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£2 C C". The existence of our functions will follow from universality criteria, but we also
show how to construct them. Then we study the connection between certain interpolating
sequences, runaway automorphisms, and the existence of universal functions on domains
in C".

Keywords Universal functions - Composition operators - Bounded analytic functions -
Asymptotic interpolating sequences - Automorphisms of domains in C"

Mathematics Subject Classification (2000) Primary 47B33; Secondary 46J15 - 30D50 -
32H02 - 32H50

0 Introduction

The study of universal functions began in 1929 when Birkhoff [4] proved that there exists
an entire function f such that the set of translates of f is dense, with respect to the topology
of uniform convergence on compact subsets of C, in the space of entire functions. Universal
functions have been studied in various contexts, but an underlying common theme is that
the domain has a sequence of automorphisms (¢,) and these automorphisms have the prop-
erty that there exists a function f such that {f o ¢, : n € N} is dense in an appropriate
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746 P. Gorkin et al.

topological space. The function f is called a universal function. Stated in operator theoretic
terms, universality looks like the following: given a sequence, (1), of bounded linear oper-
ators on a topological vector space X, a vector x is called universal if the set {7,,x : n € N}
is dense in X. The connection between these two concepts becomes apparent if the operators
T, are chosen to be composition operators Cy, where Cy, (f) = f o ¢;.

Some of the existence theorems obtained thus far are constructive, but they depend on
properties particular to the domain (see, for example, [3,5,11,15,20,21]). Most results are
nonconstructive and the existence of a universal vector comes about because of a universality
theorem based on a Baire-type argument. Gethner and Shapiro’s paper [9] is not constructive;
the importance of their paper comes from the fact that it unifies many of the existing theo-
rems. We will refer to theorems of the type discovered by Gethner and Shapiro as universality
criteria.

The setting in this paper is the following. We let £2 € CV be a domain, and denote by
H (£2) the space of holomorphic functions on 2. Throughout this paper we assume that
H®(£2), the space of all bounded holomorphic functions on £2, is not trivial. We consider
universal functions for H (§2) relative to self-maps, ¢,, of £2, as well as universal functions
for the closed unit ball Z = {f € H®(£2) : || flloo < 1} of H*°(£2): a function f € A is
universal for # or -universal with respect to (¢,,) if { f o ¢, : n € N} is dense in £ in the
compact open topology. In this paper, the first two sections contain preliminary information
as well as the universality theorems that we will need. In Sect. 3, we will establish the exis-
tence of Z-universal functions as a consequence of our universality criteria. In Sect. 4, we
will show how to construct such universal functions. For domains in which peak functions
are easily obtainable, this construction is quite explicit. We will also relate our results to the
current state of affairs.

Thus far, proofs of existence of universal functions for H (£2) have focused on a notion of
convergence to the boundary, which we now describe. A sequence of automorphisms, (¢;),
is said to be runaway ([3,20], [2, p. 24]) if for every compact set K C £2, there exists a natural
number n = n(K) such that K N ¢, (K) = . Working with an exhaustion sequence of com-
pact sets in §2 and passing to a subsequence, if necessary, we see that if we have a runaway
sequence of automorphisms (¢, ), we can choose a subsequence of (¢;) that has the property
that for each compact set K, there exists an integer n = n(K) such that ¢, (K) N K = ¢ for
allm > n.

In this paper we show that the existence of Z-universal functions is closely related to a
certain kind of interpolation: In previous work, Gorkin and Mortini [10] considered asymp-
totic interpolating sequences of type one; we recall that a sequence (z,) € 2V is called
an asymptotic interpolating sequence of type one for H°(£2) if for every (a,) € £°° with
sup |a,| < 1 there exists f in the unit ball 8 of H*°(£2) such that | f(z,) — a,| — O.
Sequences (w;) in §2 for which there exist f € % such that | f(w,)| — 1 and | f(w,)| < 1
play an important role in interpolation theory. In [10], for example, it was shown that every
such sequence contains an asymptotic interpolating sequence of type one for H°°(£2). Con-
versely, every asymptotic interpolating sequence (w, ) of type one has the property that there
exists a function f € H®(£2) of norm one such that | f(w,)| < 1 and | f(w,)| — 1 (see
[10]). Asymptotic interpolating sequences of type one are always plentiful in spaces in which
a point of the boundary is a peak point. In Sect. 4, we shall show that asymptotic interpolating
sequences of type one admit not only the possibility of approximating sequences of complex
numbers by elements in Z (that is, | f(z,) — a,| — 0), but they allow approximation of
functions; in other words, there exists a function F € H(£2) such that for any sequence
of bounded analytic functions h; € % we have |F o ¢; — hj o ¢;| — O uniformly on
compacta, where ¢; are holomorphic self-maps of §2 such that (¢;(z0)) jen contains an
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asymptotic interpolating subsequence of type one. We discuss the relationship between run-
away sequences of automorphisms and a sequence of automorphisms (¢;) such that there
is a point zg € £2 for which (¢;(z0)) contains an asymptotic interpolating sequence of type
one.

At this point an interesting question is what the existence of a runaway sequence of auto-
morphisms of a domain implies about the domain. We provide some examples of infinitely
connected domains that have runaway sequences of automorphisms. Our examples are slight
modifications of those that appeared in the recent survey article of Kim and Krantz [18]. The
relevant theorems for domains in CV are provided in this article as well.

1 The universality criterion

Let X be an F-space; that is, a complete metrizable topological vector space. A vector x € X
is called a universal vector for the sequence (7;,) of continuous linear operators on X if the
set {T,x : n € N} is dense in X. If T}, is the n-th iterate (or n-th power) of a single operator,
T, then x is called a hypercyclic vector and T is called hypercyclic also.

Let d be a translation invariant distance function inducing the metric topology of the
F-space X. If, in addition, X is locally convex and therefore a Fréchet space, we will also
consider a countable system {p, : n € N} of seminorms generating the topology of X. To
simplify our notation, welet || f|| = d(f, 0). Asusual, B;(y,8) = {x € X : d(x,y) < §}isa
d-ball. A basic open neighborhood of the origin will be of the form B = {x € X : [|x|| < &0}
or B = ﬂ?’:l{x € X :pj(x) <¢g;}forsomes; > 0.

Definition 1.1 Let B be a basic open neighborhood of the origin in X and let (7,) be a
sequence of continuous linear operators on X such that B is an invariant set for each 7,,; that
is, T,(B) € B forn € N. Then a vector x € B is called B-universal for (7)) if {T,x : n € N}
is dense in B.

