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ON HARMONIC NORMAL AND Qjﬁ FUNCTIONS

RAUNO AULASKARI, PETER LAPPAN, AND RUHAN ZHAO

ABSTRACT. We investigate relationships between classes of harmonic
functions corresponding to the meromorphic Qf classes. We give many
analogs to the situations in the corresponding analytic and meromorphic
classes, and we give some examples in which the behavior is different in
the harmonic classes.

1. Introduction

Let C denote the complex plane; W the Riemann sphere; D denote the
unit disk {z € C': |z] < 1}; and ¥ the collection of all one-to-one conformal
mappings of D onto itself. If f is a meromorphic function in D, we say that
f is a normal function if the family F' = {f(v(2)): v € £} is a normal family.
We denote the family of all normal meromorphic functions by N. There is a
related subfamily, the so-called “little normal functions”, defined by

No = {f: f meromorphic in D and |1'11111(1 — 1213 f#(2) = 0},

where f#(z) = % is the spherical derivative of f.

If w is a function which is harmonic and real-valued in D, we say that u is
a normal harmonic function if the family F = {u(v(2)): v € £} is a normal
family. It is consequence of this definition that if w is a normal harmonic
function, and if f is the analytic function f(z) = w(z) + iv(z), where v(z)
is a harmonic conjugate of u(z), then f is a normal (analytic) function (see
[Lal]). However, the converse is not true, since the elliptic modular function is
a normal (analytic) function for which the real part is not a normal harmonic
function (see [Lal, p. 158]). We denote by N}, the family of all real harmonic
normal functions.

Let w € D and let g(z,w) = log ’%’ be the Green’s function in D with

logarithmic singularity at w. Let u#(z) = %, and let dm(z) denote

Received August 2, 1999; received in final form January 20, 2000.
2000 Mathematics Subject Classification. Primary: 30D45.

(©2001 University of Illinois

423



424 RAUNO AULASKARI, PETER LAPPAN, AND RUHAN ZHAO

the Euclidean element of area in C. In [Lal] it was shown that a real-valued
function u that is harmonic in D is a normal function if and only if

sup (1 — [z]?)u®(2) < oo.
z€D

In addition to Ny, we will be considering the following classes of functions:

UBC,), = {u: u real harmonic in D and
sup [[ (w(2)Pg(zapdm(z) < ).
a€D D
UBCp = {u: u real harmonic in D and
i, [[ (@ )20(z.adm(z) = 0},
la|—=1J./p

Npo = {u: u real harmonic in D and

lim (1 — [2]%)u#(2) = O},

|z|—1

D# = {u: u real harmonic in D and

J[ @t in) < o},

and, for 0 < p < oo,

Q#’p = {u: u real harmonic in D and

sup [[ (o ()P a(z.0)"dm(z) < o0},

a€D

Q#p 0= {u: u real harmonic in D and

lim / /D (u#(z))2(g(z,a))pdm(z):o}.

la]—1

Meromorphic (and analytic) normal functions have been studied exten-
sively by many authors (see, for example, [AnClPo], [LeVi], and [Po]). Com-
plex-valued functions (that are not necessarily meromorphic) and real-valued
functions (that are not necessarily harmonic) can also be considered as nor-
mal functions; this has been studied in [AuLal], [AuLa2], [Lal], [La2], and
[La3]. Some new characterizations for the classes N and Ny have appeared
in [AuZh]. One of the goals of this paper is to investigate how these charac-
terizations apply to harmonic normal functions. We will give results in this
direction in Sections 2 and 3.
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For 0 < p < o0, the classes

Qp = {f: f analytic in D and sup //D I/ (2)]?(g(2,a))Pdm(z) < 0o}

a€D

and the classes

Qf = {f: f meromorphic in D and sup // (f7(2)%(g(z,a))Pdm(z) < oo}
a€eD D

were introduced in [AuLa2] and [AuXiZh]. It is possible to extend this defi-

nition to the case p = 0 with the interpretation that

Qo = {f: f analytic in D and //D |f'(2)2dm(z) < oo}
and
Q# = {f f meromorphic in D and // (f#(z))Qdm(z) < oo}
D

Then Qg is simply the usual Dirichlet space D4 and Q# is the spherical
Dirichlet space Dﬁ. We will use these interpretations in Section 5.

