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Suppose H*(D)[F] is the closed algebra on the disk gen-
erated by H*(D) and a countable collection F of bounded
harmonic functions. Given g € L*°(D) we give a method for
calculating the distance from g to H*(D)[F] (in the L* norm).
As applications we compute the Bourgain closures of such al-
gebras and give a new proof of a result of Axler and Shields.

1. Introduction.

Let H*(D) denote the algebra of bounded holomorphic functions on the
unit disk, D. If F is a collection (finite or countable) of bounded harmonic
functions on the disk let H>(D)[F] denote the algebra generated by H>(D)U
F (i.e., the smallest algebra containing H*(D) U F which is closed with
respect to the supremum norm on D). The purpose of this paper is to
give a method for estimating dist(g, H*(D)[F]) (in the L* norm) for any
g € L>*(D).

Let M be the maximal ideal space of H>(D). This is a compactification of
D to which every bounded harmonic function has a continuous extension (see
[6] for the definition and basic facts). Suppose f is a real valued, bounded
harmonic function on D and let f also denote its continuous extension to
M. For each a € R let E, = {¢ € M : f(¢) = a}. Then Shilov’s theorem
(e.g., Theorem II1.2.20 of [13]) in this case implies that for any g € C(M),

(1.1) dist(g, H*(D)[f]) = sup dist(g|z,, H™(D)|k. )-

In particular, g € H*(D)[f] iff for every a € R, g|g, € H*(D)|g, .
We will extend this in several ways. Roughly speaking,

(1) We will formulate the distance formula in a way that makes sense
for all g € L*(D), not just those with a continuous extension to M.
Unfortunately, this reformulation looks much messier since we can no
longer refer to g|p where E C M, but must state everything in terms
of open sets in the disk.

(2) We will consider complex valued harmonic functions. This introduces
further complications because the distance formula now involves level
sets of auxiliary functions instead of the original generating set.
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(3) We will allow finite and countable infinite collections of functions. In-
stead of level sets of individual functions we will consider joint level
sets, but otherwise nothing much changes.

(4) We will allow certain generating functions in C(M) which need not
be harmonic. However, the class of functions we allow is very closely
related to harmonic functions.

The precise statements require some more notation and will be given in
the following sections. I thank Joe Cima, Pam Gorkin, Peter Jones, Karel
Stroethoff and Tom Wolff for very helpful comments and conversations:on
various aspects of this paper. This paper is a shortened version of an earlier
preprint entitled “Some characterizations of algebras on the disk” which also
recovered several known results using the techniques in this paper. Many
errors in the original version have been corrected due to the suggestions of
the referees. They have greatly improved the quality of the paper and I am
very grateful for their help.

2. The distance formula for algebras with one generator.

In this section we state Theorem 2.1 which gives the formula for
dist(g, H*(D)[f]) where f is a single harmonic function onD and g € L*> (D).
For many applications, this is the most interesting case. In the next section
we will give the statement for algebras with more than one harmonic gener-

ator.
If f is a bounded harmonic function write f = u + v = Re(f) + 7 Im(f)
and set

1 “ ey Loz o m
h=5((+v7) —i(v — ) = 5(f +if"),

(the “*” denotes harmonic conjugation, normalized so f*(0) = 0). Then A
is holomorphic and, though it need not be bounded, it is in BMOA(D) (see
[8] for definition). Moreover, h is constant iff f is holomorphic.

Given a function f on the disk, a € C and § > 0 let

Qs(a,0) = f7(D(a,0)) ={z €D:|f(2z) —a] < }.
For convenience, given an open set 2 C D we will write

dist(g, H*(Q2)) = Ge;}g(ﬂ) llgle — G”L""(Q,dzdy)-

If Q is empty, we interpret the distance as 0.

Theorem 2.1. If f is a bounded harmonic function on D and g € L*°(D)
then

dist(g, H*(D)[f]) = inf sup dist(g, H** (24 (a, 9)))-
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If we assume f is anti-holomorphic then h = f so Q4(a, ) = Q;(@,s) and
hence Theorem 2.1 is valid with €, replaced with ;. In this case we obtain
a more natural looking result.

Corollary 2.2. If f € H*(D) and g € L®(D) then
dist(g, H(D)[f]) = inf sup dist(g, H=(2(a, 6)))-
>0 4eC
Constant functions are examples of holomorphic functions, so one trivial
(but useful) special case is

Corollary 2.3. If f € H®(D) and g € L®(D) then
dist(g, H*(D)[f]) < ‘isnf sup dist(g, Clg, (a,5))
>0 geC

where dist(g, Clg, (s,6)) denotes the distance of g to the constants on Q(a, ).

If ¢ is a uniformly continuous function on the plane then ¢ o h is close to
constant on any set where h is close to constant, in particular on the sets
Q(a,d). Thus

Corollary 2.4. If ¢ is uniformly continuous on C then poh € H®(D)|f].

If f € H°(D) and ¢ : C — C is continuous then this implies p o f €
H>(D)[f]. However, this particular consequence is much easier than The-
orem 2.1. The function ¢ can be uniformly approximated by a polynomial
P(z,y) on the closure of f’s range and it’s easy to see that if f € H>(D) then
Re(f),Im(f) € H*(D)[f]. Thus P(Re(f),Im(f)) uniformly approximates
o f and is in H*(D)[f]-

Next we consider what happens in Theorem 2.1 when f is real valued.

Corollary 2.5. If f is a real valued, bounded harmonic function on D and
g € L*(D) then

dist(g, H*(D)[f]) = inf sup dist(g, H*(Q4(a, 9)))-

Proof. The holomorphic function h corresponding to f is h = f+if*. There-
fore, if s,t are real, Q4 (s + it,0) C (s, d), so,

(2.1) sup dist(g, H* (2(a, 6))) < supdist(g, H* (2 (s, 9)))-
aeC s€R
Thus combining Theorem 2.1 and (2.1) gives
dist(g, H*(D)[f]) = inf supdist(g, H*(Q4.(a, d)))
6>0 GEC
< inf supdist(g, H*(Q(s, 6))).
6>0 ser



4 CHRISTOPHER J. BISHOP

To prove the other direction, suppose {h;} C H>*(D) and
th *(z) € H*D)[7],

satisfies
llg — Flleo < dist(g, H*(D)[f]) + €

Fix a and let F(z) = Y¢_, hi(2)a* € H®(D). Then for z € Q(a,d) we have
l9(2) — F(2)| < |g(2) = F(2)| + |F(2) — ﬁ(?«')l
< dist(g, H* (D)[f] +E+Z|hk ) f(2)* — a*|

