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ABSTRACT. Let D be a simply connected plane domain and let B be
the unit disk. The inner radius of D, o(D) is defined by o(D) =
sup{a : a > 0,||Sf||p < a implies f is univalent in D}. Here Sy is
the Schwarzian derivative of f, pp the hyperbolic density on D and
1S¢|lp = sup,cp |S¢(2)|pp°(2). Domains for which the value of (D)
is known include disks, angular sectors and regular polygons as well as
certain classes of rectangles and equiangular hexagons.

When the inner radius for the above-mentioned domains, except non
convex angular sectors, is computed it is seen that o(D) = 2 — ||Sh]|B,
where h : B — D is the Riemann mapping and B the unit disk, a fact
that yields a convenient method for computing o (D). We introduce the
name Nehari disks for domains with the above property.

In this paper we generalize some results by Gehring, Pommerenke,
Ahlfors and Minda that were proved in the unit disk, to analogous results
for Nehari disks.

1. INTRODUCTION

We use the symbol C to denote the complex plane and C to denote the
extended complex plane. Within C, we use the symbol B to refer to the
unit disk (B = {z : |2|] < 1}). The symbol D will denote a domain in C
with at least two points on its boundary.

For z € B the hyperbolic density of B at z is the quantity pp(z) given
by pp(z) = 1/(1 — |2|?). For a general simply connected domain D, the
hyperbolic density pp is then defined in terms of pp and h : B — D
where h maps B conformally onto D (see [9]). It is not hard to verify that
pp(z) > pp/(z) for z € D, when D C D’ are simply connected domains.

For f holomorphicin D C C, with f'(z) # 0 for z € D, the Schwarzian de-
rivative Sg, of f, is defined in D by S¢(z) = (f"/f") () —5(f"/f')*(z). This
definition can easily be extended to include locally univalent meromorphic
functions. A detailed explanation of the extended definition can be found in
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[9]. To make our terminology more concise, locally univalent meromorphic
functions will be referred to simply as locally univalent functions.

In order to discuss a univalence criterion for f we introduce a norm for
S¢. Let D be a simply connected domain in C. For f locally univalent
in D, we define the hyperbolic norm of Sy with respect to D by ||S¢||p =
sup.ep |S5(2) oD’ (2)-

Now we introduce a domain constant known as the inner radius of a
domain.

Definition 1.1. Suppose D is a simply connected domain in C. We define
the inner radius of D, o(D), by

o(D) =sup{a:a>0,|[St||p < a implies f is univalent in D}.

All images of D under Mobius transformations have the same inner radius
as D.

Nehari [15] and Hille [6] proved that o(B) = 2. Later, Lehtinen showed
in [7] that o(D) < 2 for all simply connected domains in C with equal-
ity occurring only when D is a disk in C (i.e. an image of B under a
Mobius transformation). The inner radius of a domain has another impor-
tant meaning that is not apparent from its definition. Ahlfors and Weill [2]
proved that if f is locally univalent on D (a simply connected domain) with
||Sf|lp < o(D), then f is univalent and can be extended to a quasiconformal
mapping of C. Ahlfors [1] and Gehring [4] proved that when D is a simply
connected domain, o(D) > 0 if and only if D is a quasidisk.

Next, we list some known values of o(D). Lehto and Lehtinen have cal-
culated the inner radii of angular sectors in [8] and [7]. If Ay = {2z : z €
C,0 < argz < kr}, then o(Ay) = 2k? for 0 < k < 1 and o(A;) = 4k — 2k?
for 1 < k < 2. Another class of domains for which the inner radii have been
calculated are regular polygons. Calvis [3] proved that o(P,) = 2(n—2)?/n?
where P, is an open regular n-sided polygon.

