f(v)| < |T — f(0)| < §/2. From the triangle inequality it follows
that [f(v) — f(0)] < |f(v) = T|+ |T — f(0)| < 6. Hence, f(v) & f(C(0;r)) and we
obtain |v| < 7. Let us consider the radius p = r — |v| > 0.

From above we conclude that there exists ¢ analytic in D(0; p), with ¢(0) # 0,
and k € {1,2,3,...} such that for all z € D(0;p) we have the system

{ flw+2) = f(v) + 25¢(2),

T = flo+2)]? > T = f(v)P.

Substituting the equation in the first line into the inequality in the second line and
then expanding the resulting inequality we arrive at

T = F0) = 2Re{ [T = FW)]Fe() | + 126 (2) 2 |T = FW), i = € D(0sp),

which implies that, after cancelling the term |T — f(v)|?, then substituting z = re®,

where 0 < r < p and 6 € R, and cancelling 7",

—2Re{ [T — f(v)]gp(rei(’)e*ike} +r¥o(re)? > 0,if0<r < pandf cR.

Now, fixing the angle # and letting r — 0" we obtain

—2Re{ [T - f(v)}cp(O)e_ik‘g} > 0.
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Since 6 is arbitrary, and k > 1, we deduce that [T — f(v)]¢(0) = 0. Therefore,
T = f(v). O

Remark 7.4. One can easily show that the open mapping theorem implies the max-
imum and the minimum modulus principles. The famous Carathéodory’s proof of
the open mapping theorem for holomorphic functions can be seen in Carathéodory [7]
pp. 139-140], Burckel [, p. 172], and Remmert [29, pp. 256-258] (see also Bak and
Newman [I pp. 93-94]).

8. THE INVERSE FUNCTION THEOREM AND THE LOCAL REPRESENTATION
THEOREM

Theorem 8.1. Let us consider f € A(Q) and zg € Q satisfying f'(z0) # 0. Then,
there exists v > 0 such that

(a) f is injective in D(zp;1) C 2.

(b) f(D(z0;7)) =V is an open set containing f(zo).

(¢) ©= flp(zoir) : D(20;7) =V is invertible and its inverse is continuous.

(d) ¢~ is complex-differentiable.

Proof. Replacing f with the map z — f(z + 20) — f(20), allows us to suppose that
f(z0) =0 and 2z = 0.

(a) Let r > 0 be such that [f'(¢)| > |f'(0)|/2 for all ¢ € D(0;2r) C  and such
that the Taylor series (with coefficients a,) of f around the origin converges
in D(0;2r). Given z and w, both in D(0;r), we find
F(2) = 1) = a1z —w) +an(2® —w?) 4 - an(et w4

and, also supposing z # w,

f(z)—f(w)_ / X & n—1—k k

We have |31 a, 3720 2Rk < S0F Jan|nr !, and the series
f'(2) = 3,5, nanz""! is absolutely convergent in the open disk D(0;2r).
Clearly, we can suppose r small enough (with r strictly positive) so that
S asanfan "™ < | f/(0)]/2. Thus, given two arbitrary points z and w,
both within D(0;r), it follows that

f(z) = f(w) ‘ S 1O
2

zZ—w

>0 and thus f(z) # f(w).

(b) Tt follows from the open mapping theorem (Theorem [73)), by noticing that
D(0;7) is connected.
(c) Since ¢ is bijective and open, if O is open then the set (cp_l)_l (0) = p(0O)
is also open. As a consequence, ¢! is continuous.
—1 —1
(d) In the Newton quotient £—(J=¢ (o) e make the notational change

w—wo

o 1 (w) =z, oY (wo) = 20, w = f(2), and wp = f(z0). Since the function
¢! is continuous, it follows that z — 2o if w — wp and consequently

Z— 29 1

iy g ) T ) B
L py o ey T
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Theorem 8.2. (Local Representation) Let f be analytic in D(zp;r), with r > 0 and
+oo
f(z) =ao+ Z an(z — 20)", where m is fized, m > 1, and a,, # 0.