< dist(g, H*(D)[f]) + 2¢,

if 0 is small enough (depending on ¢, ||f|l and {h;}, but not on a). Taking
€ — 0 proves the corollary. O

Remark 2.1. Here is a simple example which shows that we must replace €2,
by €, in Theorem 2.1. Take f(z) = z and g(z) = z. Then the sets Q;(a, §)
are just small disks D(a,d). Since g is uniformly continuous, g is close to
holomorphic (in fact close to constant) on every such disk Q¢(a,d) = D(a,9),
but g ¢ H*(D)[f] = H*(D). Thus Corollary 2.2 is not correct in this case.
However, Theorem 2.1 is correct since in this case h = f + if* is constant,
so the sets Q4 (a,d) can only be empty or the whole disk.

Remark 2.2. For a fixed a, the sets Q,(a, §) decrease as § — 0, so the “inf”
is really a limit. Thus we can write

dist(g, H*(D)(f]) = lim sup dist(g, H*(Qu(a, 6)))-
00 4eC
Similarly, we have an equivalent discrete version
dist(g, H*(D)[f]) = lim sup dist (g,I—IOo (Qh (a, —1—>)) .
n—oo aeC n
Of course, similar restatements work for the various corollaries.

Remark 2.3. We claim that in Corollary 2.2 we can interchange the order
of the “inf” and the “sup”, i.e., for any bounded f we have

inf sup dist(g, H*(Q(a,d))) = sup inf dist(g, H> (2 (a, 9)))-

This follows from the following general fact.

Lemma 2.6. Suppose Y is a compact metric space and {F,} is a sequence
of real valued functions on'Y such that
(1) F.(y) > Foy1(y) for alln and y.
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(2) If {yx} = y and ny — oo then limsup,_, . F,, (yx) < F,(y) for all n.
Then

infsup F,(y) = supinf F,(y).
" yeY yey "

Proof. The direction > is completely general, in fact,
inf F > inf F
inf sup F(z,y) 2 sup inf F(z,y),

holds for any real valued function on a product space. To prove it, one simple
notes that for a fixed z, and yq

F(xo,yo) Z ég)f; F(m’y0)>
so taking the supremum over y, gives

sup F(zg,y) > sup inf F(z,y),
yey yey T€X
and then taking the infimum over all possible z,’s gives the desired inequality.

To prove the other direction, we need to use our hypotheses. We may
choose a sequence {y;} and {n;} so that

Fnk (yk) — sup lann(y)
yey "

By compactness of Y we may assume y, — 3o € Y. Since for a fixed y,
the sequence {F,(y)} is decreasing, the infimum over n is the same as the
limit as n — co. Therefore we may assume (without loss of generality) that
ng — 00 as k — 0o. By hypothesis (2) of the lemma, we deduce that for any
n,

supinf Fy(y) = lim F,, (yx) < F.(%),

for any n. Thus
sup lank(y) < sup Fn(y)7
k yeY

yey
and so
sup inf F; (y) < infsup F,(y),
yey k " yey
which proves the lemma. Cl

To apply the lemma to our case we simply note that it suffices to assume
Hfllo < 1. Let Y =D and

F,.(a) = dist (g,H°° (Qf (a, %))) .



6 CHRISTOPHER J. BISHOP

Then Y is compact and part (1) of the lemma clearly holds (since
Qs(a, 737) C Q(a, £)). To check (2), note that if a; — a and n; — oo
then Q(ay, - 2) C Qy(a, 1} if |a — ax| < 37 and ny > 2n (ie., if k is large
enough). Thus

gnf sup dist (g, H* (24(a, 6))) = inf sup dist (g, H* (Qf (a, —1-)))
n

a€C n aeC

= sup inf dist (g,H°° (Qf (a, 1)))
a€C T

= sup inf dist (9, H* (9 (a,0))) ,
aeC 9

as desired.

Remark 2.4. In Theorem 2.1 the “inf” and the “sup” cannot be exchanged
in the case of a general f. Let ¢ be a conformal mapping from D to the
region {z =z+1y:0<y,0<z < (1+y)'} Let f =Re(p) so that the
corresponding kb in Theorem 2.1 equals 1¢ and set u(z,y) = 2z(1 + y) and
g = u o h. By unwinding the various definitions one can check that

sup i mf dist(g, H* (24 (a, d))) =0,
aeC?9

1nf supdist(g, H* (Q(a,d))) =

a.EC

Remark 2.5. To see that Corollary 2.3 is really weaker than Corollary 2.2,
consider the following example. Let f = Z and let

U = ([0,1] x [0, 1])\}91 ([0’ %} x {%D

and let ¢ be a conformal mapping of the disk onto U which maps 1 to the
prime end containing {;}. Then g = @ is close to ¢ € H®(D) in small
neighborhoods of {1}, but g is not close to a constant on any neighborhood
of {1}.

3. The formula for algebras with several generators.

In this section we state Theorem 3.1 which gives the formula for
dist(g, H>*(D)[F]) when F is a countable collection of bounded harmonic
functions on D and g € L*(D). '
Given a countable collection F = {f;};c; indexed by the set I (either
I=NorI=/{1,...,N} for some N € N) and an o = {a;}ic; € C' define

Q;(a,é,m) = ﬂ ka(ak,é).

fe€F ,k<m
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Given a collection F of harmonic functions the corresponding collection of
h’s (as described in the previous section) is denoted H. To simplify notation
we will sometimes write inf; ,, instead of of infs- mer and just write sup,
in place of sup e -

Theorem 3.1. If F is countable collection of bounded harmonic functions
onD and g € L°(D) then

dist(g, H*(D)[F]) =, inf  sup dist(g, H*(Qy(a, §, m))).