It has been shown that the classes @, and Q# have the nesting property,
i.e., that for 0 < p < ¢ < oo both Q) C Qq and QF C Q¥ hold (sec [AuXiZh]).
In Section 4, we will give the corresponding property for the classes Q#,p' In
[AuLal], it was proved that Df C Ny, (also see [Ko]). Chen and Gauthier
improved this result by showing that D# C Nhyo (see [ChGa, Theorem 4]).
By considering the classes Qﬁp,O’ we can sharpen this result, as we will show
in Section 4.

In Section 5, we will establish some relationships between a harmonic func-
tion in the class Qﬁp and its corresponding analytic function. These results
generalize results in [Lal] and [La3].

The authors are happy to express their thanks to the referee for several
excellent suggestions for improvements in this paper.

2. Characterizations of harmonic normal functions

The result of this section is an analog of a result for meromorphic normal
functions in [AuZh]. If a € D, let ¢o(2) = (a — 2)/(1 —@z), and, if 0 < r < 1,
let D(a,r) = {z: |¢a(2)| < r}. Finally, let |D(a,r)| denote the Euclidean area
of the disk D(a,r).

THEOREM 1. Let u be a real harmonic function in D, let 0 < r < 1,
2<p<oo, and 1l < q<oo. The following statements are equivalent:
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(A) UENh,

B sup // NPdm(z) < oo,
B) s o (=)

(©) S“p//DW P(1— |22 ~2dm(z) < oo,

a€D

(D) sup //D(u ()P (1 = 2P (1 = |¢a(2)]*)7dm(z) < oo,

a€D

(E) sup // (W (2)P(1 = |2*)P~*(g(z, a))?dm(z) < oo,

a€D

® s [[ @ (o 1|)p 164,(2) dm(z) < oo.

Proof. The proofs of the implications (A) = (E) = (D) = (C) < (B)
and (A) = (F) = (D) follow the proof of Theorem 1 of [AuZh], with
obvious modifications, so we omit these proofs here. Thus, to establish the
theorem, we need only prove (C) = (A).

Suppose that u satisfies (C) but not (A). By [AuLal], there are two se-
quences of points {z,} and {z,} in D such that u(z,) — 0, u(z,) — 1, and
the pseudohyperbolic distance p(zy, 2},) = |¢2, (2,)] — 0. Let f = u + iv be
an analytic function whose real part is u, and let f,(2) = f(vn(2)) — f(2zn),
where v,,(2) = (2 + 2,,) /(1 + Zn2). Then f£,(0) = 0 and Re(f.(7,, 1(2)))) — 1,
which means that {f,} is not a normal family in any neighborhood of z = 0.
By a result of Zalcman [Za], there exist a sequence of points {(,} in D, and
a sequence of positive real numbers {p,} with {,, — 0 and p,, — 0, and there
exists a subsequence of the sequence {h,(t) = fn({n + pnt)}, which converges
uniformly on each compact subset of C' to a non-constant entire function h(t).
Without loss of generality, we may assume that the full sequence {h,,(t)} con-
verges uniformly to h(t) on each compact subset of C. Now

Re(hn(t)) = Re(fn(¢n + pnt)) — Reh(t)

uniformly on each compact subset of C. Thus we have

//|t< ((Re hn)#(t))pdm(t) — LK ((Reh)#(t))pdm(t) < 0.

Since ¢, — 0, p — 0, and 2 < p < oo, we have, for each r > 0 and each
s> 0,

{2z =G+ pnt): [t] <5} € D(yn(Cn),7)
for n sufficiently large, and

(2.1) //ﬂq (Re hn)# (1)) <1|C"+p"t|2)p 2dm(t)—>oo.

Pn
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But

//|t<s((Re ha)# (2))7 (%:PW)MM“)
], G e o)

1- |'7n(Cn + Pnt)2>p_2
x ( PG+ patllpn ) M)

S (e 2ty 1 1e-sance

However, by condition (C), this last term is finite, contradicting (2.1). Hence
we have shown that (C) implies (A), and the proof is complete. O

REMARK 1. For p = 2, the implication (A) = (E) was proved in
[AuLal]. All of the implications cited in the first sentence of the proof are
valid for 0 < p < co. However, for the implication (C) = (A) the condition
p > 2 is necessary (see [AuZh]).