Then, there exists ¢ analytic and bijective in an open disk centered at the origin
such that ¢ has differentiable inverse and satisfies

f(z) = ao + ¢(z — 2z0)™.
Proof. We write f(2) — ap = am(z — 20)™ + amy1(z — 20)™ 1 + - as
f(z) = a0 = am(z — 20)™[1 + g(z — 20)], with g(0) = 0.

Let a € C be a mth root of a,, (i.e., a™ = a,,). Then, by Proposition 2] on
complex binomial series, we can consider a convergent power series G(z) satisfying,
for |z| sufficiently small,

1+ g(2) = [1 + G(2)]™, with G(0) = 0.

Then we have

f(z)—ap = {a(z —20)[1+G(z — zo)]} ,
implying that

f(z) =ao + ¢(z — 20)™, where p(w) = aw(1+ G(w)).

Since G(0) = 0, the second coefficient of the Taylor series of ¢ centered at z = 0 is
a # 0. Thus, by the inverse function theorem (Theorem Bl), ¢ enjoys the desired
properties. ([

9. THE THEOREM OF READ AND CONNELL-PORCELLI AND THE THEOREM OF
HUurwITZ

This section presents an adaptation for analytic functions of the proof of a theo-
rem for holomorphic functions given by Whyburn in [31] and [32, pp. 81-82]. This
theorem was independently proved, in 1961, by A. H. Read [27] and by E. H. Con-
nell and P. Porcelli [9]. A proof by A. Hurwitz of a version of this theorem for
analytic functions can be found in [16].

Theorem 9.1. Let f be analytic in D(0;1). Then, there exists a sequence (a;) C C
such that

flz) = Zajzj, for all z € D(0;1).

Proof. Let us fix an arbitrary n > 1, with n € N. Let g be the analytic function in
D(0;1) given by

2n—1

9(z) = Z (=1)* f(2w"), where w = ™™™ (thus, w" = —1).

k=0
From the hypothesis it follows that there exists a complex sequence (a;) satisfying
f(z) = Y a;z?, for all z € D(0;p), for some 0 < p < 1. Hence, there exists a
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complex sequence (b;) such that we have g(z) = Y b;27, for all z € D(0;p). In
addition,
2n—1

bj= Y (~1)Fajwi* =a; 2 =0, if 0< j < n,
k=0
2n—1

by = 3 (=D)*a,w™ = 2na,.
k=0

Therefore, we can write Z;:S bjzl =z (2nan + Z;:ZH b; zj_") , where z belongs
to D(0;p). Now, it is easy to see that the function
+oo .
2na, + >, bjz?7", if z € D(0;p),
p(z) = j=n+1

oz, if 2 #0,
is well defined and analytic in D(0;1). Putting M (r) = max{|f(2)| : |z| = r}, with
0 < r <1, by Theorem ] (the maximum modulus principle) we infer that

2nM
z|=r z|l=r T rm

Therefore, we have proved that
lap|r™ < M(r), if0<r<1, forallneN.

Hence, if R is the radius of convergence of > a,z", from the Cauchy-Hadamard

formula follows that
Y M
R™! =limsup {/|a,| < limsup Y M(r) =71
r
which implies R > r for all 0 < r < 1 and then, R > 1. As a consequence, the
power series Y a, 2™ converges within D(0; 1) and, through the principle of isolated
zeros (Proposition 2:3)) we conclude that f(z) = > a,2", for all z € D(0;1). O

Remark 9.2. From Theorem 0.1 and Liouville’s theorem (Theorem BI2) we obtain
a very easy proof of the fundamental theorem of algebra. In fact, let us suppose that
there exists a polynomial p = p(z), degree (p) > 1, with no zeros. Hence, 1/p(z)
is entire and by Theorem together with point 5 on p. 3, we have 1/p(z) =
> anz™, for all z € C. Moreover, since |p(z)] — 400 as |z] = +oo (see [12]), there
exists M € R such that | > a,z"| = 1/|p(z)| < M, for all z € C. Finally, from
Theorem we conclude that > a,2™ is a constant and degree(p) = 0, which is
a contradiction.

