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ASYMPTOTIC TRACTS OF HARMONIC FUNCTIONS II

by K. F. BARTH* and D. A. BRANNAN
(Received 5th October 1992)

An asymptotic tract of a real function u harmonic and non-constant in C is a component of the set
{z: u(z) # ¢}, for some real number c; a quasi-tract T(#C) is an unbounded simply-connected domain in C such
that there exists a function u that is positive, unbounded and harmonic in T such that, for each point
{edTnC,

limu(z)=0;

z=]

and a J -tract is an unbounded simply-connected domain T in C whose every prime end that contains o in
its impression is of the first kind.

The authors study the growth of a harmonic function in one of its asymptotic tracts, and the question of
whether a quasi-tract is an asymptotic tract. The branching of either type of tract is also taken into
consideration.

1991 Mathematics subject classification: Primary 31A0S5, secondary 30C35.

1. Introduction

This paper continues a study, begun in [1], of the asymptotic tracts of functions
harmonic in C (entire harmonic functions).

Definition 1.1. An asymptotic tract (or tract) of a real function u(z) harmonic and
non-constant in C is a component of the set {z:u(z) #c} for some real number c.

It was shown in [1] that each tract T is necessarily simply-connected and unbounded,
and that u is necessarily unbounded in each tract T; in addition, oo is an accessible
boundary point (in C) of each tract T The local mapping properties of analytic
functions show that the set {z:u(z)#c} consists of a finite or countable number of
curves which are locally analytic, except at the zeros of f’(z) (where f is any analytic
completion of u) — where the set {z:u(z)=c} branches. Observe that the angle between
the “branches” must be equal to 2n/n for some n=1. The growth of u in tracts was
studied in detail in [1] and [2]; and the geometry of level curves of u corresponding to
non-constant functions harmonic in C was considered by Flatto, Newman and Shapiro
with particularly beautiful results in [6].

*The first author gratefully acknowledges support from the Science and Engineering Research Council of
the United Kingdom.
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In Sections 2 and 3 below we shall be dealing with both these questions and also with
the relationship between tracts and quasi-tracts and 7 -tracts, which we now define.

Definition 1.2. An unbounded simply-connected domain T in C, T#C, is called a
quasi-tract if it has the following property:

(P,) there exists a function u(z) positive, unbounded and harmonic in T such that, for
each point {€dT N C,
lim u(z) =0.

z={

Remark. We will frequently say that “T supports u”.

Also, an Inversen-type construction (see, for example, [11; p. 26]) shows that there
exists a path I' in T on which u(z)— + 0. Since I' cannot tend to any finite point of 6T
(since u(z)=0 on JT), it follows that co must be an accessible boundary point of any
quasi-tract T.

Definition 1.3. An unbounded simply-connected domain T in C, T#C, is called a
T -tract (“7 " stands for “topological”) if it has the following property:

(P,) Every prime end that contains co in its impression is of the first kind.

(A good reference on the various types of prime ends is [5; p. 180].)

The two principal areas of interest in our work are:

Question 1.1. Given (the geometry) of an asymptotic tract T, what can be said about
the function u(z) supported by T?

Question 1.2. Given a quasi-tract T, how can we decide when it is an asymptotic
tract?

It was shown in [3] that if the plane consists of the union of (the closures of) k
asymptotic tracts for a single harmonic function u, then u(z) is necessarily a polynomial
whose degree n satisfies the bounds n+ 1 £k <2n. In fact, Question 1.1 was also tackled
earlier in [1] and [2]; we shall tackle Question 1.2 in particular in Section 3 below.

If T is an asymptotic tract, its complement consists of a number of unbounded
simply-connected domains (also asymptotic tracts) and their boundaries. Since T is
simply-connected, it cannot have any “bounded holes” in itself. However, C— T (which
can be regarded as “unbounded holes in T”) may consist of a single tract, or of a finite
number of tracts, or it may have the power of the continuum; this phenomenon, which
we shall discuss in Section 4, of Int(C— T) “breaking up” is called “branching”. To be
precise, we give the following definition:

Definition 1.4. An unbounded simply-connected domain T in € is said to be
branched of order ny (possibly ny= + c0) if it has the following property:

There exists a family % ; of nr non-homotopic (in T) and disjoint (except for the
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end-point z7) Jordan curves in T connecting some fixed point in T, z; say, to co; in
addition, any Jordan curve in T joining z; to co is homotopic (in T) to one of the
elements of % ;.

If ny=1, we say that T is unbranched; if ny < + o0, we say that Tis finitely branched;
if ny= + 0o, we say that T is infinitely branched. So far as we are aware, this question
of branching has not previously been studied. In Section 5 we study the mapping
properties of f (where f is any analytic completion of u) and show that [ has a rather
simple form when the tract has branching of finite order.

The results in Section 6 show that [2; Theorem 1] can be improved when the tract T
is finitely branched.

