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Abstract. Our aim is to give an elementary and self-contained proof of the Carathéodory
kernel convergence theorem based on some fundamental facts in complex analysis.
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1. Introduction

The Bieberbach conjecture [1] was one of the most difficult problems in com-
plex analysis. It was initially proved by de Branges [2]. The proof is deeply
depending on some major theorems of the theory of univalent functions ([3, 4,
5,6,7, 8,9, 10, 11, 12, 13]). We focus on the Carathéodory kernel convergence
theorem from among them. The origin of this theorem is the paper [14] and we
can find the overview of it in several recent books [4, 8, 10, 11, 13]. But there are
some unclear points in those five books as below.

Case 1: Gong [13] and Pommerenke [10] have given the Carathéodory kernel
convergence theorem in the following form:

Theorem 1. Let {f,}32, be a sequence of holomorphic and injective functions
on the unit open disk D satisfying f,(0) = 0 and f}(0) > 0 for every n € N,
D,, .= fn(D) and D be the kernel of the sequence of domains {Dy}22 . Then the
following two conditions are equivalent:

1. The sequence {fn}>2, converges uniformly in the wider sense on D.
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2. The kernel satisfies D # C and {Dy}2 converges in the kernel sense to
D.

Moreover, the limit function of {fn}e>, is a surjection from D to D. Precise
definitions of the kernel and the convergence in the kernel sense are given in
Definition 3 below.

Gong [13] and Pommerenke [10] have considered the image domain D,, :=
fn(D), where f,, is holomorphic and injective on D and satisfies f,(0) = 0 and
f1(0) > 0. But it is not obvious that f,(ID) is simply connected (see Remark
1). In addition, they do not comment whether the kernel D is simply connected
or not (see Remark 2). But D must be a simply connected domain because
the Riemann mapping theorem is applied to D. In addition, we can find the
claim that there exist two subsequences { fi, 1321, {fn, }o2; C {fn}52; such that
{fm 12215 {fn }32, converge uniformly in the wider sense on D to f, g, respec-
tively, where f # ¢g on D, provided that {f,} 2, does not converge uniformly in
the wider sense on . But the claim seems to be not obvious. We also note that
any comment on an application of the Vitali theorem is not included in [10, 13].

Remark 1. Yoshida [15] has commented on the fact that the image f(Q) is a
simply connected domain whenever f is holomorphic and injective on a simply
connected domain 2. But many other literatures do not comment on it and any
detailed proof is not found.

Remark 2. The books [10, 11, 13] do not comment on the claim that the kernel
should be a simply connected domain. On the other hand, the two books [4, 8]
include the claim, however they do not prove it.

Case 2: Segal [11] has given the Carathéodory kernel convergence theorem in
the following form:

Theorem 2. Let {D,}>° be a sequence of simply connected domains, D be the
kernel of {Dyn}5 1 and {fn}22, be a sequence of functions defined on D satisfying
the following for every n € N:

1. 0e D, CC.
2. fn : D — D, is holomorphic and bijective.
3. fn(0) =0 and f](0) > 0.

4. There exists an open disk B(0,p) := {z € C : |z| < p} independent of n
such that B(0, p) C Dy,
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Then the following hold:

(A) If {fn}s2 converges uniformly in the wider sense on D to a limit function
f, then f is holomorphic and injective on D and satisfies f(0) =0, f/(0) > 0
and f(D) = D. In addition, {Dy,}>2 converges in the kernel sense to D.

(B) Conversely, if {Dy}5°; converges in the kernel sense to D and D # C, then
{fn}>2 converges uniformly in the wider sense on D to a limit function f.

The case that the kernel is {0} is removed by supposing that there exists
B(0, p) such that B(0,p) C D, holds for every n € N. The fact that {f,}>2,
is normal on I implies the following claim: “If there exist two subsequences
{fudize {fmdezn © {fndnly such that {fn, }32 . {fm, }32; converge to f, g,
respectively, where f # g on I, then there exist {f;}7°; C {fn, }7o, and {g;}7°, C
{ frny 172, converging uniformly in the wider sense on I to f, g, respectively, where
f # g on D.” Tt is not obvious that the kernel of {Dp, }72, does not coincide
with the one of {D,,, }32, by using only the claim. It seems that the simply
connectedness of the kernel D should be clarified and an argument involving the
Riemann mapping theorem should lead to some contradiction.