10. THE SCHWARZ LEMMA AND THE CLUNIE-JACK LEMMA

Section 10 provides a modest generalization of the Schwarz Lemma for ana-
lytic functions, as a consequence of the Gutzmer-Parseval inequality for analytic
functions (Theorem B.3]). This generalization is inspired by a power series proof
of the Schwarz Lemma for complex-differentiable functions, given by Burckel [5,
p. 191]. Erhardt Schmidt’s famous proof of Schwarz’s Lemma for holomorphic func-
tions, first published by Carathéodory, in 1905 (see Osserman [24]), can be seen in
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Carathéodory [7, pp. 135-136]. See also Bak and Newman [I, p. 94|, Conway [I1]
pp. 130-131], Lang |21, pp. 210-211], and Remmert [29, p. 270].

As a result of Schwarz’s Lemma, this section presents a trivial proof of the
Clunie-Jack Lemma (originally published in 1971), see Jack [I7]. See also H. P.
Boas [], Burckel [5l p. 207], Osserman [24], and Pélya and Szego |25, Part 11,
Problem 291].

Here and subsequently, S! stands for the set {z € C: |z| = 1}.

Theorem 10.1. (Schwarz's Lemma) Let f be analytic in D(0;1) such that
[f(2)| <1, for all z € D(0;1), and f(0) = 0.
The following statements are true.
o We can write f(z) = Z::g anz"™, where
+oo
Z lan|? <1 and |f(2)| <|z|, for all z € D(0;1).
n=1
o We have |a,| =1, for some n > 1, if and only if there is w € St satisfying
f(z) =wz", for all z € D(0;1).

o We have |f(2)| = |z|, for some z # 0, if and only if there is w € S*
satisfying
f(z) =wz, for all z € D(0;1).

Proof. Since f(0) = 0, through using Theorem (by Hurwitz, Connell-Porcelli,
and Read) we write f(z) = 3. a,,2", where z € D(0;1) and a,, € C, for alln > 1.
As a consequence, since |f(z)| < 1 for all z € D(0;1), from the Gutzmer-Parseval
inequality for analytic functions (Theorem [B.3)) we obtain the inequality

+o0

Z lan|>r*™ < 1, for all v in [0,1),

n=1
and taking the limit of such an inequality as 7 — 1~ we find that 3.7 |a,[*> < 1.

Thus, if |a,| = 1 for a particular n > 1, then we have f(z) = a,2", for all |z| < 1.

Now, let us consider any point ¢ in the circle {z : |z| = r}, with r fixed and
0 <7 < 1. It is clear that |37 a,¢(" ' = 71 30/ an¢"| < r~'. Therefore,
from the maximum modulus principle for analytic functions (Theorem[T]) it follows
the inequality | >/ a,2""'| < 1/r, for all z € D(0;r). Consequently, as r is
arbitrary in the interval (0,1), we find that | 3> a,2" 1| < 1, for all z € D(0; 1).

Hence, we deduce that |f(2)] = |2 3725 a,2" 1| < 2], for all z € D(0;1).

If |37 a,¢"| = [¢], for some ¢ such that 0 < |¢| < 1, then we have the
identity | 3% a,,¢"'| = 1. We already proved (two paragraphs above) the in-
equality |37 a,2"~1 < 1, for all z inside D(0;1). Therefore, employing the
maximum modulus principle for analytic functions (Theorem []) we deduce the
identity 327% a,2""' = a1 € S, for all z € D(0;1). Thus, we conclude that
f(2) =35 a,2" = a1z, for all z € D(0;1). O
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Theorem 10.2. (Clunie-Jack Lemma) Let f : D(0;1) — D(0;1) be non-constant
and analytic (see Definition[51)). The following statements hold.

e Supposing that |f| has a mazimum at o € S*, then we have
f'(a)
fla)

o If all the conditions above are true and we also have f(0) =0, then

!/
WA
fla)
Proof. Since f is non-constant, we have f(a) # 0. From the anti-calculus proposi-
tion (Theorem [B.2)) it follows that f/(«) # 0. Considering the function

flaz) B
g(z) = , where z € D(0;1),
f(@)
we have g(1) = 1 and |g| attains its maximum value 1 at the point z = 1. Moreover,
in a small open disk centered at z = 1 we have

(10.1)  g(2) =1+ ¢(2)(z — 1), where ¢(z) — ¢'(1) if z — 1, with z € D(0;1).