3. Characterizations of the class Nj g

In this section we prove a result analogous to Theorem 1 with the class
Npo of Ni. The corresponding result for meromorphic functions in the class
N was proved in [AuZh].

THEOREM 2. Let u be a real-valued harmonic function in D, let0 < r < 1,
2<p<oo, andl < qg<oo. The following statements are equivalent:

(a) u € Np0,

(b) a|ﬂ1 |D(a,r |1 |D(a,r)|1-7/2 // (@) z))Pdm(z) =0,

© / / PO B ) =0
(d) fim [ [ @)= 30 )R dmz) =0,

la]—1

(e) im ([ #2020z, 0)am() = o

la|—1

R R <1og =) o@dm(z) =0

Proof. The theorem will be proved if we show the implications (a) =
() = (d) = (c) <= (b) and (¢) = (a) = (f) = (d). However, the
proofs of (a) = (¢) = (d) = (c) < (b) and (a) = (f) = (d) are,
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aside from obvious modifications, contained in the proofs of Theorems 2 and
3 of [AuZh], so we will omit these proofs. Thus, we will have proved the
theorem if we prove the implication (c) = (a).

We first suppose that u satisfies condition (c¢) with p = 2. We claim that
this implies that v € Nj. If w is not in the class Np, we can let {z,},
{20}, Y (2), {Ca}s {pn}, hn(t), and h(t) be as in the proof of the implication
(C) = (A) of Theorem 1. Thus we have

Re b (t) = un(7(¢n + pnt)) — u(zn) — Reh(t)

uniformly on compact subsets of C, and

//t|<s ((Re hp)*(t))%dm(t) — //t|<s((Reh)#(t))2dm(t) -0,

since h(t) is a nonconstant entire function. Now, for 0 <r < 1, s > 0, and n
sufﬁaently large, we have {z = 7,((n + pnt): [t] < s} C D('yn(Cn), r), so that

//Dm(cn),,) (1 m :ff:f f(;f()in)g)? dm(z) < K / /D o an)

and

//Dm(cn ) <1 + :f(rafib(j(),inwf dm(z)

//|t< ((Rehy) # t))2dm(t) — / ((Reh)#(t))zdm(t) -0

[t]<s

for some constant K > 0. Slnce |zn| — 1 and |¢,| — 0, we have |v,((,)| — 1,
and hence, by condition (¢) with p = 2,

lim / / #(2))2dm(z) = 0.
n—ee D(’Yh(Cn 7')

But this contradicts the previous inequality, so we have shown that u € Np,.
Now suppose that u is not in N o. Then there exists a sequence of points
{a,} in D with |a,| — 1 and a constant C such that

lim (1 — |an|*)u(a,) = C > 0.

Set v, (w) = (w + ay)/(1 + @pw) and let up (w) = u(yn(w)). Since u € Ny,
we may suppose that {u,(w)} converges uniformly on each compact subset of
D to a function ug(w) which is either harmonic on D or identically infinite.
We claim that |ug(w)| cannot be identically infinite.

Let f be any function that is analytic in a disk D* with radius r¢ and center
at the origin and whose image is in the right half-plane. Without loss of gen-
erality we may assume that f(0) is real. Then the mapping g(z) = %
sends D* into the unit disk and satisfies g(0) = 0, so by the Schwarz Lemma
we have |¢/(0)] < 1/rg. But |¢'(0)] = |£'(0)]/(2|£(0)]). Thus, setting U(z) =
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rad U U
Re f(z), we have % < 1/rg, and hence U#(0) < % Thus,

if {U,,(2)} is a sequence of harmonic functions which converges uniformly to
infinity on D*, we have U7 (0) < m — 0. Tt follows that if {U,(2)} is
a sequence of harmonic functions which converges uniformly to either +o0o or
—o0 on a disk with center at the origin, then U7 (0) — 0.

