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Univalent functions with logarithmic restrictions

by A. Z. GRINSHPAN (Leningrad)

Abstract. It is known that univalence property of regular functions is better under-
stood in terms of some restrictions of logarithmic type. Such restrictions are connected
with natural stratifications of the studied classes of univalent functions. The stratification
of the basic class S of functions regular and univalent in the unit disk by the Grunsky op-
erator norm as well as the more general one of the class 9™ of pairs of univalent functions
without common values by the 7-norm (this concept is introduced here) are given in the
paper. Moreover, some properties of univalent functions whose range has finite logarith-
mic area are considered. To apply the logarithmic restrictions a special exponentiation
technique is used.

Introduction. The theory of univalent functions as well as the whole
geometric function theory is characterized by the necessity of joint consid-
eration of both analytical and geometric aspects. If one is concerned with
simply connected domains, as in the present paper, then the classical Rie-
mann mapping theorem is of fundamental importance. In particular, it
establishes a direct correspondence between the class 2 of regular and uni-
valent functions f(z) = c1z+ ... in the unit disk £ = {z: |z| < 1} and the
set of simply connected domains in the finite complex plane C containing
the origin. It is known that the univalence property of regular functions is
better understood in terms of specific restrictions of logarithmic type (or
equivalent to them), stemming from geometric ideas (see e.g. [12; 3; §)]).
One means here restrictions on compositions of the form logo® where &
is some operator on the studied class of univalent functions (e.g. 2) such
that @(f) (f € ) is a regular function of one or two complex variables
which does not vanish in the corresponding domain. Those logarithimic
restrictions are connected with natural stratifications of the set of simply
connected domains and of the corresponding class of univalent functions,
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and thus with geometric and analytical properties of the studied functions.
Analysis of interdependence and joint application of those properties are
usually rather difficult. To overcome those difficulties when solving various
problems the logarithmic restrictions and special exponentiation technique
are used.

§ 1. Functions whose range has a finite logarithmic area. Inves-
tigating some known subclasses of the class 2:

— bounded functions,
— functions with finite range area,
— Bieberbach—Eilenberg functions (see §3) and others,

led to the consideration of a more convenient family of functions defined
by a restriction of logarithmic type. On the one hand, this family contains
the above-mentioned subclasses and retains a number of their properties,
and on the other hand it seems more natural from the point of view of
joint consideration of geometric and analytical properties of functions. One
means here those functions in the class 2 whose range has finite logarithmic
area. The corresponding class Ags of functions with a suitable normalization
was introduced in [9]. The stratification of both the class 2 of univalent
functions and the set of simply connected domains according to the value
of the logarithmic area of the image domain has some advantages over the
traditional approaches.

For any function g(z) regular in E, denote by o(g) the area of its image
domain g(FE) in the corresponding Riemann surface, divided by .

Also, denote by o(B) the area of a measurable plane set B divided by 7.
The logarithmic area of any simply connected domain B = f(F), containing
zero, where f € 2, is defined to be wo(log(f(z)/z)) [9]. For such domains
and Riemann functions mapping onto them the value of A-measure [4] is of
paramount importance. A(B) (or A(f)) is defined by

(1) A(B) = 2log R+ o(log(f(2)/z2))

where R is the inner radius of the domain B with respect to zero. A number
of non-trivial properties of A-measure were established in [4]. In particular,
we proved the sharp inequality A(B) < log o(B) and established that the A-
measure (unlike the logarithmic area) is monotonic as a function of domain.
We also recall that for simply connected domains the A-measure coincides
(see [4; 9]) with the Teichmiiller reduced logarithmic area [15].

An example of a function in 24 with the infinite logarithmic area of its
range is the Koebe function k;(z) = z(1 — 2)72. Any bounded function in
2 or even any function in 2 with finite range area [4; 9] gives an opposite

example. The function f(z) = —log(1 — z) € 2 is the simplest example of
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an unbounded function whose image domain has an infinite area but a finite
logarithmic area.

In fact, 0f(FE) has a parametric representation

x=—log2—logsinf/2, y=(r—0)/2; 0<6<2m,

so f(FE) is a domain contained in the half-strip

{z:]Im z| < /2, Re z > —log 2} .

Therefore its logarithmic area, equal to TA(f), does not exceed (see [4])

0o /2
n(log[l + (7/2)?] + 1) where Ifoda: f dy/(z* +y*) < .
1 0

In the same way we can show that for any function f in 2, if the range
of f is in some strip, then it has finite logarithmic area. Assume that
f(E)C g ={z:|Imz| < H/2}.
Since the function
fu(z) = (H/m)log[(1+2)/(1 - 2)] e &
maps E onto [Ty and A(f) < A(fr) (see [4]) we have

o(log(f(2)/2)) < —2log|f'(0)| + A(fu)
< log[|H/f'(0)]((4/m)* + 1)) + 7.

According to the definition in [9] the class Ag consists of those functions
f(z) =c1z+... € A for which A(f) < 0. It follows from the definition that
this class only contains functions whose range has finite logarithmic area.
On the other hand, any g € 2 whose range has finite logarithmic area can
be represented as ¢g(z) = {f(z) where f € As, and £ is a constant.

In [9] a number of sharp inequalities for functions f(z) = c1z+... € As
were established, in particular, the following ones:

1
(2) o [ 1f)lldz] < a2,
|z|=1
1
o | 1FEP <1,
|z|=

) =S NICIERTES
E

(5) [f@)] < (1= o) 72, 2 € B

Equality in (2)—(5) occurs only for functions of the form

(6) f2)=cz(1—C2), | =1—[C2)72, C(eE,
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for e =11in (3)—(5) and for ¢ = 2 in (2).