We note that if x is a B, (0, §)-universal vector for the sequence of powers of an operator
T, then T is supercyclic; that is, {AT" : A € C, n € N} is dense in X.

The following is a version of the classical universality criterion of Gethner and Shapiro
([9, p. 283]) and Kitai [19]. For the reader’s convenience, we present the proof, which is a
slight modification of that in [9].

Theorem 1.2 (Universality criterion, first version) Let X be a separable F-space, B a basic
open neighborhood of the origin in X, M a closed subset of X and (T,) a sequence of
continuous linear operators on X. Suppose that for each n the operator T, has a right
inverse S, (not necessarily linear or continuous). In addition, suppose that there are two sets
Dy and Dy, Dy dense in B, D, dense in M, such that T, — Qon D and S,, — 0 on D»>. Then
there exists a Gs-set U that is dense in B, consisting of vectors x such that M is contained
in the closure of {T,x : n € N}.

We note that this theorem yields the existence of sets G, that are open in X, such that
U=N(G,NB).

Proof In case X is a Fréchet space, we let ||| - ||| be one of the seminorms {p; : j € N} used
to generate the topology of X. Without loss of generality, we may assume that B = {x € X :
[11x]|] < 1}. (The cases B = ﬂ;-v:l{x €X:pj(x) <egjland B ={x € X : [|x]|| < 1} work
in the same fashion.) Note that, as an open subset of X, the set B is a Baire space again. We
follow the proof of Gethner and Shapiro [9].
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748 P. Gorkin et al.

Fix a countable dense subset {y; : j € N} of M. For j, N,k € Nlet
V(j,N,k) ={x € B:||Tyx — yj|| < 1/k for somen > N}.
Each of these sets, being a union of sets of the form B N Tn_l (Bq(yj,1/k)), is open in B.
Since
u=MVU.N.k, (1.1)
i N k
if we show that each V (j, N, k) is dense in B, we may use the Baire category theorem to
obtain the desired conclusion.

To establish density, fix V = V(j, N, k). Letz € B. Choose § > O sothat§ < 1 —|||z]||.
We shall show that V N By(z,8) # @. Since the set D; is dense in B and D; dense in
M, we can choose zg € D; and yg € D, with min{|||z — zolll, ||z — zol]} < 8/2 and
[lyj — yoll < 1/(2k). Since the sequences T}, and S, converge pointwise to 0 on D; and D>,

respectively, we may choose m € N, m > N, such that simultaneously ||T;,z0l|| < 1/(2k)
and ||Syoll < /2. Write x = S, y0 + z0- Then x € B, since

Ml < 8/2+llzolll = 8/2+ |llz — zolll + [llzlll <é/2+8/2+1 -8 =1,
and x € By(z, §), since
d(x,2) = llx = zl| = llx = zoll + Iz — zoll = [ISmyoll + llz — zoll < 8/2+6/2.
Moreover, since T, S, is the identity map on X we have
ITmx = yill=1TnSmyo + Tmzo — y;lI<Ilyo = yjll + | Tmzoll < 1/(2k) +1/(2k)=1/k.
Sox eV.

We turn to a variant of the universality criterion. We call a set of the form ¢/, given in Eq.
(1.1) above, a G-set of (B, M)-universal vectors.

Theorem 1.3 (Universality criterion, second version) Let X be a separable F-space, B a
basic open neighborhood of the origin in X, M a closed subset of X and (T,) a sequence
of continuous linear operators on X. Let {t, ,, : n,m € N} be a doubly-indexed sequence
in B and {q,, : m € N} a countable dense subset of M. Suppose that T,, converges to 0 on
a dense subset of B and that for each m we have t, , — 0 asn — oo and Tty m — qm
as n — 00. Then there exists a Gs-set that is dense in B, consisting of (B, M)-universal
vectors for (Ty,).

Proof Let y, m = Tyty,m and
W(N,k,m)={x € B :||T,x — yu.ml| < 1/k for somen > N}.

Then, as before, it can be shown that W (N, k, m) is a dense open subset of B (just write
X = ty,m + 20 in place of S, yo + zo). Now the set of (B, M)-universal vectors equals the set

NN W,k m),

m N k

which, by Baire’s theorem, is a dense Gs-subset of B.

Of course, Theorems 1.2 and 1.3 are true when B and M are replaced by X.
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2 Universality theorems for H (£2) and H*(R2)

In this section, we consider the case in which the set X in the universality theorem above
is the space H (£2) of all holomorphic functions on a domain £2 € C¥ endowed with the
compact open topology. Before we turn to the special universality theorems, we isolate some
results that we will use repeatedly.

A translation invariant metric d on H (£2) inducing the compact-open topology is given
by

<~ s =gl
W= 2 T gl @D

n=1

where || f||, = max{| f(z)| : z € K} for some sequence (K,) of compact sets satisfying
K, € K., and U, K, = . All topological notions in this paper refer to the topology
induced by d.

We will be interested, primarily, in the space H°°(£2) of all bounded holomorphic func-
tionson £2.For f € H(82)let| flloo = sup,co | f(2)|andlet B ={f € H(82) : || flloc < 1}.
Using special versions of the universality criteria above, we shall give a necessary and suffi-
cient condition on the holomorphic maps ¢, for there to exist Z-universal functions relative
to the compact open topology. Our results depend on the fact presented below. Since we were
unable to locate a reference for it, we include the short proof here.

Proposition 2.1 Let 2 be a domain in CN. Then the sets H (§2) and H™ (82) are separable
in the compact open topology.

Proof Consider £2 as a subset of R?Y and H(£2) as a subspace of C(£2), the space of
continuous, complex-valued functions on £2. Using the Stone Weierstrass theorem, we can
approximate a continuous function uniformly on a compact subset K C §2 by a polynomial
in 2N real variables with coefficients in Q+i@Q. By exhausting £2 with an increasing sequence
of compact subsets, we see that C(§2) is separable in the compact open topology. Since this
topology is given by a metric, the subspaces H (£2) and H°(§2) are separable as well.

What is new to our approach to universal functions is the concept of asymptotic interpo-
lating sequence of type one introduced in [10].

Definition 2.2 A sequence (z,,) inadomain £2 € CV is said to be an asymptotic interpolating
sequence of type one if for every sequence (a,) of complex numbers with sup,, |a,| < I there
exists a function f in the unit ball 2 of H®°(§2) such that

| f(zn) — an| — 0.
The following lemma [10, Proposition 4.1], is essential to what follows.