>0,mel ,ecr

Remark 3.1. In Remark 2.2 (when F = {f} was a single function) we noted
that “inf;” could be replaced by “lim;_”. Here we could also reinterpret
“infs " as a limit “lims m)—o,1p)”, (here |I| denotes the number of elements
of the index set I). The limit could be interpreted in terms of nets (e.g., see
page 187 of [12]) indexed by the pairs (6, m) € (0,00) x I with the partial
order (6,m) < (n,n) if § > n and m < n. With this in mind, it is easy to
see that

inf  sup dist(g, H*(Qy(a, §, m)))

6>0,mel ,ecr
= lim sup dist(g, H(Qy(a, d,m))).
oy SUD (9, H* (2 ( )

One can also view the infimum as a limit in the usual sense by noting that

inf  sup dist(g, H(Qy(a, §,m)))

8>0,mel aeCt
1
= lim sup dist (g, H*® (Qu (Ot, ;,min(”a |I|)>)) .

n—o0 GECI

Remark 3.2. Corollaries 2.2, 2.3 and 2.5 all have the obvious generaliza-
tions to algebras generated by a collection F. For example, if F consists of
bounded anti-holomorphic functions then

dist(g, H*(D)[F]) = 5 inf  sup dist(g, H*(Qx(a, d,m))).

>0,mel acl!

4. The distance formula for non-harmonic generators.

We shall see later (Section 6) that if f is bounded and harmonic on D,
then H>°(D)[f] is also generated by a collection of four real-valued functions
{f1,---, fa} € C(M) (see Lemma 6.1). We will also verify a special property
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of these particular functions: given any a = (a;,...,a4) € R, we will show
the joint level set

Eaz{CEM:fi(C)zaiaizla"'74}a

is the zero set (in M) of some A € H*(D).
Using these facts we will deduce Theorem 3.1 from

Theorem 4.1. Suppose F = {f;}ic1 C C(M) is a countable collection of
bounded, real-valued functions with H* level sets (i.e., every for a = {a;} €
R!, the set E, = {¢ € M : fi(¢) = a;,i € I} is a countable intersection of
zeros sets of H*®(D) functions). If g € L°(D) then

’

dist(g, H*(D)[F]) = inf _sup dist(g, H*(Qr (o, 6, m))).
&> €l 4cR

Remark 4.1. The argument of Remark 2.3 shows the “inf” and “sup” in
Theorem 4.1 may be interchanged, i.e.,

dist(g, H*(D)[F]) = ] inf sup dist(g, H*(x (e, §,m)))
>0,mel aERT
= sup nfeI dist(g, H*(Qx (a0, 6, m))).

i
QERI 6>0,m

To repeat the proof in this setting, we assume (without loss of generality)
that all the functions in F are bounded by 1. Take Y = H—)I, which is easily
seen to be compact with the metric

Then set
F,(y) = dist (g, H*® (Q}- (y, %,min(n, |I|))>) .

One verifies (1) and (2) of Lemma 2.6 just as before using the facts that

1 . 1 .
2 (4, —min(n + L)) € 2 (v, 2 min(n, 1))

and

1 . 1 .
QJ-' (ylm ] mln(nkv III)) - Q]" (y’ — mln(n’ IID) )
Nk n

if d(y,yx) < 5 and ng > 2n.
This argument also shows that the “inf” and “sup” may be exchanged
in Theorem 3.1 if the collection F consists of anti-holomorphic functions
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(or, more generally, if the associated collection H of holomorphic functions
consists of bounded functions).

Remark 4.2. We mentioned above that if f is bounded and harmonic
then H*(D)[f] is also generated by H*(D) and a collection of real valued
functions. I do not know whether H°(D)[f] can always be generated by
H>(D) and some collection of real valued harmonic functions, but this seems
unlikely.

5. The distance formula for g € C(M).

So far we have been careful to state the distance formula in such a way
that it makes sense for any g € L*(D). In this section we will specialize
Theorem 4.1 to the case when g has a continuous extension to M (which
we will still call g). In this case Theorem 4.1 has a more compact statement
which is very similar to Shilov’s theorem (described in the introduction).

We start by reviewing a few facts about M, the maximal ideal space of
H>(D). A basis for the topology is generated by sets of the form

Q4(a,0) = {¢ € M:|f(¢) —al < 6},

where f € H*(D), a € C and é > 0. For a collection of functions F C C(M)
we define

Q}"(Oﬁ, J,m) = ﬂ ka(ak,é),

fE€F k<m

just as before, but now it is a subset of M instead of D. It is clear that

Q]: (a, 5,m) NnD= Q}‘ (a,é, m)

(From now on, Q will always denote a set in M and Q the corresponding
intersection with D.) Conversely, the fact that D is dense in M (Carleson’s
corona theorem) implies that

Q}' (a7 67m) = U Q}'(aa R m)’

n<é

(the closure is in M). Note that the zero set of a function on M need not
be the closure of its zero set on D, but it is always equal to

{¢e M: f(¢) =0} =(2;0,6) =) €(0,0),
3§ )

(the closure is taken in M). Furthermore, a function f € H*(Q5(a, 0)) has
a unique continuous extension to Qx(a, ).
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Given a compact subset £ C M let H(E) be the functions f on E which
have a continuous extension F' to open neighborhood U of E such that F is
bounded and holomorphic on UND. Let HX.(E) denote the closure of H(E)
in C(E) with respect to the sup norm on E. Clearly H*(D)|r C H(E) C
H(E).

Next we want to rewrite the distances in Theorem 3.1 and Theorem 4.1
in terms of distances to H2(F). Suppose that E C M can be written in
the form

Ezm{CEMfZ(C):O}Z ﬂ Q}'(a’dvm)a

i€l 6>0,mel

for some collection functions F = {f;}ic;y C C(M) (i.e., E is a joint level set
in M). Then it is easy to see that

dist(g, Hi2(E)) = _inf _ dist(g, H*(2(0,8,m))).

Therefore Theorem 4.1 implies

Theorem 5.1. Suppose F = {f;}icr is as in Theorem 4.1. If g € C(M)
then

dlSt(g;Hoo(D)[f]) = Sup diSt(glEa’Hl%c::(Ea))a

a€RI

where E, = {( € M : fi{({) = a;,i € I}.

Remark 5.1. We will prove later (Lemma 7.1) that if £ C M is a finite
intersection of zero sets of functions in H*(D) then H*(D)|r = H(FE), and
therefore we have H*(D)|g = H2(E). It would be interesting to know for
which sets E C M we have H*(D)|g = HX(F). If K C D is compact
this is Runge’s theorem: every function holomorphic on a neighborhood of
K can be approximated by a polynomial iff K has connected complement.
This condition is sometimes stated by saying K is polynomially convex, i.e.,
K = K where

K= {z : |p(2)| < sup |p| for all polynomials p} .
K

J. Garnett has suggested that the appropriate condition for the H* problem
should be the analogous convexity condition: E = E where

EE{CGM:]f(()ISSIép]ﬂ foralleH""}.
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6. Reducing Theorem 3.1 to Theorem 4.1.