The inequalities (3) and (5) are extensions to the whole class As of the
known Lebedev and Jenkins inequalities respectively for the Bieberbach—
Eilenberg functions. The inequalities (2) and (4) were obtained in [9] for
the class Ags.

Consider the problem of estimating the Taylor coefficients of functions
in the class Ag. For functions

fR)=cz+...e

whose image domain area does not exceed 7 (in particular, for functions
bounded in E, with |f(z)| < 1) the inequality o(f) = > oo nle,|> < 1
certainly holds. Hence we have

(7) el <n7V2 0 (n=1,2,...).

For Bieberbach-Eilenberg functions in 2 the inequality (7) (and even a
stronger one) also holds and it cannot be improved in the sense of the growth
order in n as n — oo. The result for Bieberbach—Eilenberg functions was
first published independently by Z. Nehari and D. Aharonov in 1970. The
approach used by them as well as by the author [4] allows one to extend
(7) to the whole class As. To do this, we need an exponential Lebedev—
Milin inequality. Let us formulate it as a lemma, together with another
Lebedev-Milin exponential inequality used later in the paper.

LEMMA 1 (see e.g. [12, Ch. 2]). For any sequence of complex numbers
{A,}22,, let the coefficients D,, be defined by the expansion o Dypz" =
exp{d o> An,z"}. Then

1D, | < exp{Z(l|Al|2 - 1/1)} (n=1,2,...),

=1

S ID? < exp { S nlA ).

n=0 n=1

N —

THEOREM 1. Let f(z) = c1z+ ... € As. Then the inequality (7) holds,
and it is sharp in the sense of the growth order inn as n — oco. Forn =1
equality in (7) occurs if and only if f(z) = c1z, |c1] = 1. For n = 2 the
stronger inequality |co| < e /2 holds, with equality if and only if

(8) J(2) = erzexplrz — 1/2}, o] = || = 1.

Proof. For n =1 the assertion immediately follows from the definition
of As [9]. To obtain the estimate for |cq|, also from the definition of As we
have 2log|c1| + |ca/c1])? + ... < 0, and hence |c3]? < —|c1]?log|er]? < et
as desired. Since the function (8) is in As, we also obtain the equality
assertion.
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Now let n > 3. Taking, in Lemma 1, 4; = {log(f(2)/2)}i (I =1,2,...),
by (1) and the inequality logn+c < Y_;", 1/l where c is the Euler constant,
we have from the first inequality of Lemma 1

len| < [e€(n — 1) Y2 < n~1/2,

The sequence of functions
[ee]
fa(2) = 20?2 — (n = 1)1/22] 7t = ch(n)zl €eAs (n=1,2,...)
1=1

shows that (7) cannot be improved in the sense of the growth order in n
since

M| =n~ V21 —n HP /2 L (en)"2 (n — 0).
The theorem is proved.

Note that when all the mentioned functionals are estimated on Ag the
extremal functions are of the form (6), with the condition |¢ — 1| < [¢|}
(¢ real) ensuring that those functions are in Ags. This also concerns the
function (8) which is obtained from (6) by letting £ — oo.

An interesting conjecture is that for each n > 3, sup|c,| over the class
As is realized by a function of the form (6) with some ( € £ and 0 < ¢ <
14 |¢]71, both depending on n.

§ 2. Functions with a restriction on the norm of the Grunsky
operator. For f € 2 the expansion

logf(z):éc(o = i an,lz”Cl (2, € E)

z
n,l=0

generates the Grunsky coefficients o, and the Grunsky operator
Gy={Vnlan}y-;: —

where [? is the Hilbert space of complex sequences with the inner product
(z,y) = >, 2,7, and the norm

o 1/2
Joll = (D leal?)
n=1

It is known that the necessary and sufficient condition of univalence
established by Grunsky is equivalent to the norm ||G¢| of the Grunsky
operator being at most 1 (see e.g. [3; 13]).

Following [7] we denote by S(k), k € [0, 1], the class of functions f(z) =
z+ cp2® + ... € A which satisfy the condition |G¢|| < k. It follows from
the definition that S(ki) C S(kg) if 0 < k1 < ko < 1. We denote by S,
Q > 1, the class of functions f(z) = z + c22? + ... € A which have a
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Q-quasiconformal extension onto the whole sphere C = C U {oo}. Some
geometric considerations imply that ||Gf| < (Q—1)/(Q+1) for f € Sq (for
details and references see e.g. [13, Ch. 9], [10, Part 2, Ch. 2]). Therefore
S CSk)ifQ < (1+k)/(1—-k), k<1 However, for each k € (0,1) the
class S(k) contains not only Q-quasiconformally extendable functions with
some Q < (1 +k)/(1 — k). The first example to show that was given by
Kithnau in 1971 (see e.g. [10]).

Nevertheless, each function in S(k) for &k < 1 has a quasiconformal ex-
tension onto the whole C. This was actually proved by Ch. Pommerenke
[13, Ch. 9], who considered the class of meromorphic functions univalent in
C \ F and satisfying the strengthened Grunsky inequality (see [13]). The
class § = S§(1) is the main object of study in the theory of univalent func-
tions. The Koebe function ki(z) is here of particular importance. This
is connected with the fact that the function ki(z) (as well as its rotations
k.(z) = kki1(Rz), |k| = 1) is extremal for a whole class of traditional func-
tionals on the class S.