Case 3: Henrici [8] has given the Carathéodory kernel convergence theorem
in the following form:

Theorem 3. Let {D,}32 be a sequence of simply connected domains, D be the
kernel of { Dy }5% 1 and {fn}2, be a sequence of functions defined on D satisfying
the following:

1. 0 € D, C C for everyn € N.
2. fn : D — D, is holomorphic and bijective for every n € N.

3. fn(0) =0 and f},(0) > 0 for every n € N.

o
4. 0 is an interior point of ﬂDn.

n=1

Then {fn}o, converges uniformly in the wider sense on D to a limit function
fif and only if {Dy,}°, converges in the kernel sense to D. Moreover, D is a
simply connected domain and {f,; *}°2, converges uniformly in the wider sense
on D to f~1.

We can find the claim that D is a simply connected domain without proof.
In addition, it is not obvious that the normality of {f,}"° ; implies the uniformly
convergence of it in the wider sense on D. We also note that any comment on
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applications of the Vitali theorem and the Riemann mapping theorem is not
found in [8].

Case 4: Duren [4] has given the Carathéodory kernel convergence theorem in
the following form:

Theorem 4. Let {D,}>2, be a sequence of simply connected domains, D be the
kernel of {Dyp}5 1 and {fn}32, be a sequence of functions defined on D satisfying
the following for every n € N:

1. 0e D, CC.
2. fn : D — D, is holomorphic and bijective.
3. fn(0) =0 and f](0) > 0.

Then {fn}52, converges uniformly in the wider sense on D to a limit function f
if and only if {Dy,}52, converges in the kernel sense to D # C. Moreover, one
of the following two conclusions holds:

(A) If D = {0}, then we have f =0 on D.

(B) If D # {0}, then D is a simply connected domain, f : D — D is holomor-
phic and bijective, and { f,7 115, converges uniformly in the wider sense on
D to f~1.

The conclusion of the theorem above includes the claim that the kernel is a
simply connected domain. But any proof of it is not found. We also note that
an argument involving the Riemann mapping theorem should be needed as is the
case with [11] (Case 2).

Keeping the unclear points above in mind, we will give an elementary and
self-contained proof of the Carathéodory kernel convergence theorem based on
some fundamental facts. We state basic notions in Section 2. In particular, we
give straightforward proofs of the Hurwitz theorem and the Vitali theorem. Later
we formulate the main theorem and prove it in Section 3. In the present paper,
we use the following notation:

1. Given a € C and r > 0, we write B(a,r) := {z € C : |z —a| < r} and
By(a,r):={2z€C:0<|z—a|<r}=B(a,r)\{a}.

2. We denote the unit open disk by D := B(0,1) ={z € C : |z| < 1}.
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2. Preliminaries

2.1. Fundamental concepts

In this subsection, we give some fundamental facts used in the present paper.
For further informations and detailed proofs we refer to [3, 4, 8, 9, 11, 16].

Definition 1. The set S consists of all functions f satisfying the following con-
ditions:

1. f is holomorphic and injective on D.
2. f(0) =0 and f'(0) = 1.

Theorem 5. Let Q C C be a domain and {f,}72, be a sequence of holomorphic
functions on Q satisfying the following:

1. fno(2) #0 for all z € Q and all n € N.

2. {fu}e converges uniformly in the wider sense on  to a function f.

Suppose that there exists a point zy € Q such that f(z9) # 0. Then we have
f(z) #0 for all z € Q.

Remark 3. In some books (for example [17, 18]) one says that Theorem 5 is
the Hurwitz theorem. In the present paper we say that Theorem 9 is the Hurwitz
theorem following the books [4, 6, 19].

Theorem 6 (The Riemann mapping theorem). For any simply connected domain
Q C C and any 2y € €2, there exists a unique bijective and holomorphic function

[+ Q=D such that f(z0) =0 and f'(z) > 0.