The authors wish to thank Professor Maurice Heins for a suggestion that simplified
the proof of Theorem 2.1, and the referee for his many exceedingly helpful suggestions
and comments.

2. Asymptotic tracts

Rather loosely, an asymptotic tract can be (both topologically and analytically)
“rather badly—but not too badly-behaved™ In this Section we shall study what can be
said topologically about a tract T. After a couple of definitions we shall begin with two
interesting domains.

Definition 2.1. A set S in C is said to be connected at infinity (in the sense of
Arakelian [7; page 11]) if, for each neighbourhood N of oo, there exists a neighbourhood
M of oo (with M cN) such that each point ze M n S can be joined to oo by a Jordan
curve I’ entirely contained in (N n S) U {co}. We shall say that a point z€S is connected
to infinity in S if z can be joined to co by a Jordan curve that lies in (N n S) U {c0}.

Remark. It follows from the definition of local-connectedness (see, for example, [12;
page 84]) that a set S is connected at oo if and only if S U {0} is locally-connected at
co. Hence results involving connectedness at oo can be restated in terms of local-
connectedness at co.

Example 2.1. Let

Di={zz=x+iy,x>0,0<y<(x+ 1)} —{zz=x+iy,x21,y ' eN,y 1 23},
and
D,=D,u{zz=x+iy,x>0,1/2<y<3/4}.

Both D, and D, are unbounded simply-connected domains in C. Neither domain can be
an asymptotic tract, since the level curve corresponding to éD, or D, “piles up” on the
segment [+1, +00) of the positive real axis (technically, neither éD, nor 8D, is
locally-connected). We remark that D, can be made “more satisfying” by replacing each
of the segments {zz=x+iy,x21,y 'eN,y 23} by a suitably-chosen thin
unbounded continuum bounded by a single analytic curve.
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FIGURE 1

The domain D, does not contain a path going to oo so it cannot be a quasi-tract, but
D, does contain such a path. To see that D, is a quasi-tract just map D, onto
{w:|w|<1} by the function w=f(z) so that one of the paths going to oo in D,
corresponds to a path tending to w=1. The function

—re( 11102
u(z)—Re(1 —f(z))

shows that D, has the property (P,) and hence is a quasi-tract. However neither domain
is connected at oo. This question of how a tract can “approach” oo leads us to the
following result.

Theorem 2.1. Let u(z) be an entire non-constant harmonic function. Let T be a
component of {z:u(z)#c}. Then T is connected at oo (in the sense of Arakelian).

Proof. It suffices to prove the theorem when T is a component of {z:u(z)>0}. We
may also assume that OeT.

Since T #C, it follows that for all sufficiently large R the set {z:|z]=R} n T consists of
at least one and at most a finite number of open arcs. Let 2z be a component of
{z:|z|=R} N T. Since T is simply-connected, it follows that T—ag consists of two
simply-connected domains in C. Since T is unbounded, at least one of the two domains
in T —ag is unbounded.

Let D*(xg) be that component of T—ayg that contains the intersection of {z:|z|>R}
with all neighbourhoods of points of ag, we call this the outer domain associated with
og. The inner domain D~ (ag) associated with oy is defined in an analogous fashion.

Let U={z:|z]>R} n T be any neighbourhood (in T) of co. We need to show that
there exists a neighbourhood V' ={z:|z|>R,} n T of co such that any point z, in V can
be connected to oo by a curve lying entirely in U. Consider the various outer domains
D*(a%), i=1,2,...,N, corresponding to the finite number of arcs contained in T N
{z:|z|=R}. Each domain D*(a%) is either bounded or unbounded. Let R, be chosen so
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FIGURE 2

that all the bounded outer domains are contained in {z:|z|<R,}. Now consider any
point zo€ V ={z:|z|>Ro} n T. It must lie in one of the unbounded outer domains, call it
D*(Bg)-

Denote the restriction of u(z) to D*(Bg) by U(z). On Br we have 0<U(z2) <M for
some M and U(z)=0 on dD*(8g)— Bx.

If U(z) is unbounded in D*(Bz) then the usual Iversen-type argument shows that
there exists a path I’ in D*(B8g) on which U(z)- +0c0. Hence oo is an accessible
boundary point of D*(Bg), and it follows that z, can be connected to oo by a path lying
in D*(Bg). Thus the definition of connected at oo is satisfied in this case.

Now suppose that U(z) is bounded in D*(Bg). This can happen; for example, consider
the domain {z:|z|> R, Rez<0,|Im z|<n/2} and the entire harmonic function e*cos y.

Given any point zoe D*(Bg) NV, we need to show that z, can be joined to co by a
path lying in D*(Bz) (in U). We will do this by constructing a function U(z) that is
harmonic and positive in D*(fg), tends continuously to 0 as z approaches dD *(Bg), and
is unbounded in D*(Bg).