Returning to the sequence {u,(w)}, we conclude that if |ug(w)| is iden-
tically infinite, then u#(0) — 0. Since we assumed that uj*(0) — C > 0,
we conclude that ug(w) is harmonic in D and uf(0) = C > 0. Since
| grad u, (0)] — | grad ug(0)] > C > 0, we conclude that ug(w) is a nonconstant
function, and hence

//D(anm)(u# // 07‘) ))dm(w)
H// Or) )V dm(w) > 0.

This contradicts (c) in the case p = 2 and thus proves the implication (¢) =
(a) for p = 2.
Now let p > 2. By the Holder inequality,

[, canes
1-(2/p)
<//D<a Jororm) ([ mo)
2/p
<|D (a,r)|t=(@®/2) //D(ar) z))Pdm(z )) .

Thus, from condition (b) with 2 < p < oo, which is equivalent to (c) (see

[AuZh)), we get
A, 000

But this is condition (¢) with p = 2, and we have proved above that this
implies (a). This completes the proof. O

REMARK 2. For 0 < p < 2 we do not know whether the conditions given
in Theorem 2 are equivalent. The implications stated in the second sentence
of the proof of Theorem 2 remain valid for all p > 0, but the implication
(¢) = (a) requires other methods.

4. Inclusions

In [AuLa2, Theorem 3] it was proved that pr = Np, for p > 1. In the
previous section, we showed that Q# »0=Nho for p > 1. From the definitions
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it is easy to see that Q#@ = UBCj, and Q#,Lo = UBCp, 0. The meromorphic
classes UBC and UBCjy have been studied extensively; see, for example, [Yal],
[YaQ], and [Pa]. In this section, we will show that, for 0 < p < 1, the classes
Qh - and Q hopo are different and establish various inclusion relationships.

We begin with characterizations of Q hp and Q hop0-

PropPOSITION 1. Let 0 < p <1, let u be a real-valued harmonic function
in D such that u € Ny, and for a € D let ¢po(z) = (z —a)/(1 — az).

(i) We have u € Q# if and only if

(4.1) sup [ / 2(1 — |gq(2)[2)Pdm(z) < oo,

a€D

(ii) We have u € Qh .o if and only if

(4.2) tim ([ @GP0 0, am(z) =0,

la]—1

Proof. Since 1—|¢q(2)]? < 2g(z, a) the “only if” part in (i) and (ii) follows
from the definitions of Qﬁp and Qh,p,()'

To prove the “if” part, suppose that (4.1) is valid. Because g(z,a) =
log(1/|¢a(2)|), we have g(z,a) > log4 > 1 for z € D(a, 1/4); that is, |p,(2)| <
1/4, and g(z,a) < 4(1 — |¢4(2)|?) for 2 € D — D (a,1/4). Then, for a fixed
qg>1,

(4.3) / /D (u# (2))2(g(z, @) Pdm(2)
- / / (u# (2))2(g(z, @) Pdim(2)
D(a,1/4)
u? (2))2%(g(2, a))Pdm(z
] B GG apane)
u? (2))2(g(2, a))Pdm(z
< ] P G ayane)
wa ff RO PP )
< / /D (u# (2))*(g(z, a))dm(z)

P w(2))2(1 — 2)[2)Pdm(z).
*4//,3_13(%1/4)( (2))%(1 = |6 (2)]?)Pdm(2)

However, since v € Nj,, we have, by [AuLa2, Theorem 3],

(1.4) sup [ [ (W) 0tz 0)dm(z) < .

a€D
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Hence it follows from (4.3) and (4.4) that u € Qtp, and the “if” part is
established for (i).

Now suppose (4.2). If we fix ¢ > 1 and recall that 0 < p < 1, then, using
the inequality (1 — |¢4(2)]?)? < (1 — |¢a(2)|?)P, we have

tm [ @220 = o) Pdm ) =

Hence, by Theorem 2(d), we have u € N o, and thus, by Theorem 2(e),

(4.5) ‘l}ml // ,a))4dm(z) = 0.
Now it follows from (4.2), (4.3), and (4.5) that

I / | Ja))dm(z) = 0,

which means that © € Qppo. This establishes the “if” part for (ii) and
completes the proof. O

REMARK 3. For 0 < p < oo, we say that a positive measure p defined on
D is a bounded p-Carleson measure, provided