Theorem 7 (The Koebe 1/4 theorem). For every f € S, we have B(0,1/4) C
/(D).

Theorem 8 (The Koebe distortion theorem). For every f € S, we have for all
zeD

1+ |2
(1 —z)*
2]
(1—lz)*

ﬁ <|f'(2)] <
ﬁ <|f(2)] <

Lemma 1. If a function f is holomorphic and injective on a domain 2 C C,

then we have f'(z) # 0 for all z € Q.
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2.2. The three important theorems

In this subsection, we state the three important theorems, that is, Hurwitz,
Montel and Vitali theorems. Let us begin with the Hurwitz theorem.

Theorem 9 (The Hurwitz theorem). Let Q@ C C be a domain, E C C, and
{fn}5%, be a sequence of holomorphic functions on § satisfying the following:

1. {fn}>2, converges uniformly in the wider sense on § to a function f.
2. The limit function f is not any constant function on §2.

3. The closure E satisfies E C 2 and is a closed domain enclosed by a piece-
wise smooth simple closed curve.

4. f(2) #0 for any z € OF.

Then for sufficiently large n € N, the number of the zero points included in E of
the function f, equals to the one of f, where we take the order of each zero point
mto account.

Proof. Following the outline shown by [4, 6, 19] we give a straightforward
proof. By virtue of the Weierstrass theorem we see that f is holomorphic on €2. In
particular, f is continuous on F. Thus, the minimum value m := mé% |f(2)] >0

ze

does exist. Namely, we have |f(z)] > m for all z € OE. On the other hand,
{fn}>2, converges uniformly on OF to the limit function f. Thus, we can take
no € N so that |f,(z) — f(z)| < m holds for every n > ng and z € OE. This
implies that |f,(z) — f(2)] < |f(z)|. Therefore, the Rouché theorem gives us the
desired conclusion. <«

As a corollary of the Hurwitz theorem we obtain the next result.

Corollary 1. Let Q C C be a domain and {f,}5°, be a sequence of holomorphic
and injective functions on §). Suppose that {f,}°°; converges uniformly in the
wider sense on §2 to a function f and that the limit function f is not any constant
function. Then f is also holomorphic and injective on €.

Proof. By virtue of the Weierstrass theorem we see that f is holomorphic on
Q. Assume that f is not injective on 2. Then there exist z1, z9 € € such that
z1 # z9 and f(z1) = f(z2). Now we write o := f(z1) = f(22). We note that the
function f — « is not any constant function on 2. Thus, we can take two positive
numbers pj, ph so that for j = 1, 2, B(2;, p;) C Qand f—a # 0 on Boy(z, p}) hold.
In addition, we can take p}| > p1, ph > pa so that B(z1, p1) N B(z2, p2) = 0 holds.
We remark that each function f, — a is holomorphic and {f, — a}22, converges
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uniformly on 2 in the wider sense to the limit function f—«. Applying Theorem 9
(the Hurwitz theorem) to { f, —a}22 , for sufficiently large n € N, we obtain that
the number of the zero points included in B(z1, p1) of the function f, —a equals
to the one of f — o, where we take the order of each zero point into account. In
particular, the function f — « satisfies f —a # 0 on By(z1,p1) and f(z1) —a = 0.
Thus, f, — « has a unique zero point wy in B(z1,p1). The same argument is
valid for B(zg, p2). That is, there exists a unique point we € B(z2, p2) such that
fn(w2) —a = 0. Therefore, we obtain f,(w1) = f,(w2) = o and wy # wy. This
conclusion and the fact that f, is injective are contradictory. Hence we have
proved that f is injective on 2. <«

Before stating the next two theorems we need the following definition.

Definition 2. Let F be a family of functions defined on an open set Q) C C.

1. Let E C Q. The family F is said to be uniformly bounded on E if there
exists a positive constant M such that |f(z)] < M holds for every z € E
and f € F.

2. The family F is said to be uniformly bounded in the wider sense on Q) if F
is uniformly bounded on K for any bounded and closed set K C ().