So, it is known (see e.g. [12, Ch. 1]) that for any f € S and for each
r € (0,1) we have

(9) ()] <r(l—r)72,

(10) 12" (2)/f(2)] < X +7)/(A =),

where |z| < r. Also [2],if f(z) = 2+co2%+... € S then for eachn = 2,3, ...
we have

(11) len| <.

Equality holds in (9), (10) and (11) only for the functions k. (z), |x| = 1.

There is a convenient way to separate the functions in & which are
close to the functions k,(z), || = 1, in the sense of the growth order of
Taylor coefficients as n — oo, of the growth of their modulus as r — 1,
etc. Namely, W. K. Hayman (see e.g. [12, Ch. 3]) established that for
each f € § there exists a(f) = lim,_1_oM(r, f)(1 — r)?> < 1, where
M(r, f) = max,|=, |f(2)|, r € (0,1). Hayman’s index «a(f) is equal to 1
only for f(z) = k(2), |k| = 1. For any f with a(f) # 0 there exists a unique
direction of largest growth of f, i.e. there exists a unique 6(f) € [0, 27) such
that lim,_1_o | f(re?)|(1 —7)? = a(f).

For all other functions in & (i.e. those for which a(f) = 0) the last
limit, of course, exists, and is equal to 0 for any value of the argument.
In terms of Hayman’s index and the direction of largest growth one can
estimate the closeness to k, of each function f € S with a(f) # 0 and
0(f) = argk, |k| = 1. Rather important results here (see e.g. [12, Ch. 3])
are the asymptotics of the coefficients of univalent functions established
first by W. K. Hayman and the Bazilevich inequality for the logarithmic

| <
| <
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coeflicients defined for f € S by the expansion
(12) loglf(2)/2] =23 "
n=1

The Milin inequality for the logarithmic coefficients =, (ibid.) is even
more important for applications. Though it is not sharp, it does not depend
on «(f) and O(f) and provides the true logarithmic order of growth for k,,
|k| = 1, for some means. In this section we show that in each class S(k)
(0 < k < 1) deep analogues of the three above-mentioned and other extremal
properties of the function k,; hold, which are realized by the function fi(z) =
z(1 — 2)717% € S(k) and its rotations (see [6; 7]).

Thereby, a stratification of the analytical properties of univalent func-
tions depending on the norm of the Grunsky operator comes out, which is
closely connected with homeomorphic extension and other geometric char-
acteristics. The results of W. K. Hayman, 1. E. Bazilevich and 1. M. Milin
correspond to the case k = 1.

Since for each k the role of the function fi for the class S(k) (see [7])
is similar to the extremal role of the Koebe function for the whole class S,
we mention some properties of fi. The function w = u + v = f;(z) maps
F univalently and conformally onto a domain of the w-plane starlike with
respect to 0. This immediately follows from the fact that the normalized
logarithmic derivative z f},(2)/ fr(2) is in the Carathéodory class of functions
regular in £ with positive real part. Setting f(2) = 2(1 —2)~"}(1 —z=1)=F
for k < 1 and z € C\ E we obtain a Q-quasiconformal extension of f
onto the whole C where Q = (1 + k)/(1 — k) [6], with the modulus of
the complex dilatation of this quasiconformal extension being equal to k
identically. Indeed, this corresponds to the fact that the function g(¢) = ¢-¢*
is @-quasiconformal in |1 — ¢| < 1. In fact , g is a homeomorphism since
larg (1 — arg (2| < m for any two different ¢; and (s in the above set. In
addition, for ¢ # 0 we have |g2:/g’c\ = [Ck¢*=1/C¥| = k. Thus, for k < 1 and
Q = (1+k)/(1 — k) the function f is in the class Sg, for which it plays of
course the same remarkable role as for a wider class S(k) [6; 7]. Hence we
have |Gy, || < k. On the other hand, the growth of the Taylor coefficients as
n — oo and also the growth of the modulus of fj as |z| — 1 cannot exceed
the growth of the corresponding majorant for the class S(||Gy,||) (see [7],
also (20), (23), (24)). Therefore k < |Gy, || and hence |G, || = .

Note, moreover, that the domain fi(E) contains the disk {w : |w| <
2717%1 and its boundary 95 (F) lies in the left half-plane and is a quasicircle
symmetric about the u-axis with v = Imw diverging to +0c0 as u — —oo and
with an angular point wg = —2717%. As k — 1, dfx(E) tends to the ray
{w:u < —1/4,v =0} and for k = 0 it is the straight line {w : v = —1/2}.
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By the definition of the class S(k), the Grunsky coefficients of a func-
tion f € S(k) satisfy, for any complex parameters x,, (n = 1,2,...), the
inequality

o
(13) ‘ Z Ty X0l |

n,l=1

o |zl
cr 3k
n=1 n

called the strengthened Grunsky inequality. It is clear that for functions
f(2) = 2z + c22%2 + ... regular in E and for each k € [0,1] the inequality
(13) gives a necessary and sufficient condition for membership in S(k). The
following inequality for f € S(k), equivalent to (13) (since the x,, are arbi-
trary) but more convenient for applications, is given in [7]. For any function
q(w) # const regular in C\ f(E) (the set of such functions ¢ for f € S is
denoted by N(f)) we have

(14) D nfan* <k nlay|,
n=1 n=1

where the coefficients a,, (n = £1,42,...) are defined by the expansion
go f(z) =327 __ anz™ which holds in some annulus ¢ < |z| < 1.