Let z, be a fixed point of D*(Bg) and let {r,}:>., be an increasing sequence of real
numbers which satisfy r,>|z,| and lim,_,r,=00. Set Q, equal to the component of
D*(Bgr) n{z:|z| <r,} which contains z,. It is clear that Q, lies in Q,,, and D*(8g) =
U2, Q,. It is easy to see that the Dirichlet problem with boundary values

{0, {edD* (B,
“(O‘{l, (€00, — D" (By)

has a solution u,(z) that is positive and harmonic in ,. Now normalise the functions
u,(z) by setting

1,(2) = u,(2)/t(2o)-
We now need the following [9; Theorem 3.3, page 64]:

Theorem A. Let Q be a domain, aeQ, and let ® denote the class of functions u that
are harmonic on Q, positive and satisfy the normalisation u(a)=1. Set
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Mz)=inf u(z), w(z)=supu(z), zeQ.

ue® ued

Then 1 is continuous and positive on Q, and p is a continuous finite-valued function on Q.

With the use of Theorem A it is straightforward to show that {ii(z)} is a normal
family on D*(fg); hence it contains a subsequence, which we denote by {U,(z)}, that
converges uniformly on compact subsets of D*(Bg) to a function U(z) that is harmonic
and positive on D*(Bg) (by Theorem A). We need to show that

lim U(2)=0,
z~{,ze D*(BRr)

where { is any finite boundary point of D*(Bg). It is then clear that U(z) is unbounded
in D*(Bg).

Consider any finite boundary point { of D*(Bg). Since the boundary of D*(Bg)
consists of a portion of a level curve of a harmonic function and a portion of {z:|z|=R},
there exists a positive number r such that, if we set #({)={z|z—{|<r}, then
AU(L) ~dD™*(Bg) consists of exactly one component. Map #%({) ~n D*(Bg) conformally by
z=g(w) onto the upper half-disk H={w:|w|<1,Imw>0} so that %({) ~dD*(Bg)
corresponds to {w: —1 <Rew<1}.

If we set V(w)=U,(g(w)), we have that V,(w) is positive and harmonic in H and
vanishes continuously on {w: —1<Rew<1}. We also set V(w)=U(g(w)). It suffices to
show that V(w) vanishes continuously on {w: —2/3 <Rew <2/3}. Since V,(w) converges
to V(w) in H, the vanishing of V(w) on {w:—2/3<Rew<2/3} is implied by the
following standard result; this then completes the proof.

Lemma B. We define w=u+iv, H={w:|w|<1,v>0}, H' ={w:|w|<2/3,0>0}, and #
the family of positive harmonic functions on H which are continuous on H and vanish on
that part of 0H on the u-axis. For any he # we have h(w) < 2000h(Xi)v, for we H'.

Lemma B follows in a straightforward fashion from the Poisson integral represen-
tation for a function harmonic in the unit disc and continuous on its closure; see, for
example, [13; Lemma 64, page 118]. The proof will be sketched since the authors do
not know an easily accessible reference to it.

Since h(w) is positive and harmonic in H, continuous on the closure of H, and
vanishes at that part of dH on the u-axis, we have, using the Poisson integral
representation for functions harmonic in the unit disc and the reflection principle, that

How) = 20 }(1 —|w|>)sing h(e*®)de

oy |eP—w e —w]?

2T Kb wsing  h(e®)do,
o
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for we H. Here the kernel

(L=]w?)
KW= ||ew_|,.¢_ e

satisfies the inequality 9/125 < K(¢, w) <81 for |w|<2/3 and the conclusion follows.

Theorem 2.2. Let u(z) be a non-constant entire function and let T be one component of
the set {z:u(z) #c}, for some real c. Then C—T is connected at co.

Proof. It suffices to prove the theorem when T is a component of {z:u(z) >0}. Note
that C—T consists of the union of {z:u(z)=0} and various components of {z: u(z)>0}
and of {z:u(z) <0}. The components of {z:u(z)>0} and {z:u(z) <0} are connected at oo,
by Theorem 2.1. We need only consider points of {z:u(z)=0}. Since any neighbourhood
of a point z, where u(zy)=0 contains points where u(z) <0, Theorem 2.2 follows in a
straightforward fashion.

In view of the Remark after Definition 2.1, Theorems 2.1 and 2.2 can be rephrased as
follows:

Theorem 2.3. For any asymptotic tract T, the sets T u {0} and (C—T)u {co} are
locally-connected (in €).

In the next section we shall prove that asymptotic tracts are 7 -tracts and that
T -tracts are quasi-tracts; however, note that it is obvious that asymptotic tracts are
quasi-tracts.

We end this section with an example (related to Example 2.1) to show that a set may
be connected at co without its complement having the same property.

