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Preface

The theory of univalent functions is one of the most beautiful subjects in
geometric function theory. Its origin can be traced to 1851, when the well-
known mapping theorem was formulated by Riemann in his Ph.D. thesis. The
Riemann mapping theorem states that if D is a non-empty domain (simply
connected open subset in the complex plane C), then there exists an injective
and holomorphic mapping f which maps D onto the unit disk D = {z € C:
|z| < 1}. This function is known as the Riemann mapping. However, his
proof was incomplete. The first complete proof was given by Carathéodory
in 1912 and used Riemann surfaces. It was simplified by Koebe two years
later in a way which did not require these. (See e.g. [1, 8, 12, 20, 25].)

A single-valued function f is said to be univalent (or schlicht) in a domain
D c Cif it is injective in D. Without loss of generality, we may assume that
f is normalized by f(0) = f’(0) — 1 = 0 and defined on D, that is, functions
analytic and univalent have a Taylor series expansion of the form

f(z)=z+ Zanz"

on . Most of this thesis is concerned with the class S of such functions. An
important example of a function in this class is the Koebe function

z - n
WZ/Z‘FZTLZ,
n=2

because it plays the extremal role in many problems. Closely related to § is
the class ¥ of functions

g(z) =z+ by + Z bz "
n=1



analytic and univalent in the domain D* = {z € C : |z| > 1} exterior to D,
with the exception of a single pole at oo with residue 1.

In 1909 Koebe showed that the class S is compact with respect to the
topology of locally uniform convergence. Since a,, is a continuous functional,
the maximum defined as

A, = 2( )], =23,...
max|an(f)],

exists. Gronwall [13] obtained the first result with respect to the coefficient
problem in 1914. The area theorem is an inequality that expresses the relation
between the range of a function ¢ € ¥ and the area of its complement.
This is fundamental to the theory of univalent functions. Without knowing
Gronwall’s work, Bieberbach [5] proved the same relation and derived the
coefficient result within the class S in 1916. It states that the sharp bound
of the second coefficient ay of a function in the class S is |as| < 2. This
result is deduced from the relation |b;| < 1, which is a consequence of the
area theorem considering the class >. In a footnote, he wrote ” Vielleicht ist
iiberhaupt A, = n. (Perhaps it is generally A, = n.)”. Since the Koebe
function plays the extremal role in so many problems for the class S as we
mentioned above, it is natural to suspect that it maximizes |a,| for all n.
This is the famous conjecture of Bieberbach, first proposed in 1916, which
remained one of the major problems of this field.

For many years this problem stood as a challenge and has inspired the
development of ingenious methods which now form the backbone of the entire
subject. There are usually two ways to approach Bieberbach’s conjecture.
The first one is to investigate the coefficients for a certain value n. For exam-
ple, in 1923 Loewner [18] proved |az| < 3, in 1955 Garabedian and Schiffer
[11] proved |a4| < 4, in 1968 Pederson [23] and Ozawa [21] proved |ag] < 6
and in 1972 Pederson and Schiffer [24] proved |as| < 5. The second way is to
analyze it for some special univalent functions which include starlike, convex,
spirallike, close-to-convex functions, and so on.

This conjecture remained unsolved until 1985, when de Branges [7] gave
a remarkable proof. Many partial results were obtained in the intervening
years, including results for special subclasses of S and for particular coef-
ficients, as well as asymptotic estimates and estimates for general n. For
example, in 1925 Littlewood [17] proved |a,| < e-n, in 1965 Milin [19]
proved |a,| < 1.243 - n and in 1972 FitzGerald [9] proved |a,| < 1/7/6 - n =
1.0801... n.
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The purpose of Chapter 1 in this thesis is to review the general princi-
ples underlying this thesis. After giving the notation, definitions and some
coefficient estimates, we introduce a univalence criterion for polynomials.

Chapter 2 is devoted to investigate the generalizations of the area theo-
rem mentioned above. In particular, the proof of the area theorem can be
generalized to produce a system of inequalities called the Grunsky inequali-
ties, which are necessary and sufficient conditions for the univalence of the
associated function. These inequalities contain a wealth of useful information
about the coefficients of univalent functions, leading to an elementary proof
of Bieberbach’s conjecture for n = 4.

In the last chapter, we consider Friedman’s theorem, which is a part
of Salem’s theorem on univalent functions. In 1945 Salem [28] proved a
theorem on univalent functions with integer coefficients, which states that
if f € § and there exists an index p such that for n > p all coefficients a,,
are rational integers or integers of an imaginary quadratic field, then f(z) is
rational. Spencer mentioned this result in a seminar on univalent functions
held at New York University and wondered whether it was possible to prove
this theorem by elementary means. Friedman [10] proved a part of Salem’s
theorem, which states that if all coefficients of f € S are rational integers
then f has only nine forms. Linis [16] gave a short proof of Friedman’s
theorem and extended to the Gaussian integer ring. One year later Royster
[27] extended the method of the proof given by Linis to quadratic fields with
negative discriminant. Since these previous results are very interesting, we
investigate what happens if all coefficients of f € S are half-integers, that is,
2a,, € 7Z and we show that such a function has only 19 forms. For this aim,
we assemble theories given in advance with complicated calculations using
the computational software program Mathematica.
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Chapter 1

Univalent Function Theory

This chapter introduces the class S and X of univalent functions. Most of the
elementary results concerning the first class are direct consequences of the
area theorem, which may be regarded as the foundation of the entire subject.