(4.6) u(S(I)) = O(117)

for all subarcs I of 0D, where |I| denotes the arc length and S(I) denotes
the Carleson box based on I. When p = 1, this gives the standard definition
of a Carleson measure (see, for example, [Ba]). If the right side of (4.6) is
o(]I]P), then we say that p is a compact p-Carleson measure. In [AuStXi], it
was proved that, for 0 < p < oo, a positive measure p on D is a bounded
p-Carleson measure if and only if

(4.7) sup [ jeueIPdn(e) < o0

and p is a compact p-Carleson measure if and only if

i ] o -

Thus, since ¢}, (2)|(1 — |z|?) = 1 — |¢a(2)|?, Proposition 1 implies that if
u € Npand 0 <p<1,thenue th if and only if (u#(2))2(1 — |z|2)Pdm(z)
is a bounded p-Carleson measure, and also that u € Q#,p,O if and only if
(u™(2))%(1 — |2|?)Pdm(z) is a compact p-Carleson measure.

REMARK 4. The analog of Proposition 1 for meromorphic functions is
given in [AuXiZh, Proposition 2]. Note that in the meromorphic case we do
not need the additional assumption f € N to obtain the characterization of
Qf. It seems reasonable to conjecture that the assumption u € N}, is not
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necessary in Proposition 1, but we do not know how to prove (i) without this
assumption. Note that this assumption is not necessary to prove (ii).

Next, we prove an inclusion result.

LEMMA 1. For 0 <p <1 we have Q#,p C Np.

Proof. Let 0 <p <1, andlet u e Qh# , so that

(4.8) = sup // ,a))Pdm(z) < .

a€D

If w is not a normal function, let {z,}, {z.}, 1 (2), {Cn}, {Pn}, Pn(t), and
h(t) be as in the proof of the implication (C) = (A) of Theorem 1. Since
h(t) is a nonconstant entire function, we have, for s > 0,

(49) //Ks(lgﬁdftiehh(()fi) dmit)

/ /t<s (LgiélldRIZeh}(L()g) dm(t) > 0.

Since ¢, — 0, p, — 0, and u(z,) — 0, we have, for some r with 0 < r < 1,

| grad(u(w) — u(z,))| ’ Pdm(w
//Dm@n),r)(um(w)u<zn>|2> ot rmt)

[ Pt Pan)
('Yn(Cn )

(4.10)

— 0.

On the other hand, letting w = v, (¢, + pnt), we have

//Dm ) ( ffﬁif >)_J{Z§|)§ | ) (gl G Pim(w)

| grad(u(vn (Cn + pnt)) — u(2n))] 2 / ;
//t|<s ( 1+ |u(yn(Cn + put)) — u(zn)|? ) |00V (Cn + put)]

X (9(Vn (G + pnt), 1 (Cn)))Pdm(t)

//t|< (LgﬂiadR}Zehh(())i> (91 (G + put)s 1n(Cn)))Pdmi(2)

| grad Re h,, (t)]
> 00 oGt [ (R ) amtt)

— 00,
by (4.9) and the relation
inf {( (Y (G + pat); 10 (Cn)))P} — 00

Itl<
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(which holds since p((, + pnt,Cn) — 0 for |t| < s). But, by observing (4.10),
we see that (4.8) is now violated, and the lemma is proved. O

Lemma 1 is actually valid for 0 < p < oo since, for p > 1, we have
Qn,p = Nj, (see [AuLa2, Theorem 3]).

THEOREM 3. For 0 <p < q < oo, we have
i) @, cQr,
(ii) Q#,p,o C Q#,q,o'

Proof. (i) If ¢ > 1, then Qﬁq = Nj,, and the result follows from Lemma

1. f0O<p<g<landuce Qﬁp, then, by Lemma 1, v € N and, by
Proposition 1,

sup [ (@ ()? (1= 100 2))” dm(:) < .

a€eD
Since 0 < p < ¢, we have (1 — |¢>a(z)|2)q <(1- |¢>a(z)|2)p and hence

sup [ (@22 (1 = 6u() )" dm(z) < v,

which by Proposition 1 (since v € Nj) is equivalent to u € Qﬁq. This
completes the proof of (i).