Lemma 2.3 Suppose that H*(82) is non-trivial. Let (z,) be a sequence in $2. Then (z,)
contains an asymptotic interpolating subsequence of type one if there exists F € H™(§2)
such that ||F||lso = 1, |F(zn)| < 1 and |F(z,)| — 1. Conversely, if (z,,) is an asymptotic
interpolating sequence of type one, then there exists such a function F.

Note that any subsequence of an asymptotic interpolating sequence of type one is an
asymptotic interpolating sequence of type one, too.

In what follows we let D = {z € C : |z| < 1} denote the open unit disk and we let
pe(z,w) = sup{| f(z)| : f € A, f(w) = 0} denote the pseudohyperbolic metric in the
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algebra H°°(£2). (The reader is referred to [6] for general properties of the pseudohyperbol-
ic metric.) We note that if H°°(£2) does not separate points, then p is a semimetric. This is
the case, for example, if 2 = C x D.

Lemma 2.4 ([8,10]) (a) Let (a,b) € D x D and (o, B) € 0D x 0D. Then there is a unique

Mébius transformation v (z) = €' i 120 — = with Y(a) = b and ¥ (a) = B.
20

(b) Let (aj,b;) € D x D satisfy pD(al,az) = pp(b1, by). Then there exists a Mobius
transformation lI/ such that W (a;) = bj for j =1, 2.

Lemma 2.5 Let (z,,) be an asymptotic interpolating sequence of type one in a domain 2 C
CN. Thenforanya € 2 andn € D there exists f € 2 suchthat f(a) = nand f(z,) — —1.

Proof Since (z,) is an asymptotic interpolating sequence of type one, there exists a non-
constant function & € % such that h(z2,) — 1 and h(z2,4+1) — —1. Then g := —h%isa
nonconstant function in % and g(z,) — —1. By composing on the left with a Mobius trans-
formation v that satisfies ¥ (—1) = —1 and ¥ (g(a)) = n, we obtain the desired function

f=vog.

Lemma 2.6 Let (z,) be a sequence in §2 such that for some a € $2, po(zy,a) — 1. Then
there exists a sequence (fy,) in  such that f,,(z,) — —1 and f,(a) — 1.

Proof Fix n and choose g, € % so that g,(a) = 0and p), := |g,(zn)| > po(zn, a) (1 - %)

200
T+ = Pre

Thenn, — 1and p;, = pp(n,, —1,»). By Lemma 2.4, for each n, there exists a Mobius trans-
formation ¥, such that ¥,(0) = n, and ¥,(p,) = —n,. The function f, = ¥, o g, now
satisfies f,(a) = n, — land f,(z,) = ¥u(p;) = —np — —1L.

By rotating g, we may assume that g, (z,) = p,,. Now choose ,, € 10, 1[ such that

In the following, let Cy, be the composition operator associated with the symbol ¢,.
We are interested in Z-universal vectors for (¢,,). Note that Theorem 1.2 cannot be applied
directly, because # = {f € H(S2) : sup,c | f(z)| < 1} is not a basic open neighbor-
hood of the origin. One of our tools will be Birkhoff’s transitivity criterion (for example see
[13, p. 348]).

Birkhoff’s Criterion If(T),) is a sequence of continuous maps on a second-countable Baire
space X, then there exists a dense set of points x € X for which {T,(x) : n € N} isdensein X
if and only if for every pair of open sets U and V in X there exists n such that T,(U)NV # @.

Note that the set ¢ of such points, called universal elements, is givenby U = k U n Tn_1 (Up),
where {Uy : k € N} is a basis for the topology of X.

Theorem 2.7 (Y universality criterion) Let (Cg,) be a sequence of invertible composition
operators on H(S2).

(a) Let Y = H(82). Suppose that there are two dense sets Dy and D in Y such that
Cy, — Oon Dy and Cd;l — 0 on Dj. Then there exists a Gg-set that is dense in'Y,

consisting of Y -universal functions for (¢,) and (¢,; h.
(b) LetY = . Suppose that there are two dense sets D1 = {d, : n € N} and D> = {c?j :
Jj € N}in % and functions d,, ,, € % withlimd,, ;, = 1, such that Cy, — 0 on D and
m

C;nl — 0 on Dy. Suppose further that

{dy + (djdym) o ¢, j,m,neN) C B
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Bounded universal functions 751

Then there exists a Gs-set that is dense in B, consisting of B-universal functions for

(@n) and (¢, ")

We note that the set of universal functions that we find are functions 7 € Y for which
{h o ¢, : n € N} is locally uniformly dense in Y.

Proof Note that both H (£2) and # are Baire spaces with respect to the compact open topol-
ogy. The case Y = H(£2) follows from Theorem 1.2 by setting B =M =Y.

Now we consider Y = 4. The proof proceeds in the usual way but, in addition, requires
Birkhoff’s criterion stated above. Recall that || || = d(f, 0), where d is the usual distance
(2.1) in H(£2) and that d has the property that ||pflls < || f|la whenever ||p||o < 1.

Let U and V be two open sets in . Since D; and D; are dense in %, we may choose
d, € U and Jj € V. Lete > 0 be so small that Bd(dj, ) N B C V. Since Cy, converges
to 0 on Dy, there exists my € N such that ||d, o ¢|la < /2 for every m > myg. Since
dp.m — 1 asm — 00, there exists my > mg so that ||1 — d, |la < /2 for every m > m;.
By our hypothesis,

Hym=dy + djdym) o ¢, € B.
Hence, when m is big enough, H,, , € U (because Jj o ¢,;1 — 0asm — o0), and

1dj (@ = Dlla + lldn © $mlla < e
So, for some m,
Cpp (Hum) = dy 0 b +djdym € Ba(dj, &) N BV,
because
W Hym © dm — djlla < |ldn © ¢ + dj(dnm — Dlla < &

Hence Cy,, (U) NV # (. Thus we get a dense Gs-set of Z-universal functions for (¢,). But
Cy,, (U)NV # @ implies that U N C(;ml (V) # 0. Hence, by Birkhoff’s transitivity criterion,
there exists a dense Gs-set of Z-universal function for (¢,;1). The intersection of both sets
yields the dense Gs-set consisting of %-universal functions for (¢,) and (¢, DY

3 Getting universal functions from universality theorems

Now we apply these universality criteria to establish the existence of Z-universal functions
in H(£2), where £2 is a domain in CV. Let us begin with two elementary but useful results.