« > 0.

We also have
(10.2) lg(2)|* <1 =|g(1)|% for all z € D(0;1).

Substituting into (I0I]) the expression z = 1 4 re®, with § € (3,2F) and r =
rg strictly positive and small enough so that z € D(0;1), and the expression so
obtained into (I0.2)), we find

14 2Re[p(1 + Teie)re;e} + 2|1 +ret?)2 < 1.

Cancelling 1 on each side of the inequality right above and then dividing by r > 0,
we arrive at
2Re (1 +re™)e ] + rlp(1+re™)? < 0.
Now, fixing 6 € (3, 2F) and letting r — 0T we find, since ¢ (1) = ¢’(1),
(10.3) 2Re(g'(1)e ] < 0.

Since 6 is arbitrary in (3, 2%) and the expression in ([0.3) is continuous in 6, we

obtain

—2Re[g'(1)] <0, iff=m,

—2Im[¢/(1)] <0, if6—ZT,

+2Im[g'(1)] <0, iff— 3
f'()

Therefore, the number ¢'(1) = « 7oy is real and strictly positive. This proves the
first statement.

To prove the second statement we notice that since f(0) = 0, we have g(0) = 0.
As a consequence, employing the Schwarz Lemma (Theorem [O]) we conclude
that |g(z)| < |z, for all z € D(0;1). Finally, given an arbitrary ¢ in (0, 1) we have
l9(t) —g(1)] = 1= [g(t)] =1 —1 and then

, . g(t) —g(1) :
— =7 s 71>
lg' (D = | lim === > iy )

1-1
|-t
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11. THE WEIERSTRASS DOUBLE SERIES THEOREM

Theorem 11.1. (Weierstrass's Double Series Theorem) Let Z:ﬁ% (2) be a se-

ries of convergent power series f,(z) = EI:B an(p)z", where p € N, in the disk

D(0; R), where R > 0, with coefficients a, (1) € C. Let us suppose that the series
3> fu converges uniformly in D(0; p), for each p such that 0 < p < R, to the func-
tion F(z) = :i% uw(z) in D(0; R). Then, for all z € D(0;R) and all k € N we

have

+00 400 too
F(z)= Z Zan(u)z" and F®(z) = Z fﬁk)(z),
n=0 =0 =0

with uniform convergence in every closed disk D(0; p), where 0 < p < R.
Proof. Let us fix r, where p < r < R. By hypothesis, given ¢ > 0 there exists
1o = po(€) > 0 such that

|fus1(2) + -+ fugp(2)| <€ forall u > pp, all |z| <r, and all p € N.

Then, from Theorem (the Gutzmer-Parseval inequality for analytic functions)
follows

400
> lan(p+1)+- - +an(p+p)*[2]*" < €, for all > po, all |2 <7, and all p € N,

n=0
and in this way we have [for z € D(0; p)]
lan(p+1) + -+ an(p+p)|[2]" =

(11.1) = VIan(u+ 1)+ an(u+ p) PP EE < e(2)",
for all u > po = po(e), all |z] < p, all p € N, and all n € N.

Hence, for any n € N and any z € D(0;p), we proved that given ¢ > 0 then
there exists pg = po(e) such that |an(p + 1)2™ + -+ + an(pu + p)2™| < € (since
p/r < 1), for all 4 > po and all p € N. Thus, the series Z:ﬁ% an(p)z™ fulfills the
well-known Cauchy’s Criterion for numerical series and converges and, therefore,
so does E:ﬁ% an(p). Next, we return to (11.1).

