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NEVANLINNA-TYPE CHARACTERIZATIONS FOR THE
BLOCH SPACE AND RELATED SPACES

by KAREL STROETHOFF
(Received 16th August 1988)

We give a characterisation of the Bloch space in terms of an area version of the Nevanlinna characteristic,
analogous to Baernstein's description of the space BMOA in terms of the usual Nevanlinna characteristic. We
prove analogous results for the little Bloch space and the space VMOA, and give value distribution
characterizations for all these spaces. Finally we give valence conditions on a Bloch or little Bloch function for
containment in BMOA or VMOA.
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0. Introduction

Our starting point is Baernstein’s [3] result that an analytic function on the unit disk
belongs to the space of analytic functions of bounded mean oscillation, BMOA, if and
only if its Mobius-transforms form a bounded family in the Nevanlinna class. In this
paper we give similar characterizations for related spaces of analytic functions such as
VMOA, the Bloch space and the little Bloch space; these spaces are defined in Section 1.
In Section 2 we give a description of VMOA in terms of the Nevanlinna characteristic.
A description of VMOA cannot be obtained by simply replacing Baernstein’s bounded-
ness condition by the corresponding vanishing condition (as is usually the case). In
Section 3 we describe the Bloch space and little Bloch space in terms of the pseudo-
hyperbolic metric on the unit disk. We then formulate and prove characterizations for
these spaces in terms of an area version of the Nevanlinna characteristic in Section 4. In
Sections 5 and 6 we give value distribution characterizations for YMOA and the Bloch
spaces. In the final section, Section 7, we prove necessary conditions for a function in
the Bloch space or the little Bloch space to belong to BMOA or VMOA. The results in
this paper give further support to the idea that the Bloch space and the little Bloch
space can be considered as area versions of the spaces BMOA and VMOA, respectively.

1. Definitions and notation

Let D={zeC:|z|]<1} denote the open unit disk in the complex plane. Let dD=
{zeC:|z|= 1} denote the unit circle, and let m denote the normalized Lebesgue measure
on JD. Recall the definition of the Hardy spaces: for an analytic function f on D and
O<p<oo, define |fl|lgr=(supo<,<1fon|f(rQ)|Pdm())*/>. The Hardy space H” is
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defined to be the set of all analytic functions f on the disk D for which || S ||,,,,<oo. If
f eHP, for 0<p<oo, then the radial limit f*({)=lim,,, — f(r{) exists for [m]-a.e.
{ e dD, and the function f* belongs to 20D, m) ([4, Theorem 2.2]).

Suppose ge!(6D,m). For an arc I in 0D let g, denote the average of g over I:
gr=m(I)~' §,gdm; put ||g||smo=sup{m(I)~' [,|g—gi|dm:I an arc in dD}. A function g
in (6D, m) for which |(g|[sp0 < o0 is said to be of bounded mean oscillation. The set of
all functions in L'(dD, m) that are of bounded mean oscillation is denoted by BMO. The
class BMO was first introduced by John and Nirenberg in [7] (in the context of
functions defined on cubes in R"). Define BMOA={feH': f*¢ BMO}, and for
feBMOA set || f||lsmoa=||/*||smo- Equipped with the norm ||f||sp04+|f(0)|, BMOA is
a Banach space.

For 1e D let the Mobius function ¢,:D—D be defined by

A~
(p,'(z)=1_;z, zeD. (1.1)

For an analytic function f on D and a point A€ D, we will call the function fo¢g;— f(4)
a Mobius transform of function f.

Two quantities A, and B/, both depending on an analytic function f on D, are said
to be equivalent, written as A,x By, if there exists a finite positive constant C not
depending on f such that for every analytic function f on D we have: C™'B,<A,<
CB;. If the quantities 4, and B, are equivalent, then in particular 4,<co if and only if
B <o0.

fThe space BMOA is invariant under Mobius transforms, i.e., if f e BMOA and ieD,
then fo@;— f(1)e BMOA. In fact, for 0<p< oo it can be shown (see, for example, [13])
that for every analytic function f on D:

”f”BMOAziug||f°(pl_f('1)“llp- (1.2)

In [12] Sarason introduced the space VMO of functions of vanishing mean oscillation
defined by VMO ={ge (6D, m):m(I)"* |,|g—g;|dm—0 as m(I)>0}. Define VMOA=
{feH":f*e VMO}. Since clearly VMO is contained in BMO, we have that VMOA is
contained in BMOA. It can be shown (see, for example, [13]) that analogous to
equivalence (1.2), if 0< p < oo, then for every analytic function f on D:

feVMOA<[||fop,~f(H)|ur—0 as |4|—-171. (1.3)