Lemma 3.1 Let (¢,,) be a sequence of self-maps of §2. If there exists a B-universal function
for (¢n), then for any zo € $2, (¢pn(20)) contains an asymptotic interpolating sequence of

type one.

Proof Let F denote the #-universal function. Then choose ¢, ; so that F o ¢,,; converges to
the constant function 1. Evaluation at any zo € £2 will yield a sequence (w;) := (¢, (z0)),
in £2 for which there exists a nonconstant function G of norm one, namely F, such that
G(w;) — 1. By Lemma 2.3, such sequences contain asymptotic interpolating sequences of
type one.
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Lemma 3.2 Let (¢,) be a sequence of self-maps of §2. If there exists zo € 2 such that
(¢n(20)) has an asymptotic interpolating subsequence of type one, then for each z € S2 the
sequence (¢, (2)) contains an asymptotic interpolating subsequence of type one, too.

Proof Without loss of generality we may assume that (¢, (zo)) is an asymptotic interpolating
sequence of type one. By Lemma 2.3, there exists a function f € % such that | f (¢, (z0))| —
1 and | f(¢n(z0))| < 1 for all n. By passing to a subsequence, we may assume that ((f o
¢n)(z0)) converges to a point o of modulus one. Thus, f o ¢, — « uniformly on compact
subsets. In particular, f(¢,(z)) — «. Again using Lemma 2.3 we see that (¢, (z)) has an
asymptotic interpolating subsequence of type one.

Lemma 3.3 Let (¢,,) be a sequence of automorphisms of 2 € CN. Suppose that for some
z0 € $2, (¢n(20)) is an asymptotic interpolating sequence of type one. Then there exist
functions k, € P such that

kpod¢, —> lasn — oo
and
knoonod, > —lasm — oo.

Proof Since ¢; is an automorphism and (¢, (z0)) is an asymptotic interpolating sequence
of type one, we see that ((d)ﬂ, o ¢’")(Z0))n is an asymptotic interpolating sequence of type
one, too. Hence, by Lemma 2.5, for each j we can find an element k; € % such that
kj(¢j(z0)) =1—1/j and k;(¢;(¢n(z0))) — —1 asm — oo. Note that since k; € # and
(kj o ¢j)(z0) — 1, we have kj o ¢; — 1 uniformly on compacta as j — oo. Also, since
(kjodjom)(zo) = —lasm — oo, we have kj o ¢ o ¢, — —1 uniformly on compacta
asm — o0.

We say that a function f € £ is a #-biuniversal function for (¢,) if {f o ¢, : n € N}
and {f o ¢, ! : n € N} are locally uniformly dense in .

Theorem 3.4 Let 2 € CVN be a domain for which H®(82) is non-trivial. Let (¢p) be a
sequence of automorphisms of §2 and let zo € 2. Then the following are equivalent.

(a) Thereis a subsequence (¢p,) of () such that both (¢n, (z0)) and (¢n’kl (z0)) are asymp-
totic interpolating sequences of type one.

(b) There exist a subsequence (¢y,) of (¢n), two sets D1 = {d, : n € N} and D) = {Jj :
J € N} dense in # and functions d,, ;, € % with d, , — 1 as m — 00, such that

C¢nk kiio 0 on Dy, C;ﬂi ki;o 0 on Dy and

{dy+djdyiody,' :j.n ke N} C 2.

(c) There exists a subsequence (¢, ;) of (@) for which (¢p ;(z0))j is an asymptotic inter-
polating sequence of type one and a B-biuniversal function f € B for (¢,) such that
the set { f o ¢n_,1 : j € N} is locally uniformly dense in A.

Proof (a) = (b): Since we know that, with respect to the compact open topology, H*°(§2)
is separable, the subset 4 is separable, also. Let {p, : n € N} and {¢g, : n € N} be count-
able dense subsets of . Now we are assuming that (¢, (zo)) is an asymptotic interpolating
sequence of type one (which we denote with the index m). Use Lemma 3.3 to obtain func-
tions k,, € 9 satisfying the conditions of that lemma for (¢,,(zp)). Consider the function
gi=U+kj)/2. Thengjop; — land gj o ¢ o ¢y el 0 uniformly on compacta.
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Now we also assume that (¢, ! (z0)) is an asymptotic interpolating sequence, so we may use
Lemma 3.3 to obtain functions k,,, € % satisfying the conditions of that lemma for (¢,;1 (z0)).
Consider the function #; = (1 4+k;)/2. Thenh;o¢;' — landhjo¢:' o' — 0

J J J Jj J Jj mo o
uniformly on compacta.

Let
Dy = {dy := pu(gn o $n)* :n € N}
and
Dy =1{dj :=q;(h; o¢]f1) :j eN}.

Since g, 0o ¢, — land hj o ¢71 — 1 uniformly on compacta, both Dj and D, are dense
in % (Here we have used the fact that 2, as a convex set in a topological vector space, does
not contain any isolated point). Finally, let

dpm =1 —kpog,o ¢m)2/4-
Then d, ,, — 1 asm — oo. Note thatd, = p,(1 +k, o ¢n)2/4. Since

1
ZW+MO%V+H—MO%HSL

we conclude that d,, + den,m o ¢njl € B foreveryn,m, j € N.

Moreover Cy,, (dn) = (Pn © ) (gn © P o pm)? — 0asm — oo since g, o Py oy — 0
as m — oo. Similarly, C@;'(Jj) = (g o dp") (hj oqu_l o¢r;1) — 0asm — oo.

(b) = (c): By Theorem 2.7 there exists a Gs-set of Z-biuniversal functions for the
sequence (¢, ) that is dense in 4. Take one such #-universal function, F'. By Lemma 3.1,
there exists a subsequence (¢nk4) so that (¢, ke (z0))¢ is an asymptotic interpolating sequence
of type one. By assumption, Theorem 2.7 applies. Thus we get a #-biuniversal function for
the sequence (¢>,,,% ).

() = (a): Let (¢n; (20)) be an asymptotic interpolating sequence of type one and f a
ZB-biuniversal function of norm one such that the set { f o ¢n_j L. j € N} is dense in 4. So,
for some subsequence, (¢)”’j11( ), we see that f o ¢’7/11 — 1 uniformly on compacta. By Lemma

2.3, (qbn_jl (z0)) contains an asymptotic interpolating sequence of type one.