1.1 Introduction

A domain is an open connected set in the complex plane C. The unit disk D
consists of all points z € C with |z| < 1. A single-valued function f is said to
be univalent in a domain D C C if it is injective; that is, if f(21) # f(z2) for
all points z; and 29 in D with z; # z5. Furthermore the function f is said to
be locally univalent at a point 2y € D, if it is univalent in some neighborhood
of zy. For analytic functions f, the condition f’(zy) # 0 is equivalent to local
univalence at zg.

Without loss of generality, we may assume that f is normalized by f(0) =
f/(0) =1 = 0 and defined on D, that is, functions analytic and univalent have
a Taylor series expansion of the form

f(z)=z+ Zanz"

on ID. Most of this thesis is concerned with the class S of such functions. An
important example of a function in the class S is the Koebe function

z > n
e
n=2
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because it plays the extremal role in many problems for the class S.
Closely related to S is the class ¥ of functions

9(Q) =C+bo+ Y bu("
n=1

analytic and univalent in the domain D* = {¢ € C : [¢| > 1} exterior to D,
except for a single pole at oo with residue 1. For each f € S, the function

g O ={fA/OY "' =C—ar+ (2 —as)(" + -

belongs to the class . This transformation is called an inversion.
In the end of this section, we mention the square-root transformation
— /f(22) for f € S. Since f(z) = 0 only at the origin, a single-
valued branch of the square root may be chosen as

z):\/f 22 :z\/1+a222+a324+---

2
G253 (B _%) 5, .,
—z+2 +<2 8>z+

The function ¢ is an odd function, i.e. ¢(— ) = —¢(z ) Since f is univalent
on D, if ¢(z1) = ¢(22), that is, if f(zl) f(23), then z? = 23, which implies
= 429. But if 2y = —2», then

¢(21) = 615(—22) = —¢(22) = —¢(Z1)~

Thus ¢(z;1) = 0 and 27 = 0. This shows that z; = 2z = 0, so that ¢ is
univalent. Therefore ¢ € S.
More generally, let S(™ be the subclass of S consisting of all functions

flz) =2+ Z A 12"

v=1

with m-fold symmetry, where m = 2,3,... . Then the mth-root transform
g(z) = {f(z™)}~™ is univalent and so belongs to the subclass S of all
functions in the class S with m-fold symmetry. Conversely, every f € S
is the mth-root transform of some f € S.



1.2 The Area Theorem

Gronwall [13] obtained the first result with respect to the coefficient problem
in 1914. The univalence of the function

g(z) =z +by + Z bpz™"

n=1

in the class X restricts the value of the Laurent coefficients b,,, which can be
observed below.

Theorem 1.1 (Area Theorem). If g € ¥ then

o0

> b, < 1.

n=1

Proof. Let E be the complement in C of the image domain of g. Set r > 1
and let C, be the image of the circle |z| = r under g. Since g is univalent,
C, is a simple closed curve which encloses a domain F, D E. An application
of Green’s theorem shows that the area A, of E, is given by

A, = %/[E d(wdi) — %/C wdd — %/Z|:Tg(z)g’(z)dz.

Since g(2)¢'(z)dz = g(2)izg'(z)df and using the Laurent series expansion of
g, we have

. 2 o0 0o
A, = %/ —3 (z + Z bmzm> (z + Z nbnz”> df
0 m=0 n=0
=7 (7“2 - Zn|bn|2r_2"> .

n=1

Letting r tend to 1, we obtain
m(E) = (1 - Zmbn\?)
n=1

where m(F) is the area (i.e. the Lebesgue measure) of g(F) and therefore
m(FE) > 0. This proves the theorem. O



1.3 Bieberbach’s Conjecture

Bieberbach [5] proved a very important coefficient relation within the class
S in 1916, which was considered separately by Gronwall [13].

Theorem 1.2 (Bieberbach’s Theorem). If f € S then |ay| < 2. Equality
occurs if and only if f is the Koebe function or one of its rotations.

This result can be deduced from the relation |b;| < 1, which is a conse-
quence of the area theorem as follows:

Proof. A square-root transformation and an inversion applied to f € S pro-
duces a function

9(:) = VU2 =2 = Fa 4 e

which belongs to the class ¥. Using the area theorem (Theorem 1.1), we

have
ag

Therefore this proves the theorem. O

Bieberbach formulated the following famous conjecture. It is based on
the fact that a,, = n for the Koebe function.

Conjecture 1.3. If f € S then |a,| < n forn > 2.

For many years this famous problem has stood as a challenge and in-
spired the development of ingenious methods which now form the backbone
of the entire subject. This conjecture remained unsolved until 1985, when de
Branges [7] gave a remarkable proof.

Theorem 1.4. If f € S then
la,| <n (1.1)

for n > 2. FEquality occurs if and only if f is the Koebe function or one of
1ts rotations.

Many partial results were obtained in the intervening years, including
results for special subclasses of S and for particular coefficients, as well as
asymptotic estimates and estimates for general n.