Now that we have introduced all the notation and stated the results we are
ready to start proving the theorems. In this section we show how to deduce
Theorem 3.1 from Theorem 4.1. Theorem 4.1 will be proven in the following
two sections. We start with,

Lemma 6.1. If f is a bounded harmonic function onDD, let h = %(f—i—zf*)
Then H>(D)[f] is generated by four real valued functions C = {fi,..., fa}
which satisfy the following conditions:

(1) fieCM), i=1,23,4.
(2) Ifa=/{ay,...,as} € R, then there is an A € H*(D) such that

Niza {C € M fi(¢) = ai} = {¢ € M : A(C) = 0}.

In other words, the common level sets are zero sets for H*(D). A more
precise version of this is the following; there is an absolute C < 0o and
an A € H*(D) such that

-1 |A(z )|
C C.
= Z]-—l la; — fi(2)] =

(3) We have the following equality
inf sup dist(g, H*(Q4(a, §))) = inf sup dist(g, H*(Qc (e, 6,4)))-
§ aecC 8 acR4

In the rest of the paper, the notation A ~ B means that A/B is bounded
and bounded away from zero. Thus the inequality in part (2) of the lemma
could be written

4
|A(2)] ~ D lai ~ fi(2)]-
=1
To deduce Theorem 3.1, note that parts (1) and (2) of the lemma imply
that Theorem 4.1 can be applied to H*(D)[f] = H*(D)[C], giving

dist(g, H*(D)[f]) = dist(g, H*(D)[C])
mf sup dist(g, H*(Qc(a, 6,4))).

aER*4

Now apply part (3) of the lemma to get
dist(g, H(D)[f]) = infsup dist(g, H* (2 (a, 9))),

aeC

which is Theorem 3.1 in the case of one generator. An extra argument
is required to deduce the general case of Theorem 3.1 (the case of several
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generating functions) and we will give this at the end of this section. In the
remainder of this section we will prove the lemma.

Let f = u +iv = Re(f) + iIm(f) and b = L1(f +if*). We start by
using the observation of Axler and Shields [1] that if f is harmonic on D and
lfllo < /4 then the algebra H>°(D)[f] is also generated by the functions

(61) G(Z) — eiRe(h(z)) — ei(u(z)+v"(z)) — eif(z)ev(z)+iv" (z),
and
(6.2) F(z) = ¢/ = io(a)=u () — of () g=(u(e)in (2).

Lemma 6.2. If f is bounded and harmonic on D and G, F are as above,
then G,F € H*(D)[f] and H*(D)[f] = H>*(D)[G] = H*(D)[F].

Proof. First observe that ef() € H*(D)[f] because it can be approximated
by finite sums of the series

1 +if(z) + %(z’f(z))2+---+%(if(z))”ﬁ-...,

which converges uniformly to e*/(*) since f is bounded. Moreover, the func-
tion e*(*)+#"(?) js bounded and holomorphic on D (since v is bounded). Thus
by (6.1) G is the product of functions in H*(D)[f], so is in H*°(D)[f]. Sim-
ilarly for F.

To see why G generates H>(D)[f], we use our assumption that || f]le <
n/4. Then /(¥ can only take values on the arc {¢* : |§| < Z}. This arcisa
compact subset of the disk D(1,1), so the power series for log z centered at 1
converges uniformly on this arc. Thus f(z) = —ilog(ef(?) is in H*(D)[G],
as desired. The same proof works for F'. O

Since the complex conjugate of G is given by

ﬁ(z) = G’(z)‘l = e~ tRe(h(2)) = o—ilu(2)+v"(2)) — e—if(z)e—(v(z)+iv"(z)),

the same argument as above shows G € H>®(D)[f]. Thus
1
2¢
are real valued functions in the algebra H*°(D)[f] and these two functions

(with H°(D)) generate the algebra.
We now start the proof of Lemma 6.1. We begin with part (1). Define

(6.3) C={f1,---, f2}
= {Re(G),Im(G), Re(F), Im(F)}
= {cos(Re(h)), sin(Re(h)), cos(Im(h)), sin(Im(h))}.

Re(G) = %(G +G), Q) =—(G-0),
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Then C ¢ H*(D)[f] C C(M), so part (1) of Lemma 6.1 is satisfied and
H>(D)[f] is generated by C (by Lemma 6.2).

Next we verify part (2) of Lemma 6.1, i.e., the level sets are holomorphic
zero sets. Note that the sets where the quadruple is constant are the same

as
{z€D:h(z) € a+2nZ +1i27Z},

i.e., they are a countable union of level sets of . More precisely, we claim
that

Lemma 6.3. Given a € C let
{a1, a2,a3,a4} = {cos(Re(a)), sin(Re(a)), cos(Im(a)), sin(Im(a))},

and given h on the disk let {f1, f2, f3, fa} be as in (6.3). Let L be the lattice
2n(Z + iZ). Then

dist(h(z), L + a) Z la; — fi(2)].

Proof. First note that for any w,a € C, we have
|lw — a| ~ | Re(w) — Re(a)| + | Im(w) — Im(a)|,
(i-e., the L' and L? norms on R? are equivalent) and
(6.4) dist(w, a + L) ~ dist(Re(w), Re(a) + 27Z)
+ dist(Im(w), Im(a) + 27Z).

Similarly, for z,y € R,
(6.5) dist(z,y + 27Z) ~ |e*® — |

~ | cos(z) — cos(y)| + | sin(z) — sin(y)|.
Combining (6.3), (6.4) and (6.5) proves the lemma. t

That the quadruple level set is also the level set of a single bounded
holomorphic function is immediate from the following (see Lemma 3.1 of

2D

Lemma 6.4. Suppose h € BMOA(D). Let L = 2n(Z + iZ) be the lattice
of Gaussian integers (times 2r). Then there exists a bounded holomorphic
function A on the unit disk and a constant C (depending only on the BMO
norm of h) such that for all z €D,

C!dist(h(2), £) < |A(2)] < Cdist(h(2), L).
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Combining Lemma 6.4 and Lemma 6.3 proves part (2) of Lemma 6.1.
Next we verify part (3) of Lemma 6.1 Fix an a € C and let

a = {a;,02,03,a4}
— {Re (eiRe(a)) , Im (eiRe(a)) , Re (eilm(a)) . Im (eum(a))}
= {cos(Re(a)), sin(Re(a)), cos(Im(a)), sin(Im(a))}.