The result of [7] on the equivalence of the two inequalities means that
for any f € S the representation ||G¢|| = supyepr(s) Il holds, where

o0 o0 /
17l = [ 3 nlanl?/ 3 nlaf?]
n n=1

=1

Hence |G| is invariant under admissible M&bius transformations (includ-
ing automorphisms of the disk F). In fact, Ch. Pommerenke [13, Ch. 9],
established this property using the strengthened Goluzin inequality for any
finite set of points in F.

It also follows from the representation of the norm of the Grunsky oper-
ator (taking into account that w=! € N(f) for any f € S) that if |G¢|| =0
then f is a Mobius transformation. The converse easily follows from (13).

In other words, S(0) = {z/(1 — ¢z) : ( € E}. Recall that in [7] the
inequality (14) was used for the definition of the class S(k). It was actu-
ally shown there that this inequality holds for any function in S for which
there exists a regularly measurable extension onto C \ E with homeomor-
phism coefficient not exceeding k and with the function ¢ admissible for this
extension [7].

Therefore the class S(k) contains all those functions in S for which there
exists an entirely regularly measurable extension onto C \ E with homeo-
morphism coefficient at most k (for details see [7, §§2, 4]).
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Now let
N
—1 —1
q(w) =Y xloglw™! — [~ (z1)]
=1

where the z; are arbitrary points in F, and the x; are any complex numbers
(l=1,...,N; N =1,2,...). For such choice of ¢(w) and for f € S(k) the

inequality (14) can be rewritten as
(15) Z n le {An(zl) + k%]
n=1 =1

S [ (RC Y A fRIEE i)
ni=1

Z;l o Cgl

N 2

where
(16) An(z) = Zamlzl (z€ E),
1=1

an (n,l =1,2,...) are the Grunsky coefficients of f and ¢; (I =1,...,N)
are arbitrary points in E (cf. [7]). Even simple individual cases and corol-
laries of the multiparametric inequality (15) allow one to obtain a fairly
exact and visual picture of the growth of some important functionals for
the classes S(k) [7]. That is of particular interest as the sharp estimates for
most functionals depending on k£ must be complicated and therefore unsuit-
able for applications (see in [7] the same argument for the classes Sg). In
particular, we have two equivalent inequalities for f € S(k):

[e.e]

(17) nZ:ln|An(z)|2 gkzlogﬁ, sl=r<l,
(o) Zn 2
(18) nz::ln An(2) + b=
1) - 19 1
< i | 5=

where z,( € F and A,,(2) (n=1,2,...) are defined by (16).

In [5] for any k € [0,1] the estimates of the logarithmic means and
Taylor coefficients for functions in S satisfying the inequality (17) are proved.
Therefore, as was mentioned in [7], those estimates and their corollaries hold
for all functions in S(k). Since the results in [5] are formulated only for the
class Sg for @ = (1 + k)/(1 — k) let us give the corresponding theorem for
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the class S(k). Its proof is similar to that of [5], except for the use of Milin’s
constant [12, Ch. 3]

1 = (log2)® B
(19) 5_2[; ——— —loglog2 —c| =03118...,

where ¢ is the Euler constant.

THEOREM 2. Let f(z) = z + c22® + ... € S(k), k € [0,1]. Then for
n=1,2,... we have the inequalities

(20) lenl < (a/B)*?{ fi}n < bn*,
(21) enti] = len] | < 4n®*—1/2,

" 1+E\° =1 k(1+Fk), €%
29 2 o 22 a2 Vog —
(22) St = () S e

where a, b are absolute constants with a < 1.87, b < 1.6; § is defined by (19);
Yo (n=1,2,...) are the logarithmic coefficients from (12).

For fi(z) we have

{fitn~n*/T1+k) asn— oo,
{log(fx(2)/2)}n =1 4+k)/n (n=1,2,...).

Therefore (20) and (22) give the sharp order in n as n — oo. For k = 0,
(22) and the first inequality in (20) are sharp, with equality holding if and
only if f(z) = kfo(Rz), |x| = 1. For k = 1, (22) coincides with the above-
mentioned Milin inequality [12] for logarithmic means. As to the inequality
(21), except for the case k = 1 (and, of course, k = 0) the question of the
growth order of its left side as n — oo is not yet solved. Recall that sharp
estimates (in the sense of the growth order as |z| — 1) of |f(2)| and |f'(2)]
are simple corollaries of the inequality (20) (see [7]).

For k € [0, 1], let

’/n(k): sup ’{f}n’/{fk}n (n:2737"')7 V(k:):supun(k),

fes(k)

n

n(k) = sup |f()/fe(l2l), (k)= sup  [f'(2)/fillz])-
feS(k),zeE feS(k),z€E

It is obvious that n(k), n(k) § v(k). For k = 0 we have v(0) = n(0) =
7(0) = 1 (see also [7]). For k = 1 it is known that n(1) = n(1) = 1 (see (9)
and (10)), v, (1) =1 (n = 2,3,...) (see (11)) and therefore v(1) = 1. For
each k € (0,1) the values 77( ), n(k) and v, (k) (n = 2,3,...) are strictly
greater than one. This is shown by the simplest variation of the function fj
obtained by considering an automorphism of the disk . Stronger estimates
from below for n(k) and v2(k) (0 < k < 1) can be obtained from the known
results for the classes Sg (@ > 1) (see e.g. [5; 7] and the references there).
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From (20) we find [7]
(23) n(k), (k) < v(k) < (a/k)*/? < 2'/2.

These estimates are useful for applications though they are certainly not
sharp for k£ close to 1.