In the end of this section, we give another coefficient estimate, which is
a univalence criterion for normalized polynomials in the class S.

Lemma 1.5. Let f(2) = 24+ YN L a,2". If f €S then

1
Proof. Let p(z) = z + 2522 anz" € 8. Then, from the local univalence of p,
P/ (2) # 0 in D. In other words, the roots of the equation

p(2) =1+2a92+ -+ Nayz" 1 =0

must have modulus greater than unity. From the fundamental theorem of
algebra, this equation has exactly N —1 complex roots with multiplicity. Let
(1,-..,Cn_1 be the roots of the equation. Applying Viete’s formulas, we have

1

Gy = (—1)N‘1NGN.

Since |(,| > 1 forn=1,2,..., N — 1, we obtain

>1

1
[CRERYONSTIES ’N—

an

Therefore, we have

1
lay| < N

O

From this lemma, we can conclude whether a polynomial is univalent or
not by only looking at the coefficient of maximum degree.



Chapter 2

Generalizations of the Area
Principle

This chapter is devoted to investigate the generalizations of the area theorem
mentioned previously.

2.1 Prawitz’ Inequality

The proof of the main theorem of this thesis is based on an inequality discov-
ered by Prawitz [26]. Before we mention Prawitz’ inequality, we introduce
two lemmas. These are also given by Prawitz in [26].

Lemma 2.1. Let I' be an analytic Jordan curve, bounding a finite domain
D. R and ® shall be polar coordinates with respect to their origin O € D for
a non-negative and monotonic function g(R). Then

/ G(R)dD > 0. (2.1)

Lemma 2.2. Let the origin O for the polar coordinates R and ® lie outside
of the domain D bounded by the Jordan curve I'. Then

/g(R)d@ >0 if g(R) is non-decreasing,

r

/g(R)dCID <0 if g(R) is non-increasing,
r

for a non-negative function g(R).



Let
f(2) = Re™ = 2z + apz® + - -
be an analytic and univalent function of z = re’® and set r < 1 and C, be
the image of the circle |z| = r under f. Since C, is an analytic Jordan curve,
the inequality (2.1) holds for every non-negative monotonic function g(R).
From the Cauchy-Riemann differential equations, we have

0P r OR
dd = —dp = ——d¢.
0¢p ¢ R Or
Setting g(R) = R, the function G’(R) or equivalently
d
becomes
2 2
/ gmydo —r [ @) Bap =2 / G(R)dG >0.  (22)
- 0 87’ 87’ 0

Now, it is necessary to choose a non-increasing function for g(R). Especially
choosing g(R) = R™%, results in G(R) = —R~*/a and 2.2 turns into

a 2m
— R™%d¢ <0 2.3
o | Edes 23)
for r < 1.
Now we set N
FEON 2 o
( e

Since (R/r)~* = |f(z)/z|~*, we have

e (o) ()

n=0
Thus (2.3) follows
—ar—* b4 (2 - 0‘)|01‘2T1_a + (4 - a)|02|2r3_°‘ <0

and therefore
x

on —
Z ( n O‘)|0n|2r2n < 1.
(6%

n=0

Letting r tend to 1, we finally obtain the theorem below.
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Theorem 2.3 (Prawitz’ Inequality). Let f € S and [2/f(2)]/? = 320  0,2™.
Then -
Z Do <1

for all real .
In particular, for a = 2 we have the following.

Corollary 2.4. Let f € S and z/f(z) =Y.~ cn2". Then

(e 9]

> (n=1e < 1. (2.4)

n=1

This is essentially equivalent to the area theorem, because ¢, = b,_;.
Since

z z
f(z)  z4agz?+azzd+---

B 1

1 —(—agz —azz® —---)

=1+ (—agz —azz® — )+ (—agz —agz® — - )> + - -

=1—apz+ (a3 —az)z®>+---,
we particularly have

Co — ]., C1 = —a9, Cy = ag — as, C3 = —ag’ + 2@2@3 — Qy4,
Cy = ag — 3a§a3 + a% + 2asa4 — as,
Cs = —ag + 4a§’a3 — 3a2a§ — 3a§a4 + 2azay4 + 2a9a5 — ag,
ce = ay — basaz + 6asa; — a3 + daday
— basasas + ai — 3a§a5 + 2asas + 2a2a¢ — az,
c; = —asy + 6adaz — 10a3 — 10a3a3 + 4agas — Sajay + 12a5aza, — 3a3ay

— 3a2ai + 4a§a5 — basazas + 2a4a5 — 3a2a6 + 2asa¢ + 2a0a7 — ag.