In [12] we computed the inner radii for some classes of rectangles and
equiangular hexagons. We proved that if R is a rectangle whose ratio
of longer over shorter side is bounded from above by a specific constant
(1.52346...), then o(R) = 1/2 and if H is an equiangular hexagon whose
sides form the sequence baabaa with b/a < 1.67117..., then o(H) = 8/9.
In [10] we generalized the above mentioned results to classes of even-sided
equiangular polygons. Namely, we proved that if two parallel sides of a
n-sided regular polygon are stretched (shrunk) slightly, the inner radius re-
mains constant (equals 2(n — 2)?/n?).
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2. NEHARI DISKS

In calculating the inner radii of domains mentioned earlier (angular sec-
tors, regular polygons and some classes of even-sided equiangular polygons)
the following simple but insightful lemma plays a key role.

Lemma 2.1. If D is a simply connected domain and if h maps B confor-
mally onto D, then o(D) > 2 — ||Sh||B-

Proof. Suppose f is locally univalent on D with ||S¢||p < 2—||Sh||B. Then,
f o h is locally univalent on B and ||Ston|| = [|Sf — Sp-1llp < [|Sf||lp +
||SnllB < 2 (see [11]). This implies that f o h is univalent in B and hence f
is univalent in D. Thus o(D) > 2 — ||S}]| 5. O

It turns out that the lower bound 2 — ||S,||p is equal to o(D) in the case
of many domains for which (D) is known—disks, parallel strips, convex
angular sectors and regular polygons, as well as the above-mentioned classes
of even-sided equiangular polygons (see [11], [12] and [10]). Moreover, this
yields a good method for computing o (D) for many domains. This prompted
us to introduce a special name for these domains (we first introduced it in
[12]). A simply connected domain D in C is called a Nehari disk if

a(D) =2 —[|Skl|B,

where h maps B conformally onto D. Hence disks, parallel strips, convex
angular sectors and the above-mentioned even-sided equiangular polygons
are all Nehari disks. Of course, there exist many simply connected domains
which are not (non convex angular sectors). By restricting our attention to
regulated domains with convex corners (a class wide enough to include the

domains mentioned earlier), we have proved the following characterization
of Nehari disks (see [13]).

Theorem 2.2. Suppose that D is a regulated domain with convex corners
and that h maps B conformally onto D. Then, D is a Nehari disk if and
only if limsup | S, (2)|(1 = [2[*)* = ||| -

|2|—1

Thus, computing o(D) for some domains can be based on merely under-
standing the behavior of the Riemann mapping h.

There are a number of known results, specifically proved about univalence
and extensions of mappings on B. Some of them clearly cannot be gener-
alized for arbitrary, simply connected domains. For others, the question
remains unanswered. Nehari disks allow generalizations of some of these
results. In this paper we state and prove some of them.
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3. THEOREMS OF GEHRING AND POMMERENKE

In view of the Ahlfors-Weill theorem mentioned in the introduction, we
know that the image of B under a locally univalent function f with ||Sy||p <
2 is a quasidisk. In [5] Gehring and Pommerenke were able to show what
happens to f(B) when |[Sf||[p = 2. Let S denote the parallel strip S =
{z:0<Im z < 7}.

Theorem 3.1. (Gehring-Pommerenke) If f is a locally univalent function
on B and if ||S¢||p < 2, then f(B) is a Jordan domain or the image of the
parallel strip S under a Mobius transformation.

It is natural to ask whether the conclusion of the above theorem still holds
if B is replaced by an arbitrary domain D and 2 by o(D). In general, the
answer is no. For example, if 1 < k < 2 and if f : Ay, — By is conformal,

where By, = {z arg 2] < k:27r} ﬂ{z: larg(l —2z)| < k;}, then ||S¢||4, =

o(Ag), and By is clearly not a Jordan domain (see [9]). However, if we
include the assumption that D is a Nehari disk, a generalization of Theorem
3.1 is easily obtainable.

Theorem 3.2. Suppose D is a Nehari disk. If f is a locally univalent
function on D and if ||S¢||p < o(D), then f(D) is a Jordan domain or the
image of the parallel strip S under a Mobius transformation.