Example 2.2. We define the following sets:
D,={z:z=x+iy,x>0,y<0},
Dy={z:z=x+iy,x>0,0<y<1l/(x+ )} —{ziz=x+iy,x21,1/(n+3) Sy<1/n,neN,n23},

and
D=Dl UD2 U(O, 1).

Then the set T=C—D is connected at oo, but C—T and Int(C—T) are not connected
at oo.

3. Asymptotic tracts, quasi-tracts and J -tracts

In this section we discuss the relationships between asymptotic tracts, quasi-tracts
and J -tracts.

https://doi.org/10.1017/50013091500006180 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500006180

42 K. F. BARTH AND D. A. BRANNAN

Trivially a tract is a quasi-tract, and Theorems 2.1, 2.2 and 3.1 will imply that an
asymptotic tract is necessarily a  -tract. The following example shows that a set may
be a quasi-tract and a  -tract without being an asymptotic tract.

Example 3.1. Let T={z:z=x+iy,y>sin(1/x) if x#0, y>1 for x=0}. Map T onto
{w:|w|<1} by the function w=f(z) so that oo corresponds to w=1. Let
u(z)=Re((1 + f(2DN1 - f(2))).

Then T is both a & -tract and a quasi-tract, but consideration of u(z) near z=i shows
that u(z) cannot be the restriction to T of any function harmonic in all of C (so that T
is not a tract); note also that C—T is not locally-connected at O. Thus this Example
also shows that if T is a J-tract or a quasi-tract, then C—T need not be
locally-connected.

Example 2.1 showed that a quasi-tract is not necessarily a 7 -tract; however, Theorem
3.2 below will show that a J -tract is a quasi-tract. First we prove the following:

Theorem 3.1. Let an unbounded simply-connected domain T in C, where T#C, be
such that both T and C—T are connected at oo (in the sense of Arakelian). Then every
prime end of T that contains oo in its impression is of the first kind (so that T is a
T -tract).

Corollary. Asymptotic tracts are 7 -tracts.

Proof of the Theorem. For prime ends we shall use the notation and terminology of
[5; Chapter 9, pages 167-189]. Let P be a prime end of T that contains oo in its
impression. Since co is an accessible boundary point of T (as T is connected at o), c©
is the only principal point of P [S5; Theorem 9.7, page 177]. Let {q,} be a chain
belonging to P, and let D, be the subdomain of T defined by g, that contains q,., (see
[5; pages 169-179]). Since oo is the only principal point of P, it follows from [5; pages
171-172] that the q,’s may be chosen to be a sequence of circular arcs centred at the
origin and whose radii strictly increase to co. Let the radius of ¢, be 1/4,. Since T and
C—T are connected at oo, there is a sequence {¢,} -, where ¢,>0 and ¢, | 0, such that
any point of T or C—T lying in {z: |z|> 1/e,} can be connected to oo by a Jordan curve
in T {z:|z|>1/5,} or in (C—T) {z:|z|>1/8,}, respectively. Now pick subsequences of
the g, and the ¢, which for simplicity of notation we shall continue to denote by {g,}
and {e,}, that satisfy the inequalities

1/, <1/e, <1y 1 <1l/Epsi <.

Note that the redefined sequence {q,} is an equivalent chain to the original sequence
{4.} [5; page 169].

There is a boundary point of T (a point of C—T) at each end of each g, denote
these two points in the order of increasing argument by a, and b,. From the argument
in the previous paragraph, we see that a, can be connected to oo by a Jordan curve «,
lying in (C—T) n {z:|z|>1/8,-,} and that b, can be connected to co by a Jordan curve
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B, lying in (C—T)n{z |z|>1/6,,_1). If we can show that D, (the subdomain of T
defined by g, and containing g,,,) is contained in {z: |z|> 1/6,- 1}, then it will be clear
that the impression of P only contains the point co since the impression is a continuum
[S; page 170].

To see that D, is contained in {z:|z|>1/5,-,}, let z, be a point of g, T Since T is
connected at oo, there exists a Jordan curve ¥, that connects z, to o« in Tn
{z:|2|>1/8,-,}. Now, since g, is a cross-cut of T, by redefining the initial point of ¥, to
be its last point of intersection %, with g, we may assume that ¥, lies in {z:|z|>1/3,}
(except for its initial point). It is clear that ¥, divides D, into two components; denote
the component with g, in its boundary by A,, and the other component by B,. The
Jordan curve

#, ¥, {z:|z|=1/8, arga,<argz<argZ,}

divides the plane into two components; one of these components, D, say, is completely
contained in {z:|z|>1/5,_,}. Similarly, B, is contained in {z:|z|>1/3,_,}, and the proof
is complete.

Theorem 3.2. A4 Z -tract is a quasi-tract.