Alternatively, we also can represent the coefficients ¢, as follows:



Lemma 2.5. Let f € S and z/f(z) = > 77 cnz". Then the coefficient ¢,

for n > 1 can be computed by the determinant

(05} 1 0
as a9 1 0
Cp = (—1)” Ay as as - 0].
Apy1 G )
Proof. Let
1
-1 24 ...
1—|—a22+a322+~-- ezt ezt
It follows

1= (1 + f: an+1z"> (1 + i cmzm) .
n=1 m=1

This implies that
k—1

a1+ Ck + E ag—1+1¢, =0
=1

for every k > 1. This equation is equivalent to

1 ] (&1 —ay
Qo 1 )] Co —as
as as 1 . e O C3 = —Qy
ap ag—1 -+ az 1 Ck — Qi1

1 0 —as (05} 1

as 1 0 —as as (25)) 1
C — |as3 a9 s 0 —Qay4 | = (—1)k Qy as Qo

ar  Gk-—1 Az —0g+1 ak+1 Qg

(2.5)
0
0
0
a2
O



2.2  Grunsky’s Inequality

This section introduces Grunsky’s inequality, which has become one of the
most powerful tools in the theory of univalent functions. The proof is simple.
However, a great difficulty is constructing Grunsky’s coefficients. They are
very complicated expressions in the terms of coefficients b, of the function
g € 2. Therefore, it is convenient first to introduce the Faber polynomaials.

Let g(z) = 24+ Y 2 b,z™™ € X. For a fixed w € C, the function (g(¢) —
w)/( is analytic for large ¢ and vanishes at co. Hence, we can write

log Q@T_w =-y L p (w)e. (2.6)

If we differentiate both sides with respect to ¢ and put Fy(w) = 1, we obtain

/<) _ S —-n
miad LTI

Thus, we have

¢ — ang :<<+b0 w+ZbC ><1+im >
F(w)¢™" +ZZbsz

Mg

=C+by— w+2bnc +(C+by—w

n=1 n=1 n=2 k+l=n
Comparing the coefficients, we obtain F(w) = w — by and the recursion
formula
Frpr(w) = (w —b)F, an mFon(w) = (1.4 1)b,.

It follows by induction that F,(w) is a polynomial of degree n of the form
Fo(w) = (w—by)" — nby(w — bg)" 2 + -+
We call F,(w) the n-th Faber polynomial of the function g(z). In particular,
we obtain
Fow)=1, F(w)=w—by, Fy(w)=(w—>by)*—2by,
= (w — by)* — 3by(w — by) — 3ba, (2.7)
)4 — 4by(w — bo)? — 4by(w — by) + 207 — 4bs.

10



The Faber polynomials play an important role in complex approximation
theory.
Now we introduce Grunsky’s coefficients. We can write

log 9(¢) :Q(Z) _ Z 5k,12_kg_l~

¢—= k=1

where |z| > R > 1 and |[(| > R, because ¢g(z) # ¢g(¢) with z # ( and ¢’(z) # 0
so that the function on the left-hand side is analytic in this domain. We call
By Grunsky’s coefficients of the function g(z). It is clear that Sy, = (k.
Inserting w = g(z) into equation (2.6), we obtain

log 9(42 - Z<Z> ~ log 9(¢) Z 9(2) log & E z
- - émg(z))c—k + i% (2)
- - fj L(Filg(2)) — )¢
Therefore we have _ -
Fi(g(2) = 2"+ k ;ﬁk,lz_l- (2.8)

From equations (2.7) and (2.8) we can compute

Bik = Bri1 = bi,

1 1
B2 = b3+ 55%7 Ba2,3 = by + biba,  Boa = bs + bibs + ébg,
1
63,3 == b5 + blb3 + bg + gb?, 5374 = b6 + b1b4 + Qbeg + b%b?,
3 1
Baa = by 4 b1bs + 2baby + 25153 + b%bg + 5()3 + Zb‘f

The following theorem is also a generalization of the area theorem.

11



Theorem 2.6 (Grunsky’s Inequality). Let g(z) =z + > oo bz € B, Gy

be Grunsky’s coefficients of g and A\, € C. Then

EPRENWE
Zk Zﬂm SZ -
k=1 =1

for every N € N.

Proof. We consider the polynomial

k=1
We conclude from (2.8) that
5 = hg(=) = 3 1S Gt = Sk S gt
il = il k=1

where d;, = Z?il BriNi. Let E be the complement in C of the image domain
of g. Set r > 1 and let C, = {z € C: |z| = r}. Since g is univalent, g(C,)
is a simple closed curve which encloses a domain £, D E. An application of

Green’s theorem and the substitution w = g(2), z = re? shows that

1
0<— / B (w) |*dudv

= 2_m . ¢ ¢ = % ; ¢( )¢ (2)zd0
1 27 m _k . [e's) . m N oo i
k=1 k=1 k=1 k=1
_ in: ‘)‘k"Z 2k S 2, .—2k
— . - Z k|d | T
k=1 k=1

Letting r tend to 1, we obtain
0< —/ B (w)[Pd2 =) P > kldf?
TJE k=1 k=1

12




where df2 is the two-dimensional Lebesgue measure. Therefore this proves
the theorem. ]

Setting A\, = 1 and \; = 0 for [ # m, we have

> 1
m
k=1

Since 31 = by, it is easy to see that this inequality for m = 1 is equivalent
to the area theorem.
We now observe that Theorem 2.6 implies

Zk’ Zﬁkﬁ\z
=1 |1=1

Setting A\ /k'/? = 2, we have

Zk Zﬁkl)\l
k=1 =

2 N

kl)\lZﬁkm m

\/_5/@ zﬁk mZ1Zm

= T[M]= EMZ
MZ ||Mz

l

< ) kI = Z OtmZ1%m

k=1 I,m=1

T

1

where 9;,,, is the Kronecker delta. Thus, we obtain

N N
Z <5z,m — Z kv lmﬁk,lﬁk,m> 21Zm > 0.
I,m=1 k=1

Seting Agi\;) = Oim — Sony kVImBy B, and AN = {A(N Home1, We can
construct a matrix, which we call Grunsky’s matriz of the function g. Grun-
sky’s matrix AN) is Hermitian, so that it is positive semi-definite. Therefore
we have the following lemma.