Now we establish the existence of universal functions for invertible composition operators
Cy, for which (¢, (z0)) contains an asymptotic interpolating sequence of type one for some
Zo € £2, but no information is available about (¢, by,

Theorem 3.5 Suppose that 2 C CV is a domain for which H*®(§2) is nontrivial. Let (¢p,)
be a sequence of automorphisms of §2. Then there exists a B-universal function for (¢,) if
and only if for some 7o € $2 (and hence for all 7 € §2) the sequence (¢,(z0)) contains an
asymptotic interpolating sequence of type one.

Proof 1f there exists a #-universal function for (¢, ), then Lemma 3.1 implies that (¢, (z0))
contains an asymptotic interpolating sequence of type one.

Now suppose that (¢, (z0)) contains an asymptotic interpolating sequence of type one
(which we denote with the index n again). We claim that there is a sequence f, € 2 such
that f,, — Oand f, o ¢, — 1 uniformly on compacta. We will use f;, to build our universal
functions. To verify our claim, use Lemma 2.5 to choose f € 4 so that f(¢,(z9)) — 1 and

@ Springer



754 P. Gorkin et al.

f(zo) = 0. Then, by definition of the pseudohyperbolic distance, pg (zo, $n(z0)) — 1. By
Lemma 2.6, there exist h,, € % with h,(z9) — —1 and h, (¢, (z0)) — 1. By the maximum

principle, h, — —1 and h, o ¢, — 1 uniformly on compacta in £2. Let f, = (%)2
Then f, € 4, f, — 0and f, o ¢, — 1, as claimed.

Let {p,, : m € N} be dense in # in the compact open topology. We take our motiva-
tion from Theorem 1.3: we construct functions g, ,, such that g, , — 0 asn — oo and
&n.m © ¢n — pm. To do this, define the functions g, , on §2 by

8n.m = (pm ° ¢;l) Jn- 3.D

Then, because p,, is a bounded function, g, , — 0 asn — oo, and, for every m, we have
8n,m © Py —> Pm aSN — 00.
By construction, the set

1—h,\? .
DIZ Fn,j = 5 pj:n,j eN

is dense in 4. Moreover,
gnm| + [Fu il < 1ful +1F il < 1(14R2)2 /41 + (1 — hy)? /4] < 1. (3.2)

Therefore, g m + Fu,j € 5.

We now verify that {Cy, : n € N} satisfies Birkhoff’s Universality Criterion for Baire
spaces. So let U and V be open sets in %. We must show that there exists n such that
Cy,(U)NV £ @. Letu € U. Choose ¢ > 0 so that By(u, &) N % € U. Since V is open,
we may choose p,, € V. Now Dj is dense in 4, so this together with the definition implies
that there exists jo and ng such that F;, j, € By(u, &/2) N % C U forn > ng. Now consider
the functions

Gum,jo = 8nm + Fu jo-

By (3.2), Gy m,j, € % for each n and m. But g, ,, — 0 as n — 00, so there exists n such
that ||gn.mlla < €/2 for n > ny. Hence, for n > max{ng, n1}, we have

UGnm,jo — ulla = 118nmlla + 1Fn jo —ulla <€/2+¢/2 =¢.

So we may choose n so large that G, j, € U. On the other hand, since h,, o ¢, — 1,

Fu jo oo = (%)2 (pjoodn) —> Oasn — o0
o)

Gum,jo ©On = um © Gn + Fu jo o by — pm €V,
as n — oo. Therefore, for n large, we must have

Gum,joodn €V.

Consequently, Cy, (U) NV # ¢, concluding the proof.

Corollary 3.6 Let (¢,) be a sequence of automorphisms of a domain 2 € CN. Then the
existence of a %-universal function for (¢,) implies that for some subsequence, (¢n,), of
(¢n) the composition operators C%k satisfy the hypothesis of Theorem 2.7 (b).
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Proof Let f be a #-universal function for (¢,) and fix zo € $2. Then, for some subse-
quence, (¢, (z0)) is an asymptotic interpolating sequence of type one. By Theorem 3.5,
there exists a Z-universal function for the sequence (¢,,). This means that whenever U
and V are open sets in %, there exists k such that C¢nk (U) NV # @. This implies that

unc, Il (V) # ¢. Hence, by Birkhoff’s transitivity criterion, there exists a Z-universal

function for (¢’Jkl)« Thus, for some subsequence, (¢':l(; (z0)) is an asymptotic interpolating
sequence of type one. Of course, as a subsequence of (¢, (z0)), the sequence (¢,,k( (z0)) is
an asymptotic interpolating sequence of type one, too. Hence, by Theorem 3.4, (a) = (b),
we see that (C%k) satisfies the hypothesis of Theorem 2.7 (b)

Bernal-Gonzalez and Montes-Rodriguez ([3,21]) showed that for a planar domain §2 not
conformally equivalent to C \ {0} (see also [2, p. 24]) there exists a function f € H(2) for
which {f o ¢, : n € N} is dense in H(£2) if and only if the sequence of automorphisms
(¢n) is arunaway sequence. The corollary below complements and, under certain conditions,
extends this result to domains in CV.

Corollary 3.7 Let 2 be a domain in CV such that H®(82) is locally uniformly dense in
H (82). Suppose that (¢,,) is a sequence of automorphisms of §2 such that for some zg € §2
the sequence (¢, (z0)) contains an asymptotic interpolating subsequence of type one. Then
there exists a function f € H(S2) for which the set {f o ¢, : n € N} is locally uniformly
dense in H(S2).

Proof Suppose that H*(£2) is dense in H (£2). Then we can choose a countable dense set
{pm : m € N} of bounded functions in H (£2). Without loss of generality we may assume
that (¢, (z0)) is an asymptotic interpolating sequence of type one. Let k,, be the functions
constructed in Lemma 3.3 and let g,, = (1+k,)/2. Then g,0¢,, — 1and g,0¢,0¢,, — Oas
m — oo.Hence D1 = {p,(gno¢,) : n € N}isdensein H (§2) and Cyp, convergestoOon Dy.
As in the proof of Theorem 3.5, (see (3.1)), we consider the functions t,, ,, = (pm o ¢, DY
They satisty t,, ,, = 0 asn — oo and t, ,, 0 ¢, — p; as n — oo. Hence, by Theorem 1.3,
this yields a Gg-set of H (§2)-universal functions.

Examples of sets in C for which H*°(£2) is locally uniformly dense in H (£2) include planar
domains for which all components of the complement have nonempty interior. Domains for
which H°(£2) is not dense include sets £2 C C for which the complement has components
that are Painlevé null sets, for example, D \ {0}.