Another Mobius-invariant Banach space is the Bloch space. For an analytic function
f.on D we set ||f|le=sup{(1—|z|*)|f'(z)):ze D}. The Bloch space % is the set of all
analytic functions f on D for which || f||g< c0. Even though ||-||5 is not a norm, we will
refer to ||f||» as the Bloch norm of function f. The quantity |f(0)|+| f||# defines a
norm on the linear space # which, equipped with this norm, is a Banach space (see, for
example, [1]). That the Bloch space is invariant under Mobius transforms follows
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immediately from the definition of the Bloch norm: for an analytic function f on D and
/eD it is easy to verify that || f||g=|| S ©@||» In [11] Rubel and Timoney showed that
the Bloch space & is in some sense maximal among all Mobius-invariant Banach spaces
of analytic functions on D.

Contained in the Bloch space is the little Bloch space 4, which is by definition the
set of all analytic functions f on D for which (1—|z|?) f(2)>0 as |z|>1".

Using Taylor series it is easy to see that | f'(0)|<||f]||4: for every analytic function f
on D. It follows that for an analytic function f on D and a point 1e D:

. (1.4)

=2 D= S e 0:= 1A

Thus we have the inclusions BMOA <% and VMOAc A,.
Let A denote the usual Lebesgue area measure on the complex plane C. For an

analytic function f on D and 0<p<co we define || /||, =(fo|/|° dA4/m)"/*. The Bergman
space L? is defined to be the set of all analytic functions f on D for which ||/ ||,_g<oo.
The subscript a stands for “analytic”. In analogy to (1.2), for 0<p< oo it can be shown
(see [2]) that for every analytic function f on D:

1/l iug ||f°(PA—f(;~)||Lg- (1.5)

The analogue of (1.3) is that for 0 <p< oo for every analytic function f on D:
feBo=|fopi— (D=0 as |A|-17. (1.6)

For f on analytic D the Nevanlinna characteristic T(f) is defined by

2n
T(f)= sup L { log* | f(re®®)|d6.

osr<t 2n

2. The space ¥MOA in terms of the Nevanlinna characteristic

In this section we describe the space VMOA in terms of the Nevanlinna characteris-
tic. Our starting point in Baernstein’s characterization for the space BMOA; he proved
that an analytic function on the unit disk belongs to the space BMOA if and only if the
Mobius transforms of the function form a bounded family in the Nevanlinna class. We
give a similar description of the space VMOA. This description cannot be obtained by
simply replacing Baernstein’s boundedness condition by the corresponding vanishing
condition (as is usually the case).

Let 0<p< oo, then it follows from the inequality plog* x < x” that

1 2n N 0 < 1 2n oo
o i < i d ) .
pzn(j;log | f(re )|d0_2n(_\;|f(re )|” a6 @
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hence
r(f)g;’)nfnf,,,, for 0<p<aw. 22)

Using equivalence (1.2) it follows from (2.2) that for feBMOA,
sup;cp T(f o, — f(A)) <0, ie, the family {fo@,—f(4):AeD} is bounded in the
Nevanlinna class N={f: f analytic on D and T(f)<co}. In [3] Baernstein proved that
the converse is also true. Before stating his result we need to introduce more notation.
Fix 0 <a<m/2. For ¢?cdD let I',(e') denote the Stolz region based at €”, i.e., [,(e") is
the interior of the convex hull of the circle |z|=sina and the point e®. The
non-tangential maximal. function A(f) of a complex function f defined on D is defined
by

(N N)e®)=sup{| f(2)]:ze T ()}

Note that (A ())(e®)=|f*(e®)| if f has a ‘non-tangential limit f*(e"’) at €. In [3]
Baernstein proved the following “John—Nirenberg type” of theorem:

Theorem 2.1 (Baernstein [3]). There exists an absolute constant K such that for each
O0<a<mn/2 and f analytic on D the following statements are equivalent:

(A) {f op,—f(A):1€ D} is bounded in the Nevanlinna class N;
(B) There exists a constant = p(a, f) for which
m({e®: N (f o @, f(D)e)>t}) <K e P, (2.3)

for all 2eD, and for all 0 <t < 0.

As Baernstein indicated ([3, Corollary 5.2]), Theorem 2.1 has as an immediate
consequence:

Theorem 2.2 (Baernstein [3]). For an analytic function f on D the following
statements are equivalent:

(4) feBMOA;
(B) sup T(f e @;—f(%)) <co.