Let X C R* be the set of all a’s which have this form. Note that X is a
compact set which contains the range of the map

(f1, f2) f3,f4) : M = C.

Lemma 6.3 says there is a C' < oo such that

(6.6) Qe(a,6/C4) C |J Qla+2mw,8) C Qe(a, C6,4).

wWEZ+iIZ

Note that if {Q2;} are disjoint open sets then

dist(g, H*(U;Q;)) = sup dist(g, H*(£2;)).
j

Since the union in (6.6) is disjoint if § < 7, we get (for all small §),

dist(g, H*(Qc(a, 6/C,4))) < zsggr)‘zdist(g,ﬂ00 (1 ((a + 27w, §))))
< diSt(gv H> (QC (CY, 067 4)))

Therefore,

sup dist(g, H* (Q¢(a, 6/C,4))) < supsupdist(g, H*(Q((a + 27w, §))))
acX a€C weC

< sup dist(g, H*(Qc(a, C6,4))).

a€eX

Thus taking the infimum over § gives equality.
Also observe that,

sup sup dist(g, H* (24 (((a + 27w), §)))) = ilelg dist(g, H*(Q((a, 9)))), )

a€C weC

hence,

(6.7) inf sup dist(g, H*(¢(a, 6,4))) = inf supdist(g, H>(Qy(a, d))).
>0 >0 4eC

acX
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Finally, we wish to replace X by R*. If o ¢ X then « is not in the range of
the quadruple, so either Qc(e, d,4) is empty or Q¢(a,d,4) C Qc(5,24,4) for
some 3 € X. Thus either dist(g, H*(Q¢(c, 6,4))) =0 or

(68) diSt(g’ H* (QC (Ot, 67 4))) < diSt(g7 H* (QC (ﬂv 267 4)))7
for some B € X. Therefore,

inf sup dist(g, H*(Qc(, 4,4))) = ¢isI>1£ sup dist(g, H*(Qc(, 6,4))).
aEX

>0 4 cR4

Now (6.7) and (6.8) prove part (3) of Lemma 6.1.

We have now proven Theorem 3.1 (given Theorem 4.1) when the algebra
is generated by one function. To do the general case, suppose F = {f;}icr
is a countable family of bounded harmonic functions and let

H = {h}tict = {fi +if?},

be the family of corresponding holomorphic functions. We form a countable
collection C by converting each f; € F into a quadruple {f;;};=123.4 as
above. Then C generates H*(D)[F] and property (1) holds as before. To
prove (2) we simply note that

{C EM: fi,j(C) :ai,jai EI,j = 1’27374} = ﬂ{( €EM: A,(C) :0}7

iel

where A; € H°(D) is the function associated to f; by Lemma 6.1. Thus
common level sets of the collection C are countable intersections of H* zero
sets, as required in Theorem 4.1. Finally, we have to verify (3). To do this
we simply note that Lemma 6.3 implies

Q(a,6/Cam) € |J Qula+2mw,8,m) C Qe(o, C8,4m),
WEZLAIZ

(index {f;;} in the obvious way). This gives (as before),

inf sup dist(g, H*(Qy (a,d,m))) = inf sup dist(g, H*(Q («, §,m))),

ém aeC> s,m aER®

as desired. Thus Theorem 4.1 implies Theorem 3.1 in the general case.

7. Proof of Theorem 4.1.

In this section we reduce the proof of Theorem 4.1 to a lemma involving
approximation in H*°(D). We prove the lemma in the following section.
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Without loss of generality we may assume that all the functions in F are
bounded by 1. We start with the easy direction,

(11)  dist(g, H(D)[F]) 2 nf sup dist(g, H( (,6,1m).

Fix some ¢ > 0. By definition we can choose a finite collection of functions
{hji} € H®(D) so that G = ¥ h; i f} € H®(D)[F] satisfies

lg(2) — G(2)llo < dist(g, H*(D)[F]) +e.

Let S= 3, llhjkllo, let M be the largest value of j used in the definition
of G and let N be the largest power of any f; in the sum defining G. Fix
a = {a;} € RI. Then on Qr(c,d, M) we have

9(z) = Y hji(z)al

o0

< Jo) - Eras@rs )+

> hik(2)(f7(2) — af)

(o o]

< dist(g, H*(D)[F]) + €+

> hin(2)(ff(2) = af)

< dist(g, H*(D)[F]) + € + 25N sup || f;| ., &
<M

(9]

< dist(g, H=(D)[F]) + 2¢,
if § is small enough. Since }_ h;;(2)a} is holomorphic on the whole disk we
get,
inf dist (g, H* (5 (a,6,m)) < ll9(2) ~ G(2)]lo
< dist(g, H*(D)[F]) + 2e.
Since this holds for any o € R! we get
sup %nf dist(g, H*(Q£ (o, 6,m))) < dist(g, H*(D)[F)).
Now use Remark 4.1 to exchange the “sup” and the “inf” and we obtain

(7.1).
Next we must prove the opposite inequality

(12)  dist(g, H=D)IF)) < inf sup dist(g, H (2 (0,8,m))).

The main idea in the proof is given by the following lemma, which is implicit
in Carleson’s solution of the corona problem (see [6, Chapter VIII]).
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Lemma 7.1. Suppose A = {Ax} C H®(D) and E = M {¢ € M : Ax({) =
0}. Then H*(D)|g = H(E). More precisely, given a bounded holomorphic
function G on Q = Q4(0,6,m) there ezists € > 0 and G € H®(D) such that
Gl < C = C(A,d,m) and such that |G(z) — G(z)| < C i, |Ax(2)] for
z € Q4(0,¢,m).

We will prove the lemma in the next section. In the remainder of this
section we will give the proof of inequality (7.2) using Lemma 7.1. The
proof is a standard argument involving compactness and partitions of unity.

Fix € > 0, a = {a;}ic; € [-1,1})f and a g € L®°(D). Let E, = Nicr{¢ €
M : fi({) = a;} denote the level set in M corresponding to a. We will
construct an H € H®°(D)[F] so that

”g - H”OO < gnfsupdiSt(gv Hoo(Qf(a7 67 m))) + 2e.