4 Constructing universal functions
Thus far, we have shown how the existence of universal functions can be derived from the

universality theorems. In this section, we show how Z-universal functions can be constructed.

Lemma 4.1 Assume that 2 < CV is a domain Sfor which H®®(82) is non-trivial. Let (w,)
be an asymptotic interpolating sequence of type one in §2 and let € j > O for each j, k € N.
Then there exists a subsequence (z;) of (w,) and functions f; and g; in % satisfying:

fi(zj) — land g;(z;) — O, “4.1)
|fil+ gl < 1, 4.2)
fizi) =0 for k < j, 4.3)
| fi )| < (ejx)* for k > j, (4.4)
[l —gj(zk)| < 2¢j for k > j. 4.5)
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Proof The proof will be by induction. Let (&) be a sequence of positive numbers satisfying
gj — 0.Letn = 1. Since (w;) is an asymptotic interpolating sequence of type one, there
exists a nonconstant function p € % such that p(w;) — —1. Choose z1 € {w; : j € N}
so that |p(z1)| > 1 — 2¢1. By composing on the left with a Mobius transformation, v, of
D onto D satisfying 1 (—1) = —1 and ¥ (p(Z1)) = |p(z1)], we see that at z; the value

2 2
of p| := V¥ o p is positive. Let f| = (H'zpl) and g| = (1—2p1) . Then | fi] + g1l = 1,

|fi@D] > (1= e [g1z)] < f, and fi(w)) — 0.
Now assume that for j = 1,...,n — I the functions p;, f; and g; and the points

N2 N\ 2
zj e{wm:meN}havebeenchosensothatfj:Bj(lgp’) andgj:(l%) for some

B; € %, where p; = ¥ o p for some holomorphic self-map ; of D fixing the point —1
and sending p(z;) to |p(z;)|.
Fora € D, let ¥,(§) = 1”__5 and for j = 1,...,n — 1, let b; = Iﬂp(z,-) o p and

ak
B, :=by---by_1.Then B,(z;) =0for j =1,...,n—1.Since p(w;,) = —lasm — oo,
we may choose z, € {wy,, : m € N}\ {z1, ..., z,—1} such that
|Bn(zp)| ~ 1 and |p(zp)| ~ 1, (4.6)
and
lpj(zn) +1| <2¢j,for j=1,...,n—1. “@.7
Composing on the left with a Mobius transformation v, satisfying ¢, (—1) = —1 and

Y (p(zn)) = | p(zn)|, we obtain a function p, := ¥, o p whose value at z,, is positive and
close to one.
1

2 2
Let f, = Bn(";”") and g, = (‘TP) _Then f,(z;) = Ofor j = 1,....n— 1,
[ful +lgnl < 1, fu(zn) ~ 1, gn(zn) ~ 0, fu(wp) — 0as m — oo. Moreover

2

14 pi(za)
% < (ejn)?

Ifjzn)l =

1_(%)2\:]”(%)’ (L))
2 2 2

1+pj(Zn)
2

and

1 —gj(z)| =

<2

528jn.

whenever 1 < j <n — 1.

We remark that if, in the lemma above, the sequence (w,) has the form w,, = ¢,(z0)
for some self-map ¢, of £2, then for some subsequence (¢y;), the functions f, o ¢,; tend
to 0 locally uniformly in £2 as j — oo. Indeed, since z; is a subsequence of w,, we have
Zj = ¢n; (20) and so

Pn(Pn;(20)) = pn(zj) = ¥n(p(z)) = Yu(=1) = -1

Since || pplloo < 1, we know that p, o ¢,; — —1 uniformly on compacta as j — co. Hence

1+pno<z>n_,)2

Jno (bn_,- = (Byo ¢n_,») ( )

tends to 0 uniformly on compacta as j — oo.
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The following lemma is a version of a result in [1].
Lemma 4.2 Letaj, b be complex numbers such that |a;| + |b;j| < 1. Then for every N
lar| + la2bi| + lazbiba| + - - - + laybiba .. .by—1] < 1.
The following result will be crucial to our construction of universal functions.

Theorem 4.3 Assume that 2 € CV is a domain for which H®(§2) is non-trivial. Let (¢p)
be a sequence of self-mappings of §2. Suppose that for some zo € 2 the sequence (¢, (z0))
contains an asymptotic interpolating sequence of type one for H*(82). Then there exists a
subsequence (¢, j) of (¢n) such that for any sequence (h ;) of functions in % there exists a
Junction F € % such that |F o ¢, — hj o ¢y ;| — 0 uniformly on compacta in £2.

Proof Let (w,,) be a subsequence of (¢, (zp)) that is an asymptotic interpolating sequence
of type one for H°°(£2). Use Lemma 4.1 to choose functions f; and g; and a subsequence
(z;) of (wy) satisfying (4.1)~(4.5) with € = 1/2/7%+1 Let gy := 1. By Lemma 4.2, we
have that 220:1 | fng1 - gn—1] < 1. We show that the function

F =2 h(fagl - gn-1)

n=1

is the desired function. Applying Montel’s theorem and Vitali’s theorem, we conclude that
F € H*®(£2) and ||F||oc < 1. Note that by the choice of the z; we have z; = ®n, (o) for
some n;.

Claim (fjg)---gj—1)o¢n, tends to 1 uniformly on compacta.
To show this, note that

(fig1--gj—1)(Pn;(z0) = (fig1--&j—1)())-

We will apply Lemma 4.1. Applying the inequality |1 — [, ax| < D lax — 1| for |ax| < 1,
we obtain
j—1
((figr-gi-1) @) — 1 =1fiG) [[e@p -1l <
k=1
j—1

j—1
S =+ D s =11 < g +2D> ey =
k=1

=1 4.1),4.5)
j—1
=g +222—k—]—1 <g+277 >0asj— oo
k=1
But

|(fig1---8j-1) o pn;| < 1.