A strengthened version of the well-known Goluzin theorem on distortion
of chords for f € S(k) results from the obvious non-negativity of the right
side of (18) for |z| = [(| =7 < I:

e EUCIGI e
Hence for z = ¢, on taking into account (10), we find
(24) [f()] <275 fiu(r), |l <r <1

This inequality, as well as the more subtle inequalities (20) and (22) (see
also (23)), is best possible in the sense of the growth order. For k close to
1, (24) gives a more precise estimate of n(k) than in (23). Thus, for n(k) we
have an estimate

n(k) < min{(a/k)*%,27%} < 7/5 (a < 1.87),

sharp for £ = 0 and 1. A better estimate of v, (k) (n = 2,3,...) (than the
one obtained from (20)) follows from the non-negativity of the right side in
(15). Exactly in that manner (by following Fitzgerald’s approach for the
class §) the inequality

N
‘ E Yn,lcnél

‘ 2

n,l=1 n,l,7,0=1
was obtained in [7] for f(2) = 2z + 22 + ... € S(k), k € [0,1] and N =
1,2,..., where Y, ; are arbitrary complex numbers, and

min(n,7) min(l,0)

m=1 m=1

for n,, ﬁ,l~: 1,...,N. In particular,
N
len|* < Y Jeansiomem (it mfidm -
m,m=1

Calculations on this ground for various N showed that for & € (0,1) the
functions vy (k) have a one-modal majorant v(k) which does not exceed
7/6. The problem of obtaining majorants for vy (k) (N = 2,3,...) tending
to 1 as k — 1 remains open. Nevertheless, the above-mentioned ideas and
some other ones lead to the conjecture that v(k) (v(0) = v(1) = 1) is a
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continuous one-modal function in [0, 1] with maximum (within 1.04 <+ 1.08)
at some point kg ~ 1/2. It is clear that any improvement of the estimate
for v(k) allows one, e.g. by using

n(k) < minfw(k), 217",
to strengthen the estimate for the modulus function for the class S(k).

THEOREM 3. Let f € S(k) (0 <k < 1) and suppose

(25) a(f) = limsup M (r, f)(1 —r)' % > 0.
r—1-0
Then
> 1+k _o |7 k. 217k
2 p— B emiton| < X ,
(26) Dol < 3log
n=1

where 0y € [0,27) is defined by the condition f(e'0) = oo and 7, (n =
1,2,...) are the logarithmic coefficients from (12).

Proof. From (18) for ¢ = z we have
2
< klogl2®f'(2)/ ()P (1 = |11 7*],  z€ B,

o0

> n

n=1

=n

z
A k—
() + k=

which together with (10) implies, for any N = 1,2,...,
N 2

< 2klog

=n

1—k
An(2) + RS (tr)
n

2 FEDEE

For each r € (0,1) let z, = 7e"(") be defined by the condition M(r, f) =
|f(2)| and let Oy be a limit point of §(r) as r — 1. Then, according to (25),
f(ret®) — oo asr — 1. Since k < 1, f has a quasiconformal extension onto
the whole C with a unique pole at z = ¢*%,

Choose a sequence r; € (0,1) (I = 1,2,...) such that r, — 1 and
|f(ze)|(1=1)H* — g (f) as I — oo. From (16) and (12) we have z,, — €%
as [ — oo and

n

e—i@gn
An(zp,) — -2y, (n=1,2,...).
Therefore from the last inequality we find
N 2 _
1 k ) 1-k
Z n |2y, — L67190” < 2klog .
—~ n ar(f)

Letting N — oo completes the proof.

Remark. For k£ = 1 we have ax(f) = a(f), and 6y = 0(f) defines
the direction of largest growth of f; that is why (26) coincides with the
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Bazilevich inequality (see e.g. [12, Ch. 3]). Thus, (26) can be used for all
k € [0,1]. The same is true for Theorems 5 and 6.

LEMMA 2 (H. Prawitz, see e.g. [3, Ch. 2|). Let f € S. Then for any
r € (0,1) and A > 0,

27
1
Ir) = —f|fre |)‘d0<)\fMQ, » de

LEMMA 3. For f € S and ;v > 0 let
By, = limsup M (r, f)(1 —r)" < oco.
r—1-0

Then for any X > p~t,

limsup(l — 7)1 (r) < 5A

r—1-0
Proof. For any € > 0 there exists A € (0,1) such that
M(r, YA —r)t < B, +¢

for all r € (1 — A,1). From Lemma 2 for such r we have

1-A T
n<x( [ MLy Ly 5’*“ ).
0 1-A

It follows that

A
1i 1—r)P L (r) <
imsup(l =)L) S T A o)

and it suffices to let A — 0 and € — 0.

(@L + 5))\ )

LEMMA 4. In the notation of Lemma 3,

@)/l Al

lim sup < 5A
n—00 {f)\,u—l(z)}n )\M -1
Proof. By the Cauchy integral formula we have for n = 1,2,... and
€ (0,1)

A/l € s f!f ) dp.

Hence
_ (1 —r) -t
{IF )/l =)t < ().
Setting r = 1 —n~! (n = 2,3,...) and using Lemma 3 we obtain the

assertion.
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To obtain the asymptotics of the coefficients of a function in S(k) we
slightly modify Milin’s Tauberian theorem (see e.g. [12, Ch. 2]).