Proof. We map T onto the unit disc in the w-plane in a one—one conformal fashion
by a function f. By Carathéodory’s Theorem [4], f can be extended to be a
homeomorphism between the prime end compactification T* of T and {w:|w|<1} (see
[5; pages 172-175]). We may normalise the mapping function f so that one of the
prime ends with oo in its impression corresponds to the point w=1. It then follows
readily that

u(z)=Re(1 + f(2)/1—-f(2)

_is positive and unbounded in T and has limit zero at any finite boundary point of T.
Hence T is a quasi-tract.
A natural way in which to proceed is to try to characterise topologically tracts and
quasi-tracts. This seems very difficult. We begin with the question for tracts:

Question 3.1. If we add “the finite boundary of T consists of one or more locally
analytic curves except for a set of isolated points where 0T has tangents from the left
and from the right and the angle between the tangents is a rational multiple of 22" to
the definition of a J -tract, is T a Z -tract if and only if T is a component of the set
{z:u(z) >0} for some non-constant entire harmonic function u(z)?

Let us consider the simplest case—where dT consists of just one locally analytic
Jordan curve. Surprisingly, in a beautiful paper [6] Flatto, Newman and Shapiro have
shown that, if «(z) is an entire harmonic function and vanishes on the curve y=x" for
n=3, then u(z)=0. This shows that even in the simplest case the answer to the above
question is negative, and that it will be very difficult to characterise topologicaily a tract
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of an entire harmonic function. However, given a Z -tract T that is bounded by one
locally analytic curve, one can always approximate T as closely as one likes, using the
standard approximation theorems, by a domain T such that T is a component of
{z: u(z) >0} for some entire harmonic function w(z).

As Example 2.1 shows, an unbounded simply-connected domain can be a quasi-tract
and need not be connected at co. Thus it appears that the topological characterisation
of quasi-tracts will also be difficult.

It would also be interesting to relate whether an unbounded simply-connected
domain D is an asymptotic tract or a quasi-tract to its prime end structure at co. If D
has at least one prime end of the first type with co in its impression, then the argument
used in Theorem 3.2 may be used to show that D is a quasi-tract. However, Theorems
2.1, 2.2 and 3.1 show that D need not be an asymptotic tract. If all prime ends of D that
contain oo in their impression are either of the third or fourth kinds, then oo is not an
accessible boundary point and D cannot be a quasi-tract. If all the prime ends of D that
contain oo in their impression are of the second kind and have oo as their principal
point, then the situation is unclear. Let P be any such prime end; the argument used in
Theorem 3.2 may be used to produce a curve tending to co in D on which u(z)— + o0,
and u(z)—0 as z approaches any other prime end of D. However, it is not clear to what
value u(z) tends, if any, as z approaches a subsidiary (finite) point of P.

4. Branching of tracts and quasi-tracts

In this Section we investigate how large the order of branching of tracts and
quasi-tracts may be. If u(z)=e*cosy+1, we see that {z:u(z)>0} is countably-infinitely
branched. The following theorem shows that the order of branching of a tract may have
the power of the continuum.

Theorem 4.1. There exists an entire harmonic function u(z) and a component T of
{z:u(z) >0} such that there is an uncountable number of nonhomotopic (in T) paths ', such
that the following are satisfied:

(i) Each path T, connects a fixed point be T to oo in T;
(i) u(z)—+ o0 as |z|—> + oo along each path T,.

Proof. The authors originally had a rather complicated example using Arakelian’s
Theorem, and wish to thank the referee for making a suggestion that made them realise
that the following simple function has the desired properties.

Let

© 4n

10= 1,

Since f is entire, the function
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u(z)=Im f(2) = i L“Ls(;n%@ (where z=re'%)

is harmonic in the entire plane.

We now define E, ={6:0=na,0<a<1;a has finitely many 0’s and 2’s but infinitely
many 1's and infinitely many 3’s when expanded in base 4}, and E,=
{6:0=na,0<a<1;a has finitely many 1's and 3’s but infinitely many 0’s and infinitely
many 2’s when expanded in base 4}. Then, if 8 E,, we have that sin(4"6)<0 for all
sufficiently large n (depending on 6) so that

u(re’®y— — oo, as r— + oo;

similarly, if 8e E,, we have that sin(4"6) >0 for all sufficiently large n (depending on 6)
so that

u(re'®)— + oo, as r— + oo.

Clearly E, and E, are both dense and uncountable in every subinterval of (0, n). Since
there are only a countable number of components of {z:u(z)>0} there must be at least
one of these components, call it T, that contains an uncountable number of half-lines
Ly={re®:0€ E,,r>r(6)} on which u—+o00 as r—+o00. Since E, is dense in every
subinterval of (0, n), the existence of the desired family {T',} of curves follows easily.

5. The mapping properties of a harmonic function in a tract with finite branching

The results of this Section shows that in a tract with branching of finite order,
associated with a given harmonic function u, any analytic completion f of u has a
particularly simple form.

We deal first with the case for branching of order 1.