AeD

What about the space VM0OA? One may be tempted to replace the above big-O
condition (B) in Theorem 2.2 by the corresponding little-o condition, and ask whether

FEVMOA=T(fop,— f(3))-0 as |i|—>17? (2.4)
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The answer is negative: the condition at the right of (2.4) is certainly necessary for f
to be in VMOA (this follows from (1.3) and (2.2)), but not sufficient. That the condition
is not sufficient follows from the observation that it is trivially satisfied when || f ||®_S_ 1/2
(because this implies that T(fo¢,;— f(4))=0 for all 1eD), but not every analytic
function f on D for which ||f||°o <1/2 is contained in VMOA.

Let us return to BMOA and rewrite the condition in Theorem 2.2. If p>0 and
feBMOA, then also f/pe BMOA, so that sup; o T((f o ¢;—f(A)/p) < 0. It follows that
for f analytic on D:

feBMOA¢>[Vp>0:sup T((fqul—-f(l))/p)<00:|. (2.5)

AeD

Having replaced the big-O condition in Theorem 2.2 by a collection of big-O conditions
in (2.5), going to the corresponding little-o conditions yields the following:

Theorem 2.3. For an analytic function f on D the following statements are equivalent:
(@) feVMOA;
(b) for every p>0 we have that T((f o @;,— f(4))/p)—0 as |A|—>1’.

Before the proof we need to relate the Nevanlinna characteristic and the H2-norm of
an analytic function. We’ll do this not just for the H2-norm, but for any H?-norm:

Lemma 24. Let 0<p<o0. For an analytic function f on D:
I/ |lB==p? | 0"~ ' T(f/p) dp. (2.6)
0

Proof. Let 0<p<oo. For 0Sx<oo we have: [§ p?~'log* (x/p)dp=x?/p?. Thus, for
an analytic function f on D and 0<r<1 an application of Fubini’s theorem gives:

© - 1 2n . ; 11 2n i0\|p
for (57;  log™|fire ")/pld@) dp="35. L |1t do. 27)

Taking the limit as r—17, and using the Monotone Convergence Theorem we
get (2.6). O

Now we are ready for the proof of Theorem 2.3.

Proof of Theorem 2.3. Let f be an analytic function on D. We have already seen
that condition (b) in Theorem 2.3 is necessary.

To prove the sufficiency, suppose that f satisfies condition (b). Our first step is in
showing that fe BMOA. Choose an re(0,1) such that T(fo@,;— f(1))<1 whenever
r<|i|<1. Note that geN<sgo@,eN (this follows easily from the fact that each

https://doi.org/10.1017/50013091500028947 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500028947

128 K. STROETHOFF

function in the Nevanlinna class N is the quotient of two H®-functions). Pick w such
that r<|w|<1. Then T(fo¢,—f(w)<]1, so that fog,eN, and therefore feN. Thus
log*|f| has a harmonic majorant, call it h. Then for 1eD, hog; is a harmonic
majorant of log+|fo(p,1|, whence T(fog@;)<(hop)(0)=h(A). Using the inequality
log*(x+y)Slog* x+log* y+log2, it follows that for |A|<r:T(fo@,— f(A)<h(1)+
log*|f(4)|+log2. Hence the family {fog,—f(1):AeD} is bounded in N, and by
Theorem 2.2 we have f € BMOA.

Since f €e BMOA we can apply Theorem 2.1. Let § be such that (2.3) holds. Then for
AeD and t>0: m({e®:] f*(,(e®)— f(A)|>1}) <K e #. Using this inequality as well as
the distribution function for the log*, it follows that for every p>0:

22
T((fo@a—f (l))/p)éé% g log™ (| f *(@:(e”) ~ f()|/p) b

m({e®:| f* (@)~ f(A)|>1}) dt

I
® —— §
-~ ) —

_ K _
S(-Ke Pdt<s— e P,

© e 8
o~ | —

Now let é>0 be given. Choose R>0 such that K e #R <(¢2$?)/8. Then integrating the
above inequality we get

§ PT((f o 02— f(A)/p)dp <&?/8. (2.3
R

By the Lebesgue Dominated Convergence Theorem we can choose d¢€(0, 1) such that
R
§pT((f o @:—f(A)/p) dp <£?/8, (2.9)
V]

whenever 1—6<|4|<1. Using the formula of Lemma 2.4, it follows from (2.8) and (2.9)
that

||f°<pz—f(?~)||§z=4IPT((fw;—f(l))/p) dp<é?,

hence |fo@,—f(2)||u2<e, whenever 1-6<|i|<1. Therefore feVMOA, and the
theorem is proved. O