THEOREM 4. Suppose w(z) =Y oo | Anz™ is regular in E, > 7 n|A,|?
< oo and

(27) sup Re ZAI < 0.
n =1

Then for ¢(z) = expw(z) and any p > 1/2 we have
{p(2)(1 = 2)" /{1 = 2) )0 —@(r) = 0(1)  (n — o0)

where r =r(n) € (0,1) satisfies
(28) log[n(l—r)]=0(1) (n— ).

In [12, Ch.2] a stronger result is proved, but under a more restrictive
condition than (27): Re >.;°, A = O(1) (n — o0). For u =1 and 2 and
r =1 —n""! the assertion of Theorem 4 with the condition (27) is proved in

[3, Ch. 5]. The proof of Theorem 4 in the general case differs slightly from
that in [12].
THEOREM 5. Let f(z) = z+ c22% +... € S(k), k € [0,1]. Then
Cn e—wonf(rez‘eo)]
lim — =0
n—o0 [{fk}n Jr(r)

where €% is the pole of f(z) (if there is no pole, then 6y is any real number)
and 1 satisfies the condition (28).

Proof. One can assume that 6y = 0. First suppose that the condition
(25) holds. For A > 0 let

w(z) = i::A —tog |71 - zwr .

z

Then the assumptions of Theorem 4 are satisfied. Indeed, by (12), from
Theorem 3 we have

> > 1+k|? 91—k
n|A,|* = 4)\? N\ Y — < 2X%k 1o < 00.
2 = AN D o= S| = Nkl
Moreover,
- |f(r)]
Re A,r™ = Alog <o asr—1.
2 0

It remains to take into account that

Re ZAZ = Re ZA;TI +o(1) (n—o00).
=1 =1
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According to Theorem 4 for yp = A\(14+k) > 1/2 and under the condition (28),

(29) lim <{[f(2)/z]A}" effor — {e—@f’of(re’@())}k) =0.
{fu-1(2)}nta Ji(r)

If the condition (25) is not satisfied, then lim, 1 _o M (r, f)(1—7)'*k =0
and therefore lim, _;_o[e™%% f(re?0)/fu(r)] = 0. In view of Lemma 4 we
conclude that (29) holds for A(1 + k) > 1 also in this case.

Therefore, if k + ax(f) > 0, then (29) holds for all A > 1. Suppose
k= axr(f) =0. Then f(z) = z/(1 —(z), where ¢ € E. Since |c,| = [{|* — 0
as n — 0o, the proof of the theorem is complete.

n—oo

THEOREM 6. In the notation of Theorem 5, under the assumption (25),
for k> 1/2 we have

lim {c —e e 6_"90”1’(6”07’)] —0

{fo—1(2)}n Jr(r)

Proof. As in the proof of Theorem 5, using Theorem 4 we obtain
A(1 — e~ 00 ‘ —ifo 00\
i (B0, [0
n—00 {fu—1(2) s Ji(r)
where 1 = A(1 + k) — 1 > 1/2. That is, provided A(1 + k) > 3/2 we have

iy (Do e AT Pt g _ [ )] ) _o.

Hence for A = 1 the assertion of the theorem follows.

n—oo

n—0o0

§3. 7-Norm and the classes M*(k). Let 9" be the class of pairs
of univalent functions f(z) and h(z) mapping E conformally onto non-
overlapping domains of the w-plane. Many problems for the known classes:
bounded functions, Bieberbach—Eilenberg functions, Gelfer functions and
other classes of functions regular and univalent in F lead to the study of the
general properties of the class 91", which is also of independent interest. In
1961 N. A. Lebedev (see e.g. [11, Ch. 3]) proved the now well-known area
theorem for systems of univalent functions without common values, using
as a parameter any function with regular and single-valued derivative in the
uncovered part of the plane. His theorem can be applied in proving many
important results for the class 9*. Using those geometric ideas he and the
other authors obtained a number of estimates both for pairs of functions
without common values and for functions of the above-mentioned classes.
Sometimes a strengthening of Lebedev’s theorem for pairs of functions { f, h}
in 9" is possible, e.g. an information on the quantitative characteristic of
their homeomorphic assembling leads to more subtle estimates [6]. In this
section we consider some properties of pairs of functions in 9" depending
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on the values of some functional which appears as a natural generalization of
the norm of the Grunsky operator, and introduce the corresponding classes
of pairs of functions.

For a pair {f,h} € 9" denote by M(f,h) the set of functions ¢(w) #
const, having in C\ (f(E) U h(FE)) a regular and single-valued derivative.
For ¢ € M(f,h) denote by 7,(f,h) [6] the class of orientation preserving
homeomorphisms F(z) of the extended complex plane onto itself, each of
which is conformal outside some annulus dp = {z : 0 < r(F) < |z| <
R(F) < oo} and satisfies the following conditions:

1) for all z € E and some 61(F), 65(F) € [0, 2)
f(z) = F(zre®™),  h(z) = F(Re'/2);
2) in the annulus dp, F is a regularly measurable mapping with the
admissible function ¢ [7].
The coefficient of homeomorphic q-assembling of f and h is defined by

K,(f,h) = inf F
o(f2h) FEIT?(ﬁh)w(qo )

where

w(u):[ff Wi do/ [ yugﬁdar/g, wu=gqoF,
dp dp

for D(u) # 0 and w(u) = 0 otherwise (cf. [6]). Here and below D(u) is the
generalized Dirichlet integral [14]

{f (Jug]® + |ug]?) do

If 7,(f, h) is empty then let K ,(f,h) = 1.