By a normal families argument and the maximum principle, we conclude that the sequence
( fig1---g j—l) o ¢n; —> 1 uniformly on compacta. This completes the proof of the claim.
Now we evaluate F at z; to obtain

F(zj) =2 e j @) (fug1 - gn—1)(z)) + hj(z))(fjg1---gj-1)(zj) +
+Zn:n>j hu(z;)(fng1 - gn—1)(2;).
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By (4.3) the third summand is zero and by (4.4) the first summand is majorized by
> it <o
nn<j
Hence
Jll)ngo [F(zj) —hj(z;)(fig1---gj—1)(z;)| =0. 4.8)

Note that if we write w = &n; (z) we get

|Fo¢u;(z) = (hjodn)@I(figrgi—1)0dn ]+ (figr-gi—1)0dn; (2]
<2z | fugr - gD+ [(fjg1 - gj—1)(w)]
<Dt (a1 gD w)| < 1.
In other words,
|Fogu, —(hjodua)[(fig1 - 8j—1)odu, ]+ (fig1 - gj—1)odn;| =1. (49

Evaluating at zo, recalling that z; = &n; (20) in (4.8), and using the fact that
(fig1 - 8j—1)(én;(z0)) tends to 1, we see that

(F o, — (hjodu)(fig1--8j—1)obn; |+ (fig1--gi-1) o¢nj)(zo) — 1.
Again by the maximum principle, (4.9) implies that
Fogn, —(hjodn)|[(figrgi-1)0¢n ]+ (fig1---gi—1)o¢s, =1

uniformly on compacta. Since (fjg1---g;j—1) © ¢n; tends to 1, we deduce that

Fogn —(hjou)[(figr - 8j-1)0bn] >0
uniformly on compacta. Thus
|Fogn, —hjodn| <|Fopu, —(hjodu)[(fign-gj-1)o0du ]|+
+[hjodn; — (hjodu)[(figr--gj-1) 0 du;]| <
= |F o ¢n; — (hj °¢ﬂj)[(fjgl "'gjfl) O¢”j]|+|l - (fjgl "'gjfl) 0¢n,] -0

uniformly on compacta. This proves that, with the compact open topology on H(£2), the
accumulation points (in H (§2)) of the sets {F o ¢, : j € N} and {hj o ¢, : j € N} are the
same.

We point out that the subsequence (¢>n_,~) is independent of the approximating sequence
(hm). This subsequence, which came from Lemma 4.1, was chosen so that ¢, ; (z0) tended
very quickly to the boundary.

We are now ready to exhibit, in the most general setting, an explicit formula for a
Z-universal function associated with the composition operators Cg, on H°(£2). The
following proofs stand in contrast to the proofs of Theorem 3.5 in that Theorem 3.5
relied solely on our universality criteria (Theorem 2.7), while the proof of Theorem 4.4,
below, is constructive.

Theorem 4.4 Let 2 € CV be a domain for which H* ($2) is non-trivial. Suppose that (¢,,)
is a sequence of automorphisms such that (¢,(z9)) contains an asymptotic interpolating
sequence of type one for H°(82). Then there exists a B-universal function F, that is, there
is a function F € A for which the set {F o ¢,, : n € N} is locally uniformly dense in 2.
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Proof Since H®(£2) is separable, its unit ball £ is separable, too. Hence there exists a
countable dense subset {p; : j € N} in Z. Let ¢,; be the subsequence above. Define
hj = pjo ¢n_jl. Then h; € # and p; = hj o ¢;. By Theorem 4.3 there exists a function
F e #Zsuchthat |F oy, —hjody;|=I|Fo¢,, — pjl — 0locally uniformly in £2. Then
F is the desired universal function.

5 Asymptotic interpolating sequences and runaway automorphisms

If we assume our domain is bounded, we can recover a standard approach in this area. We
let C denote the extended complex plane.

Corollary 5.1 Assume that 2 C C is a bounded domain such that:

1. the boundary of §2 does not contain any component that is a singleton and
2. there exists a runaway sequence of automorphisms (¢,) of §2.

Then there exists a function f in the unit ball 2 of H*(§2) such that { f o ¢,, : n € N} is
dense in % in the compact open topology.

Proof Suppose that for every compact set K C §2 there exists an integer n = n(K) such
that ¢,,(K) N K = @ for all m > n(K). In particular, for every z € £2, the sequence (¢, (z))
converges to the boundary of £2, denoted 9£2. Fix a point zg € £2. Since £2 is bounded, there
exists £ € 02 and a subsequence wy = ¢, (zo) such that wy — &. Let E¢ be the connected
component of C\ £2 that contains &. Then E ¢ is closed and & is a boundary point of E¢. By a
topological argument (see [22, p. 78, Theorem 3.2]), the set U := C\ E¢ is a connected set
in C and £2 C U. Since E¢ is connected, U is a simply connected domain in €. Let R be the
Riemann map of U onto the unit disk D with R(co) = 0. Now, there exists a subsequence
(wg;) of (wy) such that R(wg;) converges to the boundary of D, say lim R(wg;) = 1. Let
p(z) = (142z2)/2 be the peak function for A (D) associated with the point 1 and let f = poR.
Then f € H®°(£2) and has norm one. Moreover, lim S(wk;) = 1and | f(wg;)| < 1. Hence,
by Lemma 2.3, (wy; ) admits an asymptotic interpolating sequence of type one and, therefore,
so does (¢, (z0)). Consequently, Theorem 4.4 implies the result.

Example 2 in the next section shows that there exist infinitely connected unbounded
domains £2 € C such that the iterates of an automorphism converge to a boundary point that
is a non-isolated component of the boundary of £2.

We will say that a boundary point £ of a bounded domain 22 € CV is an H>(2)-peak
point if there exists a function f of norm one, called a peak function, such that lim ot f) =

Z€

1 and lim sup o | f(2)] < 1 for every boundary point n # &.

Proposition 5.2 Let 2 € CN be a bounded domain such that every boundary point is an
H®>(82)-peak point. Then the existence of a runaway sequence of automorphisms for 2
implies the existence of #-universal functions.

Proof 1f (¢,) is a runaway sequence, then given zg € §2, there exists a subsequence (qbnk) of
(¢n) such that (d)n " (Z())) converges to aboundary point &. By our hypothesis, £ is a peak point.
The associated peak function g satisfies ||g|lococ < 1 and g (d),,k (z())) — 1. By Lemma 2.3,
(d),, " (zg)) has an asymptotic interpolating subsequence and so Theorem 4.4 implies the result.

Theorem 5.3 Let §2 be a bounded domain in C. Suppose that (¢y,) is a sequence of auto-
morphisms of §2 and let zo € S2. Then the following are equivalent.
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(a) The sequence (¢, (z0)) contains an asymptotic interpolating subsequence of type one.
(b) There is a B-universal function for the sequence (¢p,).

Each of these conditions implies
(c) The sequence (¢y,) is runaway.

If, in addition, $2 satisfies condition (1) of Corollary 5.1, then (a), (b) and (c) are equiv-
alent.

Proof The equivalence of (a) and (b) follows from Theorem 4.4 and Lemma 3.1.