Clearly, if we can construct such a H, we will have proven (7.2).
For each a € R/, choose 8, m and G, € H®(Qx (a, 8, m)) so that

l9(2lstaim) — Gal(2)lew < inf sup dist(g, H* (5 (a,5,m)) +e.

Let A = {A;,...} be the sequence of bounded holomorphic functions
associated to the level set £, by assumption. The hypotheses of Theorem 4.1
say that the collections

{Q.A(Ov 6’ m)}6>0,m617 {fl;(a, 57 m)}6>0,m617

both form a basis of neighborhoods for the set E,. In other words, given
any open neighborhood U of E, there are § > 0 and m € I such that

QA(O,(S,m) cU,

Qr(a,é,m) C U.
In particular given é and m there are ¢',6"” and m', m" such that
(7.3) E, C Qx(a,d",m") c Q4(0,8',m') C Qr(e, 5, m).

This is just simple point set topology using the fact that M is a compact
Hausdorff space. _
Now use Lemma 7.1 to obtain a G, € H*(D) such that

Ga(2) = Ga(2)] S C Y 1A(2)l, = € Qa(0,6,m),

k=1
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where C depends on h,a,d’,m' but not on z. Thus
l9(2) = Ga(2)| < l9(2) = Ga(2)] +|Ga(z) — Ga(2)]
<o) = Gal2) +C 1 14(2)
< lg(z) — Ga(2)| + Omn,
for ¢ € Q4(0,77,m'). Thus if n < ¢/Cm we get

l9(2) — Gal(2)] < l9(2) — Gal2)| + €
< dist(g, H* (2 (a0, 6,m))) + 2e.

By (7.3) we can choose ¢" and m" so that
Q]:(Ol, (5”, m") C QA(O, 7, m’).

Every point of M is in some level set E, and so the sets {Q F(a, 8" ,m") }aept
form an open cover of M. Since M is compact, we can find a finite subcover
{Qj}f’:l = {Qr(aj,8;,m;) N, Let Q; =DNQ, forj=1,...,N. For each
j we construct (as above) a G; € H®(D) so that

l9(2) — Gj(2)] < infsup dist(g, H™(Qs (0, 6,m))) +2¢, 2 € Q.

Let M denote the largest m; used in this cover. For each j = 1,...,N,
suppose ¢o; = {a;;} € R', and define

Bj = {(:1:1,...,:1:,,,,.) e R™i :Iwi_ai,]’l < 6,7, = ]_,_,_mj},

and define U; = B; x RM~™i C R™. Consider the continuous map from M
to R™ given by the M-tuple (f1,..., fa). Since M is compact, the image
is compact. By definition, the sets {U;} form a finite open cover of this
compact set, so we may choose a continuous partition of unity {;} of this
set which is subordinate to the cover {U,}.

H*>(D)[F] contains every function of the form ¥(fi,..., far), with 9 con-
tinuous on R™. To prove this, we recall that on any compact subset of RM
the polynomials are dense in the continuous functions. Thus ¢ can be uni-
formly approximated by a polynomial P(z,,...,za). Then P(f1,..., fu),
uniformly approximates ¥(fi,...,fu), so ¥(fi,...,fu) is in the algebra
generated by the f;’s (in particular, it is in H*°(D)[F]). This is the only
place that we use our assumption that the functions {fi,..., fu} are real
valued.

Thus {4; No = {i(fr,-.., fm)}iL, € H*(D)[F] is a partition of unity

on M, subordinate to the cover {{; }X,. In particular, these functions form
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a partition of unity when restricted to the disk. For a fixed z, }:;V:l ¥,(z) =1,
S0

N ~
Z G; Z)¢J
J=1

is a convex combination of the complex numbers {G i(z)}iL,. By Equation
(7.4) these points all lie in a disk of radius

}snf sup dist(g, H* (2 (e, 6,m))) + 2e,

around g(z). Hence the convex combination also lies in this disk, i.e.,

G;(2)%5(2)

=1

< %nfsup dist(g, H*(Qr (o, 6,m))) + 2e,

o0

as desired. Thus H = Zf;l G; € H®(D)[F] is the desired approxima-
tion. This completes the proof of Theorem 4.1, except for the proof of
Lemma 7.1. O

8. Proof of Lemma 7.1.

First we prove Lemma 7.1 when there is only one function, 4 = {A}. We
will then obtain the general case by induction.

By assumption the function G in the lemma is defined on some neighbor-
hood of E of the form ,4(0,8). Fix this value of §. By Carleson’s corona
construction (e.g., [6], Theorem VIIL5.1) given A € H®(D) with ||Aljeo <1
and a § > 0 there is a ¥ € C°(D) such that
(1) 0<p<1,

(2) ¥(2) =1if |A(2)] > 6,

(8) w(z) =0 if |A(2)] < e = (&),

(4) V()| <CQAQ—|2)

(5) supp(V%) is contained within a unit hyperbolic neighborhood of a

Carleson contour I' C D. (Recall that I is a Carleson contour if there

is a C' < oo such that the arclength of 'ND(z,r) < Cr for any z € JD.)
Define H(z) = (1 — ¢(2))G(z) on U ND and let H = 0 elsewhere on D.
Then H is smooth on the whole disk and is holomorphic except in the region

{zeD:0y(z) #0} C {z €D:e(d) < |A(2)]| < 6}

Moreover, H = G on the set {z € D : |A(2)| < €(d)}.
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Suppose we could find a function ¢ on the unit disk, bounded by C and
so that F = H + Ay is holomorphic. Then F satisfies

[Flleo < 1Hlloo + ll¢lloo | Alleo < o0,

so F' € H*(D). Furthermore,
|F(z) — H(2)| < llellolA(2)] < ClA(2).
On the set {z €D : |A(2)] < €} we have H = (1 —¢)G = G, so
|F(2) - G(2)| < |F(2) — H(2)| + |H(2) — G(2)| < C|A(2)].

Therefore, F satisfies the conditions of the lemma (in the case m = 1). So
to prove the m = 1 case of the lemma it suffices to find a bounded ¢ so that
H + Ay is holomorphic.

We do this by solving a 0 equation. For a smooth function f on the disk
define 3f = 1(f, +1if,). Recall that f is holomorphic on the disk iff 3f = 0
(this is just the Cauchy-Riemann equations in a slightly different form). In
other words, we want to find a bounded solution ¢ of the equation

O(H + @A) =0.