3. The family F is said to be normal on S if any sequence {fn}>>; C F has
a subsequence converging uniformly in the wider sense on 2.

Theorem 10 (The Montel theorem). Let F be a family of holomorphic functions
on an open set Q. If F is uniformly bounded in the wider sense on €1, then F is
normal on €.

We omit the proof of the Montel theorem because some self-contained proofs
are well-known. For example, we can find them in [4, 6, 16, 20]. We next state
the Vitali theorem.

Theorem 11 (The Vitali theorem). Let {f,}>2, be a sequence of holomorphic
functions on a domain Q and A C Q satisfy A’ NQ # 0, where the set A’ consists
of all accumulating points of A. Suppose that {f,}o° is normal on Q and take
a subsequence {gn}o>, C {fn}re, converging uniformly in the wider sense on
Q to a limit function g, and that {f,}5°, converges pointwise on A to g. Then
{fn}>2 converges uniformly in the wider sense on .

Some outlines of the proof can be found in [4, 9, 15, 21|, however those books
include unclear points. Based on the strategy established by those books we give
a detailed proof.
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Proof. Assume that { f,,}°° ; does not converge uniformly in the wider sense on
Q). Then there exist a bounded and closed set K C {2 and g9 > 0 such that for any
N € N we can take ng > N and zp € K so that | f,(20) —g(20)| > €o holds. Thus,
we can take a natural number ny > 1 and z; € K so that |f,, (21) — g(z1)| > €0
holds. We can additionally take a natural number no > n; and zo € K so that
| fns(22) — g(22)] > €0 holds. Hence we can construct {n;}3>, C N, {fn, }72, C
{fu}o, and {2z}, C K such that |f,, (2x) — g(2x)| > €0 and ng41 > ny hold
for every k € N. Because K is bounded and closed, by virtue of the Bolzano—
Weierstrass theorem there exists a subsequence {2, }5°_; C {2}, converging
to a point 2* € K. Below we rewrite {2z} := {24, }v—1. Noting that {f,}52;
is normal on €2 again, we obtain a subsequence {fy, }7°; C {fn,}32; converging
uniformly in the wider sense on 2 to a limit function h. Take o € A arbitrarily.
Then we have lim g,(a) = g(a) and lim f,, (o) = h(®) because both {g,}2>

n—oo =00 1

and { fnkl}fil converge pointwise on A. On the other hand, the sequence of
complex numbers {f, ()}, converges to the limit g(a) because the sequence
of functions {f,}5° ; converges pointwise on A to the limit function g. Thus, by
virtue of the fact that {fn, (a)};2; is a subsequence of {fn(c)}3Z; we have

ha) = I f, (@) = lim fu(a) = g(a)

We also remark that the Weierstrass theorem implies that both g and h are
holomorphic on €. Hence by the identity theorem we see that g(z) = h(z) holds
for all z € Q. On the other hand, the sequence { fnkl }2, converges uniformly in
the wider sense on {2 to the limit function h, that is, for all € > 0, there exists
Lo € N such that |fn, (2r,) — h(zk,)| < € holds for every | > Lo. In addition, the
function A is continuous at the point z* € €}, that is, there exists Ly > Lg such
that |h(zy,) — h(2*)| < € holds for every I > Ly. Thus, we have

‘fnkl(zkl) - h(Z*)’ < ‘fnkl(zkl) - h(zkl)’ + ‘h(zkl) - h(Z*)’
<e+4e=2¢,

namely, the sequence of complex numbers { fnkl (z1,)};2, converges to the limit
h(z*). Since we have obtained that | fy, (zr,) — 9(2k,)| = €0 holds for every I € N,
we see that h(z*) — g(z*) # 0, namely, h(z*) # g(z*). Because of z* € €, this
contradicts the fact obtained by the identity theorem above. Consequently, we
have proved that {f,} 2, converges uniformly in the wider sense on 2. <

2.3. The kernel and the kernel convergence

In this subsection, we define the kernel and convergence in the kernel sense
for sequence of domains and give some examples based on the books [10, 13].
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Definition 3. Let {D,}>% be a sequence of domains such that 0 € D,, for every
n € N. The set D' consists of all w € C for which there exists a domain H such
that {0,w} C H C D,, holds for all sufficiently large n € N. Then the kernel D
of {Dn}22, is defined by

D:={0juD.