Theorem 5.1. Suppose that T is an unbranched quasi-tract which is also a J -tract (in
particular, an unbranched tract), and let u(z) be harmonic and positive in T and approach
zero as z approaches any finite boundary point of T. Let v(z) be any harmonic conjugate of
u(z) in T. Then f(z)=u(z)+iv(z) maps T one-to-one onto H,,= {w:w=u+iv,u>0} with co
in the z-plane corresponding to co in the w-plane.

Remark. This result is known at least in the simpler case where T is a Jordan domain
(see, for example [8; Theorem 10.2, page 754]).

Proof. Recall that u(z) must be unbounded in T and that there must exist at least
one path I' in T such that

lim u(z)=oco0.
z—w,zel
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Now let v(z) be any harmonic conjugate of u(z) in T, and let z=g({) map H;=
{¢:{=E&+in,£>0} one-to-one conformally onto T with the prime end P to which T’
converges corresponding to co. Set

U(0)=Re [(g(0)) =u(g(0)).

Note that U(({) is defined and positive in H; we need to show that U({)—0 as {—in
from within H,.

Since g({) maps H; onto T, g({) must approach a prime end P, of T as {—in from
within H,. If the impression of P, does not contain oo, then u(g({))—0 as g({)—-P,, by
hypothesis. Thus we may now suppose that, on the other hand, the impression of P,
contains co; then, by the Corollary to Theorem 3.1, P, coincides with co, since T is a
T -tract.

Hence g({) >0 as {—in from within H. By letting { tend to in along the line segment
s={1—t+in:0=t<1}, we obtain a path 1={z:z=g(1 —t+in,0=t<1} in T along which
z—00. Since T is unbranched, z approaches the (unique) prime end at oo in T. Hence
{ =g '(z) approaches the prime end in the {-plane corresponding to z= oo, namely oo;
this is contrary to our hypothesis. Thus u(g({)) -0 as {—in from within H,.

Now a standard uniqueness theorem of Bouligand (see, for example, [8; Theorem
10.1, page 752]) shows that U({)=cRe{ for some real constant ¢. Taking harmonic
conjugates, we see that f(g({))=c{+id for some real constant d. Thus g({) = f ~!(c{ +id),
so that f~'! maps H, one-to-one onto T and f maps T one-to-one onto H,.

This completes the proof of Theorem 5.1.

For the case of finite branching of order higher than one we need an extension of the
uniqueness theorem used above.

Theorem L. Let u(z) be harmonic and positive in H,={z:Rez>0}, and let E be a
finite subset of the imaginary axis I.
Iflim, . ..y w(z)=0 for each point {€1~E, then

u(z)=Re <cz + zn: —cj—>,

j=1 Z—itj
where E=\ 7., it;c=0, and ¢;20 for j=1,2,...,n.

Theorem L is a consequence of a more general theorem of Lohwater [10];
alternatively, Theorem L could be proved directly from the Poisson integral represen-
tation for u.

Theorem 5.2. Suppose that T is a quasi-tract which is also a 7 -tract and is branched of
order n>1. Let u(z) be harmonic and positive in T and approach zero as z approaches any
finite boundary point of T. Suppose that v is any harmonic conjugate of u, and that
f=u+iv. Then:
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() f maps T p-to-one (1<p<n) onto H,={w: Rew>0} with oo in the z-plane
corresponding to p points on the imaginary axis in the w-plane, and
(i) The number of zeros of f'in T is p—1.

Remark. Recall that we proved in Section 2 that the tracts of entire harmonic
functions are Z -tracts, so Theorem 5.2 applies to them.

Proof. As in the proof of Theorem 5.1, there is a path I' in T such that
lim, ., ,.r#(z)=co. By hypothesis there are n nonhomotopic curves {I',};-, which end
at oo such that any other path in T which ends at co is homotopic to one of the paths
in the set {I',}. Choose the notation so that I' is homotopic to I',. Let v be any
harmonic conjugate of u in 7, and let z=g({) map H,={{:{=¢&+in,&>0} one-to-one
and conformally onto T with the prime end P, to which I', converges corresponding to
0. Set

U(0) = Re f(g(0)) = u(g(?)).

Note that U({) is defined and positive in H,. Denote by it, the point that corresponds to
the prime end P, to which I', converges, for k=1,2,...,n—1. In order to apply
Theorem L we need to show that U({)—0 as {—in from within H;, except possibly for
n=t, k=1,2,...,n—1. To see this, we note that the points in for n+#t, correspond
under the mapping z=g({) to prime ends P, whose impression does not contain co.
Thus, just as in the proof of Theorem 5.1, we can show that u(z)—0 as z—P,, so that
U({) =u(g())—0 as {—in. Hence Theorem L applies, so that

U(0)=Re (cC + "il c_é:_t,)

where ¢20, and ¢;20 for j=1,2,...,n—1.
Let the degree of the rational function

n-1

— c'
R(C)=CC+,-§‘1 C_—thJ

be p, where 1 <p<n. Setting w=u+iv, we have that R({) is a p-to-one mapping of the
{-plane onto the w-plane. An elementary computation shows that Re R({)>0 if and only
if Re{>0; hence R({) is a p-to-one mapping of H; onto H,,. Since g({) is a one-to-one
mapping of H, onto T, it follows that f(z) is a p-to-one mapping of T onto H, as
desired. Clearly oo in the z-plane corresponds to p points (including oo) on the
imaginary axis in the w-plane.