Proof. Let h : B — D denote the Riemann mapping and let g = f o h.
Then g is locally univalent on B and we have

15¢llp = [[Sgon-1llp = [1Sg = Snllz = ||Sgll5 = ||Shl|5-
Since D is a Nehari disk, (D) =2 — ||S,||p and
1Sgll5 < 1[S¢llp + [[9hllB < o (D) + |[Shll5 = 2.

By Theorem 3.1, we conclude that g(B) is a Jordan domain or the image
of the parallel strip S under a Mobius transformation. Since f(D) = go
h=Y(D) = g(B), the proof is complete. O

We recall another result from [5].

Theorem 3.3. (Gehring-Pommerenke) Suppose f is a locally univalent
function on B and limsupy,_ |Sf(2)[(1 — 12|%)? < 2. If f(B) is a Jor-
dan domain, then f(B) is a quasidisk.

As before, a generalization for Nehari disks is possible.

Theorem 3.4. Suppose D is a Nehari disk, f is a locally univalent function
on D, and limsup,_sp, |S;(2)|pp2(2) < o(D). If f(D) is a Jordan domain,
then f(D) is a quasidisk.
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Proof. Let h : B — D denote the Riemann mapping and let ¢ = f o h.
Then g is locally univalent on B and we have

linTsup 1S4(2)[(1 = [2*)? = lim sup Sy (w) = S, H(w)|pp’ (w)
z|—1 w—

< limsup |S;(w)|pp(w) + lim sup 1S, (w) |’ (w)

w—

<o(D) +118; I = o(D) + [Shll5 = 2.

By Theorem 3.3 , we conclude that if g(B) is a Jordan domain, then it is a
quasidisk. Since f(D) = go h~ (D) = g(B), the proof is complete. O

4. A THEOREM OF AHLFORS

We consider next some well-known results on the role of the Schwarzian
derivative in showing univalence and existence of quasiconformal extensions
of locally univalent functions. We must introduce the notion of complex
dilatation of a quasiconformal mapping.

Let f: D — D' be a K-quasiconformal mapping. Then f is differen-

tiable with df # 0 almost everywhere in D and the complex dilatation of

fs py, defined almost everywhere in D by ps(2) = gjﬁgi;, satisfies

laglloe < g <1
Moo ="K 11
where 0f(z) = 3(fs — fy) and 0f(2) = 3(fo + fy). Here ||uf||o is the
essential supremum of sy on D. The quantity ||itf||o is an alternative to K
and measures the deviation of f from a conformal mapping. For details on
complex dilatation, see [9].

Now we are ready to state a theorem of Ahlfors [1].

Theorem 4.1. (Ahlfors) Let D be a L-quasidisk. There is a constant (L) >
0, depending only on L, such that if f is locally univalent in D with ||S¢||p <

e(L), then f is univalent in D and can be extended to a K -quasiconformal
(L)+S¢llp

mapping of C where K < m.
The next theorem addresses the special case when D is a disk or a half-

plane. In fact, this theorem was proved earlier than Theorem 4.1, by Ahlfors
and Weill [2].

Theorem 4.2. (Ahlfors-Weill) Suppose D is a disk or a half-plane and f
is locally univalent on D. If ||S¢||p < 2, then f is univalent in D and can
24(|S¢llp
2-[[S¢llp

be extended to a K -quasiconformal mapping of C where K <
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Remark 4.3. In the proof of Theorem 4.2 it is shown that if D = U, where
U is the upper half-plane, then the complex dilatation of this extension
satisfies 7 (Z) = —2y2S¢(z) for z € U.

From the above we see that we may choose €(L) = o(D) whenever D is a
disk or a half-plane. Lehto asked (in [9]) whether we may take €(L) = o (D)
for other quasidisks D. We answer this question positively for Nehari disks.
First, a preliminary lemma.