The sequence {D,}° | is said to be converging in the kernel sense to D if all
subsequences of { Dy, }°2, have the same kernel D. In this case we write D, — D.

Remark 4. In the case where D' = (), the kernel D is of course defined by
D :={0}.

Example 1. Consider some examples of sequences of domains {Dy}°° , and
their kernels D.

1. Let 1
D, :=C\ {1+it e > E} (n €eN).
Then the kernel D of {Dy,}52; is
D={ze€C: Rez<1}.

We see that any subsequence of {Dy}>° | has also the same kernel D. Thus
we have Dy, — D.

2. Let )
D, :=C\ {it Dt > E} (n € N).
Then the kernel D of {Dp}22 is
D = {0},

because for all € € (0,1) there exists ng € N such that B(0,e) ¢ D,,. We
see that any subsequence of {Dyp}>° | has also the same kernel D. Thus we
have D, — D.

3. Let
D, :=C\ {z€C : Imz=(-1)"} (neN).

Then the kernel D of {Dy}52; is
D={zeC:Imz>-1}N{ze€C : Imz < 1}.
On the other hand, the kernel of subsequence {Da,}5; is
{z€C : Imz < 1}.

This implies that {Dy}>2 does not converge in the kernel sense to D.
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3. A proof of the Carathéodory kernel convergence theorem

We formulate the Carathéodory kernel convergence theorem by giving the
following two parts in order to make the main result more readable. We also note
that we will apply the first theorem to prove the second one.

Theorem 12. Let {f,}>2, be a sequence of holomorphic and injective functions
on D satisfying f»,(0) = 0 and f}(0) > 0 for every n € N and D be the kernel
of the sequence {D,,}>° |, where D,, := f,(D). If the sequence {f,}5° | converges
uniformly in the wider sense on D to a limit function f, then we have f(D) = D.

The first theorem itself (Theorem 12) has been essentially proved by Gong
[13] and Pommerenke [10]. For readers’ convenience we will give a self-contained
proof of it.

Theorem 13. Let {D,}5°, be a sequence of simply connected domains such that
0 € D, € C for every n € N, {fn}22, be a sequence of functions such that
fn : D — D, is holomorphic and bijective, f,(0) =0 and f},(0) > 0, and D be
the kernel of {D,}2° ;. Then the following hold:

(¢) If Dy, — D and D = {0} are true, then {fn}22, converges uniformly in the
wider sense on D to 0.

(23) If Dy, — D holds and D C C is a simply connected domain, then {f,}5°
converges uniformly in the wider sense on D to a limit function f, where f

satisfies f(D) = D.

Remark 5. The Riemann mapping theorem guarantees that the sequence of func-
tions {fn}o2, does exist in Theorem 13.

As is pointed out in Introduction, we find the following unclearness when we
state the second part (Theorem 13) in the five books [4, 8, 10, 11, 13]:

1. Both the Vitali theorem and the Riemann mapping theorem are indispens-
able in our self-contained proof of the Carathéodory kernel convergence
theorem. We cannot find any comment on an application of the Vitali the-
orem in [8, 10, 13]. On the other hand, the books [4, 8, 11] do not include
any comment on an application of the Riemann mapping theorem.

2. Remarks 1 and 2 say that the five books [4, 8, 10, 11, 13] do not give a
detailed explanation on simply connectedness of the image and the kernel.
By supposing that every D,, and D are simply connected in Theorem 13, we

can avoid the complicated discussion, however we do not give direct proofs
of Remarks 1 and 2.
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Making up for these unclear points above we have formulated Theorem 13.
Applying Theorem 12 we will additionally give an elementary and self-contained
proof of Theorem 13.