(i) Let 0 <p<g<ooandu € Q#,p,O’ Since 1 — |¢a(2)|* < 2g(z,a) for all
z, a € D, we have

i, / / 2(1— |ga(2)|?) dm(2)

< li}gl 2p // ,a))Pdm(z) = 0.
Again, since (1 — [¢4(2)]?)? < (1 — |¢a(2)[?)P for 0 < p < g < oo, we obtain
tm [ @ @)=l ) o

If 0 < ¢ < 1, this yields u € Qh7q,07 by Proposition 1. If ¢ > 1, then applying
Theorem 2(d) with p = 2, we see that u € Nj o = Q#q.O' This completes the
proof. a

THEOREM 4. The inclusions given in Theorem 8 are strict when 0 < p < g
and p < 1.

Proof. Tet 0 < p < ¢ < 1 and let fo(2) = 300 a,2?", where a, =
2-7(1-P)/2 In [AuXiZh, Corollary 3], it was shown that fy is in the class
Qg0 C Qg, but not in the class Q¥ (and hence not in Qﬁo). (Actually,
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Corollary 3 in [AuXiZh] dealt with the case ¢ < 1, but it is clear that, if p <
1 < ¢, we can take ¢’ such that p < ¢’ <1 < ¢ and we then have fy € Qﬁ C
Q¥ = Ny, from [AuXiZh, Theorem 2].) We can write fo(z) = uo(z) + ivo(2),
where ug and vy are real harmonic functions. Since |fj(z)| = | grad ug(z)| and
fo is a bounded function, it follows that ug is not in either of the classes Qﬁp

or Qh#,p,O' Hence ug € Q#’q —Q and SO ug € Qh 4.0 th o- This completes
the proof. O

In [AuLal, Theorem 1] it was shown that D# C Np, (see also [Ko]). Chen

and Gauthier have improved this result, showing that D# C Npo (see [ChGa,
Theorem 4]). We can sharpen this inclusion as follows.

THEOREM 5. We have D} C No<p<oo Qh)p)

Proof. If u € D#, then

(4.11) //D(u#(z))2dm(z) < .

It follows that
lim // ))2dm(z) = 0
|a]—1 D(a, r)

for each fixed r € (0,1). Hence, by either Theorem 4 of [ChGa] or Theorem
2(b) (with p = 2) we have u € Nj, . Letting 0 < p < 1 and ¢ > 1, we obtain
by Holder’s inequality

(4.12) //D(“#(Z))2(9(Z7a))pdm(z)
= (// (u?(2))*(9(z, @) dm(= ) (// ))1—p/q.

Since u € Np, o, (4.11), (4.12), and the case p = 2 of Theorem 2(e) yield

Tim / /D Pl dm(z) =0

This means that u € Qh,p,O’ and the theorem is proved. O

We next show that the inclusion in Theorem 5 is strict.
THEOREM 6. We have D} # No<p<os Q#,p,O'

Proof. In [AuXiZh, Corollary 4] it was shown that the function fi(z) =
S22 27™/222" is a bounded function such that f; € No<p<oo Q;ﬁo — Dy,
where

D4 ={f: f analytic in D and //D |f'(2)|2dm(z) < oo}
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We can write fi(z) = u1(z) + iv1(2), where u; and vy are real harmonic
functions. Because |f](z)| = | grad u; (2)|, we have u? (2) < |f](2)], and hence
u1 € Nocpeos @f po- On the other hand, |ui(2)| < |fi(2)] < Yoo, 272 <

oo, which implies that u; is not in D#. This completes the proof. O

5. Real parts of analytic functions

In this section, we give some relationships between the classes Q#p and
Q#,p,() and the corresponding classes of analytic functions. The classes @,
and Q;f have been defined in Section 1. For completeness, we recall the
definition of the classes Qo and Qﬁo (see [AuXiZh)):

Qpo = {f: f analytic in D and ‘ii‘rill // If' (2)12(g(z,a))Pdm(z) = 0},
and

Qﬁo = { f+ f meromorphic in D and

im, ([ (1) 0t a)pdm(z) = o).

la|—1

We can generalize [Lal, Theorem 5] as follows.