The classical Nevanlinna characteristic T is defined in terms of log*, which only
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measures the values of the function that are of modulus bigger than 1. Instead we could
define

T'(f)= sup — j log(1 +|f (re'®))) d6,

0sr<i1 2

for an analytic function f on D, and we obtain a characteristic equivalent to T. In fact,
it is easy to show that for every analytic function f on D, T(f)ST'(f)ST(f)+log2.
The characteristic T’ also measures values of the function that are of modulus less than
1. The following theorem is an easy consequence of Theorem 2.3. We omit the proof.

Theorem 2.5. For an analytic function f on D the following statements are equivalent:
(a) feVMOA;

() T(fop;~f(A)—0 as [2]-1".

3. The Bloch spaces and the pseudo-hyperbolic metric

In this section we will give characterizations of the Bloch space and the little Bloch
space in terms of the pseudo-hyberbolic metric on the unit disk. In the next section
these results will be used to obtain analogues of the characterizations of BMOA and
VMOA discussed in the previous section.

For points 4,z in the disk D the pseudo-hyperbolic dlstance d(4, z) between A and z is
defined by d(4, z)—l(p ,1(z)| It it can be shown that d is a metric on D (see, for example,
[5, p. 4]). In this section we see that the Bloch space consists of those analytic functions
on the disk that are uniformly continuous with respect to the pseudo-hyperbolic metric.
We will give a similar description for the little Bloch space.

For each point AeD and O<r<1, the pseudo-hyperbolic disk D(4,r) with pseudo-
hyperbolic centre 2 and pseudo-hyperbolic radius r is defined by D(4,r)={zeD:d(4, 2)<
r}={ze D:|g,(z)| <r}. Note that D(0,r) is equal to the euclidean disk {zeD:|z|<r}.
Now, if w=¢,(z), then, as is easily checked, z=¢,(w) and so D(4, r)={(p,1(w):|w <r}=
¢,(D(0,r)). Consequently, the pseudo-hyperbolic disk D(4,r) is also a euclidean disk: it
can be shown that its euclidean centre and euclidean radius are (1—r?)4/(1—r?|4|?) and
(1=|A[»r/(1 —r?|2|?), respectively (see [S]).

First we will show that for an analytic function on the disk the Bloch norm and the
supremum of the oscillations of the function over pseudo-hyperbolic disks of a fixed
radius are equivalent quantities.

Theorem 3.1. Let O<r<1. For f analytic on D the following quantities are equivalent:
(4) [|f s
(B) sup sup |f(2)—f(A)|

ieD zeD(4,r)
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Proof. Fix 0<r<1, and let f be analytic on D. It follows from the identity

f (0)—— [ #f(2)dA2)/n

"D( 0,r)

that

|f(0)|<- sup |f(2)].

ze( W r)

Replacing f by fo@,— f(4), we get the inequality
, 2
(A=A A2z sup [f—-1(),
rzeD().,r)
and it follows that

IIfIIQ_ sup sup |f(2)—f(A).

ieD zeD(A,r)

On the other hand for |w|<r we have

fo0— f<0)|<5—‘4,7dr 1/ lla= log(”’)ufum.

Replacing f by fo@,— f(A) yields
| /(oW — f(2)| 410 (‘ *’) [F2[P

whenever |w|<r. Hence

sup sup |f(2)—f(H)|< log(”’)nfllg,

AeD zeD(A,r)

and the theorem is proved.

(3.1)

(3.2)

a

Remark. As a corollary of the proof of the above theorem we see that the Bloch
space consists of those analytic functions on the unit disk that are uniformly continuous

with respect to the pseudo-hyperbolic metric.