Proof. [Proof of Theorem 12] (i) We first consider the case where the limit
function is not any constant function. By virtue of Corollary 1, f is holomorphic
and injective on D. As f,(0) = 0 holds for every n € N, we have

£(0) = lim f,(0) = lim 0= 0.
n—oo n—oo

Step 1: We prove f(D) C D. Take wg € f(D) arbitrarily.

If wg = 0, then by the definition of the kernel we can easily obtain wg € D.

Consider the case where wy # 0. There exists zy € D such that wy = f(20).
We take a constant r so that |zo| < r < 1. We define a set H by H := f (B(0,7)).
We note that f is holomorphic and is not any constant function on B(0,r).
Thus, by the principle of domain preservation, H is a domain. It also follows
that {0, wo} € H. If the claim that H C D, is true for all sufficiently large
n € N, then the definition of the kernel implies wg € D, that is, f(D) C D holds.
Thus, we only have to prove the above claim. Assume that for any n € N, there
exists N > n such that H ¢ Dy. Then we can take a natural number ny > 1
so that H ¢ D,,. In addition, we can take a natural number ny > n; so that
H ¢ D,,. Hence we can construct aj, € H\ Dy, and {n;}3>; C N such that
ngpy1 > ng > k for every k € N. By virtue of the Archimedes principle, for all
K > 0, there exists L € N such that L > K. Thus, for all [ € N with [ > L
we have n; > ny, > L > K, that is, kl;n;o ng = +0o. Because f is continuous

on the bounded and closed set B(0,7), M := max |f(z)| does exist. Namely,
z€B(0,r)
|f(z)] < M holds for every z € B(0,r). This implies that H is a bounded
domain. Hence the closure H is also bounded. Thus, by the Bolzano-Weierstrass
theorem, there exists a subsequence {ay,}1°, C {ax}?2, C H converging to a
point a* € H. Below we rewrite {a}72, := {ay, }72,. Noting that oy, & D,,, and
Dy, = fn,(D) hold for all k € N, we have f,, (z) — oy # 0 for all z € D and all
k € N. On the other hand, {f,, —ax}32, converges uniformly in the wider sense
on D to the function f—a*. There exists z; € D such that f(z1) —a* # 0 because
f — a* is injective on D. Thus, by virtue of Theorem 5, for every z € D we have
f(z) —a* #0, that is, f(z) # o*. This contradicts the fact that o* € H C f(DD).
Step 2: We prove D C f(ID). Take wg € D arbitrarily.
If wy = 0, then we can easily get 0 = f(0) € f(D).
Consider the case where wy # 0. By virtue of the definition of the kernel,
we can take a domain H and a natural number N so that {0,wy} C H C D,
for all n > N. We note that f, : D — D, is holomorphic and bijective for
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every n € N. Thus, we can define the holomorphic inverse function ¢, := f,,; ! :
D,, — D. In particular, ¢,(0) = 0 holds. We see that {¢,}5°  is a sequence of
holomorphic and injective functions on H because H C D,, holds for every n > N.
In addition, for every n > N we have ¢,(H) C ¢n(Dy) C D, that is, {¢n}02 v
is uniformly bounded on H. Hence Theorem 10 (the Montel theorem) implies
that {¢n}0° y is normal on H. Namely, there exists a subsequence {¢y, }7°, C
{gn}22 y converging uniformly in the wider sense on H to a limit function ¢.
Applying Corollary 1 to {¢n, }7°, we see that ¢ is holomorphic and injective on
H. In particular, {¢y,, }3°, converges pointwise to ¢ on H. Because of 0 € H,
we have
©(0) = lim ¢,, (0) = lim 0 =0.
k—ro00 k—o0
In addition, fixing w € H arbitrarily, we have lem lon, (w)| = |¢(w)| and |y, (w)]
[e.e]