PROPOSITION 2.  Ifu is a real-valued harmonic function in D, 0 < p < oo,
u € Q#’p (or Qﬁp,o)’ and if f = u+1iv is an analytic function, where v is the
harmonic conjugate of u, then f € Q# (or Qﬁo)-

Proof. The result follows easily from the facts that |gradu(z)| = |f'(2)]
and u™(2) > f#(z). O

We note that the converse of Proposition 2 does not hold. In fact, the fol-
lowing examples show that two different types of converses to this proposition
are not valid.

EXAMPLE 1. There exists a function f = u+ iv with f € Qf for each

p > 0, such that w = Re(f) € Qh#m for each p > 0, but v =Im(f) € Q#’p for
no p > 0.

Proof. Let f be a conformal mapping from D onto the region W = {w =
u+iv: [v] < 14 +/u,u > 0} such that f maps the real axis in D onto the
real axis in W. It is clear that the region W has finite spherical area, so
fe Q# C Qf for p > 0 (see [AuXiZh, Theorem 4]), and also that f is not
a Bloch function, since the region W contains arbitrarily large disks. Hence,
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since f is univalent and f is not a Bloch function, f is not in any of the classes
Qp, p > 0, by [AuLaXiZh, Theorem 6.1]. Since

[f(2)I7 = Tu(2)? + [0(2)]* < [u(2)]? + 1+ Ju(2)] + 2v/]u(2)]
for |u(z)| > 1, we have |f(z)|? < 5|u(2)|?, and so
lgradu(z)* _ |f'(2) (=)
I+ GPE ~ T+ RlPE = 2T+ FER?
Also, for |u(2)| < 1 we have |f(2)|> < 5, which means
gradu(z)P _If)P
I+ u(z)?)? (1 +fu(z)]?)

Hence it follows that u € pr for each p > 0.

Since f maps the real axis onto the real axis, it follows that if » > 0,
a, = f~Y(r), and D(a,,1/e) = {# € D: g(z,a,) > 1}, then f(D(a,,1/e))
contains a Euclidean disk A(r, p,.) = {w: |lw—r| < p,} with radius p, = v/ /e
and center at r, where p, — 0o as r — oco. Thus, for p > 0,

Jgrado@)P
//D(m.,l/e) (1+|v(z)|2)2(9( ,ar))Pdm(z)
1 o
—//f(D(aT,l/e)) W(gw(w,r)) dm(w)
1
- /-[‘(D(aml/e)) de(w)v

where w = u+4v and gy (w, ) is the Green’s function in W with logarithmic
singularity at r. Thus, for \/r > 2e,

/] Rt = ] i)
F(D(arsey (L+[0[2)?2 Alrpyy (1+ \v| )2
r+/7/(2¢) < 1 1
> 2 / —_ dv> du
/r\/F/(Qe) o (L+1v?)?

1

25(f%(2))*.

7 < IF(2)7 < 36(£7(2))"

It follows that v(z) is not in Qh#p for any p > 0 (and hence not in Qﬁp o either
for any choice of p > 0). This proves the result. O

In Example 1, we had f € Qf and u € Qﬁp for each p > 0, but v & Q#_p
for any choice of p > 0. In the following example, we show that we can have
fe Qf, while neither u nor v are in Q#p.
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EXAMPLE 2. There exists an analytic function f with f € Q# for each
p > 0 such that neither u(z) = Re(f(z)) nor v(z) = Im(f(2)) is in any of the
classes Qﬁp, p>0.

Proof. Let {D,} be a sequence of disjoint disks of radius r, centered on
the positive real axis such that r, — oo. Let D] = {w = iz: z € D,}
denote the disk D,,, rotated so that its center falls on the imaginary axis in
the upper half-plane. For n > 1, D,, and D}, have disjoint closures. For each
n, let S, be a thin channel from the center of D,, to the center of D!, and
let S; be a thin channel from the center of D) to the center of D, ;. Let
Q=Ur~,(D,US,UD, US.) (so that Q is simply connected), and let f be
a conformal mapping from the unit disk D onto Q. If the disk D,, has center
wy, and radius r,, then the Green’s function on the disk D,, with singularity