Lemma 2.7. Let N be a positive integer and AN be Grunsky’s matriz of
the function g € ¥. Then every principal minor of AN is non-negative.

13



Let f€S,a,€R, ge ¥ and

oo
= E 2"
n=0

Since b, = ¢,+1 € R, we particularly obtain the following, which are detailed
values of the determinant of Grunsky’s matrix for N < 3.

det AV =1 — 2,
det A® =5 + deych — b — 46263 4 433 — deyc?
— (3 — 8ckcycy + 4y — 4cE —4ck + 1,
det A®) = — (§ — &5 + Begch — b — 5edes — 50402 + 3cgcy + 3c3c5 + 3¢l
— 30402 12030502 30602 + 62 36362 — 60402 — 60502 + 120%0402
4+ cy4Co + 12c3¢5¢9 + 6Cac6co — 3o + co — 6c§ — 602 + 50%
+ 3¢ + 6¢2 — 6c3cq + 2¢4 + 12c3c4¢5 — 6czc6 — 6cace + 3c6 — 1)
(5 4 ¢ + Beacsy + 5 — beacs + 50402 + 3c6C 4 263 — 3cica + 3cich
+ 30403 — 12630503 + 30602 + 62 + 36362 + 66402 — 60502 + 12c3c402
+ 5cacy — 12cacsco + 6c4c6C0 + 3cgca + co — 603l — 60?l + c% — 302
— 6¢2 + 6c5cq + 2¢4 + 12c3¢4c5 — 6C5¢6 + 6egc + 3cg + 1),

These values are used in the proof of the main theorem of this thesis.

14



Chapter 3

Main Result

The subclasses of S whose coefficients a,, belong to a quadratic field have
been studied by Friedman [10] and Bernardi [4]. Linis [16] gave a short proof
of Friedman’s theorem. In this chapter, we investigate Friedman’s theorem
and introduce its extensions including a new result.

3.1 Friedman’s Theorem and its Extensions

Salem [28] proved the following theorem for power series with integer coeffi-
cients.

Theorem 3.1. Let the function f(z) be meromorphic in D and let its expan-

ston be
(oo}

Z a,z".

n=—k
Suppose that there exists an index p such that for n > p all coefficients a,
are rational integers or integers of an imaginary quadratic field. Let o be
any complex or real number. If there exists two positive numbers d,n (n < 1)
such that |f(z) — a| > § at every point z in the ring 1 —n < |z| < 1, then f
is rational.

From this theorem, we immediately obtain the theorem below for univa-
lent functions with integer coefficients.

Theorem 3.2 (Salem’s Theorem). If f € S and there exists an index p
such that for n > p all coefficients a,, are rational integers or integers of an
imaginary quadratic field, then f(z) is rational.

15



Friedman [10] proved the following theorem which is a part of Salem’s
theorem.

Theorem 3.3 (Friedman’s Theorem). Let f € S. If all coefficients a,, are
rational integers, then f(z) is one of the following nine functions:

z z z z
1+2" 1422 (14+2)27 14+z+22
Proof. Set F(z) = z/f(z) = 14> .2, c,2", then the coefficients ¢, are ratio-
nal integers. Since ¢; = —ay and |ag| < 2, it follows that |c¢;| < 2. Applying
inequality (2.4), we have |c2| < 1 and ¢, = 0forn > 3. Therefore, the
possible values for ¢, are:

c1=0,£1,42; ¢ =0,%1; ¢, =0 forn > 3.

<,

From the combination of these values we obtain 15 functions. However, the
following six functions must be rejected as having zeros in D:
1422, 1422—2% 142z-—22

The remaining nine functions prove the theorem. O]

This method of the proof was given by Linis [16]. He also proved the
theorem below.

Theorem 3.4. Let f € §. If all coefficients a,, are Gaussian integers, then
f has 15 forms.

Note that Gaussian integers are complex numbers whose real and imagi-
nary part are both rational integers, i.e. elements of the set Z[i| = {a + bi :
a,b € Z} where i = /—1.

Royster [27] extended the method of the proof given by Linis to quadratic
fields with negative discriminant as follows:

Theorem 3.5. Let f € S. If all coefficients a,, are algebraic integers in the
quadratic field Q(\/E) for some square-free rational negative integer d, then
f has 36 forms.

Algebraic integers in Q(v/d) are given by
a+bvVd where a,b € Z ifd=2or3 (mod4)

a+bvd
2

As we can see, Gaussian integers are a case of algebraic integers in Q(\/a)
with d = —1.

where a,b € 2Z or a,b€2Z+1 ifd=1 (mod 4)
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Linis [16] and Royster [27] have obtained new results by replacing the
condition of Theorem 3.3 “rational integers” with other conditions. We shall
now consider what happens if all coefficients a,, of the function f € S are
half-integers. Here, a,, is said to be a half-integer if 2a,, is a rational integer.