We prove that (a) implies (c): Without loss of generality, let us assume that (¢, (z0)) is an
asymptotic interpolating sequence of type one. Suppose that (¢,,) is not runaway. Then there
exists a compact set K C £2 such that for all n we have ¢, (K) N K # (. Hence there is a
sequence (&,) in K such that ¢, (§,) € K foralln. Letn; be chosen so thatlim ®n; (&,,j) =10
exists. Let w, := ¢, (z0). Since (w,) is assumed to be an asymptotic interpolating sequence
of type one, there exists a function H, of norm one, such that H(w,) — 1 and |H (w,)| < 1
for all n. Consider the sequence of functions (H o ¢,). Since this sequence is bounded by 1
and converges to a value of modulus 1 at zgp € §2, we know that the sequence converges to the
value 1 on compact subsets of the domain. Thus, we conclude that for each € > 0, there exists
n(K) such thatsup e g [H oy (z) — 1| < € forn > n(K). Therefore (H o ¢y;)(§n;) — 1.1In
particular, H (no) has modulus 1. Thus, applying the maximum modulus theorem, we con-
clude that H is constant. This contradiction implies that the sequence (¢, (z¢)) is runaway;
hence we get (c). Now, if additionally condition (1) of Corollary 5.1 holds, then the same
corollary implies that (b) holds, completing the proof of this theorem.

6 Examples

Let Aut(£2) denote the group of automorphisms on the domain §2. We note that a finitely
connected domain in C with at least two holes cannot have a sequence of runaway auto-
morphisms (see [16]), because Aut(£2) is compact in these cases. However, an infinitely
connected set can have such a sequence. Kim and Krantz’s recent article [18] contains many
relevant examples and comments.

Combining information from several sources, we obtain the following for an infinitely
connected domain £2 C C.

Proposition 6.1 For an infinitely connected domain §2 C C, the following are equivalent.

Aut($2) is infinite.

Aut($2) contains a runaway sequence.

Aut($2) is not compact.

There exists a sequence (¢p,) in Aut($§2) such that for some (every) zo € §2 the sequence
(¢n(20)) tends to 052.

5. Forall zg € 2 there exists ¢, € Aut(§2) and & € 082 such that ¢, (zg9) — &.

-

Proof The equivalence of (1) and (2) appears in ([21, p. 194]). The equivalence of (3) and
(4) can be found in [18]. It is clear that (3) implies (1), (2) implies (5), and (5) implies (4).

The following example of an infinitely connected domain with a runaway sequence of
automorphisms, appeared in [18].

Example 1 [18, Example 2.1] Let D be the unit disk in the plane and K = {z € C : |z]| <
1/10}. The automorphism ¢ is defined by
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z—1/2
1—(1/2)z
Let ¢l/1 denote the j-fold iterate, (j € Z). The domain £2 is given by

¢(2) =

2:=D\ (J ¢"x).

j=—00

Since each ¢l/1 is an automorphism of £2, it is clear that there are infinitely many automor-
phisms of §2. Further, it is noted in [18] that

371

. Z— 57
[j] _ 3741
¢ = —=
3/+1
Therefore, for any point zo € £2, lim;_, ¢[j](z()) = —1 and so ¢[j] — —1 uniformly

on compacta. Thus, (¢l/1) is an example of a runaway sequence of automorphisms on an
infinitely connected domain. By Corollary 5.1, §2 therefore admits Z-universal functions.

Example 2 Let P be the set of poles of the iterates ¢l/1 above. Now let £2 be defined as

9:@\[ U qu(K)UP].

j=—00

Again, Ul € Aut(£2). Here the (positive) iterates converge to the boundary point —1, which
is itself a component for 9£2. Using the peak point criterion of Melnikov-Gamelin-Garnett
[7], it can be shown that —1 is a peak point for H>°(£2). Hence, by Lemma 2.3, the sequence
(d) [n] (Z())) admits an asymptotic interpolating sequence of type one, and so, by Theorem 3.5,
this domain §2 admits Z-universal functions.

By the results of this paper, if 2 € CV is a domain for which there exists a sequence
(¢pn) of automorphisms and a non-constant function f € 4 that is extremal on the orbit of
zo under (¢y,), (i.e. if | f(¢n(20))| — 1), then the sequence of composition operators (Cy,)
admits a Z-universal vector. Examples of such domains in C" include the ball, the polydisk
DV (see [23, p. 167]) and the “complex ellipsoids”

Evm={(z1,22) € C*: 21> + |22 < 1)

(see [18, p. 593, 597] and [17, p. 273]). Note that if (¢,) is a sequence of automorphisms of

the polydisk DV such that ¢, (0) converges to a point & = (a1, ..., ay) of the topological

boundary of DN (say a1 = 1), then the function p(z1,---,zn) = (1 + z1)/2 is a function

that converges to 1 on the orbit (¢, (0)); hence our theory can be applied. In particular the
Z+r,

automorphisms ¢, (z, w) = w) admit %-universal functions whenever r, — 1,

I+ryz°
although the orbits do not accumulate at points on the distinguished boundary T x T. Let us
also mention that in all of these three examples the analogue of Theorem 5.3 holds.

It is clear that if the automorphism group of a domain £2 in CV is compact, then this
domain does not carry % or H (£2)-universal functions. As an example in C> we mention the

complex ellipsoid
Exp ={(z1,22) € C? i |z1[* + |22l < 1),

(see [18, p. 595)).
We close the paper with a few remarks about composition operators for which the symbol
is not an automorphism.
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()]

(@)

In order that the iterates ¢ of a self-map ¢ of a domain £2 € CV admit a universal
function F, ¢ must be injective. In fact, if it were the case that ¢ (z) = ¢(w), then
¢"(z) = ¢p"l(w) for every n. Since F is assumed to be universal, there would exist
a subsequence (¢"71) such that F o ¢"i1 converges to the identity function uniformly
on compacta and, therefore, z = w.

A further necessary condition for a sequence ¢, : D — D to admit a universal function
is that lim sup,, |¢;, (0)|/(1 — ¢, (0) |2) = 1. To see this, let F be universal and say Fogy,
tends to the identity. Then, taking derivatives and evaluating at the origin we obtain

GO
1= [ (0)]?

By Schwarz’s lemma these two expressions are less than one in modulus. Hence
6, (0)]/ (1 — |$4(0)]*) must tend to 1.

F'($(0))¢;,0) = [(1 = 12 (O)) F (0 (0))] [
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