The coefficient of homeomorphic assembling of f and h is defined as
K(f,h) = sup K,(f,h) where the supremum is taken over all functions
q € M(f,h) for which 7,(f, h) # 0, if such functions exist; otherwise we set
K(f,h) = 1. From the definition it follows that 0 < K,(f,h) < K(f,h) < 1.

Let ¢ € M(f,h), {f,h} € 9. Then in some annulus ¢ < |z] < 1 we
have the expansions

(30) qo f(z) = Z anz" + flogz, qoh(z)= Z b,z — Blog z.

n=—oo n=—oo

Define

Zn |a—p|? = [bal® + [b—n|* = |an]?) + 2Re F(bo — ao) ,

n=1

(
>l laznl® = 1bal?l + [ 1b-nl? — lan|*]) + 2| Re B(bo — ao)]

n=1

Sq(f,h) =
PQ(fv h) =
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Since the area of the image of the set C\ (f(E)Uh(E)) under a fixed branch
of the function ¢(w) is equal to w8, [11, Ch. 3; 6], we have 0 < S, < P,.
Now define

(31) Tq(f7h) = [(Pq_Sq)/(Pq+Sq)]l/2 iqu7é0;

otherwise set 7,(f,h) = 1if T,(f,h) = 0 and 7,(f,h) = 0 if T,(f, h) # 0.

We define the T-norm on 9" by

T(fih) = sup  7(f.h).
qeM(f;h)
From (31) it follows that 0 < 7,(f,h) < 7(f,h) <1 for all {f,h} € M" and
q € M(f,h).

Since T,o;-1(lo f,loh) = 74(f, h) for any Mébius transformation I(w), it is
clear that the 7-norm (as well as the coefficient of homeomorphic assembling
[6]) is invariant under Mobius transformations of the w-plane.

If 7(f,h) =0 for a pair {f,h} € 9" then f and h are Mobius transfor-
mations satisfying h(z) = f(1/(¢z)) for all z € E where ¢ € E'\ {0}. Indeed,
let [ be a Mébius transformation such that [ o f(0) = 0, [ o h(0) = co. Then
q =logol € M(f,h) and 7,(f,h) = 0. We have

oo
:Zanz"—i—logz, qgoh(z Zb z" —logz,

o0

S —2Re bg—ao Z |an|2+|bn|2)20

o
—2Re bo—ao Z |6Ln|2+|b | ) s
and our assertion follows. The converse easily follows from expansions (30).
We now show that the 7-norm functional is an extension of the Grunsky
operator norm to the class 9", Assume first that for f € S the set B =
C\ f(F) has interior points. Then the quantities || f||, for ¢ € N(f) and |G|
(see §2) are obviously limiting values of 7,(f,h) and sup epr(p) 74(f; h) <
7(f,h), resp., for a sequence of pairs {f,h} € 9" such that the image

domain h(F) shrinks to the point h(0) € B. In the general case let
fQ(Z):f(QZ)v 0¢€ (071)‘
Then
S Wfelle = 11fllg, Ml Gyl =[Gyl
It is clear that the set C\ f,(F) has interior points. Thus, Grunsky operator

norm can be in any case considered as a limiting case of 7-norm for the class
of pairs M* on S. For the 7-norm we have an important analogue of the
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interconnection between the value of ||Gf|| and homeomorphic extension of
f €S (see §2 and [6; 7]). We formulate it in the following theorem whose
assertion differs a little from that of Theorem 2 in [6].

THEOREM 7. Let {f,h} € M" and ¢ € M(f,h). Then

(32) Tq(fv h) §K0<f7h)
If 7,(f, ) , then equality holds in (32) if and only if o[q(C\ (f(E) U
h(E)))] = ’T ¢(f,h) # 0, then equality holds in (32) if and only if
Do F) = Py(fh)

and there exist real x > 1 and o such that the coefficients 8 and a,, b,
defined by (30) satisfy

|Re B(bo — ao)| = |B|*logz, |bo — ag — iaf| = |B|logz,
(2" + 27V anb_ne " = |an* + |b_n>  (n==%1,£2,..)).
Moreover, for any F € T,(f, h) with dp = {C : r(F) < |¢| < R(F)}, we have

with equality holding if and only if for some real o and x = R/r the condi-
tions (33) hold and if either v # 1 and

n r n R2n_|<'-|2n
1o Z[ (<> +(<> }R%—r%

n=1
0 n R n |<|2n_ 2n
2 () e (0) s

+ [(ao + i) log = + bo log ’C‘] /logf Biarg( (¢ € dp),

(33)

q
orz =1 and F(C), f(2) and h(z) = f(e'*/2z) are Mébius transformations.
The proof of Theorem 7 is a slight modification of that of Theorem 2
in [6].
COROLLARY. Let {f,h} € 9" and suppose that (N, pq(sn) Zo(f, h) #
0, that is, f and h can be assembled by an entirely reqularly measurable

homeomorphism. Then 7(f,h) < K(f,h). Moreover, if f and h can be
assembled by a Q-quasiconformal homeomorphism, then K(f,h) < (Q —

D/(Q+1).