From Lemma 1.5, it is easy to see that all of univalent polynomials having
half-integer coefficients which belong to the class S are:

1
z, z4+ =22
2

The following is the main theorem of this thesis.

Theorem 3.6. Let f € S. If all coefficients a,, are half-integers then f(z)
1s one of the following 19 functions:

1, z z z z

2, ZZt-Z, ) ’ ) )

2 1+z" 1422 (1+£2)?2 1424 22
2(242)  z2(242Y)  2(2+42) 2242+ 27)

201+2) 21+22) 201+2)2 2(1+z+22)

The proof we are going to show in the next section is based on Prawitz
inequality (Theorem 2.3) especially on Corollary 2.4 and requires complicated
calculations. We set

F(z):ﬁzlechz”.

In the proof of Theorem 3.3, it was possible to determine all possible values
for ¢,. Since we cannot obtain them immediately to prove Theorem 3.6,
we use the computational software program Mathematica. We only consider
the case in which coefficients a,, are half-integers, so that ¢, are rational
numbers (moreover, 2"¢, are rational integer), because of Lemma 2.5. Thus,
the computation by Mathematica gives exact values.
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3.2 Proof of Theorem 3.6

Let

F(z) = f(Zz) =1+ chz”.

We observe that (2.4) implies

N

Y (n=1)e <1 (3.1)

n=1

for some positive integer N. If a,, are specified for all n < N, i.e. ¢, are given
for n < N —1, (3.1) is equivalent to a quadratic inequality of ayy; because
of (2.5). Furthermore, (3.1) follows

N-1

(N =Dlen+ > (n—=1e,)* < 1. (3.2)

n=1
From (2.5), we have

N-1
CN = —aN+1 — E AN—-n+1Cn,
n=1

and inserting this into (3.2), we obtain

N-1
(N =Dlaxs+ Py <1=) (n— Dl
n=1

N-1 L
where Py_1 = ), | GN_n+1Cy, because we are considering a,, c, € R. Set-

ting Qn_1 =1 — SV (n — 1)|c,|?, we have

n=1
Qn-1
Py 1]? < .
lan+1 + Pn_1] SN o1

Since Qn-1 < 1 and ays; must be a half-integer, the coefficient ayy; is
uniquely determined, if

(3.3)



namely, if N > 17. Thus we can specify all univalent functions with half-
integer coefficients by calculating up to a;g. From Theorem 1.4, it is easy to
see that there exist only a finite number of such functions.
From Theorem 1.2, we need to examine the following nine cases:
1 3
ax =0, +—, +1, +=, +£2.

2 2 2
Moreover, it is sufficient to consider the cases in which as > 0. Otherwise we
may consider — f(—z) which is again univalent with as non-negative. Again
from Theorem 1.2, the case when as = 2 must be the Koebe function

z > n
WZ/Z‘FZRZ,
n=2

so that we have to examine the following only four cases:

1 3

=0, -, 1, =,
a2 72772

We now show how to determine the coefficients. For example, we consider
the case ay = 3/2. (3.1) follows

2
9
Z(" —Dlen)? = ‘Z —as

n=1

2
<1

Therefore we have

5 13
—<az3 < —.
4 4
However it should be |as| < 3, so that the possibilities of a3 when ay = 3/2
are: 5 .
—2 92 2
as 27 ) 9

because of Theorem 1.4. Choosing one of them, we can determine the co-
efficient ay when as = 3/2 and aj is specified. Using this method, it is
theoretically possible to determine all coefficients one by one. For this aim,
we use the following two criteria.

Criterion 3.7. Suppose that there exists a positive integer N such that for
n < N all coefficients a,, are specified, i.e. ¢, forn < N — 1 are given. If
equality is attained in (3.1), then ¢, =0 forn > N.
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Criterion 3.8. Suppose that there exists a positive integer N such that for
n < N all coefficients a,, are specified, i.e. ¢, forn < N —1 are given. If
there is no possibility of the coefficient ayyq which satisfies (3.1), then this
case should be eliminated.

Using these criteria and the computational software program Mathemat-
ica, we obtain Table 3.1.

a as a4 as ag ag as ag ai10
Case 1.1 |3/2 2 5/2 3 7/2 4 9/2 5 11/2
Case 1.2 | 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2
Case 1.3 1 2

Caseld | 1 3/2 2 5/2 3 7/2 4 9/2 5
Case 1.5 1 1 1 1 3/2 .-
Case 1.6 1 1 1 1 1 1 1 1 1
Case 1.7 1 1 1 1 /2 -
Casel8 | 1 1/2 0 0 1/2 1 1 1/2 0
Case 1.9 1 1/2 0 0 0 0 0 0 0

Case 1.10 1 0
Case 1.11 | 1/2 1 1/2 1 1/2 1 1/2 1 1/2
Case 1.12 | 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2