As usual, the equivalences of the previous theorem carry over to the little Bloch

space. This is expressed in the following theorem.
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Theorem 3.2. Let O0<r<1. For an analytic function f on D the following statements
are equivalent:

(@) feRBo
(b) sup |f(2)—f(A|-0as|i|-1".

ze D(A,r)

Proof. That (b) implies (a) follows immediately from (3.1).
For the converse, suppose that fe%, For te(0,1) the dilate f, is defined by
J{2)=f(tz) for ze D. By (3.2) we have for te(0, 1) and A€

sup | /(2)— ()= (S(A)—fi2)| S log (“")uf fla

zeD(4,r)

Using the triangle inequality it follows that for t€(0, 1) and A e D

sup |/(2)—J(h)| S log< )llf flat sup_ 151600 (33)

zeD(4,r)

For te(0, 1) fixed, the dilate f, is analytic in a neighbourhood of the disk, so that clearly
sup{|fi(z) — fA)|:ze D(4,r)} >0 as |A|>1". Since f € B,, we have ||f— f]la—0 as t—>1"
(see [1, Theorem 2.1]). Hence (b) follows easily from (3.3). O

4. Nevanlinna-type characterizations for the Bloch spaces
In this section we formulate and prove characterizations for the Bloch space and the
little Bloch space in terms of an area version of the Nevanlinna characteristic.

For f analytic on D the area version of the Nevanlinna characteristic, T,(f), is
defined by

T.,(f)=[I)10g+ | f|dA/.

The area-Nevanlinna class is the set N,={f e H(D):T,(f)<o0}. Let 0<p< 0. Integrat-
ing both sides of inequality (2.1) gives, in analogy to (2.2):

E(f)éﬁllfllzg, for O<p<oo. 4.1)

So the area-Nevanlinna class contains all Bergman spaces. Analogous to Baernstein’s

https://doi.org/10.1017/50013091500028947 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500028947

132 K. STROETHOFF

characterization for the space BMOA given in Theorem 2.2 we have the following result
for the Bloch space:

Theorem 4.1. For an analytic function f on D the following statements are equivalent:
(A) fe%:

(B) sup T(fe@s—f(A) <o,

Proof. That (A) implies (B) follows from (4.1) and (1.5).

For the converse, let f/ be an analytic function on D and suppose that (B) holds. Fix
O<r<l1, and let z, Ale D with d(z, A) <r. Put u=¢,(z), then |u|<r and z=¢,(u). Using
that the function log+|fo(pl-—f(l)| is subharmonic on D we have

log* | f(z)— ()| =10g™ |(f o 0:)(W) — f(A)]

1 [ log™|(f o @ )W)~ f(D)]dAW)/r

s 3
(1 —'r) |w—uj<l-—r

1 M
é(—IT)Z E(f”.oz—f()»))é(l Yy

where M is the quantity in (B). Since x<exp(log™ x) for x20, we have |f(z)— f(1)| <
exp(M/(1—r)?), and it follows from Theorem 3.1 that f € %, as was to be shown. O

A description of the little Bloch space in terms of the area-Nevanlinna characteristic
is contained in the following theorem which is analogous to the description of the space
VMOA given in Theorem 2.3.

Theorem 4.2. For an analytic function f on D the following statements are equivalent:
(@) feBo:
(b) For every p>0 we have that T{(f o¢;— f(A)/p)—0 as |A|—>1'.

Proof. That (b) is implied by (a) follows easily from (4.1) and (1.6).
For the converse, suppose that f is an analytic function on D for which (b) holds. Fix
O<r<I1. Let z, Ae D such that d(z, ) <r. Then, as in the proof of Theorem 4.1:

|£(2) = f(D)/p Sexp{(1=1) > T,(f o 02— f(D)/p)}- (4.2)

Given £>0, choose 0<p<egf2. Since (b) holds we can choose a d€(0,1) for which
TA(f e pi—f(A))/p)<(1—r)*log2 whenever 0<1—|A| <4. Combining this with (4.2) we
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see that for O0<1-|A|<d, |f(2)—f(D|S2p<e. Thus sup{|f(z|-f(A)—S(2)|:
zeD(A,r)}—-0 as |)|—>l so that by Theorem 3.4, f € %,, and we are done. d

5. A value distribution characterization for the space VMOA

In this section we will give a different proof of Baernstein’s value distribution
characterization for BMOA ([3, Theorem 3]) and then formulate and prove the
corresponding description for the space VMOA.

The Green’s function for the unit disk D is given by G(z, ).)=log(1/|<pl(z)|), for
z,/2€D. For a nonconstant analytic function f on D let {z,(f)} denote the zeros of f in
D, listed in increasing moduli and repeated according to multiplicities. Following
Baernstein we define N(w, 4, ), the “counting function for value w started at 1”, by

N(W, la f) =Z G(Z,,(f— W), '1)
Note that G(z, 0)=log(1/|z|), so that

N(w,0, f)= Zlogl (f a7

the usual counting function. It is clear from the definition of the counting function that
Nw, 4, =0 if f(A)=w; (5.1a)
N(w, 4, f)=0 if f omits the value w. (5.1b)

The following properties of the counting function, which are easily verified, are useful:
For weC, aeC\{0}, Ae D and f analytic on D we have:

Nw, A f)=Nw+a, 4, f+a) (5.2a)
N(w, 4, f)=N(aw, 4, of) (5.2b)
N(w, 4, f)=N(0,0, f o, —w). (5.2¢)

The following theorem is due to Baernstein ([3, Theorem 3]). We will give a simpler
proof of his theorem.