Since 0 is linear and A is holomorphic we can rewrite this as
OH + Adp =0,

or equivalently,

= 0H -0((1-v)G) G~
1 == = —— .
(8.1) Op 1 Y] YAl
By (5) above, the right hand side is supported in a unit neighborhood of
a Carleson contour I'. Furthermore, G is bounded above (say by M) on the
disk and A is bounded below by € on this neighborhood. Thus ——%81/) is
supported in unit neighborhood of a Carleson contour and satisfies

G(2)0%(2)

A0) < CMe ™M1 -|2)7 "

Thus a bounded solution of (8.1) exists by the following result.

Lemma 8.1. Suppose b is a smooth function on D such that
(1) b supported in a unit hyperbolic neighborhood of a Carleson contour T,

(2) b(2) <

1-{2}"
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Then there exzists a bounded, smooth F such that OF = b and ||Fll, <
Cc(T, M).

This is Lemma 3.3 of Garnett and Jones’ paper [7] (actually they prove
a more general version, replacing the disk with more general domains). A
proof is also given on page 789 of [2].

This completes the proof of Lemma 7.1 for the case of a single A.

Next we deduce the general case using induction. First note that if A
is a bounded, analytic function and 6 > 0 then each component of 2 =
24(0,6) C D, is simply connected. Otherwise there would be a point z on
its boundary, surrounded by a loop 7y in 2. Applying the maximum principle
to A(z) on the subdomain of D bounded by 7 and containing z we deduce
|A(z)] < 8, a contradiction.

Fix some m and for 0 < k < m — 1 define

m—k
Up = Qa(0,6,m — k) = (] Q4,(0,6).

=1

Thus
QA0,6,m)=U,cU,C---CU,_; CD

Since each component of a finite intersection of simply connected domains is
also simply connected, we deduce that each Uy is a union of simply connected
components.

Suppose we are given G € H*(24(0,6, m)) = H*(U,). Since each com-
ponent § of U, is simply connected it is conformally equivalent to the unit
disk so by the previous case of Lemma 7.1 there is an ¢, > 0 and a bounded
holomorphic function G in H*(R) so that

IG(2) — G(2)] < CAm(2)

for
z€QN{zeD:|A.(2)] <&} =Uy C U,.

Applying this procedure separately to each component of U, gives us a func-
tion G; defined on all of U; with the same estimate.

By induction we see that for each &k = 1,...,m there is an ¢, > 0 and a
Gy € H*(Uy) so that

|Gi-1(2) — Gi(2)| < ClAs(2)]

for
z€Uj_, ={z €Uy : |A(2)] < &}



22 CHRISTOPHER J. BISHOP

Continuing for m steps we get a bounded holomorphic function G,, on the
unit disk so that

|G — Gnl < Z |Gk — Grya] < CZ|AI¢|,

k=1 k=1
for
z € Q7(0,e,m) C NZL'U;,
where € = min; €;. This proves Lemma 7.1. O

9. An application: the Bourgain closure of H>(D)[F].

The following application was suggested by conversations with Joe Cima and
Dechao Zheng.

Given Banach algebras A C B, the Bourgain closure of A in B is defined
as

Ay ={g9 € B:{f.} CA,f.— 0 weakly, implies dist(gf,, A) — 0}.

This notion was introduced by Cima and Timoney in [5]. Some recent pa-
pers on the topic include [3, 4, 8, 9, 10, 11, 14, 15]. In [8] Ghatage,
Sun and Zheng prove that the Bourgain closure of H®(D) in C(M) is
H>®(D)[z] = H®(D) + C(D). In [6], Cima, Stroethoff and Yale show that
its Bourgain closure in L*(D) is H*(D)[zZ] + V where V = {g € L>*°(D) :
lim,_,; ||g|lze@m) = 0}. Here we will use Theorem 4.1 to compute the
Bourgain closure of H*(D)[F]. First we verify two simple facts.

Lemma 9.1. Suppose F satisfies the conditions of Theorem 4.1. If {f.} is
a sequence in L= (D) and dist(f,, H*(D)[F]) — 0 then for every € > 0 there
ezist ng, my, 8 such that n > ng, m > mgy, § < § implies

supdist(frn, H® (27 (o, 6,m))) < e.

Proof. As usual, we may assume ||f||.o < 1 for every f € F. Suppose the
lemma. fails. Then there are 8, — 0, ng, m; — oo and a; € DY so that

diSt(fnk, HOO(Q]:(ak, 6[;:, mk))) Z €.

We may use the compactness of I (see Remark 4.1) to pass to a subse-
quence such that o — a € ¥, and using the fact that Qr(ag,dx, my) C
Qr (o, 6, m) if k is large enough, we see that dist(f,,, H°(Qx (a,d,m))) > €
for all 6 and m if k is sufficiently large. Therefore

nf sup dist(fn,, H* (Qr (o, 6,m))) = €,

i
am g
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so dist(fy,, H*(D)[F]) # 0 by Theorem 4.1, a contradiction. a

Lemma 9.2. Suppose F = {f1,...,fm} is a finite collection of real valued
functions on the unit disk such that the common level sets

E,={z€D: fi(z) =a;,i=1,...,m},
(where & = (a4, ...am) € R™) are countable. Then
dist(g, H=(Qr (@, 6,m))) = lim dist (9, H= (27 (o6, m)\2r (@, 7,m))) .
Proof. First we claim that
A= 11’1_% dist (g, H®*> (Q]: (o, 6, m)\m))
= dist(g, H*(Q2x(o, )\E,)) = B.
The “A < B” direction is clear since
Qr (a,6,m)\Qr(a,n,m) C Qr(a,5,m)\E,.
To prove the other direction take a sequence
gn € H®(Qx (0, 6, m)\Qx(a, /1, m))

with ||g — ga]| = A. Since the g, are defined on a increasing sequence of
sets, normal families implies they converge uniformly on compact sets to
9o € H®(Qx (a,6,m)\E,) and that ||g — g|| < A. Thus we get B < A.

But by hypothesis, E, is a countable subset of Qx(«,d,m) and hence
removable for bounded analytic functions. Thus

dist(g, H* (5 (a, 6,m))) = dist(g, H* (2 (cr, §, m)\ Ea)),

and we are done. O

Theorem 9.3. IfU is a countable collection of bounded harmonic func-
tions on the unit disk (at least one of which is not holomorphic), then
(H>(D)[U])y = H>(D)[U] (in both L>(D) and C(M)).