< 1. Thus, we obtain |p(w)| < 1. Noting that ¢ is holomorphic and is not any
constant function on H, we have |p(w)| < 1 by the maximum modulus principle.
In particular, zp := p(wo) € D holds. Therefore, f is continuous at the point
2o € D, that is, for all € > 0 there exists § > 0 satisfying B(zp,d) C D and
|f(2) — f(20)] < € for all z € B(z,9). Because {py, }3, converges at the point
wp, there exists kg € N such that |y, (wo) — ¢(wo)| < § holds for all & > k.
In addition, because {fy, }72; C {fn}>2, converges uniformly on B(z,d) to f,
we can take k1 > kg so that |f,, (2) — f(2)] < € holds for all £k > k; and all
z € B(zp,0). Hence we have

|f(20) — wol = [f(20) — [ (n, (o)) + f(ny (w0)) — wol
< [f(20) = f(pny (wo))| + [ f(on,, (w0)) — wol
- ‘f(ZO) - f(‘Pnk(wO))’ + ‘f(‘Pnk(wO)) - fmc(@mc (wo))’
<e+e
= 2e.

Since € > 0 is arbitrary, we get wy = f(z0) € f(D), that is, D C f(D).

We see that Step 1 and Step 2 imply f(D) = D.

(73) We next consider the case where the limit function f equals to a constant
C . Then we have

C = f(0)= lim f,(0)= lim 0=0,
namely, f(D) = {C'} = {0}. Now we assume that D # {0}. Then we can take
an element w € D\ {0}. By virtue of the definition of the kernel, there exist a
domain H and m € N such that {0, w} C H C D,,,. Because H is an open set
including 0, we can take p > 0 so that B(0,p) C H C D,,. On the other hand,
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we can define the holomorphic inverse function ¢, := f,,* : D,, — D, because
fm + D — D,, is holomorphic and bijective. In particular, ¢,, is holomorphic
and injective on D,,. Thus, by Lemma 1 we have ¢/, # 0 on D,,. On the other
hand, ¢y, is holomorphic on B(0, p) and satisfies |, (w)| < 1 for all w € B(0, p)
and ¢,,(0) = 0. Applying the Schwarz lemma to ¢,,, we obtain |¢],(0)] < 1/p.
Because fi,(¢m(v)) = v holds for each v € B(0, p), by the differentiation we have
1l (om(v))el, (v) = 1. Thus, we obtain

(O] = 1/ (om(0))] = ' ! )‘ > 050

©rn (0

Hence the sequence {f;(0)}7°, does not converge to 0. On the other hand,
{fn}>2, converges uniformly in the wider sense on D to the limit function f = 0.
Thus, by virtue of the Weierstrass theorem {f}°°; converges uniformly in the
wider sense on D to the limit function 0. In particular, the sequence {f},(0)}5°,
converges to 0. This contradicts the fact above. Consequently, we have proved

D = {0}, that is, f(D) = D. <

Now we prove the second part of the Carathéodory kernel convergence theo-
rem (Theorem 13) applying the previous theorem.

Proof. [Proof of Theorem 13] We can define a holomorphic and injective
function

— Jn(2)
A

on D because f;(0) > 0 holds for every n € N. By the definition, we see that
F,(0) =0 and F},(0) = 1. Namely, {F,}5°; C S holds.

We first prove (7). Suppose that D = {0} and D,, — {0}.

Step 1: We prove nlgr(; f7(0) = 0. Assume that {f},(0)}22, does not converge

n

to 0. Then there exists € > 0 such that for any n € N we can take ng > n so that
',(0) > e. Thus, we can take a natural number n; > 1 so that f; (0) >e. We

no

can additionally take a natural number ny > ny so that f;,(0) > €. Hence we

can construct {ng}p2; C N and {fn, }72, C {fu}5Z; such that f; (0) > ¢ and

ng+1 > ny for each k € N. Applying Theorem 7 (the Koebe 1/4 theorem) to F,, ,
' (0

we get B(0,1/4) C F,, (D). Take w € B (O, f”’jl( )) arbitrarily. Then we have

€ B(0,1/4) C F,,, (D). Hence there exists zy € D such

|w]| 1 ;
7 () < 7, that is

that

__w__
» 77, O

wo _ fnk(zo)
T - ) =Ty
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namely, w = fy, (20). Thus, we have

B <0, Z) cB (0, #) C fu (D) = D, .