Theorem 5.1 (Baernstein [3]). For a nonconstant analytic function f on D the
Jollowing statements are equivalent:

(A) feBMOA;
(B) sup{N(w, 2, f):weC, eD and | f(2)—w|21} < o0.
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Just as in Baernstein’s proof we will need to relate the Nevanlinna characteristic of an
analytic function with its counting function. This is done in the following classical result.

Cartan’s Formula. For a nonconstant analytic function f on D:
1 2 .
T(f)=5- | N(",0, f)df+log*|f(0)] (5.3)
o

A proof of Cartan’s Formula can be found in [6, pp. 214-215], for the case that f is
analytic on a neighbourhood of D). The general case follows easily by looking at the
dilates f, of f. Using the Monotone Convergence Theorem we see that T(f,) increases to
T(f) and for each 0 in (0, 2n) we have that N(e, 0, f,) increases to N(e®,0, f) as we take
the limit t—1~. For these dilates f, we know that (5.3) holds, so that another
application of the Monotone Convergence Theorem gives that (5.3) holds for f.

Proof of Theorem 5.1. Let f be a nonconstant analytic function on D. By Jensen’s
Formula we have:

1% . r
— |1 )| do = log ———=+1 0)|.
3 § e/ ONd0= 3 el e O

Thus

1% i r
— | log™ | do = log———=+1 0)f,
2n g o8 'f(re )I —n:lz"§)|<r o8 Izn(f)|+ oglf( )l

which after taking the limit r—17, gives us the inequality

T(f)2 N(0,0, f)+log| f(0)]- (5.4)

Replacing f by fo@,—w, and making use of (5.2c) the above inequality yields
N(w, 4, f)§T(fo(pl—w)—-loglf(l)—WI. Using the inequality log*(x+y)<log* x+
log* y+log2, we get N(w, 4 f)ST(f op,— f(A)+log* |f(A)—w|—log|f(4)—w|+log2.
So if |f(}.)—w|§ 1, then we have N(w, 4, /)< T(f o ¢;— f(4))+log2. This inequality and
Theorem 2.2 show that (A) implies (B).

To prove the converse suppose that M=sup{N(w,4, f):weC,ieD and
| f(A)—w|=1} <oo. By Cartan’s Formula

2z
(S 0= () =355 | V0.1 o0, f(2)do.

Now, using (5.2a) and (5.2c), for every 0<0<2n we have N(e%0,foq,—f(A)=
N(e®+ f(2), 4, [)EM, so it follows that T(f o, — f(A)) <M, for all Ae D, and hence, by
Theorem 2.2, f e BMOA.
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O

Before going to VMOA let us rewrite the condition in Theorem 5.1 for inclusion in
BMOA. Suppose that f e BMOA, and let 6 >0. Since f/de BMOA, it satisfies condition
(B) of Theorem 5.1. By (5.2b), N(w, 4, f)= N(w/d, 4, f/6). Therefore we must have that
for an analytic function f on D:

feBMOA<[V>0:sup{N(w, 4, f):weC,1eD and |f(A)—w|28}<0]. (5.5

We will show that the little-o condition corresponding to the big-O condition in (5.5)

will give a necessary and sufficient condition for inclusion in the space ¥MOA. This will
be made precise in Theorem 5.3.

In the proof of Theorem 5.3 we will need to relate the counting function N of an

analytic function to the H?-norm of the function. As is shown in the following lemma,
this can be done not just for the H2-norm but for any HP-norm of an analytic function.

Lemma 5.2. Let 0<p<co. For an analytic function f on D with f(0)=0:
p2
15l =2 § I[P =*N(w, 0, ) dA(w),
Tc

Proof. Fix O<p<oo, and let f be an analytic function on D with f(0)=0. By
Cartan’s Formula and (5.2b), for every p>0:

2n 2n
T(f /)= J N0, f/p) o= J N(pe, 0, f)db.