We now consider the number of zeros of f’. Elementary calculations show that
R'({)>0 for {=in except for n=t; where j=1,2,...,n—1, and that R'({,)=0 if and only
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if R'(—{,)=0. Since R’ has 2p-2 zeros, it follows that R’ has p-1 zeros in H and that f
has p-1 zeros in T (because g'({) #0 in H;). The reason that p may be less than n is that
some of the numbers c¢; may be zero—that is, ¥ may remain bounded in the “branch” of
the tract “determined” by I';.

We now study the existence of positive harmonic functions approaching oo along the
various “branches” of T-tracts.

Theorem 5.3. Suppose that T is a T -tract which is branched of order n. Let {T,};-,
be n nonhomotopic curves in T connecting a point be T to co. Then there exist n functions
ufz), j=1,2,...,n, that are positive and harmonic in T such that, for each fixed j:

(i) ufz)—0 as z approaches any finite boundary point of T;

(i) lim,., ;cr,u(z)= + o0, and

(iii) lim,, ,, ..o u(z2)=0, where A is any curve connecting b and co in T which is not
homotopic to T';.

Remark. It follows from this Theorem that T supports any function of the form
uz)=3Y cuz)
i=1

where ¢; 20, and that we can make u approach oo along any desired subset of {I'\};i-,
by an appropriate choice of the ¢;s.

Proof. As in the proof of Theorem 3.1 we map T onto {{:|{|<1} by a mapping
{=g(z) with the prime end to which I'; converges corresponding to the point {=1.
Suppose that the prime end to which I'; converges corresponds to the point . Then
the functions

i0;
ufz)=ReS Y82 i1 on,

e —g(z)’

have the desired properties, since if two curves in T ending at oo are nonhomotopic
their images under g must end at different points of the unit circle.

6. The growth of harmonic functions along an asymptotic path in a tract which is
branched of finite order

Suppose that u(z) is harmonic and non-constant in the plane. It was shown in [2]
that there exists a path I" such that

u(z)
|z[*

— o0 asz—oo along I’ (6.1)
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for <1 but not necessarily for a>% (see [2; Theorem 1, page 363] for a precise
statement of the result). In [1; Theorem 3, page 216] it was shown that this result can
be improved if one makes an assumption about the angular width of the tract that
contains I'. We now show that (6.1) can be improved if one assumes that the tract that
contains I" is branched of finite order (no assumption on the angular width of T is
required).

Theorem 6.1. Let T be a quasi-tract which is also a J -tract (in particular, the tract of
an entire harmonic function), and suppose that Oe€ T. Let u(z) be supported by T If T is
finitely branched and has inner mapping radius m at O, then there exists a curve I' in T
joining O to oo along which

uz) 5 2 54 (6.2)

z—+ow,zel
where c is positive and depends on u. If T is unbranched, then ¢ =u(0O).

Remark. To illustrate Theorem 6.1, let T be the plane slit along the negative real
axis from —1 to — oo, and let

u(z)=Re(z+1)"? (zeT).

Then the mapping radius of T at 0 is 4 (cf. the Koebe function), and there exists a path
I' (viz. the positive real axis) in T that joins 0 to co along which

im M2 _y
z-'olor,r:el' Iz Il/l

Thus Theorem 6.1 is best possible in the case that T is an unbranched quasi-tract. Of
course, this particular domain T is not the tract of any entire harmonic function;
however, in [1; pages 219-225] an entire harmonic function &(tf) was constructed with a
tract T such that

M(r)~%r”2,

where M(r)=max{(t):te T, |f|=r} and 0<L<; it follows for this function that on any
path I' in T we must have

Tim _ﬁﬂ<l
JAm GRS

Hence Theorem 6.1 is best possible in the unbranched case. An example showing that
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Theorem 6.1 is best possible in the case that T is branched of order n can be
constructed by adapting the methods in [1; pages 219-225], but we omit the details as
they are rather lengthy.