Case 1.13 | 1/2 1/2 0 0 0 0 0 0 0
Case 1.14 | 1/2 0 0 0 0 0 0 0 0
Case 115 | 1/2 0 -1/2 -1/2 0 1/2 1/2 0 -1/2
Case 1.16 | 1/2 -1/2 -1 -1/2 1/2 1 1/2 -1/2 -1
Case 1.17 | 0 1 e

Case 1.18 | 0 1/2 0 1/2 0 1/2 0 1/2 0
Case 1.19 | 0O 1/2 0 0 0 0 0 0 0
Case1.200 0 0 1/2 0 0 1/2 0 0 1/2
Case 1.21 | 0O 0 1/2 0 0 0 0 0 0
Case 1.22 | 0 0 0 0 /2 -

Case 1.23 | 0 0 0 0 0 0 0 0 0
Case 1.24 | 0 0 0 0o -1/2 .-

Casel25| 0 0 -1/2 0 0 1/2 0 0 -1/2
Case 1.26 | 0O 0 -1/2 0 0 0 0 0 0
Case127| 0 -1/2 0 1/2 0 -1/2 0 1/2 0
Case 1.28 | 0 -1

Table 3.1: Possibilities of coefficients obtained by using (1.1) and (2.4)
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Table 3.1 consists of the possibilities of coefficients which we can obtain
only using inequalities (1.1) and (2.4). Although we have to examine the
possibilities of a, for n < 18 as we mentioned above, it is consequently
enough to calculate up to n = 7, because left-hand side of (3.3) depends on
the value QQn_1 and we use (1.1) as a criterion. For some convenience, we
list them for n < 10.

The symbol “--” in Table 3.1 means “it continues”. Only calculating
the coefficients a,, up to just before the symbol “- -7  equality is attained
in (3.1). Thus we do not need to calculate any more coefficients because of
Criterion 3.7. For example, we examine Case 1.3. From Lemma (2.5), we

can see that ¢; = ¢ = —1. Therefore we have
2
> (n=1)e* =1.
n=1

Since equality is attained in (2.4), ¢, = 0 for n > 3 because of Criterion 3.7,
so that

F(z) = =1—z—22
=10
and therefore .

Since 1 — z — 22 has a zero in D, so that f(z) does not belong to the classS
and therefore it should be eliminated.

Using the similar way, we can prove that Cases 1.5, 1.7, 1.10, 1.17, 1.22,
1.24 and 1.28 are:

2z 2z z z 2z 2z z
2—2z—25 2—2z425 1—z422" 1—22" 225 2425 14 22

respectively. However, the following four functions

2z 2z 2z 2z
2—22—25" 2 —224257 2—257 2425

have to be rejected as not being univalent in D.

We now eliminate the possibilities which do not belong to the class S
from Table 3.1 by applying Lemma 2.7 and using Mathematica. Cases 1.2
and 1.16, and Cases 1.4, 1.8, 1.9, 1.13, 1.19, 1.21 and 1.26 should be rejected
because

det A® <0, and det A® <0

21



respectively. However, Case 1.11, and Cases 1.20 and 1.25 should also be
eliminated since

det A" <0, and det A" <.

The values det AM™) and det A each require to examine coefficients up to
n = 22 and n = 24. We can observe that these three cases are

1
Ao; = 5; aiy1 = 1;
1
azj—1 = az; =0, agj11 = 5
1
asg—1 = azp = 0,  asp41 = —5

for ¢ < 11 and j, k < 8 respectively.
Removing Cases which we have already examined from Table 3.1, we
obtain Table 3.2.

a2 a3 a4 as a6 ar asg a9 a10
Casc 2.1 |3/2 2 5/2 3 7/2 4 9/2 5 11/2
Case22| 1 1 1 1 1 1 1 1 1
Case 2.3 | 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2
Case24|1/2 0 0 0 0O O 0 0 0
Case 25 | 1/2 0 -1/2 -1/2 /2 1/2 0 -1/2
Case26| 0 1/2 0 1/2 /2 0 1/2 0
Case27| 0 0 0 0 0 0 0 0
Casc 28| 0 -1/2 0 1/2 1/2 0 1/2 0

o o o O

Table 3.2: Possibilities of coefficients obtained after using Lemma 2.7

There are 8 cases remaining. We again investigate them one by one.
Case 2.1

In this case, we could not obtain all possibilities by only calculating the
coefficients a,, for n < 10 (actually, for n < 18). However, there seems to be
a pattern on the coefficients. It is natural to suspect that a,, = (n+1)/2 for
every positive integer n, and we can prove it by induction in the following
way.

We may suppose that

3
f(z):z+522+223—|—---+akzk+---,
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where k is an index with &k > 7 such that for n < k — 1 all coefficients a,, are
specified and a, = (n 4 1)/2. Summation of the first £k — 1 terms gives

2(2—2) =2k +1—kz2)
f(z) = 21— 2)2

+ ap2® + O(2F ),

where O is the Landau symbol. Then

F(z) = (fiz)>_1 _ {2 -z —22;11_(12; 1 —kz) ol O(zk)] _1

_ 2(1 — 2)? [ 2(1 — 2)%(ap2*"1 + O(Zk))} -
2—z—zFYk+1—k2) 2—z—zFYk+1—k2)

B 2(1 — 2)?