Multiply by p?~! and integrate with respect to p over the interval (0, ). By formula
(2.6) of Lemma 2.4 we get

] _ 1 2n .
I llt-=p? | 07 ‘(2— ) N(pe"’,O,f)dO)dp
0 T o

=§:~t g |w|P=2N(w, 0, ) dA(w),

and the lemma is proved. O

Theorem 5.3. For a nonconstant analytic function f on D the following statements are
equivalent:
(@) feVMOA;

(b) for every 6>0 we have:
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sup{N(w, 4, f):weC and |f())—w|26}-0 as |i|-1".

Proof. Let f be a nonconstant analytic function on D. Let §>0. As in the proof of
Theorem 5.1, using Cartan’s Formula and the equations (5.2) we see

2n
T(fepa—1 (/1))/5)=% g N(Se®+(2), 4, ) d8

Ssup{N(w, 4, f):weC and | f(}) —w|2 5},
so that, by Theorem 2.3, (b) implies (a).

To prove the other implication we make use of Lemma 5.2. In this lemma take p=2,
and replace f by foq@,;— f(4), we get the formula

||f°¢z—f()~)||§n=%£N(W+f(l), 4, f) dA(w). (5:6)

We will also need Lehto’s Theorem [8], which states that for a function g, analytic on a
neighbourhood of D, the function w— N(w,0, g) is subharmonic on C\{g(0)}. Let g be
an analytic function on D for which g(0)=0. Let 0<r< 1. Applying Lehto’s theorem to
the dilate g, of g we get that for §>0 and for |u| 20

N@w0,g)S— [ N,0,g)dAW). (5.7)

= 2
nd lu-v|<é

Taking the limit where r—1~, we get

L | N(v,0,g)dA(v).

Nu,0,9)=
(u g)_ﬂ52|u—v|<a

Apply the inequality to g= f o ¢, — f(4). Using equations (5.2) we get

Nu+fO)h)S— | NO+f() 4 f)dAG).

= 2
nd lu-v|<é

Replacing u+ f(/) by w yields the formula

e [ Nz f)dA(2). (5.8)

Nw, 4, =
wANSs |

Combining (5.6) and (5.8) gives us that sup{N(w, 4, f):weC and |f(4)—w|2= 6} <(1/26%)
| f ©®1— f(2)||32, from which it follows that (a) implies (b). d

https://doi.org/10.1017/50013091500028947 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500028947

NEVANLINNA-TYPE CHARACTERIZATIONS 137

6. Value distribution characterizations for the Bloch and little Bloch space

Now we will turn to the Bloch space and the little Bloch space. Defining an area
version of the counting function used in the value distribution characterizations for
BMOA and VMOA, we obtain analogous results for the Bloch space and the little
Bloch space.

Define an area version N, of the counting function N as follows: given an analytic
function f on D we first define N,(0,0, f) by

N,0,0, /)= jl' 2rN(0,0, f,)dr,
0o

and, mimicking (5.2c), for we C and A1eD define N (w, 4, f) by
Nn(wa /l,f)=Na(0,0,f°(p;.—W).
Observe that N, (w, 4, f)=0 if f omits the value w, but that (5.1a) is not necessarily true

for counting function N,. It follows immediately from the definition that properties (5.2)
do hold for counting function N, for weC, ae C\{0}, 2D and f analytic on D we

have:
Now, 4, f)=Nw+a 1, f +a) (6.1a)
N,(w, 4, f)=N(aw, 4, af) (6.1b)
Nw, 2, f)=N,0,0, f o, —w). (6.1c)

Analogous to Baernstein’s value distribution characterization for BMOA (Theorem
5.1) we have the following result for the Bloch space.

Theorem 6.1. For a nonconstant analytic function f on D the following statements are
equivalent:

(A) fe%;

(B) sup{N,(w,4, f):weC,leD and | f(})—w|2 1} <o0.

Proof. Let f be a nonconstant analytic function on D, and let O<r<1. By

inequality (5.4) we have: N(0,0, f,) < T(f,)—log|f(0)|. Multiply this inequality by 2r and
integrate with respect to r over the interval (0, 1) to get:

N.(0,0, )< T,(f)~log|f(0). (6.2)

Just as in the proof of Theorem 5.1 it follows that if |f(/1)—w|;1, then N w, 4, f)
TS op,— f(2))+1log2. Theorem 4.1 and this inequality show that (A) implies (B).
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Note that integrating Cartan’s Formula gives us the formula
1 2z )
TN=5_ § N(e*,0, )d6+log™ | f(0)]. (6.3)
0o

To prove the converse we use this formula and proceed as in the proof of
Theorem 5.1. O

The value distribution characterization for the Bloch space carries over to the little
Bloch space in the same way as going from BMOA to VMOA.