Lemma 4.4. Suppose D is a quasidisk and h maps U conformally onto
D. If f is locally univalent on D and if ||St||p <2 — |Sk||u, then f can

be extended to a quasiconformal mapping of C whose complex dilatation

, 2/15/lIp
satisfies ||iflloo < =57 TS0

Proof. From our assumption clearly [|Sy||y < 2. Hence by Remark 4.3, h
can be extended to quasiconformal mapping of C, so that

pn(Z) = =228y (2) for z € U (1)
and consequently,
e < 1580 (2

Next let g = foh. Then g is univalent in U and ||Sq||v < [|Sy]Ip +||Skllv <
2. Thus, by Remark 4.3, g can be extended to a quasiconformal mapping of

C, so that
pg(Z) = —2y2S,(z) for z € U (3)

and consequently,

ISl "

[lglloo <

Then f = go h™! defines a quasiconformal extension of f on C with

uﬂ@—uﬂ@.(8Md)2
Oh(2)]

17(0) = prgopor () = in(z)
’ 1 — pig(2)pun(2)
where w = h(z) for almost all 2 € C and hence for almost all w € C (see
[9]). Thus
kg (2) — pn(2)]
|y (w)] < —=2 ==

L= g (2)n(2)]
for almost all w € C, where z = h™(w). Also from (2) and (4),

lg(2) = pn(2)l _lpg(2) — pa(2)]
1— g (2)|[un ()] — 1= ligllooll1nlloo
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|19 (2) — pn(2)]
- ||5g\|U4HSh||U

Apg(z) — pa(2)]
~ 4= [|SgllullShllu
for almost all z € C, so we conclude that
4’#9(2) — pn(2)] (5)
4 —|Sgl|u|IShlu
for almost all w € C, where z = h™!(w). Finally, from (1) and (3),
11g(2) = pn(2) = =24°(S,(2) — Sh(2)) (6)
for z € C\ z Then since h is a quasiconformal self-mapping of C and
h(U)=D, h(C\U)=C\ D, (5) and (6) imply that
8y°S4(2) — Sh(2)]
()] < SDEE =
[1Sgllor||:Shllo

g (w)] <

2[Sy — Shllu
~ 4= [Sgllu||Shllv
2HSfHD

— 4 —||StonllullSnllu

for almost all w € C'\ D, where z = h™(w).
As fis univalent in D and py = 0 in D, from the above we conclude that

lps(w)] < ZFHS?!S% for almost all w € C. This shows that
2||5¢lp
glloo < , (7)
e = 4TS anllo 1wl
so the lemma is proved. [l

Now we can obtain the announced result.

Theorem 4.5. Suppose D is a Nehari quasidisk and f is locally univalent
on D. If ||S¢||p < o(D), then f is univalent in D and can be extended to a
K -quasiconformal mapping of C where
i < 7D +1IS7lp.
o(D) —[S¢llp
Proof. Suppose that h maps U onto D conformally. Then ||Sf||p < 2 —

|[Sklly. From Lemma 4.4 we conclude that f can be extended to a quasi-
conformal mapping of C' whose complex dilatation satisfies

2|[S¢llp '
|[Sorllu||Shllu

<
sl < 5= (8)
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It also follows that ||Sonllu < [|S¢lIp + ||Sk|lu < 2 and hence, as o(D) =
2 — ||Sh||v, it can be seen that

2||S¢llp _ 2||Syllp
4 —[StonllullSullu — 2(a(D) +[[Sullu) = [|Stonllu|Shllv
_ 2[[S¢llp
20 (D) + |[Snllu (2 = [|Syonllv)
< I5¢llp.
~ o(D)
The above together with (8) yields ||uf||oo < Hf(fg)D and consequently for
K= %, f is K-quasiconformal on C and
< 2D+ 1S5lp
o(D) —[IS¢llp
completing the proof of the theorem. O

5. A THEOREM OF MINDA

Minda [14] generalized the classical result of Nehari that o(B) = 2 by
proving the following theorem.