Remark. If in the situation of Theorem 7 we suppose that f € S,
q € N(f) and the image domain h(FE) shrinks to h(0) then we obtain as a
limiting case of this theorem a statement which differs slightly from Theorem
6 in [6] which is a limiting version of Theorem 2 (ibid.).
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Denote by 9*(k), k € [0,1], the class of all pairs {f,h} in IM* for
which 7(f, h) < k. The class 9*(1) coincides with 9". It follows from the
Corollary of Theorem 7 that 9" (k) contains all pairs {f, h} for which the
coefficient of homeomorphic assembling K (f, h) does not exceed k. Accord-
ing to D. Aharonov [1], some results for pairs in 9" without common values
can be conveniently formulated in terms of pairs of functions f, g € 2 such
that f(z1)g(z2) # 1 for any z1,29 € E. The class of such pairs is denoted

by M. For {f,g} € M) we define 74(f,9), 7(f,9), Kq(f,9) and K(f,g)
as the corresponding values for {f,g71} € M* and ¢ € M(f,g71). We set

M (k) = {{f,g} € M : {f,g7'} € M*(k)}, k € [0,1]. It follows from the
previous considerations that

M5 (0) = {{ar12,b12} : 0 < |aiby| < 1}.
THEOREM 8. Let {f,g} € My (k), k € [0,1]. Then
Y nllanl® +1841) < —2klog | £(0)9' (0)]
n=1

where the coefficients ay,, B, are defined by the expansions

log f(Zz) = Z anz”, log M = Zﬁnz”,
n=0

z
n=0
and equality holds if and only if Teg(f, g) = k.

The proof follows immediately from the definitions.
Among many corollaries of Theorem 8 (for similar results and references
see [6]) we note the following inequalities for any pair {f, g} € 9 (k):

[ 1f@P1dzl- [ 1g(2)]Pldz| < 4n®|£'(0)g' (0)P ),

|z]=1 |z|=1

(b Agbal < P OFOPF (n=2,3,..)

where ¢ is the Euler constant.

e

These inequalities are obtained from Theorem 8 by means of Lemma 1.

Another transfer of 7-norm on § is worth mentioning. For f € S let
P(f) [6] denote the class of rational functions ¢ of order two for which there
exist two single-valued branches f; and f, of the function t=1 o f(z) in E.
It is clear that then {fi, fo} € 9M* and ¢* = qot € M(f1, f2) if ¢ € N(f).
We have

q* o fi(z) =q" o fa(2) = qo f(2).
According to the previous facts the value 7, (f) = 74+ (f1, f2) is defined by
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(30) and (31) granting that in the considered case

S [eS)
Sg= =2 nlla—nl* —lanl?), Py =2 nllan|’ - |anl?].
n=1 n=1

Now define the functional
T(f) = sup 7,(f),
aE€N(f)
which is the above-mentioned transfer of 7-norm on §. For f € S and

qgeN(f) let

K;Ik<f) = tei’lgl{f) Kth(flva)a K*(f) = qGS./l\l/I()f) K:;(f)

where the supremum is taken over those functions ¢ for which

U Toot(f1,f2) # 0
teP(f)
if there are any; otherwise let K*(f) = 1. The value K;(f) will be called
the coefficient of homeomorphic q-stratification, and K*(f) the coefficient
of homeomorphic stratification for f € S [6]. Using Theorem 7 one proves
the following result, which is a slight modification of Theorem 8 in [6].

THEOREM 9. Let f € S and g € N(f). Then
(35) 7, (f) < K (f)-

For the discussion of all cases of equality cf. Theorem 7.

COROLLARY. Let f € S and suppose (\,enr(sy Urep () Zaot(f1, f2) # 0.
Then 7(f) < K*(f).

Two classes of univalent functions: Gelfer’s D* and Bieberbach—Eilen-
berg’s R* are closely connected with stratification into pairs of functions of
the class §. The classes D* and R* consist of regular functions univalent in
E of the form p(z) =14 b1z + ... and g(z) = ¢12 + ... respectively such
that for any z1, 20 € E the conditions ¢(z1) + ¢(z2) # 0 and g(z1)g(z2) # 1
hold. Tt is clear that if ¢ € D* then {p, —¢p} € IM* and if ¢ € R* then
{g,9} € ;. Thus, many properties of univalent Bieberbach—Eilenberg
functions are particular cases of properties of pairs in 9% .

Let f € S and suppose f(z) # w. Then p(z) = [1 — f(2)/w]'/? =
1—-(1/(2w))z + ... € D*. The converse assertion is also true: for any
©(z) = 14 b1z+ ... € D* the function f(z) = [p?(z) — 1]/(2b1) € S and
f(z2) # w = —1/(2b1). As t(u) = w(l —u?) € P(f) we have 7*(f) <
7(p,—p). On the other hand, if ¢ € D* then g(z) = (¢(z) — 1)/(¢(z) +
1) € R* and 7(p, —p) = 7(g,9). The above-mentioned properties of the 7-
norm for the class D* allow one to study the properties of Gelfer univalent
functions depending on the value of this functional. For k € [0, 1] let D*(k)
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be the subclass of those ¢ € D* for which {¢, —¢} € M* (k). In particular,
D*(1) = D* and D*(0) = {(1+¢2)/(1—(z2) : ¢ € E}. Consider the problem
of estimating the Taylor coefficients of functions ¢(z) = 1+ b1z + ... in
D*(k).

Recall Gelfer’s result: supp-|bi| = 2, and the estimate from [6]: supp-
<23 (n=2,3,...) (for details and references, see [6]).

From this, replacing in the proof of Theorem 10 of [6] the value of
K(p,—p) by 7(p, —p) we obtain the following theorem.

THEOREM 10. Let ¢(z) =1+ b1z +... € D*(k), k € [0,1]. Then
bl <2, bl <24 (/2)%, [bal <24+ min{k/203}  (n23).

FEquality holds in the first inequality for all k, and in the second and third
inequalities for k =0, if and only if p(z) = (1 + kz)/(1 — kz), |k| = 1.

by
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