Theorem 6.2. For a nonconstant analytic function f on D the following statements are
equivalent:

(a) feB
(b) for every 6 >0 we have:

sup{N,w, 4, f):weC and |f(H)—w|26}-0 as |i|-1".

Proof. Let f be a nonconstant analytic function on D. Let § >0. Making use of (6.3)
and the equations (6.1), as in the proof of Theorem 5.3, we have for every 6>0
TA(f 02— f(A)/8) Ssup{N,(w, 4, f):weC and |f(4)—w|26}, so that, by Theorem 4.2,
(b) implies (a).

To prove the other implication we need an area-version of Lemma 5.2. If 0<p< oo,
the function f is analytic on D, and f(0)=0, then applying Lemma 5.2 to the dilates f,
of f and subsequently integrating with respect to r over the interval (0, 1) yields the
formula

2
1llg =35 § P ~>Notw, 0, 1) dAw).

In the above formula take p=2 and for 1e D replace f by fo¢,— f(4); analogous to
(5.6) we get:

I o 01— Sz =3 Nuw+ £ 2 1) dAGw). (64)

Integrating (5.7) with respect to r over the interval (0,1) gives that for an analytic

function g on D for which g(0)=0 and for |u| =6>0 we have

N OOS— [ Nv0,g)dA()

2
6 lu—v| <8
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As in the proof of Theorem 5.3 it follows that whenever | f (A)—w| =0 we must have

Ny(w, 4, f)g;[% | Nz, f)dA(2). : (6.5)

lw—z|<&

Combining (6.4) and (6.5) we get sup{N.,w,4 f):weC and |f(l)—w|g¢5} <
(1726%)||f o 01— f(%)||22, from which it follows that (a) implies (b). O

7. Valence conditions for containment in BMOA or VMOA

For a nonconstant analytic function f on @ and O<r<1 let n(f,r) denote the
number of zeros of f in the disk D(0,r), counted according to multiplicities. Then
n(f)=lim,.,-n(f,r) denotes the number of times (counting multiplicities) that f
assumes the value 0. In [9] Pommerenke showed that a Bloch function f which satisfies
the valence condition

sup | n(f-w)dA(w)< oo, (7.1)

ueC |w-ul<1

must belong to BMOA. If f is univalent (or finitely-valent), then it is trivial that the
above condition is satisfied, thus univalent (or finitely-valent) Bloch functions belong to
BMOA. The following theorem gives a necessary and sufficient condition on a Bloch
function for inclusion in the space BMOA.

Theorem 7.1. For a function fe & the following statements are equivalent:
(A) feBMOA;

1
(B) sup{j tn(fop,—w,t)dt:Ae D,weC and |f(l)—w|;l}<oo.
0

Remark. Note that n(fo@;—w,t) is the number of zeros of f—w in the pseudo-
hyperbolic disk D(4,1), counted according to multiplicities. Thus the above condition (B)
is trivially satisfied if f is univalent (or finitely-valent).

Proof. It is elementary to show that for an analytic function F on D for which
F(0)#0
N©,0.F)=["C: g
0

Thus it follows that

N, (0,0, F)=j (zrjﬂp’—t)dt) dr=jl' (1 —t) n(F, t)dt.
0 o ! o\!
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Hence
1
N,0,0, F) +f tn(F,t)dt=N(0,0, F).
o

Take AeD and weC, such that |f(i)—w| 2 1. The analytic function F=fop,—w
satisfies F(0)#0, so that the above formula yields

Now, 2, )+ tn(f o, —w, ) dt=N(w, , f). (7.2)
0

which (in view of Theorems 5.1 and 6.1) immediately gives the result. O

It is not immediately clear that condition (7.1) implies statement (B) in Theorem 7.1.
It is however not difficult to see that (7.2), (5.8) and (6.4) imply that the supremum in
statement (B) of Theorem 7.1 is less than or equal (1/2)sup;.p|fo@s—f(A)|E:+
(1/7) sup“ecjlw_u,<1 n(f —w)dA(w), so that Pommerenke’s result follows from Theorem
7.1.

Using Theorems 5.2 and 6.2 we see from (7.2):

Theorem 7.2. For a function f € 8, the following statements are equivalent:
(a) feVMOA4;
(b) for every 6>0:

1
sup{jtn(fo(pl—w,t)dt:AeID,weC and |f(/1)—w|gr5}—>0 as |A|-1".
/]
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