Letting p — +o0 at (11.1), and using the index v € N to label a sequence of
partial sums, we find the inequalities | Z::()) an(p) = 2on_gan(p) | 2" < e(p/r),
for all v > pg, all |z| < p, and all n € N. Summing up these inequalities over n € N,
we obtain

+oo 400 v
Z ’ Zan(u) — Zan(,u) [z]" < 1%, for all v > po and all |z| < p.
n=0 pu=0 pn=0 T r

As a consequence, given an index v > po and a point z € D(0;p), we have the
inequality | 3175 [ ::8 an(p) = X2—g an(p)]2"| < er/(r — p), which entails

+o0o 400 v
’ Z Z an(p) 2" — Z fu(2)] < - , for all v > pg(€) and all |z] < p.
n=0 pu=0 pn=0 r=er

= 2un=0 2_pu=0 an(ﬂ) 2",

for every z € D(0; R), with the convergence uniform over D(0; p), if 0 < p < R.
Finally, putting s, = fo + ---+ f,, where v € N, we see that the sequence
(s, — F)yen converges uniformly to the zero function over D(0;p), if 0 < p < R,

Taking p arbitrarily close to R shows that F'(z) = :er% L(2) = ST sree
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and then by Corollary B the sequence (s!, — F’),en also does. Proceeding by

induction on k we obtain the identities E:;% ﬁk)(z) = F)(2), for arbitrary k € N

and z € D(0; R), with uniform convergence over all the compact disks D(0;p),
where 0 < p < R. (]

Notation 11.2. Let us consider X a nonempty subset of C.

o We denote by C(X) the set {f : X — C, where f is continuous}.
o Given K a nonempty compact subset of X and f € C(X), we put

[flic = sup [ £(=)] = max |f(2)].
The number |f|x is called the norm (the sup norm) of f over K.
Given a sequence (f,) in C(X), a compact set K C X, and f € C(X), it is clear
that (f,) converges uniformly to f on K if and only if |f, — f|x — 0 as n — +o0.

Definition 11.3. A sequence, or a series, of functions in C(X) converges compactly
on X if it converges uniformly on every compact subset of X.

Definition 11.4. Given X C C, we say that

o Lisa compact neighborhood of X if L is compact and there exists an open
set V such that X C V C L.
o the boundary of X is

0X ={CeC:D(Gr)NX #0 and D(¢;r)N(C\X) #0, for all r > 0}.

Corollary 11.5. Let (fn)nen be a sequence in A(Q)NC(Q), with Q connected and
bounded, such that the sequence (fn|,,)nen converges uniformly on 9Q. Then,

(a) For every k € N, the sequence (fy(lk))neN converges compactly on €.
(b) If f =1lim f,, then f € A(Q)NC(Q).
(¢) The sequence (f,S’“))neN converges compactly to f*) on Q, for every k € N.

Proof. By employing the maximum modulus principle (Theorem 1)) we deduce
the identities |f, — fm|g = |fn — fmloq, for all n € N and all m € N. Therefore,
the sequence (f,,) converges uniformly on ) to a function f € C(Q).

Next, let us consider an arbitrary compact disk D(zp;7) C €, where r > 0. From
Theorem (by Connell-Porcelli, Hurwitz, and Read) we know that throughout
the disk D(zp;r) each function f, is given by its Taylor series centered at zp. In
addition, the nth partial sum of the series

+oo
Frt Y (far = fn)

n=1

is 80 = fi+ (fo— f1) + -+ (fat1 = fa) = fat1 and, by the previous paragraph,
the sequence (s,) and the series fi + ZI: (fn+1 — fn) both converge uniformly
to f on D(z;7). From the Weierstrass double series theorem (Theorem ML) it
follows that f is analytic in D(zg;r) and fr(Lk) — f®) compactly on D(zg;r), for
every k € N. Finally, through a simple compactness argument we infer that the

sequence (fflk))neN converges compactly to f*) on Q, for every k € N. ]
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12. MONTEL’'S THEOREM

For the sake of completeness, in this section we present a proof of Montel’s The-
orem for analytic functions. This demonstration employs Corollary (Cauchy’s
Inequalities) and Corollary B.7 both following the Gutzmer-Parseval inequality for
analytic functions (Theorem B3]). For additional power series proofs of Montel’s
Theorem, see Narasimhan and Nievergelt [23] pp. 34-35] and Read [27].