Tn
W—Wn,

, and if go(w, w,) is the Green’s function on

at wy, is gp, (w,w,) =1n ‘
Q with singularity at w,,, then go(w,w,) > gp, (w,w,). We can now repeat
the proof given for Example 1 to show that u is not in Q#’p for any positive
p. By a similar argument using the disks D/, we see that v is not in Qﬁp for

any positive p. But f(D) = Q has finite spherical area, so f € Q# C Q# for
each p > 0. This completes the proof. O

It is easy to modify the construction in Example 2 so that, for each o with
0 < a < 27, the function g(z) = e!® f(2) is in Q;f for each p > 0, but neither
u(z) = Re g(z) nor v(z) = Im g(z) is in any of the classes Qﬁp. We simply need
to arrange the disks {D,,} so that each ray from the origin forming a rational
angle with the positive real axis passes through the centers of infinitely many
of these disks. We then create, for each n, a suitable channel S,, connecting
the centers of the disks D,, and D,;1. Applying the argument in the proof
of Example 2 to the conformal mapping f of the unit disk D onto the region
O =U,—,(D,US,), we then obtain the result.

Proposition 2 states that if f is analytic and u(z) = Re(f(z)) € Qﬁp for
some positive p, then f € Q# . However, as the next example shows, the
condition u € Qh#,p does not imply that f € Q.

EXAMPLE 3. There exists an analytic function f such that both u(z) =
Re(f(2)) and v(z) = Im(f(z)) satisfy u € pr and v € Q#p for each p > 0,
while f & Qp for all p. (Thus, by Proposition 2, we have f € Q# — Qp for
each p > 0.)

Proof. Let f be a conformal mapping from the unit disk D onto the region
A={w=wu+iv: 0 <u <wv<2u}. Then, for w € A,

1
—w<u,v§\/5w
bl < Jul, ol < Vjul



438 RAUNO AULASKARI, PETER LAPPAN, AND RUHAN ZHAO
and |gradu(2)|? = |f'(2)|? = | grad v(2)|?, where f(z) = u(2) + iv(z). Thus,
(W#(2))? <25(f%(2))%,  (v%(2))* < 25(f%(2))*.

Now f(D) = A has finite spherical area, so f € QO# - Q# for each p > 0.

Thus, we have both u € Qﬁp and v € Qﬁp, for each p > 0. But f is a
conformal mapping which is not a Bloch function, so f is not in any @, for
p > 0, by [AuLaXiZh, Theorem 6.1]. Further, f(D) = A does not have finite
planar area, so f is not in Qp. This completes the proof. O

PROPOSITION 3. Let 0 < p < 00, and let u and v be harmonic conjugate
functions such that the corresponding analytic function f = u+iv is in Q)

(or Qp,0). Then both w and v are in Qip (or Qﬁ,p,o)'

Proof. The result follows easily from the inequality u* (z) < |grad u(z)| =
1F'(2)]- R

The last part of this inequality shows that if we define classes @), and
Qhp,o in the natural way, using |grad u(z)| in place of u#(z), then u € Qpp
(or Qnp,o) and u(z) = Re(f(z) if and only if f € @, (or Qpo). We will not
pursue this direction further here.

The following result generalizes Lemma 1 in [La3].

PROPOSITION 4. Let 0 < p < o0, let w be a function that is harmonic in
D such that u € Q#p (or Q#p o), and let v be a conjugate harmonic function

of u. Then f(2) = e“T%CE) is in Q¥ (or Q7).
Proof. We note that e* +e~* > 1+ z2 for all real z, which implies e*(*) +
| =

~ul®) > 1+ |u(2)[%. Also, note that f/(2) = f(z) <L (u(z)+iv(2)), so [ f'(2)
\f(z)||gradu(z)|. Thus, for 0 < p < oo,

/(ﬁ@WW%WWMd
D

// (1 |+f|lf )2 (9(z,a))Pdm(2)

:/DMWM@FQJ&%FYQQMWM@

1+|f(=
2 (R S 2 z,a))Pdm(z
-/ mwm@|QﬂN+ U><m,»d<>
/ | grad u(z) e )—i—le e (9(z,a))Pdm(z)
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< [[ 1t (m) (92 a))Pdm(2)
- [ @ aran)

Since u € pr (or pr o), it follows from the inequality above that f € Qf

(or szo). This completes the proof. O
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