Proof of Theorem 6.1. We know that there is at least one curve A such that u(z)— oo
as z— oo along A. Let g map {{:|{| <1} one-to-one and conformally onto T with g(0)=0
and the prime end P to which A converges corresponding to the point { =1. (Recall that
since T is a J -tract, the impression of P must consist exactly of the point co0.) Set
h(z)=g~'(z). Transplanting the results of Theorem L to the unit disk and setting
U()=u(g({)), we deduce that

1+ “’J+C

U cRe——+ :Re , 6.3
(O=cRei™; Z oy (63)
where 0;#0, ¢=0 and ¢;=0 for j=1,2,...,n—1. Also by the Koebe Distortion
Theorem,

k)= (k<. (64)

We denote by t the segment [0,1). For aet, we write f=g(a), so that feT. As a—1
along 7, f— o0 along some curve I'=g(7) lying in T because the impression of the prime
end P that corresponds to the point {=1 consists only of the point co. We will prove
that

i

which gives (6.2).
Let the left hand side of (6.5) be denoted by p; obviously 0<p < + c0. Let {B,}>, be
a sequence of points on I' with f,— o0 and

|;(l|31",)2-»p (as k— o). (6.6)

Put o, =g~ }(By); then o, [0, 1), and a,—1 as k—oo. Now choose any positive number &.
Then there exists some number K such that

I;(f‘k’)’ <p+e (for k2K). 6.7)
Set
wi=u(By) = U(ay), (6.8)
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and note that (6.3) implies that

19
+Z Re J_+a"

i=1 T—oy

1+ak

U(ey)= c

Substituting for u(f;) in (6.7) and using (6.8) and (6.9), we obtain

1+ak

2 + Z ¢ Re a" < BY4p +e).

Putting a, ={ and f,=g({) in (6.4), we see that

|ﬂk| S—mJﬂL

—(1 _ak)z
< (1—mak)2 (O<a,<1).

Substituting for lﬁkl from (6.11) into (6.10), we obtain that

1+o, "t e, _ m'*(p+e)
¢;Re& % < k=K
‘1« +,§ S —a S (- (2K

which we then rewrite in the form

c(1+ak)+(1—a,,)nz ¢ Re + * < m'?(p+¢) (k=K).

Letting k— o0, we obtain

2c s m'?(p+e),

5t

(69)

(6.10)

(6.11)

since 0;#0 for j=1,2,...,n—1. Because ¢ is arbitrary, it follows that p>2c/m'’?, as

required.

REFERENCES

1. K. F. BartH, and D. A. Brannan, Asymptotic tracts of harmonic functions I, Ann. Acad.

Sci. Fenn. Series A.l1. Math. 11 (1986), 215-232.

2. K. F. BartH, D. A. Brannan and W. K. Havman, The growth of plane harmonic functions

along an asymptotic path, Proc. London Math. Soc. (3) 37 (1978), 363-384.

https://doi.org/10.1017/50013091500006180 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500006180

52 K. F. BARTH AND D. A. BRANNAN

3. D. A. Brannan, W. H. J. Fuchs, W. K. Hayman and U. Kuran, A characterisation of
harmonic polynomials in the plane, Proc. London Math. Soc. (3) 32 (1976), 213-229.

4. C. CaratHEODORY, Uber dic Begrenzung einfach zusammenhingender Gebiete, Math. Ann. 73
(1913), 323-370.

5. E. F. CoLLingwoop and A. J. LonwaTeR, The Theory of Cluster Sets (Cambridge University
Press, Cambridge, 1966).

6. L. FLatro, D. J. NewmMaN and H. S. Suariro, The level curves of harmonic functions, Trans.
Amer. Math. Soc. 123 (1966), 425-436.

7. W. H. J. Fuchs, Théorie de Papproximation des fonctions d’'une variable complexe (Séminaire
de Mathématiques Supérieures, No. 26 (Et¢, 1967), Les Presses de I'Universit¢ de Montréal,
Montréal, Canada, 1968).

8. W. K. Havman, Subharmonic Functions, Volume 2 (Academic Press, London, 1989).

9. M. H. Heins, Selected Topics in the Classical Theory of Functions of a Complex Variable
(Holt, Rinehart and Winston, New York, 1962).

10. A. J. LoHwATER, A uniqueness theorem for a class of harmonic functions, Proc. Amer. Math.
Soc. 3 (1952), 278-279.

11. G. R. MacLang, Asymptotic values of holomorphic functions (Rice University Studies, Vol.
49, No. 1, Winter 1963).

12. M. H. A. Newman, Elements of the Topology of Plane Sets of Points (Cambridge University
Press, Cambridge, 1964).

13. P. J. RirroN, The boundary behaviour of subharmonic functions, Ph.D. Thesis, Imperial
College, London (1977).

14. M. Tsun, Potential Theory in Modern Function Theory (Chelsea Pub. Co., New York,

1975).

SYRACUSE UNIVERSITY THe OpPEN UNIVERSITY

DEPARTMENT OF MATHEMATICS DEePARTMENT OF PURE MATHEMATICS
SYRACUSE WaLton HaLL

New York 13244 MitoN KEYynEs MK7 6AA

USA. Unitep KingDoMm

https://doi.org/10.1017/50013091500006180 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500006180