Definition 12.1. A family F contained in C(2) is

o normal if every sequence in F contains a subsequence compactly conver-
gent to a function f [it is clear that f € C(£2); it is not required that
feF.

o locally bounded if for every zy € Q) there exists an open disk D(zo;r) and a
finite constant M such that |f(z)| < M, for all f € F and all z € D(zo;7).

o equicontinuous on X C  if for every € > 0 there exists § > 0 such that

|f(z) = f(w)] <€, Vf € F and Vz and Vw, both in X, such that |z — w| < 4.

It is easy to verify that if 7, where F C C(Q), is locally bounded and K is
compact in €2, then there exists M € R such that |f(z)| < M, for all f € F and for
all z € K. We then say that F is uniformly bounded on the compact subsets of €.

If F is locally equicontinuous then F is equicontinuous on the compacta in €.

Lemma 12.2. Let us consider the countable collection of open disks
C= {D(an;rm) tan €QxQ and ry, € Q, wherer,, >0, n €N, and m € N}.
Then, every open set in R? is a union of sets in C.

Proof. Let Q be an arbitrary open set in R? and D(z;2r) an open disk contained
in ©, with r a strictly positive rational number. It is clear that there exists a point
w € D(z;7)N(Q x Q). Moreover, it is easy to see that z € D(w;r) C D(z;2r) C .
We complete the proof by noticing that D(w;r) € C.

Theorem 12.3. Let F be a locally bounded family in A(QY). Then,

(a) F is equicontinuous on each compact subset of Q.
(b) (Montel's Theorem) F is normal.

Proof. Let us fix K, where K is an arbitrary compact subset of .

(a) Let us pick r = d(K;09Q)/4 > 0. Since F is locally bounded, F is uniformly
bounded on the compact set K(3r) = {z : d(z; K) < 3r} C Q. That is,
there exists M € R such that |f(z)| < M, for all f € F and for all
z € K(3r).

Given an arbitrary zg € K, from Theorem (by Hurwitz, Read,
and Connell-Porcelli) we deduce that the Taylor series of an arbitrary
function f € F around zg, written as f(z) = ;r::) an(z — 20)", con-
verges in D(zp;4r). Therefore, given an arbitrary h € D(0;r) we have

f(zo+h) =>"a,h™ and
(12.1) [£(z0+h) = f(0)] = | 3 anh”
n>1
Since f’(zo + h) = > na,h™ 1, by Corollaries B.6 and B.7] we have
M

M
12.2 ol 2r) < "< = for all N.
(12.2) nla,| (2r) _Bl(gigr)'f'_i%r—% — forallne

< R Y lanl B < [B] Y nlan| A"
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Using inequalities (IZ]) and (I22), after observing that |h|/2r < 1/2, we
conclude the proof of (a) thus:

AN M AN 2M
Forth)—F(z0)] < 1S nlan @) (%) SNESS ('2—) <2
valid for all f € F, all zp € K, and all |h| < 7.
(b) Let us fix an arbitrary sequence (fy)nen in F.
Claim 1. There exists a subsequence of (f,,) uniformly convergent on K.
To prove this claim, let X = {x} : k € N} be dense in K. Putting Ny =
N, let us construct inductively a sequence of infinite sets of indexes Ny C
Ni—1,where k € {1,2,3,...}. For fixed k > 1, the sequence (f”(xk»neNk,l
is by hypothesis bounded and therefore possesses a convergent subsequence,
indexed by an infinite set N, C Ni_1. Then, if n, is the pth index in N,
the sequence (fy,(2x))pen converges, for each k € N.
Given € > 0, we consider any ¢ > 0 following from the equicontinuity of
F in K. Then, for some k > 1 we have K C D(z1;0) U ... U D(z;0). Let
N € N be such that

|fn,(25) = fn,(2)| <€, ifj=1,..,k and p,g > N.