Theorem 5.1. (Minda) Suppose f is a locally univalent function on B.
If |S¢llB < 2(1 4 62) for some § > 0, then f is univalent in the disk
{z:]z] < tanh (35)} and the radius of the disk is sharp for all 6 > 0.

The example Minda used to show sharpness was the function

o= (152" e (i1 (12))

defined on B for any fixed 6 > 0 (this function was first mentioned by Hille
[6]). For 6 > 0, Fy is univalent in {z : |z| < tanh (J5)} but is not injective
on any larger disk centered at the origin.

There is another, more general formulation of this theorem in terms of
hyperbolic distance (for details see [9]). The advantage of using hyperbolic
distance is that it is invariant with respect to conformal mappings. We in-
troduce the following notation (see [14]). If f is a holomorphic function on
a domain D, then for z € D we define 7(z, f) to be the hyperbolic radius of
the largest hyperbolic disk in D centered at z in which f is univalent. We
define r(f) as inf{r(z, f) : z € D}. By using the above notation and an ap-
propriate Mobius transformation, Minda proved a more general formulation
of Theorem 5.1. This can be stated as follows.
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Theorem 5.2. (Minda) Suppose f is a locally univalent function on D,
where D is a disk or a half-plane. If ||S¢||p < o(D) + 262, then r(f) > 3
and this lower bound is sharp for all § > 0.

The example used to show sharpness for disks in Theorem 5.2 is the same
as in Theorem 5.1 up to composition with a Mobius transformation.

Remark 5.3. When D = U, the function Gs(z) = (—iz)" on U demon-
strates sharpness for § > 0.

Now, we prove a generalization of Theorem 5.2 for Nehari disks.

Theorem 5.4. Suppose f is a locally univalent function on D, where D is
a Nehari disk. If ||S¢||p < o(D) + 262, then r(f) > 35, for all § > 0.

Proof. Let g = f oh on B, where h maps B onto D conformally. Then g is
locally univalent on B and
1SgllB = |[SfonllB
<|[S¢llp + [ISkllB
= ||S¢|lp + 2 — o(D)
< (o(D) +26*) +2 —o(D)
=24 26

since D is a Nehari disk. Thus by Theorem 5.2, r(f o h) = r(g) > 35 and
since hyperbolic distance is invariant under conformal mapping, we get

r(f) > 2%
O

In some specific cases, we can verify the sharpness for this result. This is
shown in the following corollaries.

Corollary 5.5. Suppose that 0 < k < 1 and that f is locally univalent on
the angular sector Ay. If ||Sf||a, < 2k*+262, then r(f) > 2% and this lower
bound is sharp for all 6 > 0.

Proof. Let h(z) = 2* for z € U. Then h maps U conformally onto A, and we
know that o(Ay) = 2k? = 2—||Sy||v so the first part of the statement follows
from Theorem 5.4. To show sharpness, we look at the function Gsoh™! on
Ay, for § > 0; Gs o h~! is locally univalent on A;, and for § > 0,

1+6% 1

222

From Remark 5.3, 7(Gs o h™') = r(G;) = g5 for § > 0 so sharpness is
proved. O

— k2
15Ga0n-1114¢ = 11565 = Shlly = sup 4y S| = 2k +20%,
4
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Corollary 5.6. Suppose f is locally univalent on the parallel strip S. If
|[S¢lls < 262, then v(f) > 35 and this lower bound is sharp for all § > 0.

Proof. The proof is completely analogous to that of Corollary 5.5, with
h(z) =log z. O

Finally, Theorem 5.4 can be restated as follows, thus eliminating the use
of the constant ¢.

Theorem 5.7. Suppose f is a locally univalent function on D, where D is
a Nehari disk. If ||St||p > o(D), then

r(f

™

) > :
V2([IS¢llp = a(D))

_ JIS¢llp — (D)
- (B

The result immediately follows from Theorem 5.4. (]

Proof. Let
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