Proof: We may as well assume U contains no holomorphic functions. In
Lemma 6.1 we proved that the algebra generated by H*°(D) and a count-
able collection of bounded harmonic, non-holomorphic functions can also be
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generated by H*(D) and a countable collection of non-constant real val-
ued functions. Let F = {f;}ic; be the collection of real valued functions
corresponding to Y. Thus it is enough to show H*(D)[F] = (H®(D)[F])s-

By a result in [5], A C A, in general, so H*(D)[F] C (H®(D)[F])s-
To prove the opposite inclusion suppose g ¢ H>(D)[F]. We will con-
struct a sequence {F,} C H*(D)[F] converging weakly to zero so that
dist(gF,,, H®(D)[F]) # 0. By Theorem 4.1 there exists an a = {a;} € R!
and an ¢ > 0 such that

diSt(ga HOO(Q'H (aa 61 m))) Z €o,

for every 6 > 0 and m € I. For each n € N let m,, = min(n,|I]). By
Lemma 9.2, given any 4,, > 0 there must be an 7, > 0 so that

) o _— €o
dist (97 H (Q.F(aa Jm mn)\Q]’(a7 T, mn))) > _2‘
We may also assume that 7, < d,. To apply Lemma 9.2 we need to know
the common level sets of {fi,..., fm,} (in the disk) are at most countable.
Using the definition of {f,} from the {u,} given in Section 6, it is clear
that the common level sets of fy,...,fs (the functions which correspond
to u,) is a countable set; in fact it is a countable union of level sets for a
certain holomorphic function in the disk which is non-constant if u; is not
holomorphic. Thus taking m > 4 implies Lemma 9.2 may be applied.

Now choose a sequence {d,,} by induction tending to zero and so that the
corresponding sequence {7,} satisfies 46,41 < 7,. Let 1, be a continuous
function on R™» so that ¥,(z) = 1lon {z = (z1,...,Zm,) 1 M < |2 —ai] <
0.} and 9,(2) =0on {z : |z; — a;| > 26,} and {z : |z; — a;| < n,/2}. Then
by Theorem 4.1, F, = ¥,(f1,---, fm,.) € H®(D)[F]. (We don’t really need
Theorem 4.1: see the argument in the paragraphs following (7.4).) Observe
that

(9.1) F,(2) =1,z € Qp(a, 0, m,)\Qr(, 7n, my)-

From equations (6.1) and (6.2) it is clear that the functions in F are all
non-constant (if the functions in 2 are not holomorphic). Thus the range of
any function in F is connected and not a single point. So if we are considering
a point a € R! with (ay,...a.,,) in the closure of the range of (fi,..., fm.)
in R™» the functions F,, will be non-constant for all large enough n (since
the support of 7, hits the range but does not contain the range).

Since the F,’s are uniformly bounded and have disjoint supports, they
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tend weakly to zero. Recall that &, <  and use (9.1) to deduce

1 —_—
dist (gFm Qf (aa E,mn)) 2 dist (anyHoo(Qf(aa 6n’mn))\Qf(a7 77mmn))

> dist (g, H(2(t 6, M)\ (@, 7y 7))

>
2

Thus .
lim sup dist (an,Qf (a, ——,mn)) > €/2.
n—00 o n

By Remark 3.1 this shows

%nf supdist (¢F,, Qx(a,d,m)) > 522,

and so by Theorem 4.1,
dist (¢Fn, H*D)[F]) > 2,
for all n. Therefore g ¢ (H*(D)[F]), and the Theorem 9.3 is proven. O

One interesting feature of Theorem 9.3 is that the Bourgain closure of
H>(D) is strictly larger than that of H*°(D)[z] (as subalgebras of L*°(D);
they are equal as subalgebras of C(M)). Comparing the calculation of
H*>(D); in [4] to the proof of Theorem 9.3 shows that this disparity is due to
the fact that weak convergence to 0 in H*°(D) implies uniform convergence
on compacta. Thus if {f,} € H*(D) converges weakly to 0, {gf,.} converges
uniformly on compacta to 0 and we get no restrictions on g on compacta.
However, there are sequences f,, € H*(D)[z] which converge weakly to 0 but
not uniformly on compacta and these impose restrictions on g at all points
of the disk.

10. Another application: the Axler-Shields theorem.

Theorem 2.1 was originally motivated by trying to understand the following
result of Axler and Shields [1]:

Theorem 10.1. If f is boullded and harmonic on D, but not holomorphic,
then H®(D)[f] contains C(D), the uniformly continuous functions on D.

Proof. Here we give a short proof using Corollary 2.3. Suppose g € C (D).
Let h = f +¢f*. Then h is holomorphic but not constant (because f is not
holomorphic). We claim that the Euclidean diameter of the components of
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Q4(a,0) = {z € D : |h(z) — a|] < &} tend to zero with 4. If not, then there
are connected sets {F,} in D with diam(F,) > ¢ > 0 and constants a,
such that |h(z) — a,| < e for z € F,,. The harmonic measure of the F,,’s
from any point in D(0,1/2) is clearly bounded away from zero, so by the
subharmonicity of log |h(z) —a| we deduce log |h(z) —a,| < Cloge™ = —Cn
for all z € D(0,1/2). We deduce h is constant on the disk, contrary to
assumption, and so have proved the claim that all components are small.
Since g is uniformly continuous on the disk, g is close to a constant on each
component. Thus g € H*(D)[f] by Corollary 2.3. 0

Let A(D) = H®(D) N C(D) denote the disk algebra. As a consequence
of the result above, Axler and Shields deduced the following corollary: if
f € C(D) is harmonic but not holomorphic on D then A(D)[f] = C(D).
However, there seems to be no direct proof of the corollary (without using
Theorem 10.1) and they asked for an explanation of this. One possible
reason is that the behavior of the algebra depends on the behavior of the
level sets of b = f + if*, not those of f. To prove the distance formula, for
continuous f reduces to showing H(E) = H*(D)|g for level sets of functions
in QA = H® N VMO instead of H*®, but this does not seem significantly
easier. Thus although the introduction of A makes our formula look more
complicated, it explains this observation of Axler and Shields.
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