Then, for fixed w € K, choose j so that w € D(z;;d). Hence, for p,q > N
we have, by definition of ¢,

[y (W) = fg (W) < |y (W) = Fin, (25)| + [ Frny (25) = Frrg () [+ | g (25) = Fng (w)] < Be.

So, the subsequence (f,,, )pen converges uniformly on K. Claim 1 is proved.
Now we will show that there exists a subsequence of (f,) converging
uniformly on every compact subset of €.
Claim 2. There exists an increasing sequence (K, )n>1 of compacta in €,
with each K, contained in the interior of K, 41, satisfying the condition

O=K UKy UKsU....
In fact, considering the following set, for each n € N\ {0},

— — 1
K, = {z € D(0;n)NQ: d(z;00) > —},
n
it is clear that K, is closed and bounded and thus compact. Also, if z € K,
then z € Q but z ¢ 8(2,_implying z € Q. Moreover, if z € K,,, then we have
2l <n<n+1,z€Q and d(z00) > L > n+r1 As a consequence, we
obtain

+1

with 2,41 clearly open and K, in the interior of K, ;. Claim 2 is proved.

To finish the proof of (b) we first notice that by applying Claim 1, we
can choose an infinite set of indexes I; C N such that the subsequence
(fn)ne 1, of the original sequence ( f,,)nen, converges on K;. Moreover, for
each p > 2, p € N, we can construct inductively an infinite set of indexes
I, C I, such that the subsequence (fy,)ncrs, converges on K.

Next, applying the well-known “Cantor’s diagonal method”, we choose
an infinite set of indexes I = {i; < i2 < ...} C N such that i, € I, for all

K, C Qu1 :QﬁD(O;n+1)ﬂ{z:d(2;BQ)> L} C Kny1,
n
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p > 1. Finally, from Claim 2 we conclude that the subsequence (f;,)pen
converges uniformly on every compact subset of €2.

O

13. LAURENT SERIES

Let us fix r and ro such that 0 < r; < ro < 400. Let us suppose that the power
series 3.7 a,2" = ag + a1z + azz? + -+ converges in the disk {2 : 2| < 7“2} and
also that the power series in the variable %, E;Llool Uomz M =224 P24

converges inside {z : |z| > r1}, the complement of the closed disk D(0; rl). Then,
we define the Laurent series centered at zero f(z) = oo

n=—oo

—+oo +oo
z) = Z A_mz "+ Zanz", ifry <lz]<rg.

We say that the Laurent series >

annulus centered at zero {z : 71 < |z| < rp} if the series Y% a_,,2~™ and

: 0 @nz™ are both convergent for all z € X. Hence, it is easy to see that the

Laurent series just defined converges for all z satisfying r < |z| < 7.

a,z" as

anz™ converges on a subset X of the

n=—oo

Theorem 13.1. Let us suppose that f(z) = Zj:ioo a;jz’, where r1 < |z| < ro. If
r is such that r1 < r < r9, then we have

—+oo
Z la;|>r® < M(r)?, where M(r) :fnlax|f(z)|.
oo z|l=r

Proof. Let us pick an arbitrary z € C such that |z| = r. Given an arbitrary N € N,
according to the triangle inequality we have
j=N

Z CLJZJ < M(r ‘ Z a—;z -4 Z ajzj}

j=—N j=N+1 j=N+1

Since 27 = T'_N 27N from the inequality right above it may be concluded that

+oo ) +oo )
NN M)+ Y JaglrT Y gl
j=—N Jj=N+1 j=N+1

Hence, by the Gutzmer-Parseval inequality for polynomials (Lemma [B]) we obtain
2

j=N +o0o
o laPr¥ < | M)+ Y oyl + Z Jajlr?
j=—N j=N+1 J=N+1
Taking the limit of the last inequality for N — +oo yields the claimed inequality.
O
Keeping the hypothesis in Theorem [I3.1] we have the following result.
Corollary 13.2. If f(z) = ;rfoooajzj =0, where 11 < |z| < rq, then we have

a; =0, for all j € Z.
Proof. Tt follows straightforward from Theorem 3.1} O
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