This implies that the kernel of {D,, }?°, includes B(0, $) and contradicts the
fact that D,, — {0}.
Step 2: We prove that {f,}72; converges uniformly in the wider sense on D to

0. Take bounded and closed set K C DD arbitrarily. The value M; := max L

zeK (1 — ‘Z’)Z
does exist because the function ﬁ is continuous on K. Applying Theorem
8 (the Koebe distortion theorem) to F,, for every n € N, we obtain that for all

ze K

Fu(2)] < ﬁ <M.

Therefore, we get

[fn(2)] = [Fu(2)] 1£,(0)] < M| f,(0)] = 0 (n — o0).

Consequently, we have proved that {f,}°° converges uniformly in the wider
sense on D to 0.

We next prove (iz). Suppose that D C C is a simply connected domain and
D, — D.

Step 1: We prove that the sequence {f}(0)}5°; is bounded above. As-
sume that {f},(0)}5°, is not bounded above. Then there exists a subsequence
{fh (00322, € {fn(0)}52, such that khﬂrgo f1,.(0) = 400. Applying Theorem 7

(the Koebe 1/4 theorem) to F),,, the same argument as in the proof of Step 1 in

(i) gives us
/

B (0, ”2(0)> C fn,(D) = Dy,.
Noting that f;, (0) — +oo (k — o00), we see that {D,, }?2, has the kernel C.
This contradicts to D, - D and D C C.

Step 2: We prove that {f,}7°; is normal on D. By virtue of Step 1, there
exists a constant My > 0 such that |f] (0)| < M, holds for every n € N. Applying
Theorem 8 (the Koebe distortion theorem) to F;, for every n € N, we obtain that
for all z € K

[Fa(2)] < % < M.

Therefore, we get

|[fn(2)] = [Fa(2)] 1£,(0)] < My Mo,
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that is, {f,}72 is uniformly bounded on K. By virtue of Theorem 10 (the
Montel theorem), we have proved that {f,}5°; is normal on D.

Step 3: There exists a subsequence {g,}22; C {fn}52, converging uniformly
in the wider sense on D to a limit function g because {f,}22; is normal on D.
Below we prove that { f,, }°°; converges pointwise on D to g. Assume that { f,}22
does not converge pointwise on ID. Then there exist o € D and £ > 0 such that
for any N € N we can take n > N so that |f,(a) — g(«)] > e. Thus, we can
take a natural number n; > 1 so that |f,, (o) — g(a)| > . We can additionally
take a natural number ng > nj so that |f,,(a) — g(a)| > . Therefore, we
can construct {ni}32; C Nand {f, }32; C {fu}s2, such that ngy > ny and
| fr (@) — g(c)| > € for every k € N. Noting that {f,}72; is normal on I again,
there exists a subsequence { fr, 12y € {fn )32, converging uniformly in the
wider sense on ID to a limit function f. Since |fn, (a) — g(a)| = € holds for all
I € N, we have lliglo fry, (@) — g(a) # 0, that is, f(a) # g(@). On the other hand,

applying Theorem 12 to { fnkl 12, and {gn}52, respectively, we obtain f(D) = D
and ¢g(D) = D. In addition, we have f(0) = llim fny, (0) = 0. By virtue of the
— 00

Weierstrass theorem we see that f'(0) = llim f;bkl (0) > 0. By Corollary 1 we see
—00

that f is holomorphic and injective on D. Thus, by Lemma 1 we have f’(z) # 0 for
all z € D, that is, f/(0) > 0. Similarly we see that g is holomorphic and injective
on D and satisfies g(0) = 0 and ¢/(0) > 0. We also remark that both f and g are
holomorphic on D and bijections from D to the simply connected domain D C C.
By virtue of the uniqueness of the map due to the Riemann mapping theorem we
have f(z) = g(z) for all z € D. This contradicts to f(«a) # g(«).

Step 4: We prove the conclusion of (ii). By virtue of Step 3, { f,}22; converges
pointwise on D to the limit function g. Theorem 11 (the Vitali theorem) implies
that {f,}52; converges uniformly in the wider sense on D). Applying Theorem
12 to {fn}22, we have proved that g(D) = D. «
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