22—z — 2k 41— k2)

e (k 1 ak) #1 0(H)

[1— apz"' + 0(z")]

2—z 2

31, 1., 1 k+1 - .
:1—§z+§z +§z —|—~~—|—(2k_1+T—ak 27T+ 0(25).

Applying inequality (2.4), we have

1 kE+1
(k—2) o1t Ty Tk <1
Since k > 7, we obtain
1 E+1 1 1
J— - < — < =
k-1 T T T =TE S
so that the possibilities of a; are:
E+1 k42

2 2
because ay should be a half-integer. However for the case ax = (k + 2)/2

does not satisfy (3.1) because k > 7. For example k = 7, the left-hand side
of (3.1) is

6 5
n—1 1 1 1237
— 1)[ba|?* = Slo—55) =57 > L1
Z(n )l | Z 22n + (2 25) 1024>

n=1 n=1
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Thus ar, = (k + 1)/2. Again the proof does not depend on the particular
value of k£ and therefore we may show successively that

k+2 k+3

Qpyo = ——, ... .

et =Ty ;

Thus, we obtain

 n+1 Z2(2 —z
f(z)—z—l—;2 ; z”—2<<1_z))2.

We now observe that
f(z) = f(w) =0

implies z = w, because

22—-2) w2-w) (z—w)2-w-—2)

2(1—2)2 2(1—w)?2  2(1—2)%(1 —w)?

and z,w € ID. Therefore this function is univalent in .
For Cases 2.2, 2.3, 2.4 and 2.7, we can prove that
z 2(2 — 2) 22

=2 20—z "t 7

f(z) =

respectively by using the same method. These functions are also univalent
in D.
Case 2.5.

Again we could not finish determining all possibilities for this case. How-
ever, there also seems to be a pattern with period 6 on the coefficients. The
examination uses six inductions and assembles them.

We may suppose that

L, 1, 145 15 k
f(z)—z—l—éz 5% 3% +§Z +odapzt e,
where k is an index with & > 6 such that for n < k — 1 all coefficients a,, are
specified and expressed by

ifn=6m—4,6m+1
if n=06m — 3,6m

ifn=6m—2,6m—1

Ay =

N = DN~
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for some positive integer m. We consider six cases k = 65 — 4,65 — 3,65 —
2,65 — 1,675,657 + 1 for 5 = 1,2,... . For example, here we prove the case
when k = 6j — 4 by using the same method as in Case 2.1.
Let
1, 1, 1

1 A
f(Z):Z+§Z —52 —§z5+§z7+---+a6j_426]_4+---

Summation of the first 65 — 5 terms gives

22— 2422+ 29 (2 - 1)

="y e O
Then,
F(z) = T i(,lz2_+z;(5_g‘z5222 — [1 = ag_52%" + O(=%4)]

Let A, be the n-th coefficient of the function
2(1 — 2+ 2?)
2—z2+22

Then note that A\, can be expressed by the recurrence relation

1 1 1
N o— —= )\ == _ 2
1 27 2 4a 9
From (3.1) and j > 2, we have
)\Gj_g, — Qgj—4 + S
for every positive integer j. Now we can see that the sequences {|A3,|}22, ,

{IAsns11}5%, and {|A3n42|}5°, each are decreasing and 0 < |\,| < 5/32 for
n > 8. Since the coefficients a, should be half-integers and the sequence

{A6j—5}52, is alternating, we observe that ag;_4 = 1/2 for every positive
integer 7.
Similarly we can prove that
1
agj+1 = 57 agj—3 = Qg5 = 0, Qgj—2 = Agj—1 = —5

25



for y =1,2,..., so that we have

2(2 — 2+ 22
fo) = =22
2(1 — z + 22?)
and therefore this is univalent in .
For Cases 2.6 and 2.8, we can use the same method and prove that
224+ 2% 22— 22
floy=2Bx2) 222
2(1+22)" 2(1-22)

respectively. Furthermore these functions are univalent in D.
We have obtained the following 12 functions:

1, z z z z
HOATYT T i U427 1—242
2(2—2) 2(2+2%)  22-2) z22-z+27
2(1—2)" 2(14+22) 2(1—2)2" 2(1—z+2%)

Considering — f(—z), we finally get the other seven functions specified in the
statement. Therefore the proof is now completed. O
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3.3 Further Problems

There are three problems remaining in this field. The first one is to simplify
the proof. The method of the proof for Theorem 3.6 requires complicated
calculations. Although we used Mathematica, it is desirable to avoid it. For
this aim, we need to apply or obtain more powerful univalence criteria. The
author has tried to give an easier proof for a long time, but consequently it
could not be accomplished. It seems that applying the coefficient estimates
within the class & does not work in this field, because we handle coefficients
with small values.

The second problem is to investigate the case in which ka, are rational
integers with £ > 3. If we used the same method as in the proof of Theorem
3.6, it would require a huge effort. Furthermore, to classify all univalent
functions with rational number coefficients is also an interesting problem
related to this.

The last one is about Theorem 3.2. Since half-integers are not rational
integers or integers of an imaginary quadratic field, we do not know whether
all univalent functions having half-integer coefficients are rational or not. As
a result, all of them are rational. Although it should be possible to prove
it, the author has not achieved the proof, and therefore this problem is also
remaining.
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